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Preface

In 1982 I started my career in the Krautkramer Company in Cologne. Since then I
have worked in the field of non-destructive material testing using ultrasonics up to
my retirement in the end of 2014. In the past couple of years I was particularly
engaged with the distance—gain—size (DGS) method for the sizing of reflectors.

This activity started when a colleague of mine, Michael Berke, came to me
showing the result of a software test. The software tested was the implementation
of the DGS method in an ultrasonic Flaw Detector. The software test showed
strange deviations using the DGS method applied to measurements with an angle
beam probe. The first approach, assuming a software bug, had to be abandoned
quickly. This led to the development of new innovative angle beam probes, single
element as well as phased array probes. Many iterations were necessary during this
development. The prototypes were improved step-by-step until the result was sat-
isfactory. In Chaps. 4-6 the development is described in great detail.

A lot of insight was gained during the years of this development, finally resulting
in probes which are fully modeled. The sound fields of these probes can be cal-
culated easily. Due to this fact, bandwidth-dependent DGS curves, respectively
DAC curves for flat-bottomed holes and side-drilled holes could be engineered.

GE Sensing & Inspection Technologies GmbH in Huerth, Germany applied for
several patents covering these new probes including the bandwidth-dependent DGS
and DAC curves. When referring to these probes the term 77ueDGS® will be used
which is a registered trademark of GE Sensing & Inspection Technologies GmbH.

Bonn Wolf Kleinert
April 2016
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Chapter 1
Introduction

Abstract Defect sizing nondestructively using ultrasonics is a very complex task.
In the daily routine of ultrasonic operators, defect sizing is done by comparison of
the echo amplitude of a natural defect to the amplitude generated by an artificial
defect at the same distance from the transducer as the natural defect. The artificial
defects used are not the same globally. In parts of the world, influenced by the USA,
side-drilled holes are used while under European influence flat-bottomed holes are
preferred. Both procedures are described in standards and codes. When side-drilled
holes are used, a distance amplitude correction curve is recorded. For flat-bottomed
holes, the so-called distance—gain—size method is applied.

Defect sizing nondestructively using ultrasonics is a very complex task. The resulting
echo amplitude of a defect depends on many possible influences such as

size of the defect

surface condition of the defect

orientation of the defect to the sound beam
etc.

There are different approaches to solve this problem or at least get a better under-
standing of the defect under test. Just two examples are mentioned here SAFT:
(Synthetic Aperture Focusing Technique) and TFM (Total Focusing Method). Both
methods require complex set-ups and high computer power.

Different sizing methods are used for the daily work of an ultrasonic operator. In
this area, speed of testing and the reproducibility of the test results are key. Therefore,
already in the early stages of ultrasonic testing, the reflectivity of a natural defect was
compared to an artificial defect at the same sound path. Although we are living in a
more global environment, natural defects are compared to different artificial defects
depending on the area on the globe where the sizing is performed. When the sizing is
done in an area influenced by the USA, the size of a defect is given by the diameter of
a side-drilled hole (SDH) in the same depth generating the the same echo amplitude
as the natural defect. If the sizing is performed in a part of the world influenced by
Europe, the defect size will be given by the diameter of a flat-bottomed hole (FBH)
which generates the same echo amplitude if hit perpendicularly by the sound beam
and being in the same distance from the transducer as the natural defect.
© Springer International Publishing Switzerland 2016 1
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2 1 Introduction

Whenever side-drilled holes are used for comparison, the so-called Distance
Amplitude Correction (DAC) curves are applied while the natural defect is
compared to the diameter of a flat-bottomed hole (FBH) the distance—gain—size
(DGS) method is utilized. The DAC method is based on measurement values while
the DGS method is based on a theoretical approach [1, 2]. In the following, a short
description of these two different approaches is given.

1.1 Distance Amplitude Correction Curve

A DAC curve needs to be recorded for each probe and each angle to be used for
sizing. A reference block with side-drilled holes is required for recording a DAC.
This block is ideally manufactured from the same material as the specimen under
test. Figure 1.1 shows a sketch of such a test block.

For recording a DAC curve, the echo from each side-drilled hole has to be maxi-
mized and the top of the echo has to be marked on the screen of the ultrasonic instru-
ment used, while maintaining a constant gain setting. Today’s ultrasonic instruments
have functions to support the recording of these curves. Figure 1.2 shows a resulting
DAC curve. If the task is to test, e.g., a weld with different angles with 45°, 60°,
and 70°, for all these angles a DAC curve needs to be recorded which is quite time
consuming. If phased array angle beam probes are used, the task of recording gets
very time consuming since for each angle the recording has to be performed. The
reason is that phased array angle beam probes change the near field length as well
as the delay line and the sound exit point in the wedge with the angle. In addition,
the reference blocks required are quite expensive.

The requirements for this sizing method is described by different organizations,
such as ASME (American Society of Mechanical Engineers), ASTM (American
Society for Testing and Materials) and AWS (American Welding Society).

Fig. 1.1 Sketch of a test
block with side-drilled holes
in different depths

-
-
-
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1.2 Distance-Gain-Size Method (DGS)

The DGS method has been developed in the late 1950s of the past century by the
Kraukrdmer brothers [2] for straight beam probes with flat spherical transducers.
The so-called general DGS diagram shows the interdependencies of the probe used
and the resulting echo amplitude from different sizes of flat bottom holes in dif-
ferent depths. Figure 1.3 shows the general DGS diagram taken from the standard
EN ISO 16811:2012! [3]. The diagram contains one curve showing the gain differ-
ences for a back wall in different depth. The other curves represent the dB differences
for flat-bottomed holes with different diameters. The diameter of the flat-bottomed
holes are given as fraction of the diameter of the transducer used. The y-axis shows
the dB differences and the x-axis shows, in a logarithmic presentation, the distance
between transducer and flat-bottomed holes, respectively, to the back wall in multi-
ples of the near field length.

The interdependencies in the far field are characterized by straight lines in the
logarithmic presentation. These lines have been calculated theoretically. The inter-
dependencies in the range of the first few near field lengths have been derived using
measurements in water as given in [1]:

...and experimental measurements made in the sound field between. Measurements were
made with circular-disc reflectors in water.

A so-called special DGS diagram for a certain probe can be derived from the
general DGS diagram. In today’s ultrasonic instruments, the general DGS diagram
is stored and the special diagram for the probe used is calculated by the instrument. It
is sufficient to record the echo from a flat back wall as reference for sizing. For each
amplitude during testing, the instrument displays the so-called Equivalent Reflector
Size (ERS). The ERS equals the diameter of a flat-bottomed hole which would

IReproduction with permission of DIN Deutsches Institut fiir Normung e. V.
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Fig. 1.3 General DGS Diagram taken from EN ISO 16811:2012 [3]

generate the same amplitude in the given distance if hit perpendicularly by the sound
beam. If a sound attenuation has to be considered, the values for the sound attenuation
have to be known and taken into account. In Chap.2, the DGS method will be
discussed in detail.

1.3 Key Differences: DAC Versus DGS

The key differences between the reflectivity of side-drilled and flat-bottomed holes
are best described in the far field of the probe used. Doubling the diameter of a
flat-bottomed hole results in a gain difference of 12 dB; doubling the diameter of a
side-drilled hole results in a gain difference of 3dB. Using constant diameters and
doubling the sound path will result in a 12dB difference for flat-bottomed holes,
while with side-drilled holes the difference equals 9 dB.
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1.4 Foresight to This Book

Abrief introduction to the state of the art of using DGS will be given. The deviations in
sizing using DGS with conventional angle beam probes will be reported. A new angle
beam probe technology will be introduced. The sizing using DGS is significantly
more precise with these probes. These probes can be handled mathematically much
easier than conventional probes.

For these probes, DAC curves can be calculated [4]. Therefore, it is sufficient to
record a DAC curve for one single angle alone. The curves for all other angles will
be calculated. This is a huge productivity gain particularly when phased array angle
beam probes are used which cover a large range of angles. This new probe technology
enables the calculation of DGS and DAC curves in the entire sound field range even
bandwidth dependently. With this approach, DGS and DAC procedures are getting
more similar to each other. Maybe this will lead finally to a global approach of sizing
ultrasonically.
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Chapter 2
State of the Art: DAC and DGS

Abstract A brief introduction of the recording of DAC curves is given. The DGS
method is presented in more details. The development of the DGS method is
described. How to derive a special DGS diagram for a certain probe from the general
DGS diagram is explained as well as the necessary adaptations for sound attenua-
tion and other influences. Examples for sizing using the DGS method is given for a
straight beam probe and for an angle beam probe.

The state of the art of the two techniques DAC and DGS will be discussed in the
following. Using DAC curves does not need a lot of explanation. The understanding
of the distance—gain—size (DGS) method will require more details.

2.1 Distance Amplitude Curve

As already described in the introduction of this book, recording of a DAC curve is
straightforward. Each echo of each side-drilled hole in the reference block has to
be maximized and the echo peak has to be marked on the screen of the ultrasonic
instrument keeping the gain setting constant. The marked echo peaks are connected
by a line using an appropriate pen. Today’s ultrasonic instruments have functions
providing help for recording the DAC curve and the curve will be displayed on the
screen electronically. As mentioned before, the reference block is ideally manufac-
tured from the same material as the specimen under test. In this case, the material
characteristics such as sound attenuation and absorption are taken into account auto-
matically. The disadvantages of this method are the cost of the reference blocks and
the time-consuming recording procedure.

© Springer International Publishing Switzerland 2016 7
W. Kleinert, Defect Sizing Using Non-destructive Ultrasonic Testing,
DOI 10.1007/978-3-319-32836-2_2
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2.2 Distance-Gain-Size Method

The DGS method has been developed in 1959 by the Krautkrdmer [1] brothers
for flat circular transducers. In the far field, the general DGS diagram has been
calculated theoretically [2] while in the range of the first few near field lengths,
measurements were taken to define the curves. The calculated curves are straight
lines in the logarithmic presentation of the DGS diagram. Following is an important
quotation from the Krautkramer book [1]:

...since the local fluctuations in the near field depend quite sensitively on the pulse length
and the transmitter design. In the intermediate range therefore the general DGS diagram can
only give approximate results but for a particular transmitter design a special DGS diagram
can of course be established by experiment.

Figure2.2 is a digitized version of the general DGS diagram published in
EN ISO 16811:2012 [3], Fig. 1.3. Comparing Figs.2.1 and 2.2 shows how impor-
tant this quotation is. The DGS diagram is in the near field heavily dependent on the
bandwidth of the probe. Later in this book, the bandwidth-dependent calculation of
the DGS diagram for the entire range of sound paths will be discussed in detail.

0003 -
dB
2 60
awhf 03 7 J 170
0 —_—

Fig. 2.1 Figure from the Krautkrdamer book [1]
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0 General DGS Diagram (Digitized)
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Fig. 2.2 Digitized general DGS diagram

2.2.1 ENISO 16811:2012

The dependency of the DGS diagram on the bandwidth seems to be forgotten. In the
standard EN ISO 16811:2012 [3], a general DGS diagram is published, Fig. 1.3. The
bandwidth dependency is not mentioned in detail. But the use of the DGS method
is limited to sound paths larger than 0.7 near field lengths, presumably to avoid
deviations based on the bandwidth-dependent variations in the near field.

It was not known to the author when the general DGS diagram published in the
EN ISO 16811:2011 was developed. Presumably, the development of this diagram
was at a time when different circumstances were valid

e Mainly narrow band probes were used.

e A resolution of 0.1 dB for gain setting was not available.

e Atthis time, the equivalent reflector size was derived by manual interpolation in the
logarithmic scale. Today, ultrasonic instruments calculate the equivalent reflector
size and display it with a resolution of a tenth of a millimeter.

Therefore, deviations in the evaluation, particularly in the near field and in the
intermediate range, were not detected or even accepted.

2.2.2 DGS Evaluation

In this section, the method how to derive a special DGS diagram for a certain probe
from the general DGS diagram will be discussed. To fulfill this task, the distances on
the x-axis in the general DGS diagram have to be multiplied with the near field length
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of the probe used. In addition, the size indication (G in the general DGS diagram,
Fig. 1.3) has to be multiplied with the diameter of the transducer.

2.2.2.1 Straight Beam Probe

As mentioned in the introduction, the DGS method has been developed for straight
beam probes with flat spherical transducers [2]. For this example, a probe with the
following parameters will be used:

e frequency: f = 2MHz

e diameter: D = 10mm

e sound velocity in the test material: ¢ = 5,920 m/s
e the length of the delay is negligible.

The first step is to calculate the near field length N of the probe using the effective
diameter Dz, with Dz = 0.97 D, utilizing the following formula:

2 2 2
N:Delf—)‘ %Deﬂ'
4 A 4 A

2.1)

where X is the wavelength.

To derive the special diagram for this probe, the digitized general DGS diagram is
taken, refer Fig.2.2. The values of the x-axis are multiplied with the near field length
N and the size indication G is multiplied with the diameter D of the transducer. The
result is shown in Fig.2.3.

Special DGS Diagram: D = 10 mm, f = 2 MHz, ¢ = 5,920 m/s, Iv =0mm
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Fig. 2.3 Special DGS diagram for a straight beam probe
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To evaluate a reflector, applying the DGS method, a reference echo is required. In
this example, the reference echo is taken from the planar back wall of a 40 mm thick
test block. Let the gain setting needed to have this reference echo at 80 % screen
height be G, = 16.8dB. A reflector is detected at a sound path of 20 mm. This echo
as well is set to 80 % screen height with a gain setting of G; = 44.2dB. The gain
difference AG of these two gain settings is calculated

AG=G4;—G,=44.2dB - 16.8dB =27.4dB (2.2)

For the evaluation using the DGS method, a point at a sound path of 40 mm on the
back wall curve is marked. A second point is marked at AG below the first point on
the back wall curve. A parallel to the x-axis through the second point is drawn up to
the intersection with a line perpendicular to the x-axis at a sound path of 20 mm.
This intersection point is the result of the DGS evaluation. At the curve with the
intersection point, the equivalent reflector size can be read. In the example given,
the equivalent reflector size (ERS) is 1.0mm, Fig.2.4. If the intersection point is
between two curves, an interpolation between these two curves is required.

2.2.2.2 Angle Beam Probe

As mentioned before, the DGS method was developed for straight beam probes with
planar spherical transducers. But, later on, the DGS method was as well applied to
angle beam probes [1]:

Special DGS Diagram: D = 10 mm, f = 2 MHz, C =5,920m/s, |dgs =0mm
0 — — T
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20 ¢
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10° 10’ 102
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Fig. 2.4 DGS evaluation for a straight beam probe
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DGS diagrams have also been established for transverse waves when used with so-called
angle probes, cf. Chaps. 19 and 20.

In Chap. 3, it will be seen that the DGS method can lead to oversizing reflectors
when conventional angle beam probes are used. First, the state of the art of the DGS
evaluation using angle beam probes will be discussed. Usually, angle beam probes
have rectangular transducers. With angle beam probes, the DGS evaluation is a bit
more complex

e For the rectangular transducer a so-called equivalent circular transducer has to be

determined.

The delay line is not negligible.

e With transverse waves, normally, the sound attenuation has to be taken into
account.

e The reference echo is usually taken from the arc of the calibration standard K1 or
K2. In this case, the amplitude correction value AV}, has to be considered because
the arc has a different reflectivity as a flat back wall.

e When using higher frequencies, the sound attenuation in the calibration standard
has to be taken into account as well.

e If the surface qualities of the calibration standard and the specimen under test are
different, a transfer correction AV, has to be applied.

For calculating the equivalent circular transducer, a correction value based on the
side ratio of the rectangular transducer is required [1], refer to Table 2.1. In this table,
the following identifiers are used:

e a: half of the larger side of the rectangular transducer
e D: half of the smaller side of the rectangular transducer
e h: correction value

The near field length N of the angle beam probe can be calculated according to

the state of the art 5

a
N=h-— 2.3)

Table 2.1 Correction values Ratio of sides b/a Correction value h
for rectangular transducers [1]

1.0 1.37

0.9 1.25

0.8 1.15

0.7 1.09

0.6 1.04

0.5 1.01

0.4 1.00

0.3 0.99

0.2 0.99

0.1 0.99
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with A being the wave length in the test material. Now, using Eq. (2.1), the diameter D
of the equivalent circular transducer can be derived

D~V4AN (2.4)

According to the state of the art, the delay length has to be converted using the
so-called near field equivalent
cd
lags = Ip - (2.5)

m
with:

[, physical delay in the wedge of the probe

laes: delay to be considered when deriving the special DGS diagram
cq: sound velocity in the wedge of the probe

cn: sound velocity in the test material

With the known frequency f of the probe, all values needed to derive the special
DGS diagram are now known.
As an example, an angle beam probe with the following data will be used:

frequency: 4 MHz

transducer: 8 x 9 mm?

delay: 7mm

sound velocity in the wedge 2.73 km/s

The sound velocity in the test material is 3.255 km/s. The probe delay /, is con-
verted using the ratio of the sound velocities resulting in /;,; = 5.9 mm. For the near
field length, the result is N = 30.8 mm and the diameter of the equivalent circular
transducer yields D = 10mm. The resulting special DGS diagram is represented in
Fig.2.5.

Note:

The DGS diagram is not corrected, for example, the sound attenuation or any other
influence. All possible influences have to be corrected manually by adapting the
measured dB values accordingly. The following additional parameters are required
for the DGS evaluation for angle beam probes:

e AV;: The amplitude correction value specifies by how many dB the echo from the
arc of the calibration standard used is higher than the echo from a flat back wall
at the same sound path. This value can be taken from the data sheet of the used
probe.

e «;: Sound attenuation in the calibration standard. This value can be estimated or
better measured.

e «,,: Sound attenuation in the test material. This value has to be measured.

e AV;: transfer correction. This value is required to compensate for different surface
qualities of the calibration standard and the test specimen. This value needs to be
measured.
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Special DGS Diagram: D = 10 mm, f = 4 MHz, .= 3.255 km/s, Idgs =5.9 mm
0 S — - T T

10

20

Gain (dB)
B w
o o

o
=]

60

70

80

Sound path (mm)

Fig. 2.5 Special DGS diagram for an angle beam probe

An example is given deriving the special diagram for the used probe. With this
probe, the reference echo is taken from the 25 mm arc in the calibration standard K2.
In the data sheet of this probe, the amplitude correction value AVk, is given.

Measurement of the Sound Attenuation in the Calibration Standard:

For measuring the sound attenuation in the calibration standard, the K1 block will
be utilized. This can be done because both calibration standards K1 and K2 are
made from the same material. To determine the sound attenuation both a V and a
W through transmission is measured. In both cases, the echo amplitude is set to
80 % screen height and the necessary gain settings are noted. This measurement
must be taken using a pair of probes equivalent to the probe used for the DGS
evaluation. Figure 2.6 illustrates the V and W through transmission. The thickness
of the calibration standard K1 is d = 25 mm. The sound paths s, for the V through
transmission and s,, for the W transmission are calculated from the angle of incidence
B and d

d
sy = (2.6)
cos B
2d
S =
Y cos B

For the example with the angle of incidence B = 60° the sound paths result
in s, = 50mm and s, = 100mm. These sound paths are marked on the back
wall curve in the special DGS diagram of the probe used and the gain difference
between these two points are read from the diagram, Fig. 2.7. In this example, the gain
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d=25mm

Fig. 2.6 V and W through transmission

Sepecial DGS Diagram: D = 10 mm, f = 4 MHz, e 3.255 km/s, Iv =5.9 mm
0 L - — T T

BW
10.00

Sound path (mm)

Fig. 2.7 Determination of the sound attenuation

difference read from the DGS diagram amounts to AG = 3.9dB. Let the measured
gain difference between V and W through transmission be 5dB. This difference
results from two influences, one is the difference based on the different sound paths
read from the DGS diagram and the other one is the influence of the sound attenuation.
That means, in the example, the influence of the sound attenuation having a sound
path difference of 50 mm amounts to AGy = 5dB —3.9dB = 1.1dB. Knowing this
value enables the calculation of the sound attenuation k; in the calibration standard

1.1 dB dB dB
— =0.011 — =11 — 2.7
2 x 50 mm mm m

K =
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The sound attenuation «,, is determined accordingly. Let us assume that the result
would be
dB
K = 15—
m
In the next step, the transfer correction AV, has to be derived. Therefore, the
gain values and the sound paths of the V through transmissions on the calibration
block and on the test specimen have to be known. The gain difference of these two
measurements is due to several influences

e transfer correction

e different sound paths

e sound attenuation in the calibration block
e sound attenuation in the test specimen

To determine the transfer correction, three influences have to be eliminated from
the measured gain difference. First, we need the sound path in the calibration block,
which is already known from the example as 50 mm. Let us assume that the sound
path for the through transmission on the test piece is 100 mm. With this the influences
of the sound attenuations can be derived

y, = 20y 1aB 2.8)
T 71000 - '
2 % 100 x 15
v, = 22 "X 2 4g —3.0dB
1000

Let the gain value for setting the echo of the through transmission on the cal-
ibration standard to 80 % screen height be G, = 9.8dB, and the gain setting for
the measurement on the test piece be G,, = 17.6dB accordingly. Since the DGS
diagram does not take any sound attenuation into account the measured values have
to be adapted accordingly. The measured gain values have to be corrected due to the
sound attenuations. If no sound attenuation were active, the resulting echoes would
have a larger amplitude; therefore, the gain settings have to be corrected by

Gy — 1.1dB
G, — 3.0dB

The difference of these two values results, using the assumed values, to 5.9dB.
The influence based on the different sound paths is 3.9dB as already known from
the DGS diagram for these sound paths. With this the transfer correction results in
AV, =2dB.

Now, all values needed for the DGS evaluation are known. Let the gain setting for
80 % screen height of the reference echo from the 25 mm arc of the calibration block
K2 be Gk, = 6dB. An echo of a reflector found at a sound path of 45 mm requires
a gain setting of Gg = 36.6dB for the screen height of 80 %.

First, the measurement value of the reference echo is corrected for the use of the
DGS method. If no sound attenuation would be existing, the echo would be higher
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than 80 %. The measured gain setting has to be reduced by the value of the sound
attenuation V, k(25 mm)
Gk2 — Vi k2(25 mm)

If the reference echo came from a plane back wall the echo would be lower by
AVk»,, therefore, the gain value needs to be increased by AVk,

Gy — Vi ko (25mm) + AVg, (2.9)

Now, the correction of the measured gain setting for the reflector is performed
accordingly for the sound attenuation V, ,, in the test material. The measured gain
setting is reduced by the value of the sound attenuation in the test material

Gg — Vi »(45mm)

Would the surface quality of test piece be as good as the surface of the calibration
block, the resulting echo from the reflector would be larger by AV, than 80 % screen
height. The correction results accordingly

Gg — Ve w(45mm) — AV, (2.10)

Now, all corrections for the DGS evaluation are done. The difference of the two
corrected values for the reflector echo, Eq.(2.10), and the corrected value for the
reference echo, Eq. (2.9), can be derived

AV = Gg — Ve @5 mm) + Vi x2(25mm) — Gxa — AV, — AVka (2.1

The values for the sound attenuation have to be calculated

Ve k225 mm) = 256l dB = 0.55dB

Vi (45 mm) = 22x11 4B = 1.35dB

The amplitude correction value A Vi, from the probe used for the example is zero.
All values needed are now known and can be used in Eq. (2.11)

AV = (36.6 —1.35+0.55—6—2 —0)dB = 27.8dB (2.12)

With this gain difference, the DGS evaluation can be performed. For the reference
echo, a point at a sound path of 25 mm is marked on the back wall curve of the DGS
diagram. At AV = 27.8dB below this point a parallel line to the x-axis is drawn. At
the intersection of this line with the sound path of 45 mm the equivalent reflector size
(ERS) can be read from the DGS diagram; in the example, the resultis ERS = 1.2 mm
(Fig.2.8).
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Fig. 2.8 DGS evaluation for a measurement using an angle beam probe

2.2.2.3 DGS and Ultrasonic Instruments

The DGS evaluation seems to by quite complex and sophisticated. But in earlier
times, with analog ultrasonic instruments, DGS scales (design Kraukridmer) were
used, Fig. 2.9. In today’s digital ultrasonic instruments, DGS functionality is incorpo-
rated supporting the operator significantly. Already, in 1993, a patent Flaw Detector
incorporating DGS, US 5,511,425 was filed by Krautkrdmer. In 1996, the patent was
granted. Figure 2.10 shows the screen of a modern digital ultrasonic instrument with
an incorporated DGS function. The curve for the selected equivalent reflector size is

Fig. 2.9 DGS scale design
Krautkramer [1]

S
b K2/R25 e

0 20 40 60 80 mm 100




2.2 Distance—Gain—Size Method 19

Fig. 2.10 Ultrasonic VUSMGOVKLEINERT OOLBMP 7

. . Q129 1210:55 PM ID_USMGOI2105175 0

instrument with a DGS curve 00 10 % BH | ins 118

and DGS evaluation f‘a d8 7 = %% m] | — m —
DGS MODE

DGS CURVE
3.00 mm
PROBE #
11
PROBE NAME 5
MWBE0-4} |
GATER
Fig. 2.11 Ultrasonic 100 DGS curve using Time Corrected Gain
instrument with Time ‘ ‘ ‘ ‘ ‘
Corrected Gain according to % 1
a DGS curve +12dB +24dB
80
I \
L \ \ i
_ 70 | .
& \ A
= 60 \ \ B
T 5| \ . i
8 . N
o 40 \ . .
(%] N .
» . R
30 [ S 4 ~]
A Y
20 { i
10 1
0 ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250 300

Sound Path [mm]

displayed on the screen. The actual ERS of the echo under evaluation can directly
be read from the screen; in the figure, the value is ERS = 3.14mm. Alternatively,
Time Corrected Gain (TCG) can be used. This function ensures that all echoes just
reaching the DGS curve are set to 80 % screen height automatically (Fig.2.11).

References

1. Krautkramer, J., Krautkramer, H.: Ultrasonic Testing of Materials. 4th Fully Revised Edition
Translation of the 5th Revised German Edition. Springer, Berlin (1990)

2. Krautkrimer, J.: Fehlergrossenermittlung mit Ultraschall, Arch. Eisenhiittenwesen 30 (1959)

3. Ultrasonic testing - Sensitivity and range setting (ISO 16811:2012); German version EN ISO
16811:2014



Chapter 3
DGS Deviations Using Angle Beam Probes

Abstract Oversizing occurs using the DGS method with traditional angle beam
probes. Most angle beam probes have rectangular transducers. In order to find an
explanation of the deviations, the sound fields of straight beam probes with circular
and rectangular transducers are analyzed and compared. Straight beam probes with
circular transducers generate a rotationally symmetric sound field. Due to the effects
at the interface between the probe wedge and the test piece, the generated sound field
is far from rotationally symmetry-independent on whether a circular or a rectangular
transducer is used in angle beam probes. Using the same DGS diagram for sizing
with these different sound fields does not look promising. The observed issue of the
deviations is not an issue from a single probe manufacturer, but a common problem
with traditional angle beam probes.

For testing a new DGS software in an ultrasonic instrument, measurements were
taken using special test blocks. These test blocks have plane back walls for 45°,
60°, and 70° angle beam probes. Into these back walls flat-bottomed holes with a
diameter of 3mm are drilled in different depths. Evaluating these measurements
using the DGS method according to the state of the art [1, 2] leads to a surprise.
In the range of a few near field lengths oversizing of the flat-bottomed holes (FBH)
occurred, Fig. 3.1. In Fig. 3.1, the DGS evaluation is performed under the assumption
that a sound attenuation does not have to be considered at a frequency of 2 MHz. Just
to be sure the evaluation was repeated, this time with a sound attenuation of 10 dB/m,
Fig.3.2. But as can be seen from Fig. 3.2, this does not solve the issue with the DGS
evaluation. The first assumption that something was wrong with the software had to
be given up quite quickly. This was the starting point of evaluating the root causes
for these deviations which finally led to the development of a new probe technology
for angle beam probes.

© Springer International Publishing Switzerland 2016 21
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3 DGS Deviations Using Angle Beam Probes

DGS diagram SWB 60-2: N = 38,9 mm; D = 15,9 mm; 0 dB/m; Idgs =11,3 mm
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Fig. 3.1 Deviations in the DGS evaluation using a SWB 60-2
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Fig. 3.2 DGS evaluation of measurements taken with a SWB 60-2 considering a sound attenuation
of 10dB/m



3.1 Sound Fields 23

3.1 Sound Fields

As already mentioned, the DGS method was developed for straight beam probes
with flat circular transducers. This method is used as well to evaluate measurements
taken with an angle beam probe having a rectangular transducer. Straight beam
probes with flat circular transducers generate a rotationally symmetric sound field.
In the first step of discovering the root cause for the oversizing with an angle beam
probe, the sound field of such a probe was simulated with the commercially available
software, CIVA. The result is shown in Fig. 3.3. It is obvious that the sound field of
this angle beam probe is definitely not rotationally symmetric at all. This finding led
to further evaluations of sound fields. First, the sound field long sections through the
acoustic axis of arectangular transducer (9 x 8 mm?) were calculated for straight beam
insonification. All sound field calculations are based on continuous sound (mono

0,7*N N 2*N

Fig. 3.3 Sound field cross sections of an angle beam probe with a 8 x 9mm? transducer at 0.7, 1,
and 2 near field lengths
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Fig. 3.4 Long sections through the sound field of a 8 x 9 mm transducer through the acoustic axis:
a parallel to the longer side. b Parallel to the shorter side



24 3 DGS Deviations Using Angle Beam Probes

frequent). Figure 3.4 shows these long sections of the sound field as isobars in 2dB
steps. No rotational symmetry exists. In the next step, the cross sections of straight
beam probes were calculated. The result of a circular transducer was compared to the
result of a rectangular transducer. The cross sections were calculated at depths of 0.5,
1, and 3 near field lengths N. Comparing the cross sections of a rectangular transducer
to the cross sections of a circular transducer shows how significant the differences
are (Fig.3.5). That the measurements with both transducer shapes can be evaluated
correctly with the same DGS diagram is not very plausible. The sound field sections
have been calculated for straight beam insonification. Using angle beam probes with
rectangular transducers will influence the sound field additionally because of the
refraction and the mode conversion at the interface between probe wedge and test
piece.
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Fig. 3.5 Cross sections perpendicular to the acoustic axis in the depth of 0.5, 1 and 3 near field
lengths
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3.2 A Manufacturer-Independent Issue

The findings of the deviations using the DGS method with angle beam probes were
firstreported at the 10th European Conference on Non-Destructive Testing (ECNDT),
in Moscow 2010 [3]. In the same year, Olympus published after the ECNDT an
article with the title DGS Sizing Diagram with Single Element and Phased Array
Angle Beam Probe [4] published by NDT.net. They used a different approach to
the observed deviations using the DGS method with traditional angle beam probes.
They compared the DGS diagrams of 2 and 4 MHz probe with CIVA simulations of
the echo amplitude from flat-bottomed holes. This approach confirmed the observed
deviations, Fig.3.6. The caption of Fig. 3.6 in the Olympus article is

(a)

0 E
FHU s
-20 T
8 .40 i
B0 [ttt
-?ﬁ-r@m---1- IRk IR |
e 10 100 1000 1 10 100 1000

sound path (mm) sound path (mm)

Fig. 3.6 Excerpt from an Olympus article published at ndt.net [4]
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Comparison of universal DGS curves (solid line) with CIVA model curves (dashed line).
The target is 0.125 in. diameter FBH. a: AM2R8x9-45, -60, -70. b: AM4R8x9-45, -60, -70.

The observed deviations occur while using the DGS method with traditional
angle beam probes and are not an issue of a single manufacturer of angle
beam probes. This issue is based on the fact that the DGS method was devel-
oped for straight beam probes generating a rotationally symmetric sound field.
The sound fields of traditional angle beam probes are significantly different
resulting in the observed deviations.

3.3 The Beginning of a New Probe Technology

It was understood that the deviations have a physical root cause in the not existing
rotational symmetry of traditional angle beam probes. This is independent of whether
the angle beam probes are built with a rectangular transducer or with a circular
transducer. The symmetry will be further disturbed based on the refraction, the mode
conversion, and the angle-dependent phase shift at the interface between the wedge
of the probe and the test piece.

The question came up: how an angle beam probe can be designed that generates a
rotationally symmetric sound field? This thought was the beginning of a much better
understanding of the DGS method including the bandwidth dependency. This new
probe technology improved not only the accuracy of DGS evaluations with angle
beam probes but enabled as well the possibility to calculate Distance Amplitude
Correction curves (DAC) [5].

The assignment of the task is shown in Fig.3.7.
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Fig. 3.7 The task to be solved
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Chapter 4
The New Probe Technology, Single Element
Probes

Abstract The design principle of the new probe technology is introduced. The
calculation of a point cloud defining the transducer shape is discussed in detail.
Necessary adaptations are taken into account. The new angle beam probes generate
rotationally symmetric sound fields as expected. The DGS accuracy in the working
range defined in the EN ISO 16811:2011 is significantly better than the accuracy
achieved with traditional angle beam probes.

The new probe technology was developed at GE Sensing & Inspection Technologies
GmbH in Hiirth, Germany. In the following, the new technology is referred to as
trueDGS® technology.! The basic starting point is the question, how to design an
angle beam probe that generates a rotationally symmetric sound field, Fig.3.7.

4.1 Design Principle

The task is to transfer the sound field of a straight beam probe for transverse waves
with a circular transducer to an angle beam probe. The goal is to calculate the trans-
ducer shape of an angle beam probe in such a way that a rotationally symmetric
sound field is generated.

The basic idea is illustrated in Fig.4.1. The left side shows the near field of
a straight beam probe with a circular transducer having a diameter D calculated
for shear waves. The right side represents the near field of the angle beam probe
under construction. The goal is to design an angle beam probe with a given angle of
incidence $ and a predefined delay v,,. First, the time of flight from the straight beam
transducer to the end of its near field is calculated. From this time of flight, the time in
the delay of v,, in the wedge of the angle beam probe under construction is subtracted.
The remaining time defines the end of the near field of the angle beam probe under
construction (point 7) in the right side of Fig. 4.1 considering the predefined angle of

ltrueDGS® is a registered trademark of GE Sensing & Inspection Technologies GmbH.

© Springer International Publishing Switzerland 2016 29
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Fig. 4.1 Basic idea for the new probe technology: a Straight beam probe used as base of the design.
b Angle beam probe under construction

incidence B and the sound velocity c,, in the test material. By this, the first point on
the transducer of the angle beam probe is derived: point C in the right part of Fig. 4.1.
For each angle y, the time of flight ¢, is calculated for the straight beam probe. This
time of flight is transferred to the angle beam probe using the same angle y. The
time of flight from the end of the near field (point T') to the interface between probe
and test piece is calculated and subtracted from the time #,. The remaining time
defines the point W in the right part of Fig.4.1 under consideration of Snell’s Law
and the sound velocity c, in the wedge of the probe. With point W, another point on
the transducer under construction is defined. Repeating this process for all possible
angles y in the plane of projection and in the plane perpendicular to the plane of
projection results in a point cloud defining the transducer shape (Fig.4.2). But this
is not yet the final solution. Additional effects have to be taken into account

e Angle-dependent phase shift

e The intended angle of incidence is changed due to the different phase shifts of the
rim beams. Therefore, a correction angle has to be applied.

e The design of a trueDGS® transducer based on a circular straight beam transducer
with diameter D is not area invariant. For the DGS evaluation, a correction factor
must to be applied.

The complete calculation method including these required adaptations is described
in Sect. 4.2 in detail [5, 6].
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Fig. 4.2 Example of a Transducer: PA 4 MHz trueDGS
transducer of a rrueDGS®
probe 16 -

4.2 Calculation Method

All calculations are based on the coordinate system shown in Fig.4.3. The coupling
surface is defined by the x-y plane. Point T describes the end of the near field of the
angle beam probe. Point D (puncture point) is the intersection of the sound beam
with the coupling surface. Point W is one point within the point cloud defining the
transducer shape.

The vector z connects the end of the near field T (target point) with the origin of
the coordinate system. Vector d describes a single sound beam in the test material
starting at the target point and ending at the intersection with the coupling surface.
The resulting sound beam in the wedge of the probe is represented by vector v.

Let the target point 7" have the coordinates (0; yr; zr). Let the puncture point D
on the coupling surface have the coordinates (x;y) defining vector a. The vectors

can now be defined as
0

z=| —yr “4.1)
—Zr

The vector d results from the sum of the vectors a and z, refer to Fig.4.3:

d=|y—yr 4.2)

Let vector b be the vector from the origin of the coordinate system to the transducer
point W
Xy
b=y (4.3)
Zw
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Fig. 4.3 Coordinate system used for all calculations

The difference of the vectors b and vector a defines vector v:

Xy —
V=1 Yw—
Zw

4.4)

<l =

4.2.1 The Fastest Path

The fastest path between point W on the transducer to the target point 7 (end of the
near field of the angle beam probe) is examined. For this calculation, the following
parameters are used:

e d,: distance in the wedge of the probe
e d,: distance in the test material
e 7: total time of flight
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The distance d, in the wedge of the probe is given by d, = |v|

dy =[G =D + (=T + 22 4.5)

Accordingly, the distance in the test material is given by d,, = |d|

dp =+ G =y + 2 4.6)

With this the total time of flight 7 results in

1 1
t:c—\/(xw—)_c)z—i-(yw—y)z-l—zﬁ,—}-c—\/)_62+@—y7)2+z% @.7)

with:

e ¢,: sound velocity in the wedge of the probe
e ¢,;: sound velocity in the test material

The partial derivatives of the time of flight ¢, Eq.(4.7), with respect to X and y are
calculated and set to zero to determine the minimum time of flight

oy - 1 x —0  “48)
— Cy Xy —X 2 — 2 2 = — :

ox V=D 0042 O \/xz + G-y’ + 2

Jat 1 V=Y _i y_J’T — 0

= T o o (v —24 2 = —
ay V=D =042 O \/xz + G-y + Z%

For further examination, the unit vectors e and ey are introduced

(4.9)

ey =

O = O OO -

Using these unit vectors, the series of Eq. (4.8) can be written more easily. Initially,
the first equation of the series is considered

1 v-ex 1 d-e

— = — (4.10)
o [Vl lex] e |d] eyl
1 1
— COS oy = — €0s Py
c, Cm
CoS oy ¢,
= —— = —

Cos ﬂx Cﬂl
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with:

e «,: angle between the sound beam and the x direction in the wedge
e J,: angle between the sound beam and the x direction in the test material

The second equation of the series (4.8) is dealt with accordingly resulting in:

cos @y _ ¢ @1D)
cos By Cm ’

e «,: angle between the sound beam and the y-direction in the wedge
e B, angle between the sound beam and the y-direction in the test material

This is nothing but a three dimensional version of Snell’s Law, but it has to be
noted that here the angles between the sound beams and the axes are used and
not the angles to the perpendicular lines to the axes as usual.

4.2.2 Included Angle

For a preset point D on the coupling surface, refer to Fig.4.3, with the coordinates
(x; ; 0) the angle y between the central beam and the sound beam under consider-
ation is derived. This angle y is included by the vectors d and z, hence

d z

cos y = (4.12)
d] |z]
4.2.3 Time of Flight
The time of flight in the test material follows from:
d| . 2, 2
tm:C_ :tm:C_ X +(y_yT) +ZT (413)
The time of flight #(y) for the straight beam probe results in, refer Fig.4.1:
N
ty)= —— (4.14)

Cm COS Y

with: N near field length of the predefined straight beam probe.
Hence, the distance d, in the wedge for the sound beam under construction can
be derived
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t=tly)—ty, dy =1t ¢ 4.15)

The distance d, equals |v|. With this, the time of flight in the wedge is given by

1
=M b= — e =D+ 0w -+ 2 (4.16)
v

Cy

4.2.4 Angle in the Test Material

The angles in the test material between the sound beam under construction and the
axes are identified as

e f,: angle between the sound beam under construction and the x-axis
e f,: angle between the sound beam under construction and the y-axis

These angles can be calculated using

d. %
cos f = o & il 4.17)
dlled Rt 5-y?+2
and: d _
.e —
cos By = —Y = YT (4.18)

el R re-y2+3

4.2.5 Angles in the Wedge of the Probe

From Egs. (4.10) and (4.11) follows:

c
COS 0y = — COs By 4.19)
Cm
Cy
cos ay, = — cos By
CITL

In addition, the angles «, and o, can be calculated using the following dot products:

V- ey Xy — X

— , (4.20)
WHed e, =27 + 0w 77+ 22

COS oy =
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respectively
.e — v
cos oy = —F — v Y 4.21)
Vel e, =07+ -9+ 22
Using Eqgs. (4.10) and (4.11) the angles 8, and B, can be derived
cos B, = v Y (4.22)
& Jon =9+ 0w =P 42
cos ﬁy — C_m Yw =Y
& J =D+ =P+ 2
4.2.6 Transducer Coordinates
Equation (4.16) can be converted to
_ )2 )2 2
e =/ =B+ Oy =P+ 22 (4.23)

In Eq. (4.22), the square root in the denominator is replaced according to Eq. (4.23)
resulting in

Cm Xy —X

cos By = — == (4.24)
CV tV CV
2

SN c; t, cos Py

Cm
respectively:

c -

cos By = m 2w Y (4.25)
CV tV CV
2

Sy = c; b, cos By

Cﬂl

Now, the coordinates x,, and y,, can be calculated. Using Eqs. (4.24) and (4.25) in
Eq. (4.23) results in the third coordinate z,,

20 =2 & = (5 =D — 01y — ) (4.26)
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The point cloud defining the transducer shape is calculated using the
Eqs. (4.24)-(4.26) by varying the variables X and y. By doing this it has to
be ensured that the condition y < pyx 1s fulfilled. The angle ymax can be
easily determined, Fig.4.1

D
max = arctan —— 4.27
Visern arctan N ( )
with:

e D: diameter of the predefined straight beam probe
e N: near field length of the predefined straight beam probe

Note: For the final result of the transducer shape, some adaptations are required
which will be discussed in detail in Sect.4.3.

4.2.7 Calculation Summary

With all these formulas, the overview of the calculation method can get lost quite
quickly. Therefore, in the following, the different steps are listed without the use of
any formula:

1.

2.

®©

10.

11.

The frequency and the diameter of the straight beam probe as basis of the con-
struction are chosen.

For this straight beam probe, the near field length N for shear waves is calculated
and the angle yn,x is derived.

. The angle of incidence § and the delay length v,, for the angle beam probe under

construction are determined.

. The time of flight ¢ from the transducer to the end of the near field of the straight

beam probe is derived.

. From this time of flight ¢ the time of flight in the delay length v,, is subtracted

and the remaining time is used to calculate the coordinates of the near field end
(point T') under consideration of Snell’s Law, Fig.4.1.
A point D with the coordinates (x; y; 0) on the coupling surface is chosen.

. The angle y between the central axis and the vector from point 7 to point D on

the coupling surface is calculated, Eq. (4.14).

The fulfillment of the condition y < yn.x is checked, Eq. (4.27).

For the angle y, the time of flight #(y) for the straight beam probe is calculated,
refer Fig.4.1 and Eq. (4.12).

The length of the vector from point T (Fig.4.1) to the point D selected on the
coupling surface is derived.

Based on this length, the time of flight 7,, in the test material is calculated.
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12. The value of #,, is subtracted from the total time of flight #(y). Hence, the time
of flight #, in the wedge of the probe is known as well.

13. The angles B, and B, in the test material are calculated; Eqs. (4.17) and (4.18).

14. Now, the transducer coordinates x,, y,, and z, can be calculated using
Eqgs. (4.24)—(4.26).

To calculate the complete point cloud of the transducer, the coordinates X and y
have to be chosen accordingly and the steps 7 to 14 have to be repeated for each pair
of Xx and y.

4.3 Necessary Adaptations

Three necessary adaptations have to be implemented

e angle-dependent phase shift
e corrected angle of incidence
e area correction

4.3.1 Phase Shift

An angle-dependent phase shift originates at the interface between probe wedge and
test material [1-3]. This phase shift exists at both directions of the sound traveling
back and forth. Figure 4.4 shows the phase shifts for both directions. When using the
DGS method the echo field has to be applied. Therefore, the sum of the phase shifts
for the directions back and forth has to be taken into account, Fig.4.5.
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Fig. 4.4 Phase shifts at the interface between probe wedge and test material
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Fig. 4.5 Sum of the phase shifts for both directions back and forth

The formulas for calculating the phase shifts are published in the Krauktramer
book [1]. For easier reading, these formulas are included here. In the Krautkramer
book, only the real part of the formulas are considered. For calculating the phase
shifts, the imaginary part has to be utilized as well.

The following abbreviations are used in the formulas:

N: abbreviation for the denominator

index 1: first material, here test material

index 2: second material, here material of the probe wedge
index t: identifies the transverse wave

index 1: identifies the longitudinal wave

c: identifies the particular sound velocity

p: identifies the particular mass density

According to the Krautkrdmer book, for the incident longitudinal wave in mater-
ial 1 applies

2 4
cos” 2a 20 cC

N =2 cot oy + T“ tan ay; + Lf cot ay; (4.28)
2 sin” ay, p1 €

02 cos® 2a;
5 4 tan oy
2 pp sin” ay,

Since the incident longitudinal wave in material 2 has to be examined, the indices
in Eq. (4.28) have to be inverted. This is valid as well for the following equation
describing the transmission coefficient for the transition from the longitudinal wave
to the transverse wave
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2 pyc3,  cos 2ay,
Dtl = 2 )
p1cy, N sin” alt

(4.29)

With the inverted indices the direction from the transducer to the reflector is
described. The transmission coefficient from the transverse wave in steel into the
longitudinal wave in the wedge is given by (using inverted indices in Eq. (4.28))

4 pyc?  cos 2o
Dy =— 2250 SR g, (4.30)
p1 ¢y, N sin 2ay

The phase shift is given by the ratio of the imaginary part and the real part. The
resulting phase shifts by angle of incidence are shown in Fig.4.4.

Figure4.5 shows the sum of the phase shifts for both directions back and forth.
In the following, the angle of incidence B of each individual sound beam in the
sound field has to be considered for the angle-dependent phase shift. Let ps be the
phase shift in degree, B, the particular angle of incidence and X the wave length in
the wedge material. The required adaptation to the calculated trueDGS® transducer
shape is realized by prolonging the calculated distances d, in the wedge by v;

__nB),

= 431
360° @30

Hence, the calculation of the particular delay d, in Eq. (4.15) needs to be
changed to
d, =1, c, + v (4.32)

In Fig.4.6, the exaggerated prolongations of the calculated distances d, in the
wedge are shown as dotted lines.

Fig. 4.6 Applied phase
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Fig. 4.8 Correction of the angle of incidence

4.3.2 Corrected Angle of Incidence

Based on the different phase shifts of the rim beams traveling from the wedge into the
test material, the intended angle of incidence is changed, thus the sound field is tilted.
Therefore, a correction of the angle of incidence has to be applied (Fig.4.7). This
correction value depends on the probe parameters and angle of incidence chosen. In
the easiest case, the correction value is zero; refer to the left graph of Fig.4.8.

The calculated tilting angle cannot be added to the indented angle of incidence,
respectively, subtracted from the angle because with this new angle of incidence
again tilting takes place. This problem can be solved numerically up to a predefined
accuracy.

The values of the correction angles depend on many probe parameters such as
transducer size, delay length, frequency, etc. The values for the correction angle
increase significantly at incidence angles close to or below the point of non-
differentiability of the phase shift graph.
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4.3.3 Area Correction

The calculation method for rueDGS® is not area invariant. The transducer area of
the straight beam probe used for the calculation of the trueDGS® probe is different
to the area of the resulting transducer.

This fact has a few consequences

e When deriving a special DGS diagram from the general DGS diagram, the diameter
of the straight beam probe used for the design cannot be multiplied with the size
indication G in the general DGS diagram.

o The diameter Dy g, of a circular transducer having the same area as the trueDGS®
transducer has to be calculated and multiplied with the size indication.

e But for deriving the special DGS diagram, the near field length of the straight
beam probe used as basis for the design of the angle beam probe has to be
applied.

e Hence, the known formula for calculating the near field length, Eq. (2.1), is
not valid for trueDGS® probes when the DGS method is used.

4.4 Single Element Probes

After all necessary adaptation have been applied, the calculation of the transducer
shape is finalized. First of all, the DGS accuracy of these new angle beam probes
is of interest. The measurements were taken with a trueDGS® probe MWB 60-4tD
on an appropriate test block with flat-bottomed holes with the diameter of 3.1 mm.
For each flat-bottomed hole, a back wall echo at the same sound path was mea-
sured as the reference echo. Any influence of sound attenuation is avoided by this
method. Figure4.9 demonstrates the high accuracy of the DGS evaluation of the
measurements taken with a MWB 60-4tD.

The trueDGS® transducer is curved in all directions. The resulting transducer is
shown in the upper left corner of Fig.4.10. To better visualize the curvature in the
longitudinal direction, a coordinate transformation has been performed. The lower
end of the transducer was shifted to the origin of the coordinate system. Then, the
transducer was rotated in a way that the longitudinal axis of the transducer is fully
in the x-y plane. The result is the transducer shape shown in the lower left corner of
Fig.4.10.
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4.4 Single Element Probes

DGS diagram: MWB 60-4 trueDGS
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Fig. 4.10 Calculation results for the MWB 60-4tD
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The transducer is curved only by a few tenth of a millimeter. But it has to be
understood that the wave length is the unit of measure to be considered.

4.5 Rotational Symmetry

To investigate the rotational symmetry of this new probe technology, a CIVA simula-
tion was carried out. The starting point was a two dimensional rectangular transducer.
The elements not on the area of the calculated transducer were deactivated. The cur-
vature was simulated using delay times. This simulation has to be understood as an
approximation and not as a fully exact simulation. Figure4.11 shows the result of
this simulation. Cross sections through the sound field perpendicular to the acoustic
axis are shown in distances of 0.7, 1, and 2 near field length.

The comparison with the CIVA simulation of a traditional angle beam probe with
a rectangular transducer (Fig.3.3) shows the clear improvement in the rotational
symmetry.

4.5.1 Measurement of the Sound Fields

The sound fields have been measured by Salzgitter Mannesmann Forschung GmbH
using the photo elastic effect [4]. The measurements were carried out on glass
(Cshear = 3.54km/s). The result of the measurement can be seen in Fig.4.12. The
symmetry to the acoustic axis is well visible in spite of the different sound velocity.
Major side lobes are not recognizable.

0,7*N N

Fig. 4.11 CIVA simulation of the sound field of a rrue® probe


http://dx.doi.org/10.1007/978-3-319-32836-2_3

4.6 Advantage of the New Probe Technology
GE LWD 2846 GE LWD 2646
o o
45 45
40 ol 40 &
35 42 42
30 = W
_— B
Eus 18 zE2s -18
= 144
20 24720 .24
15 15
30 -30
10 10
5 36 5 35
[\] 10 20 0 an 50 80 uD 10 20 30 40 50 &0
x [mm] % [mam]

Fig. 4.12 Sound field measurements using the photo elastic effect
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Besides the fact that trueDGS® angle beam probes generate rotationally symmet-
ric sound fields and have a significantly better DGS accuracy, they have another

advantage

Mathematically, these probes can be handled like a straight beam probe with
a circular transducer. All effects occurring at the interface between the wedge
and the test piece do not have to be considered with the only exception that
the zero point has to be shifted dependent on the length of the delay. This fact
enables further developments like trueDGS® phased array angle beam probes
and the development of bandwidth-dependent DGS and DAC curves.
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Chapter 5
New Probe Technology, Phased Array Probes

Abstract The new probe technology can be extended to phased array angle beam
probes. This new technology allows to calculate all parameters for each steering
angle of the phased array probe. Not only the delay laws are determined but for each
angle all other data needed are determined in this chapter. With this data a special
DGS diagram can be derived from the general one for each angle making it easy to
use the DGS method for sizing with phased array angle beam probes.

Long sections of the near fields for the nominal and the virtual transducer are calcu-
lated using the new probe technology. Calculations of long sections are performed
with the acoustic axis going through the origin of the coordinate system. Additionally,
the rim beams to the end of the near field are determined, Fig. 5.1. Further processing
is different for positive and negative steering angles. Using positive steering angles,
the virtual transducer is shifted mathematically in such a way that the lower edges
of both transducers coincide and that the upper rim beam of the virtual transducer
crosses the upper edge of the original transducer. Negative steering angles are dealt
with accordingly.

In both cases, a nonlinear system of equations with the following variables has to
be solved:

e diameter of the straight beam probe used to calculate the virtual transducer
e delay length of the virtual transducer
e sound exit point of the virtual transducer

This system of nonlinear equations can be solved numerically, the result is shown
in Fig.5.2. The parameters derived for the long section of the virtual transducer are
used to calculate the entire transducer shape. This is necessary to derive the area of
the virtual transducer. The area of the resulting transducer is required to calculate
the diameter Dy, of a circle with the same area, refer to Sect. 4.3.3.

Now, the following parameters are known for the virtual transducer:

e diameter of the straight beam probe used to calculate the virtual transducer (result
of the system of equations)

e diameter Dy of a circle having the same area as the virtual transducer

e delay of the virtual transducer (result of the system of equations)

© Springer International Publishing Switzerland 2016 47
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Fig. 5.1 Long sections: nominal and virtual transducer
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Fig. 5.2 Long sections after solving the system of equations

e sound exit point of the virtual transducer (result of the system of equations). For
the sound exit points additional adaptations are required.

With this data, the DGS method can be applied to phased array angle beam probes.
Only the delay laws are still missing [2].
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5.1 Delay Laws

The center points of the elements of the original transducer are derived and connected
to the end of the near field considering Snell’s Law. The lines in the wedge of the
probe are prolonged to the intersections with the virtual probe. The resulting distances
between these intersections and the center of the elements are converted into delay
times applying the sound velocity ¢, in the wedge [2], Fig.5.3.

5.2 DGS Accuracy

During the development of these new phased array angle beam probes, ten prototypes
were built for 2 and 4 MHz. Test blocks with flat-bottomed holes were available for
angles of incidence of 45, 53, 60, 65, and 70°. Different operators took the huge
amount of measurements manually. The DGS evaluation was performed according
to ENISO 16811:2012 [1] considering only sound paths above 0.7 near field lengths.
For each flat-bottomed hole, a reference echo was taken from a flat back wall at the
same sound path to avoid any influences of sound attenuation. Exemplary one of
the DGS diagrams including the evaluation of the measurements for 70° is shown in
Fig.5.4.
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Special DGS diagram: MWB2PA16TD - 70°
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Fig. 5.4 DGS evaluation of measurements taken with a trueDGS® phased array angle beam probe

at 70°

5.3 Sound Exit Points

As documented in Table5.1, the DGS accuracy of the trueDGS® is significantly
higher than the results of conventional probes. This is valid for single element and
for phased array angle beam probes. Being able to calculate all data is an addi-
tional advantage of this new probe technology. Unfortunately, there seems to be one
exception. The calculated sound exit points do not match well the measured values.

For a better understanding, the article Gruppenlaufzeit and Biindelversetzung bei
der Schrigreflexion—Auswirkungen auf die praktische Werkstoffpriifung mit Ultra-
schall by Ludwig Niklas [3] is taken into account.

Table 5.1 DGS accuracy of a
2MHz trueDGS® phased

Angle of incidence

Standard deviation (db)

array angle beam probe

45° 1.21
53° 0.73
60° 0.98
65° 0.82
70° 0.66
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L. Niklas introduces for the calculation of the beam displacement the following
two abbreviations: c
s=sin ¢ and ¢ = il 5.1
C

with:

a: angle of incidence

¢;: sound velocity of the transverse wave in the test material
c;: sound velocity of the longitudinal wave in the test material
A wave length of the transverse wave in the test material

Using these abbreviations, the following formula is given for the beam displace-
ment A by L. Niklas [3]:

o (=29 [B(¢7 - 1)s" +4(3-¢°) 57 — 8¢
T T=2YT = [(1-292) 4+ 165 (1= ) (2 — )

(5.2)

The beam displacement can reach several wave lengths dependent on the angle
of incidence. At 45°, the beam displacement is zero. Therefore, the beam displace-
ment cannot be the only cause for the deviations between measurement and the first
approach to calculate the sound exit points.

20 Assumed sound path

Fig. 5.5 Assumption to calculate the sound exit points
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Fig. 5.6 Measured sound exit points compared to the calculated sound exit points

To explain the measured values for the sound exit points an assumption is made.
Figure 5.5 shows the assumption for a sound path of 50 mm. According to the as-
sumption, the sound follows the modeled acoustic axis to the reflector and takes the
fastest path to the central point of the original transducer on the way back (dashed
line in Fig.5.5). In addition, the beam displacement according to L. Niklas takes
place. Figure5.6 shows the good match between measured sound exit points and
those calculated based on the described assumption. Further validation of this as-
sumption has to be carried out when more different phased array angle beam probes
based on the new technology are available.
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Chapter 6
New Probe Technology, Curved
Coupling Surfaces

Abstract Focusing or defocusing effects occur when ultrasonic probes are coupled
to curved surfaces. The new probe technology ensures clearly defined rotationally
symmetric sound fields if the coupling surface can be described mathematically and
the new probe technology is applied to derive the shape of the transducer. This is
not only valid for single angle beam probes but as well for phased array angle beam
probes. Even for very complex coupling surfaces such a probe can be designed. An
example is given using a railway solid axle. The restriction in the EN ISO 16811:2012
for the use of the DGS method having curved coupling surfaces can be neglected
when probes are applied according to the introduced technology.

If the coupling surface is concave, the EN ISO 16811:2012 [1] requires the matching
of the probe wedge to the coupling surface unless the diameter of the test piece is
large enough to ensure good coupling. For convex coupling surfaces, matching is
required if the following conditions are valid depending on the nature of the curvature,
Fig.6.1':

Dobj < 10 lps
Dopj < 10 wyy (6.1)

with:

e D,;: diameter of the test object
o [, length of the probe shoe
e wy,: width of the probe shoe

Whenever a matching of the probe shoe is required, the EN ISO 16811:2012 [1]
does not allow using the DGS method for evaluation. Using the trueDGS® technology
even for curved coupling surfaces a transducer generating a rotationally symmetric
sound field can be calculated as long as the coupling surface can be described mathe-
matically. The restriction for the DGS use in the EN ISO 16811:2012 is not necessary
when trueDGS® angle beam probes are used [4].

Let the coupling surface be described by:

IReproduction with permission of DIN Deutsches Institut fiir Normung e. V.
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Key

1 Transversely curved
2 Longitudinally curved

Figure 1 — Length, loss and width, w,

s Of probe shoe in direction of curvature of the test object

Fig. 6.1 Figure taken from EN ISO 16811:2012

z=S8x,y) (6.2)

where X, y, 7 are the coordinates of the point at which the sound beam under con-
struction travels from the end of the near field into the matched wedge of the probe.
With this, Eqgs. (4.2) and (4.4) have to be adapted to

X
d= y—=yr (6.3)
S, y) —zr
and 3
Xy — X
V= Yw =Y (6.4)
S, 2w =)

6.1 Fastest Path

Here, the shortest time from a point W (x,,, y,,, z,,) on the transducer to the transition
point D(X, y, 7) to the end of the near field 7' (0, yr, z7) is derived. To find the shortest
time the partial derivatives with respect to X and y are calculated
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For further calculations, the following two abbreviations for the partial derivatives
of the coupling surface S(x, y) with respect to X and y are used:

as aS
m, = — and my = — (67)
ax ay
The vectors e and egy spanning the tangent plane are introduced
1
ex=1| O (6.8)
iy
0
ey =11 (6.9)
ny
Hence, Egs. (6.5) and (6.6) can be simplified
ot el ex - Vel ey - d
__:_|t| t lex| et 6.10)
ox o lexl IVl cm lewl |d]
at eyl ey - eyl ey - d
a__ lew| ey - v eyl ery 6.11)
ay o leyl [Vl cm eyl |d]
To derive the minimum of time ¢, the two equations are set to zero
1 . 1 - d
— &V _ & (6.12)
¢ lexl [V Cm el |d]
1 ey - v 1 ey - d
i, — ¥ (6.13)

Cy |ety| [v| Cm |ety| |d|
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6.2 Angles

The following variables are introduced:

e o, angle between sound beam and the tangent plane in x-direction in the probe
wedge

e «a;: angle between sound beam and the tangent plane in y-direction in the probe
wedge

e f;: angle between sound beam and the tangent plane in x-direction in the test
object

e B, angle between sound beam and the tangent plane in y-direction in the test
object

With these variables, Egs. (6.12) and (6.13) can be written as
cos (o) ¢y

cos (B) e ©19

and
cos (@) _ e (6.15)
cos (By)  Cm

In the next step, the angles to the z-axis are derived. Therefore, the vector ey,
perpendicular to the tangent plane is derived. The vector ey, is the result of the vector
product of ety and e

1 my
ey = 1 x| 0 |=1|m (6.16)
ny my —1

Hence, for the angle B,, between the sound beam and the z-axis in the test object
follows:
€tz - d

cos (B;) = m

6.17)

The angles o, and o, are defined to the x- and y-axes and are not as usual to
the perpendicular lines. From this results, the ratio of the cosine functions are in
Eqgs. (6.14) and (6.15). In contrast, the angle §;, is given to the z-axis. Hence, for the
angle «,, in the probe wedge follows:

sin (o) Cy

sin(Bz)  Cm

(6.18)

The angles B;, and B, result from

Cx - d
lew| [d]

cos (Bn) = (6.19)
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and
€ty - d

= Tl (6.20)

cos (,B,y)

Hence, all angles By, By, and B, are known.

6.3 Transducer Coordinates

Let vector v/ = (v1, v2, v3) with |v| = 1 be the vector in the probe wedge defined
by the angles o, @y, and «,,. These angles can be determined using the following
dot products:

ex V= |e| cos (ay) (6.21)
ey - V= |ey| cos (o)

€z - V= Ietzl Cos (alz)

This system of equations can be written as

cos (o) +/ 1+ m?
1 0 m, V1 *2
01 m | [w]=] coslu) Jl+m (6.22)
my my —1 V3 cos () (/1 +m?+m?2

Since the angles a;,, a;y, and o;; are known from Egs. (6.14), (6.15), and (6.18),
the system of equations (6.22) can be solved.

Based on the time of flight of the sound beam under construction the length of
the delay can be derived. First, the time of flight #(y) in the predefined straight beam
probe is determined using Eqgs. (4.12) and (4.14). The time of flight #,, in the test
object follows from vector d and the sound velocity. Hence, the time of flight in the
wedge is

1
Cm
t, = f(V) —In

(6.23)

Im

The length of vector v equals 1. This vector is now multiplied with the calculated
length of the delay

w=ct [ wm (6.24)


http://dx.doi.org/10.1007/978-3-319-32836-2_4
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The vector from the origin of the coordinate system to the puncture point on the
coupling surface D(X, y, 7) is given by

ISTIE ST

The sum of this vector and vector w is the vector from the origin of the coordinate
system to the transducer point W (x,,, y,y, Zy)

Xy X Vi
Yw = y +cty V2 (625)
Zw z V3

With this the transducer point W is known. Repeating this calculation for all X and
y complying with the condition ¥y < .« results in the entire point cloud defining
the transducer shape.

6.4 Example: Solid Axle

The design of a transducer for curved surfaces is described using a solid train axle
from Deutsche Bahn with the identifier BAO13 as an example [2, 3]. For testing the
axle ultrasonically, only the coupling area shown in Fig. 6.2 is available. There is not
a single space with a constant diameter of the axle in this area.

Having such a coupling geometry, the angle to the axis of the axle is more impor-
tant than the angle of incidence. Hence, the angle to the axis has to be chosen first
to start the design of the transducer. For this example, the following parameters are
used:

frequency: 4 MHz

transducer diameter (straight beam probe): 22 mm
angle to the axis of the solid axle: 50°

delay: 17 mm

sound exit point: 7.5 mm

First, the z-coordinate zj for the selected sound exit point of yo = 7.5 mm is derived
and the slope of the geometry at this point is calculated. In this example, the slope
of the tangent at the sound exit point is m; = 0.1006.

The near field length N for the selected diameter D is calculated. The remaining
segment to the end of the near field of the angle beam probe under construction is
derived based on the selected delay length. This segment is drawn from the sound
exit point under consideration of the selected angle to the axis of the solid axle. The
angle of incidence is given by the difference of the angle to the axis and the slope
at the sound exit point. In this example, the angle of incidence results in 44.26°.
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Coupling Geometry BA013
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Fig. 6.2 Coupling geometry of the solid axle BAO13

Hence, the delay line can be drawn into the sketch Fig.6.3. Now, the coordinates
y. and z. of the transducer point W and the coordinates yr and zr of the end of the
near field 7' are known. Now, the complete transducer shape can be calculated. The

Fig. 6.3 Coupling geometry Coupling geometry BA013 and acoustic axis
and acoustic axis 20 T T T T T T T

-20 0 20 40 60 80 100
mm
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BA 013 Transducer BA 013 Transducer shape

20

Fig. 6.4 Transducer and transducer shape

angle of incidence and the length of the delay have to be derived for each sound
beam considering the coupling geometry. Figure 6.4 shows the resulting transducer
and the transducer shape.

6.5 Delay Laws

The procedure described in Sect.5.1 for calculating the delay laws does not work
when the cut of the sound field with the coupling surface is not a straight line. In these
cases, every shift of the sound beam results in a new angle of incidence. Hence, for
these kinds of coupling geometries a new procedure for calculating the delay laws
had to be developed. Here has to be distinguished between positive and negative
steering angles as well. The following description is for steering angles greater than
the nominal angle. The procedure for negative steering angles works accordingly.

For the calculation of the virtual transducer the following steps are repeated until
a predefined accuracy has been reached. The following steps have been implemented
in a while-loop:

(1) A step size is defined (in the beginning for example 10 mm).

(2) Starting point of the calculation is the sound exit point of the original transducer.

(3) For the planned angle to the axis of the solid axle from this exit point the end of
the potential near field is calculated. The sound path from the sound exit point
to the end of the potential near field is a multiple of the step size (depending
on the number of repetitions).

(4) The fastest path from the end of the potential near field to the lower edge of
the original transducer is calculated including the intersection of this rim beam
with the coupling surface.


http://dx.doi.org/10.1007/978-3-319-32836-2_5

6.5 Delay Laws 61

(5) The fastest path from the end of the potential near field to the upper edge of
the original transducer including the intersection of this rim beam with the
coupling surface is derived.

(6) The angle bisector between the two rim beams is derived. The intersection of
the angle bisector with the coupling surface is the new starting point for the
calculation of the potential near field in the next repetition of the loop (the new
sound exit point). This results in the new angle of incidence.

(7) The angle included by the rim beams is determined.

(8) The total time of flight #,,,, from the lower edge of the original transducer to
the end of the potential near field is calculated under consideration of the angle
dependent phase shift.

(9) If the correct near field end would have been reached already, the near field
length would be given by: (t,ps — T/2) ¢,y WithT = 1/f and c,, sound velocity
in the test object and f the frequency of the probe used.

(10) For this derived potential near field length, the angle of the beam spread is cal-
culated for straight beam insonification. This angle is compared to the included
angle derived in step 7.

(11) If the angle of beam spread is smaller than the one calculated in step 7 the
sound path in step 3 is prolonged by the step size and the complete procedure
is started all over again.

(12) If the angle calculated for the potential near field length is larger for the first
time than the one calculated in step 7, the sound path is reduced by one step
size and the step size is divided by 10.

(13) This procedure is repeated until the predefined accuracy is reached.

The result of this procedure can be seen in Fig.6.5. For deriving the delay laws, the
center point of the elements of the original transducer are connected to the end of the
near field considering Snell’s Law. For each sound beam, the angle of incidence has
to be calculated based on the curvature of the coupling surface. The connecting lines
are prolonged to the intersection with the virtual transducer. The distances between
original and virtual transducer are the base for calculating the delay laws applying
the sound velocity in the delay material.

All focusing or defocusing effects from the curved coupling surface are elimi-
nated by applying this technology. Even in these cases, rotationally symmetric
sound fields are generated.
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BA013: Original and virtual transducer
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BA013: Calculation of the delay laws

20 0 20 40 60 80 100

Fig. 6.5 Original and virtual transducer including calculation of the delay laws for the solid axle
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Fig. 6.6 Solid axle inspected ultrasonically
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Figure 6.6 shows a solid axle tested ultrasonically using a trueDGS® phased array
angle beam probe calculated for this coupling geometry particularly [2, 3]. A program
utilized to calculate delay laws for complex coupling geometries is illustrated in

Fig.6.7.
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Fig. 6.7 Tool for calculating delay laws for complex geometries
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Chapter 7
Bandwidth-Dependent DGS Diagrams

Abstract The advantage of the new probe technology is the fact that these angle
beam probes behave like straight beam probes with circular transducers for transverse
waves. Therefore, it is much easier to handle these probes mathematically. Without
having to consider all the complex effects at the interface between wedge and test
piece, bandwidth-dependent DGS diagrams can be derived. Even a general DGS
diagram can be developed bandwidth dependently for families of single element
angle beam probes or families of phased array angle beam probes as long as they
have all nearly the same bandwidth. With these bandwidth-dependent DGS diagrams,
the restriction in the EN ISO 16811:2012 to use only sound paths larger than 0.7
near field lengths can be neglected.

The DGS accuracy of the probes based on the new technology is significantly higher
than the accuracy of conventional angle beam probes. Figure 7.1 illustrates the DGS
evaluation of measurements taken with a trueDGS® phased array probe according to
the EN ISO 16811:2012. In this standard, the DGS evaluation is allowed for sound
paths >0.7 N only. This working range is shown in Fig.7.1 accordingly.

In the range below 0.7 N, reflectors are oversized when evaluated using the general
DGS diagram published in the EN ISO 16811:2012, Fig.7.2.

Bandwidth-dependent DGS diagrams will enable the DGS evaluation for the entire
range of sound paths.

7.1 Single Frequency Ultrasound

Before the bandwidth-dependent DGS diagram is introduced, some thoughts are
given to the first development of the DGS diagram. Therefore, the sound pressure on
the acoustic axis generated by a straight beam probe with a flat circular transducer
is examined for single frequency ultrasound.

© Springer International Publishing Switzerland 2016 65
W. Kleinert, Defect Sizing Using Non-destructive Ultrasonic Testing,
DOI 10.1007/978-3-319-32836-2_7
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DGS-Diagram: MWB4PA16TD - 60°
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Fig. 7.1 Evaluation of measurements taken with a rrueDGS® phased array angle beam probe
according to EN ISO 16811:2012
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Fig. 7.2 Reflectors are oversized at sound paths below 0.7 N using the general DGS diagram from
the EN ISO 16811:2012
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The sound pressure p4 on the acoustic axis in a distance z at time ¢ is given by

1
paz, ) =wZ / — cos(wt — kr) dS (7.1)
r
s

with:

e r: distance

e o: angular frequency

e Z: acoustic impedance

e k: angular wavenumber

e z: distance

e §: area of the circular transducer

and

2
r=vZ+a and k = Tﬂ (1.2)
dS~adadyp (7.3)

The relations are illustrated in Figs. 7.3 and 7.4. Hence, Eq. (7.1) can be written as

D
3 27
@) =207 / / J% cos (a)t —kJa? +z2) dadg  (14)
a Z
a=0 ¢=0

Fig. 7.3 Sketch for the
calculation of the sound
pressure




68 7 Bandwidth-Dependent DGS Diagrams

Fig. 7.4 Sketch of the
circular transducer

i

dS =~ a da dp

This integral equation can be solved algebraically

D\2
pa(z,t) = —2mcZ {sin [ wt — k (5) + 72| — sin (0t — k2) (7.5)

Using the following trigonometric addition theorems this term can be simplified:

+y =y

2

sin

sin x — sin y = 2 cos al (7.6)

Hence, (7.5) can be written as

20t —ky/(2)’ + 22 — ke V&) +2-2
2 2

20t — k(2 +2—kz g (D)2+ ,
=) +22-z

= 4w cZ cos sin —
2 A 2

pa(z, t) = 4mcZ cos sin k

(7.7)

Only the time-independent extrema of the sound pressure are of interest. Therefore,
only the extrema of the cosine function are taken into account, resulting in

;1 D\?
Pmax(2) = 4mwcZ sin — 7 +z2—z2 (7.8)

Figure 7.5 illustrates the sound pressure on the acoustic axis calculated for a single
frequency using Eq. (7.8). For a better recognizability, a semi logarithmic scale has
been applied. The following parameters were used for the calculation:
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Fig. 7.5 Sound pressure on
the acoustic axis calculated
for a single frequency 0.9
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e sound velocity ¢ = 5,920m/s
e frequency: 4 MHz
e transducer diameter: D = 10 mm.

7.1.1 Near Field Length

The distance from the transducer to the last maximum of the sound pressure on
the acoustic axis is called near field length N. The extrema can be derived using the
argument of the sine function of Eq. (7.8). Generally, the sine function has extrema at

2+ 1
" with ne N, (7.9)

Hence, the following term has to be evaluated:

[/ D\?2 2n+1
% (E) +Z2 —z | = n;_ 7 mit n € NO (710)

D 2
= 2 (5) +22=0Q2n+Dr+2z

By squaring the equation and dissolving the variable z results in

_D*—(Q2n+ 1?27
T 40@2n+ DA

(7.11)
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Hence, z has a maximum when both the expression behind the minus sign and
the denominator are as small as possible. This is fulfilled for n = 0. With this and
Zmax = N follows:

D2 _ )»2
T a4

(7.12)

This equation is often simplified, based on the fact that generally D > A is

valid, to:
D2
N~ — 7.13
4 A ( )

The formula for the calculation of the near field length is valid for single
frequency only. This formula is still in use today and is applied to ultrasonic
pulses with a certain bandwidth. In Sect.7.2, it will be derived that the near
field length is additionally dependent on the bandwidth.

From Fig.7.6 can be read (Pythagoras)

2
=N+ (g) (7.14)

By replacing N using Eq. (7.12) follows:

A
r=N+= (7.15)
2
Fig. 7.6 Transducer and rim 25 T b
beams to the end of the near
field
20t
15 N r
£
€
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5|
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The fact that the sound path difference between the sound traveling along the
acoustic axis to the end of the near field and the sound traveling along the rim
beam amounts to A /2 is derived for single frequency ultrasound as well.

7.2 Multi-frequency Ultrasound

Multi-frequency ultrasound means using short pulses. The length of the pulse is given
by its spectrum in the frequency domain, Fig.7.7. For the calculation, a Gaussian
for the given relative bandwidth of 30 % is derived in the frequency domain. By
transferring to the time domain the pulse is retrieved. In the time domain another
Gaussian is determined as envelope for the pulse. This Gaussian will model the pulses
in all further calculations.

7.2.1 Near Field Length

The near field length of this pulse, defined as last maximum of the sound pressure
on the acoustic axis, is calculated numerically using the following values:

e sound velocity: ¢ = 5,920m/s

e transducer diameter: D = 20 mm
e frequency: F = 4MHz

e relative bandwidth: 30 %

Pulse: Frequency = 4 MHz, Bandwidth = 30% Sectrum: Frequency = 4 MHz, Bandwidth = 30%
1 1

0.8
0.5

o
o

N
>

Ampliltude
o
Amplitude

-0.5f
0.2

3 2 4 0 1 2 3 0 2 4 6 8
t[ps] Frequency [MHz]

Fig. 7.7 Pulse and spectrum of multi frequency ultrasound
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Fig. 7.8 Sound pressure Comparison: Single frequency vs. 30% bandwidth
calculation for a single 1 T T

frequency and for a pulse 0.9
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The result of the calculation is illustrated in Fig. 7.8. The maximum and with this
the near field end is at 85.4 mm. If the near field length is calculated using formula
(7.12), the result is 67.2 mm. The simplified Eq. (7.13) results in 67.6 mm.

Figure 7.8 illustrates the difference between a back wall curve calculated for a
single frequency according to Eq. (7.8) and a back wall curve calculated for a pulse
with a relative bandwidth of 30 %.

Hence: The near field length is dependent on the bandwidth of the pulse used [1]
(Table7.1).

The integral (7.1) is modified for the calculation of the sound pressure on the
acoustic axis

2
A Z—VZ2+a2)2 a
paz, t) = dmwZ / e ( ———cos (a)t — k\/m) da
N

(7.16)

Table 7.1 Near field length

: Bandwidth (%) Near field length (mm)
in dependence on the

bandwidth 20 78.1
30 85.4
40 91.7

50 97.2
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The Gaussian travels with the sound, modeling the pulse. The Eq.(7.16) can be
solved numerically only. The factor A defines the bandwidth of the pulse. Again,
the trigonometric addition theorems are used. Hence, Eq. (7.16) can be split into two
integrals

D
2 2
Alz— zz+a2) a
z,1) = 4w wZ cos(wt / e ( ———cos (k\/a2 +z2) da
Pt o N

x|

a=0

/aZ +Z2

X2

D
2 2
+ 4 wZ sin(wr) / AevEe) 4 g (k\/a2+z2) da

a=0

(7.17)
The result for ps(z, ¢) is a term of the following form (without the proportionality
factor 4 wZ):
x1 cos(wt) + x; sin(wt) (7.18)
This term can be transferred to

x1 cos(wt) + x, sin(wt) = B sin(wt + ¢) (7.19)

with the unknown variables B and ¢. To calculate B and ¢ the following trigonometric
addition theorem is applied:

sin (w t + @) = sin(w t) cos(¢) + cos(w 1) sin(p) (7.20)
Using this addition theorem and Eq. (7.19) results in
x1 cos(wt) + xp sin(wt) = Bsin(wt) cos(¢) + Bcos(wt) sin(g) (7.21)
By comparison follows:

x1 = Bsin(¢p) (7.22)
x; = Bcos(gp) '
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Some steps of the solution are given

sin g = iz (l — sin? (p)

x_f X7
2
.2 X
sin“ ¢ = — 5
X{ +X)
. X (7.23)
singp =+
X+

B(z) = +\/x} + x3

The results have to be checked using the original equation due to the unclear sign
in Eq.(7.23). Hence, the sound pressure on the acoustic axis can be calculated for
any distance z and any time ¢

pa(z, 1) = B(2) sin(wt + ¢) (7.24)
Here, only the maximum of the sound pressure py.x is of interest, resulting in

PAmax = |B(2)| (7.25)

7.2.2 Back Wall Echo Curve

The ultrasound is totally reflected at the back wall coming back to the transducer.
Hence, the following integrals have to be solved with the transducer being the trans-
mitter and the receiver [2]:

2 2 ( )2
Alz—vz2+x2 Xy
pew(z, 1) x drwZ / / e —————cos (a)t — kX2 + zz) dx dy
Va2 + 22

x=0 y=0
(7.26)
with z: sound path.

7.2.3 ERS Curves

The following assumption has been made for the calculation of the ERS curves: The
flat-bottomed hole oscillates with its entire area with the calculated sound pressure
pa(z, t) on the acoustic axis in the distance z. Only the shortest distances (shortest
time of flight) between transducer and flat-bottomed holes are considered. The double
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integral over the sphere area of the flat-bottomed hole as transmitter and the transducer
area as receiver defines the ERS curve. Hence, the following integral has to be solved,
again using the trigonometric addition theorems as described in Sect.7.2.1:

S

DEggrs
2

A(vaTTe) Xy
rs(2, 1) (Z)/ / e ( —————CO0sS wt—k\/m) dx d
Pe pAa ) ,—x2+zz ( y
x=0 y=
(7.27)

with:

e z: sound path

e D: transducer diameter

e Dppg: diameter of the flat-bottomed hole

e p4(z): maximal sound pressure on the acoustic axis in the distance z

After solving the integral (7.27) for all required ERS curves these curves have to
be shifted to the correct distance to the back wall echo curve. The calculation of the
distances is based on the Krautkrdmer book [3, pp. 97-99]. These considerations are
only valid for the far field and can therefore be taken over for pulses.

On pp. 97 and 99 the Eqgs. (5.4) and (5.5) are given as

_ D,z [H,
N\ Ho (7.28)
HR _ aN
H() a 22

with:

e D,: diameter of the reflector (flat-bottomed hole)
e D;: diameter of the transducer as transmitter

e z: distance witz > N

e H,: echo height for the reflector

Hp: echo height of the reference echo (back wall)

e Hyj: echo height for the sound pressure on the acoustic axis at distance z
e N: near field length

The following normalization is suggested:

e < = distance of reflector D,

0

N
e Z— = amplifier gain G,
D

o = reflector size S.
t

A quotation from the Krautkrdmer book [3] follows:


http://dx.doi.org/10.1007/978-3-319-32836-2_5
http://dx.doi.org/10.1007/978-3-319-32836-2_5
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All the normalized values D, G, and S are dimensionless quantities and the gain G
represents the ratio by which the reflector echo has to be amplified to make it equal
to the reference echo. Introducing D, G, and S into the Egs. (5.4) and (5.5) we obtain
for the distant field

S2
Gr=ﬂﬁ

1
=735

But when the normalizations are inserted into Eq. (7.28) and these equations are
then changed accordingly, the result is

o D,z |H,
N Y Ho (7.29)
HR B aN
Ho - 2Z

In the Krautkridmer book [3], the character D is used to abbreviate the diameter
for the transducer as well as abbreviation of the normalized distance of the reflector.
This can be quite confusing, therefore, in the following, A is used for the normalized
distance.

SZ
Gr=77.'2—2

{4 (7.30)
Go = 7T —
R=T5A

Comparing Eq.(7.30) with the one from the quotation it is clear that there is a
misprint in the Krautkrdmer book: the square of 7 is missing in the first equation.
When the Eq.(7.28) are written without the normalization for the size and the
distance and instead of N the numerically calculated near field length N, is used
follows:
72 D} Ny
72 D?
s Nnum
2z

(7.31)
Gr

Hence, the shift vy, between the back wall curve and a flat-bottomed hole curve
for very large distances z is given in dB by


http://dx.doi.org/10.1007/978-3-319-32836-2_5
http://dx.doi.org/10.1007/978-3-319-32836-2_5
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G,
vpr = 20 1g | = (7.32)
Gr
27 D?N
= =920 g [ ———
Vibh g th Z

If necessary, D; is replaced by Dz = 0.97 D,.
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Fig. 7.9 Approximation of the back wall echo curve and the 3.1 mm ERS curve

General DGS Diagram calculated bandwidht dependently
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General DGS Diagram, Bandwidth = 30 %, Longitudinal Wave
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Fig. 7.11 General DGS diagram calculated for longitudinal waves with a relative bandwidth of
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General DGS Diagram, Bandwidth = 30 %, Transversal Wave
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Fig.7.12 General DGS diagram calculated for transversal waves with a relative bandwidth of 30 %
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Figure 7.9 shows the good agreement of the calculated curves with the given
approximation in the far field.

Surprisingly, the ERS curves for flat-bottomed holes with large diameters (large
compared to the diameter of the transducer) are in certain sound path ranges above
the back wall echo curve, Fig.7.10. A back wall is working like a mirror while
flat-bottomed holes generate by themselves a sound field with the maximum sound
pressure at the end of their near fields. Even in the general DGS diagram, published
in the EN ISO 16811:2012, the ERS curves for large (compared to the transducer
diameter) flat-bottomed holes are very close together and close to the back wall echo
curve as can be seen in Fig. 1.3.

In the following, equivalent reflector sizes up to half of the transducer diameter
are used only with bandwidth-dependent calculated DGS diagrams. If larger
flat-bottomed holes have to be evaluated a probe with a larger transducer diam-
eter has to be applied.

Based on the introduced method bandwidth-dependent DGS diagrams have been
calculated for longitudinal and for transversal waves using a relative bandwidth of
30%. Comparing Figs.7.11 and 7.12 shows that the DGS diagrams are different
for longitudinal and for transversal waves. But for each wave mode, a general DGS
diagram can be calculated for a certain bandwidth. Such a general DGS diagram is
valid, for example, for a family of single element angle beam probes and for a family
of phased array angle beam probes with a given bandwidth. Based on such a general
DGS diagram, the special diagrams for different angles, transducer diameters, and
frequencies can be derived easily. Due to this fact, it is easy to incorporate bandwidth-
dependent DGS diagrams into ultrasonic instruments. It is sufficient to store the
general diagrams in the instrument. The incorporation of the bandwidth-dependent
DGS diagrams requires the same complexity as the incorporation of the general DGS
diagram from the EN ISO 16811:2012 [4].
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Chapter 8
Applying Bandwidth-Dependent DGS
Diagrams

Abstract Measurements were taken using ten units each of 2 and 4 MHz new phased
array angle beam probes. Special test blocks with planar back walls and flat-bottomed
holes in different depths were used for five different angles of incidence. All mea-
surements were taken manually by different operators. The minimum sound path
was Smm. The DGS evaluation of this huge amount of measurement values shows
high accuracy over the entire range of sound paths. With these bandwidth-dependent
DGS diagrams, the restriction in the EN ISO 16811:2012 [1] to use only sound paths
larger than 0.7 near field length can be neglected.

The bandwidth-dependent DGS diagrams for a relative bandwidth of 30% were
used to evaluate measurements with t7ueDGS® phased array angle beam probes
with frequencies of 2 and 4 MHz. When using phased array angle beam probes all
DGS-related parameters are changed with the steering angle applied. Adapting these
changing parameters can be done easily by deriving the required special diagram
from the general DGS diagram.

First, the DGS accuracy of the bandwidth-dependent DGS diagram is tested using
a 4MHz phased array angle beam probe with a steering angle of 60°. The result is
compared to the evaluation using the general DGS diagram published in the EN ISO
16811:2012, refer to Fig.7.4.

The result of the evaluation using the bandwidth-dependent DGS diagram is illus-
trated in Fig. 8.1. The evaluation shows an excellent agreement of the measurement
values with the bandwidth-dependent DGS diagram in the entire range of sound
paths used for measurements. The comparison of this result with the result using the
general DGS diagram published in the EN ISO 16811:2012 [1] proves the advantage
of applying bandwidth-dependent DGS diagrams. The DGS accuracy achieved is
shown as well in Fig. 8.2 evaluating measurements with a 2 MHZ phased array angle
beam probe at a steering angle of 65°.

The restriction to sound paths >0.7 N as requested by the EN ISO 16811:2012
[1] can be neglected when bandwidth-dependent DGS diagrams are used.
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MWB4PA16TD - 60°: Bandwidth dependent DGS-Diagram:
D =13.73 mm, f =4 MHz, Bandwidth =30 %
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Fig. 8.1 Evaluation based on a bandwidth-dependent DGS diagram covering the entire range of
sound paths

8.1 Results Using Phased Array Angle Beam Probes

The measurements were taken by different ultrasonic operators using ten prototypes
of 2 and 4 MHz trueDGS® phased array angle beam probes. For each measured
flat-bottomed hole, a back wall was measured at the same sound path as the flat-
bottomed hole to avoid any influences of sound attenuation in the used test blocks.
All measurements have been taken manually. The results of the DGS evaluation are
shown in Tables 8.1 and 8.2. All results show a high DGS accuracy in the entire range
of sound paths used [2].

DGS diagrams with the evaluation for both 2 and 4 MHz trueDGS® phased array
angle beam probes can be found in the Appendix.

Figure 8.3 shows a tool for applying the bandwidth-dependent general DGS dia-
gram. In this case, a DGS evaluation of a 2 MHz trueDGS® phased array angle beam
probe using just one single reference for all other measurements is illustrated.
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MWB2PA16TD - 65°: Bandwitdh dependent DGS Diagram:

D =12.43 mm, f =2 MHz, Bandwidth =30 %
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Fig. 8.2 Evaluation of measurements taken with a rrueDGS® 2MHz phased array angle beam

probe with a steering angle of 65°

Table 8.1 Result of the
evaluation of measurements
taken with the 2 MHz
trueDGS® phased array angle
beam probe

Table 8.2 Result of the
evaluation of measurements
taken with the 4 MHz
trueDGS® phased array angle
beam probe

Steering angle (°)

Standard deviation (dB)

45

1.30

53 0.87
60 0.97
65 0.65
70 1.04

Steering angle (°)

Standard deviation (dB)

45

1.45

53 1.05
60 1.02
65 1.38
70 1.03
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Fig. 8.3 DGS evaluation using one single reference echo
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Chapter 9
Bandwidth-Dependent DAC Curves

Abstract Defect sizing using Distance Amplitude Correction (DAC) curves gets
very time consuming when using phased array angle beam probes. For each incidence
angle applied during testing a DAC/TCG curve has to be recorded. By changing the
phasing angle important probe parameters such as near field length, delay line length
and sensitivity are changed as well, resulting in a change of the DAC/TCG curve.
DAC curves can be calculated using the new probe technology. It is sufficient to just
measure one reference echo, e.g., using a calibration standard. The DAC curves for all
angles can be calculated. Alternatively a DAC curve can be recorded using one single
angle of the phased array angle beam probe. By recording the curve for one single
angle the material characteristics of the reference block such as the sound attenuation
are considered automatically. The DAC curve for all other angles are calculated with
high accuracy. With the new probe technology recording DAC curves for phased
array angle beam probes is as easy as recording a DAC curve with a single element
angle beam probe.

In the USA, different organizations such as ASME, ASTM, and AWS publish
standards requesting the recording of Distance Amplitude Correction (DAC) curves.
For recording of DAC curves expensive reference blocks are necessary. Defect
sizing, particularly when using phased array angle beam probes, requires recording
of DAC curves for each angle to be applied for testing which is very time consum-
ing. When using the trueDGS® technology DAC curves can be calculated with high
precision [3].

9.1 Calculating Bandwidth-Dependent DAC Curves

The sound pressure on the acoustic axis generated by a circular reflector or transducer
decreases depending on the distance z by:

1
<
For side-drilled holes, the decrease is given by

© Springer International Publishing Switzerland 2016 85
W. Kleinert, Defect Sizing Using Non-destructive Ultrasonic Testing,
DOI 10.1007/978-3-319-32836-2_9



86 9 Bandwidth-Dependent DAC Curves

1

vz

While calculating the DAC curves, it has to be considered that the way to the
reflector is following the decrease based on the circular transducer. On the way back
from the side-drilled hole to the transducer the decrease is following the distance law
for side-drilled holes. DAC curves for side-drilled holes are only dependent on the
probe used (near field length and delay line length). The diameter of the side-drilled
hole changes the sensitivity only. Based on these facts a general DAC curve can be
calculated if trueDGS® phased array angle beam probes are used (Fig.9.1).

The back wall echo curve is calculated using Eq. (7.26). The DAC curve is given
by

D
2 2
A(227«/4Z2+x2) X ( B 5 2)
Psan(Z, 1) X pa(z) / e —m cos (wr — k vV x% +4z%) dx
0
9.1)
with:

e z: sound path

e pa(z): max. sound pressure on the acoustic axis at distance z
e D: transducer diameter

e o: angular frequency

e k: angular wavenumber

e pyqn: resulting sound pressure from the side-drilled hole.

Fig. 9.1 General DGS General DGS Diagram for Side-Drilled Holes (Bandwidth = 30 %)
diagram for side-drilled 0 T T
holes |

Gain [dB]

-50

-60

Back Wall
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70 L L
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num


http://dx.doi.org/10.1007/978-3-319-32836-2_7

9.1 Calculating Bandwidth-Dependent DAC Curves 87

Three different ways to use the bandwidth-dependent calculated DAC will be
discussed:

e using a reference echo from a calibration standard
e using the measured result from one single side-drilled hole as reference
e recording a DAC curve for one single angle using the Least Squares Method.

For the first case, the distance between the back wall curve and the DAC curve has
to be derived. All following considerations apply to the distant field only. The sound
pressure p on the acoustic axis of a circular transducer can be calculated by [1]

N b4 D,2 ©9.2)
P=Po gy '
The sound pressure of a side-drilled hole follows the distance law in the far
field [2]:
VD,
= (9.3)
JZ

with D,: diameter of the side-drilled hole.

Hence, the sound pressure p,;, of a side-drilled hole in the sound field of a
circular transducer is described by the product of the Eq.(9.2). Equation (9.2) can
be considered as the sound going forward to the reflector and as the sound traveling
back to the transducer. That means, in the product (9.4), z has to be understood as
the sound path to the reflector.

n D? /D,

= 9.4)
4 A z2

Psdn = Po

Figure 9.2 illustrates the good approximation of the sound pressure of a side-drilled
hole in the sound field of a circular transducer in the distant field by Eq. (9.4).
The sound pressure of a planar back wall in the far field is given by [1]

T[ Nnum
PR = Po T 9.5)

with N, near field length of the circular transducer calculated numerically.
Note: z stands here for the sound path! The ratio of P,y and pg describes the
ratio of the amplitudes Hy of the back wall echo and the echo of the side-drilled hole

Hian:
Hayw  D}JD. _ N.D,
Hg 4 Nnum «/E Nnum\/Z

(9.6)
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with D, being the diameter of the side-drilled hole and z the sound path. With this
the shift vy, between the back wall echo curve and the curve describing the sound
pressure of a side-drilled hole with diameter D, in the distant field results in

If necessary, D; is replaced by D.rr = 0.97 D;.

Vean = 20 1g ( 9.7)

9.2 Applying the Bandwidth-Dependent DAC Curves

As already mentioned, there are three different ways to use the bandwidth-dependent
calculated DAC

e using a reference echo from a calibration standard
e using the measured result from one single side-drilled hole as reference
e record a DAC curve for one single angle using the least squares method

All three cases will be discussed in the following.

9.2.1 Using a Reference Echo from a Calibration Standard

This method is very similar to the method described in Chap.2. A reference echo
is taken from a calibration standard, here calibration standard K1 according to
DIN EN 2400:2012 is used. The reference is taken from the circular arc of the K1
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using a predefined angle. Since this is not a planar back wall a correction value A Vi
has to be considered. These correction values are published with each trueDGS®
phased array angle beam probe for each possible angle. As discussed in Chap. 2 the
sound attenuation has to be known or measured. If the coupling surface qualities are
different between the calibration standard and the test piece, the transfer correction
value has to be taken into account as well.

First, a DAC curve for the 3 mm side-drilled hole is calculated together with the
back wall echo curve as reference. In addition the DGS curve for the 3 mm side-
drilled hole is adapted to the known sound attenuation of 9.5 dB/m. Figure 9.3 shows
this DGS diagram for a 3 mm side-drilled hole. Let G| = 3.0dB be the gain setting
to have the echo from the circular arc of the calibration standard K1 at 80 % screen
height. The amplitude correction value AVg, is given as 4.4dB. Let the transfer
correction value be zero. With this, the reference gain is

Gr=Gg1+AVg; =3.0dB+4.4dB =7.4dB

The reference echo at a sound path of 100 mm is marked on the back wall echo
curve in the respective DGS diagram. The SDH curve is adapted for the sound
attenuation (dashed line in Fig.9.4). The dB-difference AG between the reference
echo on the back wall echo curve and the maximum of the adapted line is taken from
the diagram, here AG = 10.2dB. The gain setting G of the ultrasonic instrument is
set to:

G=Gr+AG=74dB+10.2dB =17.6dB

Now, the curve that is adapted for the sound attenuation is linearized so that
the maximum corresponds to 80 % screen height. With this gain setting each side-
drilled hole (same diameter preconditioned) at different sound paths generates an

Fig. 9.3 DGS curve for a 0DGS Curve for a Side Drilled Hole (3 mm): 4 MHz, 60°, 9.5 dB/m
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echo amplitude just reaching the calculated and displayed curve. Figure 9.5 shows
an example of such a curve. But not only the curve for the angle used to record the
reference echo can be calculated. With trueDGS® phased array angle beam probes all
curves for all other angles can be calculated as well. In order to validate the accuracy
of the calculated curve the echoes of all seven side-drilled holes were recorded using
the calculated gain setting. In Table 9.1, the deviations in dB between the calculated
curve and the measurement values are listed and they show the very good agreement
with the theory, refer as well to Fig. 9.6.

The curves for the other angles of the trueDGS® phased array angle beam probe
can be calculated easily since all needed values are documented with these probes.

Fig. 9.5 Calculated display
curve
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Table 9.1 Deviations

Sound path (mm) Deviation (dB)
between calculated curve and
measurement values using a 19.5 1.57
reference echo from the 58.0 0.12
calibration block K1 97.0 0.36
138.0 0.70
175.0 -0.40
216.0 -1.06
254.0 0.59
Fig. 9.6 Calculated display 100 FD Display Curve Side-Drilled Holes: 4 MHz, 60°, 9.5 dB/m
curve with measurement [ I I I I 1
Calculated Display Curve
results 90 1

- @ = Measurement Data

80 [ 1

70 1

Amplitude / %

ol 1 1 1 1 1
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Sound Path / mm

For each angle a different sensitivity as well as a different delay line and a different
near field length need to be taken into account.

9.2.2 Using One Single Side-Drilled Hole as Reference

Alternatively, one single side-drilled hole can be used as reference. The curve for
a side-drilled hole with a given diameter is dependent only on the probe sensitivity
and the delay line length. The delay line length is known from the data sheet of the
probe and the sensitivity is determined by the side-drilled hole used as reference. It is
assumed that the side-drilled hole taken for reference is hitting the calculated display
curve. The precondition is that the sound attenuation in the test block is known. On
the left side of Fig.9.7, the calculated display curve is shown. The reference echo
from the side-drilled hole at a sound path of 48.5 mm is marked. All other side-drilled
holes in the test block were measured as well to validate the calculated curve. On the
right side of Fig.9.7, the display curve is shown together with the measurements of
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Fig. 9.7 Using one single SDH as reference and validation applying the rest of the side-drilled
holes in the test block

all side-drilled holes available in the reference block. Of course the display curves for
the other angles of the trueDGS® phased array angle beam probe can be calculated
in this case as well. The deviations of the measured echoes of all side-drilled holes
are listed in Table 9.2. All manually measured values are in a good agreement with
the calculated curve.

9.2.3 Recording a DAC Curve for One Single Angle

Cases where reference echoes are used are heavily dependent on the accuracy of the
measurement of the reference echo. Any deviation by taking the reference echo will
as well be seen in the evaluation of all other measurements. Additionally, the sound
attenuation has to be known or to be measured.

Alternatively, all side-drilled holes available in a reference block are recorded
for one single angle of the used phased array angle beam probe. The Least Squares

Table 9.2 Deviations

Sound path (mm) Deviation (dB)
between calculated curve and
measurement values 16.5 -0.27
48.5 0
82.0 0.55
114.0 0.73
145.0 0.46
175.0 -0.90
218.0 -1.50
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Method is applied to get a best fit of the measurement values to the calculated curve.
The Least Squares Method is used to determine the sensitivity of the probe in relation
to the side-drilled holes and in addition will determine the sound attenuation in the
reference block. Since the reference block is mostly produced from the same material
as the test piece, the sound attenuation in the test piece is then known as well.

The Least Squares Method is used to minimize the distances between the mea-
surement values and the calculated curve (Fig.9.8). Two parameters are taken into
account to minimize the sum of the squared distances between measurements and
curve

e probe sensitivity in relation to the side-drilled hole
e sound attenuation in the test block

For applying the Least Squares Method the following variables are used:

e n: amount of measurement values available

e s;: measured sound paths

e r;: dB values on the calculated DGS curve for side-drilled holes at the measured
sound paths

e m;: measured gain values in dB

e i: sound attenuation to be derived

e v: vertical shift of the DAC curve for side-drilled holes based on the sensitivity of
the probe used

The sum F of the squared distances between the measurements and the calculated
curve is given by

F = Z [(r; — 2Ks:) —m; +v]? 9.8)

i=1
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The term r; — 2«s; describes the DGS curve for side-drilled holes after being
corrected for the sound attenuation in the reference block.
The two partial deviations of Eq.9.8 are derived and set to zero:
oF oF

=0 d —=0 .
™ an » 9.9)

Hence, the following systems of equations is given:

n

2>si —n K > (ri —my)
il n =| 7 (9.10)
2> s —> s v > s (ri —my)
i=1

i=I i=1

resulting in the best fit of the measurements to the calculated curve considering the
sound attenuation.

Curves for side-drilled holes for all angles:
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Fig. 9.9 DGS curves for side-drilled holes recorded using four different angles including the
standard deviations between measurements and calculated curves
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Fig. 9.10 Validation of calculated curves for the other three angles

Using a 4 MHz trueDGS® phased array angle beam probe seven side-drilled holes
(diameter: 3 mm) were recorded for an angle of 53°. The DGS curves for side-drilled
holes were calculated for the three remaining angles under consideration of the
differences depending on the steering angle. For all other angles the side-drilled
holes were recorded for additional validation. Figure 9.9 shows the result including
the standard deviations reached for each angle.

Again, for validation all side-drilled holes were measured for 45°, 60° and 70°
and compared to the calculated curves. Figure 9.10 shows the results and the good
agreement between measurement and calculated curves. In all subfigures of Fig.9.10,
the display curves are shown for the same gain setting. The deviations between
measurement data and calculated curves achieved with a 4 MHz trueDGS® phased
array angle beam probe are listed in Tables 9.3 and 9.4. The corresponding data for
the 2 MHz phase array angle beam probe is listed in Tables9.5 and 9.6.

Instead of the DAC curve on the ultrasonic instrument, a function called Time
Corrected Gain (TCG) can be used. This function ensures that all echoes which
would reach the DAC curve are setto 80 % screen height of the instrument. Figure 9.11
illustrates the TCG function.
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Table 9.3 Deviations between calculated curve and measurements taken with a 4 MHz rrueDGS®
phased array angle beam probe with steering angles of 53° and 45°

Frequency Sound path Deviation @ 53° | Sound path Deviation @ 45°
4MHz 18.5 0.23 15.0 1.09
4MHz 48.5 0.12 42.0 -0.19
4MHz 81.0 -0.68 70.0 0.31
4MHz 114.0 0.44 97.0 0.24
4MHz 148.0 -0.13 127.0 1.15
4MHz 180.0 -0.33 153.0 0.78
4MHz 213.5 0.35 183.0 0.16

Table 9.4 Deviations between calculated curve and measurements taken with a 4 MHz rrueDGS®
phased array angle beam probe with steering angles of 60° and 70°

Frequency Sound path Deviation @ 60° | Sound path Deviation @ 70°
4MHz 19.5 -1.14 28.0 0.39

4MHz 58.0 0.31 85.0 1.19

4MHz 79.0 0.07 139.0 0.18

4MHz 138.0 -0.27 199.0 0.46

4MHz 175.0 0.83

4MHz 216.0 1.49

4MHz 254.0 —0.15

Table 9.5 Deviations between calculated curve and measurements taken with a 2 MHz rrueDGS®
phased array angle beam probe with steering angles of 53° and 45°

Frequency Sound path Deviation @ 53° | Sound path Deviation @ 45°
2MHz 16.5 0.63 15.0 1.34

2MHz 48.5 -0.09 425 1.09

2MHz 82.0 -0.75 70.0 0.33

2MHz 114.0 -0.96 97.0 -0.34

2MHz 145.0 -0.71 127.0 0.11

2MHz 175.0 0.65 153.0 -1.02

2MHz 218.0 1.24

9.2.4 Pros and Cons

Whenever a reference echo is used, the accuracy of the entire evaluation depends on
the accuracy of the measurement of the reference echo. That the sound attenuation
has to be known or to be measured is another disadvantage. When the reference echo
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Table 9.6 Deviations between calculated curve and measurements taken with a 2 MHz 1rueDGS®
phased array angle beam probe with steering angles of 60° and 70°

Frequency Sound path Deviation @ 60° | Sound path Deviation @ 70°
2MHz 19.0 0.90 25.0 1.83
2MHz 59.0 -0.36 80.0 0.67
2MHz 96.0 -1.21 150.0 0.95
2MHz 137.0 -0.61
2MHz 173.0 -0.37
2MHz 210.0 -0.70
Fig. 9.11 Alternatively Ito 100 T(FG Settinq: 4 MHz, 4§°
the DAC display curve time
corrected gain can be used 90 - .

NI/AN |

Amplitude [%]
o
o
T
I

40 .

30 q

20 1

10 -

0 I I I I I
0 50 100 150 200 250 300

Sound path [mm]

is taken from the circular arc of the calibration standard, the amplitude correction
value A Vg has to be taken into account.

The recording of a DAC curve with one single steering angle of a trueDGS®
phased array angle beam probe by applying the Least Squares Method measures
automatically the sound attenuation in the test block. The issue, that DAC curves
have to be recorded for each angle applied for testing, is solved when trueDGS®
phased array angle beam probes are used since the DAC curve for all other angles
can be calculated with high accuracy.

By this approach defect sizing using phased array probes is as easy as using a
single element angle beam probe.
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Chapter 10
Convert SDH into FBH and Vice Versa

Abstract The new probe technology is applied to calculate for a given sound path
and a given side-drilled hole diameter an equivalent flat-bottomed hole diameter.
The term equivalent diameters is used when both holes are generating the same
amplitude at the given sound path. This method can be applied vice versa calculating
a side-drilled hole from a given flat-bottomed hole.

The distance from the back wall echo curve to the curve of a specific flat-bottomed
hole has been calculated using Eq. (7.32). The distance between the back wall curve
to a curve of a side-drilled hole was determined as well, Eq. (9.8).

Equating these two formulas yields

27 D} Nuwm _ N/D;
Z D% Nnum \/E

(10.1)

When this equation is fulfilled, the flat-bottomed hole with the diameter D, and
the side-drilled hole with the diameter D, will generate the same echo height if both
are measured at a sound path of z as long as z is in the distant field.

The diameter of the equivalent flat-bottomed hole for a given side-drilled hole is
derived by dissolving Eq. (10.1) using Eq. (7.13):

D D; y ! D (10.2)
r=—=—1/52 V% .
2 VA Ny V270 )

N [2A
= D, = _VZDZ

NVlLlWl jT

These two Egs. (10.1) and (10.2) are only valid if trueDGS® probes are applied.
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Being able to calculate DGS curves for flat-bottomed holes and to calculate DAC
curves for side-drilled holes [3] allows to determine equivalent diameters for each
sound path. Diameters are called equivalent when the flat-bottomed hole and the
side-drilled hole generate the same echo height at the given sound path.

First, the determination of a flat-bottomed hole for a given side-drilled hole is dis-
cussed, Fig. 10.1. A DGS diagram including the back wall curve and the curve for the
given diameter of a side-drilled hole is established. The curve for the flat-bottomed
hole with the same diameter is added to this diagram. The dB-difference between
the two curves for the flat-bottomed hole and the side-drilled hole is derived at the
desired sound path. Knowing this value yields the required total shift of the curve for
the flat-bottomed hole from the back wall echo curve in the far field. Using Eq. (7.32)
results in the required diameter of the equivalent flat-bottomed hole. For the sake of
completeness the DGS curve for this diameter is added to the DGS diagram.

The other direction, converting a given flat-bottomed hole into a equivalent side-
drilled hole, is done accordingly, Fig. 10.2. In this case it is not necessary to recal-
culate the shifted curve for the side-drilled hole because the shape of these curves
is independent of the diameter of the side-drilled hole. In the following, the method
described will be refered to as rueDGS® method.

With the skill of converting flat-bottomed holes into equivalent side-drilled
holes and vice versa any side-drilled hole can be used as a reference echo for
a DGS evaluation or for the calculation of DAC curves.

Another formula to convert the diameter of a side-drilled hole into the diameter
of an equivalent flat-bottomed hole can be found in literature, e.g., in DIN EN 583-
2:2001 [1]

Fig. 10.1 Converting a
given side-drilled hole into a

Sound path = 110.0 mm: SDH () 4.00 mm — FBH () 3.24 mm
D =14.17 mm; f = 4 MHz; v, = 14.7
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Fig. 10.2 Converting a
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Az D. (10.3)

with the limitations of D, > 1.5 A and z > 1.5 N. This formula is no longer present
in the successor (EN ISO 16811:2012 [2]) of DIN EN 583-2:2001.
Of course at the time when this formula was developed trueDGS® probes could

not be considered.

Table 10.1 shows that Eq. (10.2) is in good agreement with the t7ueDGS® method
already from two near-field lengths onwards.

When looking at the differences of these three methods to calculate equivalent
diameters of side-drilled and flat-bottomed holes it has to be considered, that dou-
bling the diameter of a side-drilled hole results in a dB-difference of just 3 dB. In

Table 10.1 Comparison of all methods described to convert a side-drilled hole with diameter 4 mm
into an equivalent flat-bottomed hole using a 4 MHz trueDGS® probe

Distance 1rueDGS® method According to According to
Eq.(10.2) Eq.(10.3)
Noum/2 3.36 2.44 2.30
Nuum 3.15 2.71 2.61
2 Nuum 3.35 3.20 3.02
3 Noum 3.59 3.51 3.31
4 Nuum 3.81 3.76 3.54
5 Nuum 4.00 397 3.74
10 Npum 4.70 4.69 442
20 Nyum 5.56 5.56 5.24
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Table 10.2 Comparison of all methods described to convert a side-drilled hole with diameter 4 mm
into an equivalent flat-bottomed hole using a 2 MHz 1rueDGS® probe

Distance trueDGS® method According to According to
Eq.(10.2) Eq.(10.3)
Nuum /2 3.58 2.87 2.84
Nuum 3.55 3.18 3.14
2 Nuum 3.71 3.61 3.56
3 Nuum 4.01 3.92 3.87
4 Nuum 4.24 4.18 4.12
5 Nuum 4.44 4.39 4.34
10 Nyum 5.18 5.16 5.10
20 Nyum 6.11 6.10 6.02

addition these differences significantly depend on the frequency as is demonstrated
in Table 10.2 showing results using a 2 MHz probe.

10.1 SDH or FBH?

The main difference between side-drilled holes and flat-bottomed holes is in the
behavior in the far field, refer to Table 10.3. These differences have to be considered
when diameters are given as limits for a certain ultrasonic test usually based on
fracture mechanics.

Besides these different characteristics it has been shown that for both types of
holes DGS and DAC curves can be calculated when trueDGS® angle beam probes
are applied. For both types general DGS diagrams can be developed for a given
bandwidth. The main advantage of this technology is that when using trueDGS®
phased array angle beam probes it is sufficient to record a reference for one single
angle. The DGS and DAC curves can then be calculated for all other angles. This
is particularly important when DAC curves have to be recorded using phased array
angle beam probes. Instead of recording DAC curves for all angles to be applied
when testing ultrasonically it is sufficient to record a DAC curve for one single angle

Table 1.0.3 Characteristics of SDH FBH

side-drilled holes (SDH) and

flat-bottomed holes (FBH) in A (dB) A (dB)

the distant field Twice the distance |9 12
Twice the diameter | 3 12
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only. With the recording for one single angle the material characteristics are taken
into account and the DAC curves for all other angles can be calculated with high
accuracy.
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Chapter 11
Frequency-Dependent Sound Attenuation

Abstract Sound attenuation is usually considered as a fixed value when DGS
evaluation is applied. In reality, the sound attenuation is frequency-dependent. When
a pulse travels in a test specimen with sound attenuation the spectrum and the
center frequency of the pulse is changed with the traveled sound path. But even
the bandwidth-dependent DGS diagram is calculated for a fixed center frequency.
A method to derive and to consider the frequency-dependent sound attenuation is
introduced to further improve the DGS accuracy.

The sound attenuation is considered as a fixed value when DGS or DAC curves are
applied, refer to Chap. 2. But the sound attenuation is frequency-dependent in reality.
The spectrum of the ultrasonic pulse is changed significantly in test pieces with high
sound attenuation and when longer sound paths occur. The center frequency is shifted
to lower values. When DGS or DAC curves are calculated the center frequency is
considered as a fixed value even if the correction for the sound attenuation is applied
[1]. Instead of just measuring the amplitudes of the V and W through transmissions,
the resulting echoes can be transferred into the frequency domain by applying a Fast
Fourier Transformation.

V and W through transmissions were measured on a test block with a thickness
of d; = 50mm, using a 4 MHz trueDGS® single element angle beam probe with
an angle of incidence of § = 45°. The amplitude difference was measured with
AG,, = 5.4dB. Additionally, the echoes were transferred into the frequency domain,
Fig.11.1. As, unfortunately, the resulting spectra were given as bitmaps, the two
bitmaps had to be digitized manually (Fig. 11.2).

The gain difference based on the different sound paths has to be determined. Since
the center frequencies for the V and W through transmissions are very close together
the bandwidth-dependent DGS diagram was calculated for the center frequency of
the V through transmission. The sound paths s, and s,, for the through transmissions
are given by:

d, 50 mm
Sv = = - 70.7 mm
cosB  cos 45°
= s, = 141.4mm
© Springer International Publishing Switzerland 2016 105
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Fig. 11.2 Digitized frequency spectra for the V and W through transmissions

With these sound paths, the gain difference AG based on the different distances
can be read from the back wall echo curve of the bandwidth-dependent DGS diagram,
Fig. 11.3. For comparison, the sound attenuation « is derived according to the state
of the art without using the frequency domain first

AG,, — AG 1.6 dB dB
k=1000 —— =1000 —— — =113 — (11.1)
2 (8 —Sy) 1414 m m

To evaluate the sound attenuation frequency dependently the spectra are linearized
and the spectrum of the W transmission is reduced by AG,,, — AG, Fig.11.4. The
ratio of the linear frequency amplitudes from the W and V trough transmissions
results in linear values of the frequency-dependent sound attenuation. These values
are converted to dB values. The result for the center frequency of the V through
transmission is 10.7 dB/m (Fig. 11.5).

The original spectrum of the probe can be reconstructed when knowing the
frequency-dependent sound attenuation. The compensation of the sound attenuation
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in the spectrum for the V through transmission according to the sound path yields the
original spectrum, Fig. 11.6. With the original spectrum and the frequency-dependent
sound attenuation the spectrum for each sound path can be derived and considered
for the DGS evaluation.
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DGS Evaluation Taken with a 2 MHz Phased Array Probe

MWB2PA16TD - 45°: Bandwitdh dependent DGS Diagram:
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MWB2PA16TD - 53°: Bandwitdh dependent DGS Diagram:
0 D =12.88 mm, f = 2 MHz, Bandwidth =30 %
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Gain [dB]

MWB2PA16TD - 65°: Bandwitdh dependent DGS Diagram:
D =12.43 mm, f = 2 MHz, Bandwidth = 30 %
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Appendix

DGS Evaluation Taken with a 4 MHz Phased Array Probe
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MWB4PA16TD - 60°: Bandwitdh dependent DGS Diagram:
0 D =13.73 mm, f = 4 MHz, Bandwidth =30 %
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MWB4PA16TD - 70°: Bandwitdh dependent DGS Diagram:
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