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Abstract:  9 

Titanium’s accelerating usage in global markets is attributable to its distinctive combination of 10 
physical and metallurgical properties. The key to best utilizing titanium is to exploit these 11 
characteristics, especially as they complement one another in a given application, rather than to just 12 
directly substitute titanium for another metal. Titanium alloy are extensively used in aerospace 13 
applications such as components in aero-engines and space shuttles, mainly due to their superior 14 
strength to weight ratio. For these demanding applications functionality and reliability of 15 
components are of great importance. To increase flight safety, higher sensitivity inspections are 16 
sought for rotating parts. Increased sensitivity can be applied at the billet stage, the forging stage, 17 
or both. Inspection of the forging geometry affords the opportunity to apply the highest sensitivity 18 
due to the shorter material paths when compared to those required for billet inspections. Forging 19 
inspection is typically performed for titanium (Ti) rotating parts with immersion inspection and 20 
fixed-focus, single-element transducers. Increased gain is required with depth because the 21 
ultrasonic beam attenuates with distance and diverges beyond the focus position that is placed near 22 
the surface. The higher gain that is applied with depth has the effect of increasing the UT noise with 23 
depth. The relationships between the UT noise, selection of the examination technique and the 24 
smallest detectable defect are presented in this material. 25 

Keywords: Pulse Volume, Signal Noise Ratio, Automated Ultrasonic Testing, Simulation Software. 26 

1. Introduction 27 
This paper addresses the main two challenges of ultrasonic inspection of forged TI alloys: material’s 28 
noise and the difficult correct evaluation of defects smaller than the wavelength of used 29 
soundwave. 30 
For the first case we have proposed several methods to optimize the Pulse Volume within the area 31 
covered by the ultrasonic transducer, achieving a decrease of the Material’s Noise and improving 32 
the Signal to Noise Ratio. 33 
The second challenge appears when measuring defects comparable with the size of the ultrasonic 34 
wavelength and is described by the deviations of the measured results versus the theoretical 35 
calculations. For this case we have performed a qualitative analysis of the phenomenon by using 36 
the boundary element method (BEM). 37 
The two topics have been analyzed by running the CIVA 11 Simulation Software. The output of 38 
these virtual tests has been analyzed in order to highlight the advantages and disadvantages of this 39 
method applied in the design of the test procedures. Another focus area was represented by the 40 
limitations of the current simulation software when used in the evaluation of the small defects 41 
combined with the effects of material’s noise. 42 
     43 

   44 
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2. DAC Compensation   45 
 46 

The ultrasonic inspection of the Titanium forgings billets is performed using Linear Testing or 47 
Helical Testing (see Figure 1). With Helical Testing, the billet is rotated while one or several probes, 48 
linear focused, are moved along its length. The billet is thus inspected along a helical path. The 49 
pitch during testing is adjustable between 1 and 15 mm per revolution, depending on parameters 50 
such as probe geometry, received signal to noise ratio, billet surface condition, internal grain 51 
structure, desired quality class, etc. 52 

     53 
 54 
                      Figure 1-Automated Ultrasonic Testing of the Billets 55 
 56 
Calibration billets provided with flat bottom holes are used for the calibration of the probes. 57 
The billet volume is scanned by probes arranged perpendicular to the billet. The entry echo is 58 
monitored as a function check and the back-wall echo as well as any echo from a defect are 59 
continuously recorded as amplitude and delay time. 60 
Electronic Distance Amplitude Correction - DAC (Figure 2) is applied in order to equalize the 61 
signal’s amplitude of the reflector, regardless of its distance from the source. Increased gain is 62 
required by the additional depth because the ultrasonic (UT) beam attenuates with distance and 63 
diverges beyond the focus position that is placed near the surface. The level of the noise becomes 64 
inacceptable because the gain that is applied as the effect of amplifying the UT noise, especially 65 
when the thickness of the material exceeds 50 mm. In such cases, a second zone inspection is 66 
applied, where the transducer beam focus is moved further into the part, either by moving the 67 
transducer closer to the surface or using a different transducer that has different focusing 68 
characteristics. Afterwards a second scan is made with an inspection gate on the deeper region.   69 
 70 

                         71 
 72 
                           Figure 2 -Distance Amplitude Correction  73 
  74 
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 75 
3. Ultrasonic Grain Noise 76 
 77 
The grain noise appears during the ultrasonic inspections of the forgings product and has a strong 78 
effect to decrease the amplitude of the echoes caused by small or subtle defects detected in the 79 
material. Generally, "grain noise" is related to the root mean square signal (RMS) determined by the 80 
microstructure of the examined metal.        81 
 An ultrasonic wave propagating in a polycrystalline medium composed of randomly oriented 82 
anisotropic grains will lose energy to scattering at the grain boundary interfaces. Scattering is 83 
observed if difference regarding the stiffness properties exists between the grains (Figure 3).  84 

              85 
 Figure 3. A wave is shown to have propagated through a statistically adequate number of grains 86 
such that C0 ijkl defines its phase velocity. A grain with elasticity Cijkl located at x’ scatters a 87 
fraction of the waves energy because Cijkl ≠ C0 ijkl [1] 88 
From metallographic point of view, the scattering can be related to the dimension of the grain, the 89 
shape (elongation), the stress, and texture. 90 
The forgings products made from Ti6-4 present many structures having different length of scales;  91 
-  At the first level of the scale are the individual micro grains, i.e., composed by a single crystal 92 
with the atoms disposed in a regular lattice (see Figure 4a). 93 
-  Many micro grains have the possibility to colonize and form large entities as platelets or macro 94 
grains reaching a dimension comparable with the wave length of the incident sonic radiation (see 95 
Figure 4b).  96 
-  Somme structures, as macro grains, become large enough to be observed without optical aids, 97 
especially after the properly machining of the metallic surface (etched), as shown in Figure 4c.                        98 

     a.      b.                           99 
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                         c.                      100 

                       Figure 4. Different degree of grains colonization 101 
The anisotropic stiffness properties of crystallites cause the material to be heterogeneous, which 102 
forms the underlying cause for scattering. Namely, two neighboring grains which have different 103 
orientations, create a difference in wave velocity (an acoustic impedance mismatch) at their 104 
boundary. Consequently, an incident wave upon this interface causes a scattering event to occur, 105 
the strength of which is determined by the intensity of the impedance contrast. Hence the scattering 106 
strength of a material is in part determined by the maximum possible difference in stiffness which 107 
can occur through two orthogonal orientations.  108 
The adverse effects of scattering can be summarized by discussing an increased attenuation, the 109 
introduction of coherent noise and possibly anisotropic effects.  110 
The general appearance of grain noise during an UT inspection is illustrated in Figure 5. Consider a 111 
UT A-scan depicting received signal amplitude versus arrival time for a fixed transducer location 112 
above a forging. As shown in the Figure 5, grain noise appears as a complex hash following the 113 
front-wall echo. Most forging inspections make use of one or more time gates (depth zones), like 114 
that depicted in red. 115 

              116 

                  Figure 5. Typical Appearance of UT Grain Noise in A-Scan 117 

            118 

         Figure 6. UT „C”- Scan Containing an FBH Indication in the Presence of Noise [2] 119 
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The ability of the system to distinguish signals from noise (usually quantified by the Signal-to-120 
Noise Ratio) is severely reduced by the presence of the grain noise. 121 
The spatial correlation of backscattered ultrasonic grain noise has important implications 122 
in practical ultrasonic inspections. For example, the C-scan image (see Figure 6) constructed by 123 
using the gated-peak signals (containing both flaw and noise signal) is the routine output in most 124 
industrial ultrasonic testing operations. 125 
Figure 7 presents a “B” scan made by an automated ultrasonic system (AUT) on a cylindrical 126 
reference block supplied with two artificial reflectors (Φ1.2 mm FBH and Φ2.0 mm FBH). The grain 127 
noise is visible in the diagram representing the record of the control and is related to the 128 
transducer’s frequency and the position of the defect into the reference block.   129 

 130 
CHANNEL 1: Control with normal 131 
transducer (S) 132 
CHANNEL 2: Control with 2 angled 133 
transducers (A1 and A2) 134 
CHANNEL 3: Monitoring of the back wall 135 
echo                                                             136 
CHANNEL 4: Monitoring of the ultrasonic 137 
coupling  138 
CHANNEL 5: Control with Eddy Current               139 
      140 
 141 
         142 

        Figure 7.  UT „B“- Scan containing Indications of Defects and Grain Noise 143 

3. Signal-to-Noise Ratio 144 

Signal-to-Noise Ratio (SNR) is a measure of the grain noise severity. Two of the more common 145 
definitions are: (1) the simple ratio of the peak amplitudes of the reference signal and the noise and 146 
(2) same terms with the average noise background subtracted, so that the numerator and 147 
denominator each describe how much the respective peak amplitude exceeds the average 148 
background level. 149 

                                 𝐒𝐍 = 𝐩𝐞𝐚𝐤 𝐝𝐞𝐟𝐞𝐜𝐭 𝐚𝐦𝐩𝐥𝐢𝐭𝐮𝐝𝐞𝐩𝐞𝐚𝐤 𝐧𝐨𝐢𝐬𝐞 𝐚𝐦𝐩𝐥𝐢𝐭𝐮𝐝𝐞                              150 
(1) 151 

                         𝐒𝐍 = 𝐩𝐞𝐚𝐤 𝐝𝐞𝐟𝐞𝐜𝐭ି𝐚𝐯𝐠.𝐧𝐨𝐢𝐬𝐞𝐩𝐞𝐚𝐤 𝐧𝐨𝐢𝐬𝐞ି𝐚𝐯𝐠.𝐧𝐨𝐢𝐬𝐞                             (2)    152 

It is very dificult to detect a defect by examining a C-scan if its SNR is too low, e.g., near or below 153 
unity and the defect is small in lateral extent. During the inspection protocol, it is recomended to 154 
ensure an adequate SNR for critical defects expected to be reveled. 155 
One of the first challenges to study backscatter was to find a means to quantify it. The Figure-of-156 
Merit (FOM) was introduced to this end which succeeded in experimentally measuring the inherent 157 
noise severity of a sample, independent of the inspection configuration used. This FOM is related to 158 
the time-domain RMS noise 𝑁𝑟𝑚𝑠 observed in an A-scan. The absolute noise Ievel or S/N ratio is 159 
approximately proportional to the FOM value at the center frequency. For example, having a fix 160 
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configuration of examination, a material having a FOM of 2 produces an noise having a level 161 
double than an material having a FOM of unity. 162 
 163 
                         𝑁𝑟𝑚s ~ 𝐹𝑂𝑀𝐶1∭ 𝐶ସஶିஶ (𝑥,y,z) dx𝑑𝑦𝑑𝑧                         (3) 164 

    Where: 165 
- 𝐶1 represents the variables associated with the inspection configuration,  166 
- The volume integral of 𝐶 represents the incident beam 167 

Equation (4) shows the definition of FOM, where 𝑛 is the number of scatters, 𝐴𝑟𝑚𝑠 is an average of 168 
their scattering amplitude. [3] 169                                    FOM= √𝒏 Arms                              170 (4) 171  172 
  The frequency dependent backscatter for a cubic material, and its relation with FOM, is shown in 173 
equation (5):   174 

                   η(ω)=FOM(ω2)=൬ 𝝎𝟐𝟒𝝅𝝆𝑪𝑳𝟒൰𝟐 ⟨𝜹𝟒𝑪𝟑𝟑𝟐 ⟩൥ 𝟖𝝅𝑨𝒈𝟑ቀ𝟏ା൫𝟐𝒌𝑨𝒈൯𝟐ቁ𝟐൩                       (5) 175  176                                          ⟨𝜹𝑪𝟑𝟑𝟐 ⟩=𝟏𝟔൫𝒄𝟏𝟏𝟐 ି𝟐𝒄𝟏𝟏  𝒄𝟏𝟐ା𝒄𝟏𝟐𝟐 ି𝟒𝒄𝟏𝟏𝒄𝟒𝟒ା𝟒𝒄𝟏𝟐𝒄𝟒𝟒ା𝟒𝒄𝟒𝟒𝟐 ൯𝟓𝟐𝟓  177 

                  178 
Where: 179 𝐴𝑔 - a correlation distance equal to half of the effective linear dimensions of the grain, 180 
 𝜔 - the angular frequency,  181  𝑘 - the wave vector.    182 
 183 
     The frequency-dependent FOM must be known if absolute noise predictions are to be made 184 
using these models. The multi-phase microstructures of titanium alloys are quite complex, and tend 185 
to vary with position in billets and forgings. It is unlikely that measurements of noise, Figures-of-186 
Merit will become a routine part of industrial inspections in the near future. In this paper we will 187 
make such predictions of the dependence of noise on transducer choice, sonic pulse volume, gate 188 
choice and entry surface curvature. [4] 189 
 190 
 4. Dependence of Grain Noise on the Volume of the Ultrasonic Pulse 191 
 192 
It is important to study the relationship between backscattered noise and the volume of the incident 193 
sonic pulse (figure 8a). The pulse volume was determined by measuring the time duration of a 194 
back-wall echo (see Figure 9) and the lateral area of the focal spot. The spot size was determined by 195 
scanning into the reference blocks a 1.2 mm FBH (see Figure 10) and analyzing the resulting scan 196 
image (see Figure 11). Backscattered gated-peak grain noise was then measured using a gate 197 
centered at the focal plane. If the pulse hits a reflector, the sonic energy will be reflected towards the 198 
transducer from the reflector itself and also from the metal grains surrounding it. To avoid the 199 
reflection from the grains, it is desirable that the cross area of the pulse volume in the region of the 200 
defect to encompass the defect and a smallest number of grains.  201 
In this case, to increase the SNR, the pulse volume should decrease, because: 202 
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a. the reflectivity of a given grain compared to that of the embedded reflector is relatively 203 
independent of the pulse volume if both are hit by the pulse and,  204 
b. if the pulse volume is reduced, a small number of grains are excited, which can produce echoes 205 
arriving at the same time as the echo from the reflector (Figure 8b). 206 

                                     207 

       Figure 8. (a) The Volume of the Sonic Pulse is related to the position on the beam axis,   208 
    (b) If the amount of reflected energy due to the Grains positioned around the Defect is small,   209 
    SNR is increasing. 210 

The Experimental way to determine the Pulse Volume in the focal area of the ultrasonic transducer 211 
is the following: 212 
(1) Using RF presentation, we measure the back–wall echo duration and transform that into a 213 
pulse length (see Figure 9). 214 

 215 

               216 

   Figure 9. Determination of Sonic Pulse Length for the Transducer Focused at the FBH Depth [5] 217 
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(2) Using the reference block, the lateral area of the pulse in the focal zone is measured. That was 218 
done by scanning in both directions (axial and rotation) the focal area of the transducer over a FBH 219 
placed in the reference block (see Figure 10).                                          220 

                        221 

       Figure 10. Determination of the lateral extensions using the Reference Block  222 

In order to realize these determinations, a focused 5 MHz transducer, with 20 mm crystal diameter 223 
and 200 mm water focal distance immersion transducer was used. The lateral extensions were 224 
determined by scanning the transducer having many 1.2 mm FBH, disposed at increasing depths 225 
into material. It is important to achieve the determination in real examination conditions, 226 
respectively in circular direction and feed directions (see Figure 10). The values of the lateral 227 
extensions determined, are shown in Figure 11.      228 

  

  

              Figure 11. Graphics presenting the values of the lateral extensions    229 

The curvature of the entry affects the ultrasonic beam shape inside the material (see Figure 12). The 230 
amplitude of defect echoes and the level of competing grain noise are affected as well.    231 
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                            232 

 Figure 12. The modification of the focal distance in material related to the curvature of the surface  233 
 234 
The difference in diameter leads to significant changes of the examination settings although the same 235 
transducer is used for each measurement, positioned at fix water path (90 mm) and the materials of 236 
the two blocks have the same (identical) chemical composition, heat treatment and ultrasonic 237 
transparency. Both the Lateral Extension and the Gain Correction Curve (see Figure 13) are strongly 238 
affected by the value of the billet radius. 239 

                                                                     240 
         Figure 13. The influence of the Billet Radius over the Gain Correction Curve 241 

5. Relationship between SNR and the Pulse Volume 242 

The Rule of Thumb represents a mathematical expression established empirically between SNR and 243 
the Pulse volume. [6] 244 
This Rule establishes the report between SNR and 1/ the square root of the sonic pulse, for a fixed 245 
frequency and at the depth of the flaw. The noisiness of the microstructure is a constant of 246 
proportionality (so-called Figure of Merit) and the reflectivity of the defect, as quantified by the 247 
scattering amplitude A flaw. The noisiness of the microstructure is determinant for the value of the 248 
SNR. The rule is applied in conditions of the signal to noise computed using the peak (on axis) 249 
defect amplitude and the average grain noise level (RMS).  250 
Considering the case of a small flaw located along the beam’s axis (but not necessarily in the focal 251 
area) and using the approximations of “Gaussian Beam” and “tone-burst”, the ratio of flaw signal 252 
amplitude to “ RMS” grain noise” is givens by equation (6):    253 
                                 254 
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                           SNR ∝ ൤𝑨𝒇𝒍𝒂𝒘(𝝎)ඥ𝜼(𝝎) ൨ 𝟏ඥ𝑩𝟐𝜟𝒕𝒑                           (6) 255 

       Where꞉ 256 
 𝐵 - the average beam diameter,  257 
Δ𝑡𝑝 - the sonic pulse length or the product of velocity and pulse time length,  258 𝐴𝑓𝑙𝑎𝑤 - the far field scattering amplitude of the defect. 259 
 260 
The equation (6) also predicts the SNR to change according to the change in ratio between A flaw 261 
and FOM with frequency. This determines the introduction of multi-zone transducers a 262 
configuration of transducers which each focus at a different depth within the billet, to improve 263 
overall SNR.  264 
The whole billet volume is zoned into several inspection zones with different depths, as shown in  265 
Figure 14. The inspection zones are determined by the focal zone parameters of the transducers, the 266 
formulas used for the calculation of the –6 dB depth of field and the –6 dB beam diameter are the 267 
following: 268 

                                    L= L -6dB ≈ 4λ ቀ𝑭𝑫ቁ𝟐                       (7)                           269 

                                    ɸ = ɸ -6dB ≈ 1.03λ 𝑭𝑫                                       270 

Where: 271 
L is the –6 dB depth of field,  272 
ɸ is the –6 dB beam diameter,  273 
F is the focal length,  274 
D is the transducer diameter,  275 
λ is the wavelength. 276 
         277 

                  278 

               Figure 14. Helical multi-zone testing with many focused probes [7] 279 

6. The Inspection Improvement 280 
We propose to analyze two different diameters references blocks scanned on the AUT system. The 281 
diagrams from Figure 11 and Figure 13 present the main ultrasonic characteristics of the blocks. 282 
For each examination, the gain of the system was set so that the response from the Φ 1.2 mm FBH 283 
reference hole would be at 60% , respectively 50% full screen height (FSH). In these conditions, the 284 
peak noise amplitude at the depth of the FBH was measured. It is visible in the B-scan (Figure15 285 
and Figure 16) that the FBH are essentially equal, but the noise levels are higher for the weaker 286 
focusing transducer. This is a demonstration of the improvement in SNR that occurs when the pulse 287 
volume is lower. 288 
Because the ultrasonic equipment was identical in both situations (same line-focused transducer, 289 
positioned at same water path) the focusing will be different because of the difference in curvature 290 
of the entry surfaces of the billets. That is highlighted in Figure 11 where are presented the lateral 291 
extensions of the sound beam for each testing block (respectively Ø 111.5 and Ø 265.0 mm). 292 
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 As a result of the influence of the entry surface, the pulse volume will be lower in the examination 293 
of Ø265.0 block and higher for the Ø111.5 block.    294 

                                           295 

Figure15. The focal plane located at the FBH depth; Φ 1.2 mm FBH at 60% FSH (Φ 2.0 mm FBH at 296 
130% FSH). Peak noise amplitude at 12% of screen height; SNR ~5:1 297 

         298 

                      299 
Figure 16. FBH located beyond the focal plane. Φ1.2 mm FBH at 50% FSH (Φ2.0 mm FBH at 300 

130%FSH). Peak noise amplitude at 25% of screen height; SNR ~2 301 

7. Correct dimensioning of the reflectors smaller than one wavelength 302 

The necessity to detect and size smaller defects is higher depending on the material’s technology 303 
and ultrasonic inspection of the Titanium forgings. Measurement of ultrasonic indication is 304 
generally performed by echo dynamic (area amplitude based sizing). Echo dynamic sizing (sizing 305 
by probe travel, e.g. -6 dB drop method) are used for discontinuities larger than the beam spread 306 
and area-amplitude based sizing procedures are applied (like DAC or DGS)for indications smaller 307 
than the beam spread. 308 
Area-amplitude based sizing procedures compare the reflection of an indication to the reflection of 309 
reflectors with known dimension, e.g. artificial reflectors like flat bottom holes (FBH) or side drilled 310 
holes (SDH). One of the most traditional procedures used from the first days of the ultrasound 311 
testing is the Distance Amplitude Correction (DAC), that is based on calibration managing multiple 312 
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flat bottom holes machined into calibration blocks and some extrapolation based on the inverse 313 
square law. 314 
 315 
7.1. Disagreement with area-amplitude relationship 316 

The area-amplitude relationship is a consequence of using the Kirchhoff approximation (also called 317 
physical optics) when solving the equations governing ultrasound scattering by an FBH. This 318 
approximation assumes that the motion of the FBH surface when reflecting an ultrasound pulse is 319 
identical to the motion that would occur if the pulse would be reflecting from an infinite planar 320 
surface. A further assumption in obtaining the area-amplitude relationship is that the finite width 321 
ultrasound beam can be approximated as an infinite plane wave. Under these assumptions, it is 322 
seen that the FBH surface motion will be independent of the size of the FBH. Auld’s reciprocity 323 
formula [8] states that the voltage received from a void defect is the integral over the defect surface 324 
of the product of the traction generated by the incident pulse in the absence of the defect, 325 
multiplying the total surface motion of the defect in response to the incident pulse. In the case of the 326 
FBH using the Kirchhoff approximation with an incident plane wave, it is readily seen that Auld’s 327 
formula predicts an output voltage in direct proportion to the area of the FBH, i.e., the area 328 
amplitude relationship.  329 
The relationship between echo response and FBHs has been addressed since some of the earliest 330 
developments in ultrasonic testing. Krautkramer [9] referred to these as a disk shaped reflector 331 
(DSR) and developed the famous AVG (English DGS) method of relating amplitude responses from 332 
FBHs to curves made for each style of probe. The relationship between echo amplitude and probe 333 
and FBH size can be summarised in the form of an equation. 334 

                             ௏೑௏బ  = ௌ஺ఒమ ଵ்మ 𝑒ିଶ்ఋ                                (8) 335 

Where: 336 
Vf = the maximum amplitude of the echo from the target 337 
V0 = the maximum possible signal amplitude if all energy is returned to the receiver 338 
T = the distance along the beam axis to the target 339 
A = the area of the defect 340 
S = the area of the probe 341 
λ = the wavelength of ultrasound (nominal) 342 
δ = the attenuation coefficient 343 
 344 
Due to the findings of Krautkramer [9] it became possible to note that the amplitude change for a 345 
FBH was directly proportional to its area. Therefore, having set a response on the CRT to a specific 346 
amplitude (within the linear region of the instrument display) the response from a FBH half the 347 
area would produce a signal with half the amplitude and the response from a FBH double the area 348 
would produce a signal with double the amplitude. 349 
 As part of producing setup standards, a study was performed to determine if smaller FBH could 350 
be used by applying the theoretical gain difference in dB based on the area amplitude relationship. 351 
There are advantages to using biger FBHs since they can be drilled deeper and provide separation 352 
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between the back-wall signal and the signal from the bottom of the hole. The results of the UT 353 
measurements, however, indicated that a smaller difference was consistently observed rather than 354 
theortical dB difference (see Fig. 17). The cause of the discrepancy was determined by modeling the 355 
interaction of the beam produced by the specific transducers used and the FBHs. It was shown that 356 
interaction between the surface wave that is generated on the FBHs and the incident compression 357 
wave can have a constructive interference that raises the amplitude of the smaller FBH.   358 

              359 
   Figure 17. The difference between the signals of Φ 1.2 mm FBH and Φ 0.8 mm FBH is only  360 
            6.1 dB instead of 7.04 dB, the theoretical value (Φ 150.0 mm reference block). 361 
 362 
A phenomenon that the classic theory fails to predict is the generation of diffracted waves at the 363 
corners of the FBH. Figure 18 depicts the various diffraction phenomena that occur for a plane 364 
compressional wave at perpendicular incidence on the FBH. It is seen that in addition to a reflected 365 
compressional wave, diffracted compressional and shear waves are generated, along with surface 366 
waves that propagate both down the bore of the FBH and across the top. Attention is directed to the 367 
surface waves propagating across the top of the FBH. Upon reaching the opposing corner of the 368 
FBH surface, the surface wave undergoes a second diffraction, during which a small amplitude 369 
diffracted compressional wave emerges from the FBH corner. Part of this secondary diffracted 370 
wave travels up to the transducer, slightly behind the primary compressional wave reflection from 371 
the FBH surface, as depicted in Figure 19, and is received as a small signal trailing the main 372 
reflection, as depicted in Figure 20. The time delay between these two waves is given by the 373 
product of the FBH diameter and the surface wave velocity. 374 
If the time delay between these two signals is sufficiently small, an interaction could take place that 375 
would enhance or reduce the total signal amplitude through a constructive or destructive 376 
interference. Such an interaction might be the underlying cause of the deviation from the area- 377 
amplitude relation seen in experiments when looking at small reflectors. 378 
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                    379 
     Figure 18- Wave Modes Generated When a Compressional L-Wave is Incident on an FBH [5] 380 

                                     381 
              Figure 19- Refracted L-Wave Following the Reflected L-Wave [5]       382 
 383 

                       384 
                    Figure 20 - Two Signals Returned to the Transducer [5] 385 

The challenge in determining the significance of the surface wave interaction is quantitatively 386 
determining the amplitudes of the diffracted signals. For this purpose, a computer model was 387 
employed that used a boundary element method (BEM) formulation to solve the equations 388 
governing the surface wave diffraction phenomena on the FBH. The boundary element formulation 389 
uses a high-frequency computational ansatz based on an asymptotic analysis of the diffraction 390 
problem. Rather than using the asymptotic solution outright, this method uses the asymptotic result 391 
as a starting point, then seeks to find corrections to the asymptotic solution to obtain an exact 392 
numerical solution. The boundary elements are, therefore, used to compute corrections to the 393 
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asymptotic solution, rather than represent the entire solution. Consequently, extremely large 394 
problems can be treated with practical computational efficiency. Boundary elements are prescribed 395 
over the top and sides of the FBH. The FBH is assumed infinitely long and the medium is 396 
prescribed to have a small ultrasonic attenuation, so that the wave field effectively decays to zero 397 
after some distance along the FBH. This attenuation is made just small enough so that its presence is 398 
not noticed in the computed transducer response signals. 399 
Using the boundary element formulation, the surface motions are computed on the FBH for a very 400 
high frequency, very broadband plane wave. The signals from one such computation can be used to 401 
predict the response for any signal with a center frequency within the bandpass of the computation, 402 
or equivalently, for any size FBH for an incident pulse of a given frequency, through appropriate 403 
filtering and scaling. 404 

       405 
        Figure 21 – Interaction of the Diffracted Surface Wave and the Reflected L-Wave for      406 
                  Three FBH Sizes [5] 407 
 408 
Figure 21 compares signals for Φ 1.0 mm, Φ 0.4 mm, and Φ 0.2 mm FBHs. It is observed that the 409 
time delay between the two received signal components decreases as the hole becomes smaller. In 410 
the case of the Φ 0.2 mm FBH, the two signals are overlapping. The interaction between the two 411 
signals will depend on signal bandwidth: the narrower the bandwidth, the more significant the 412 
interaction.                 413 

8. Simulation software for NDT  414 
The modern Non-Destructive Testing modelling is useful to assessing the detection capability and 415 
to elaborate the procedures for inspections. CIVA, developed by French CEA, is the commercially 416 
most successfully software in simulation of NDT situations. The program can handle different 417 
materials, geometries, cladding and anisotropy in arbitrary symmetry and orientation. Even 418 
simulation of material structures, different probe types and defects with arbitrary shape, size and 419 
orientation can be simulate. 420 
 Parameter studies can be used for review of important parameters, in order to find out limit values 421 
as well as which parameters are most important for the inspection system. In addition, optimization 422 
of defect content for the manufacture of test reference blocks can be done (see Table 2 and Table 3).  423 

   8.1. Principle of the Kirchhoff & GTD model 424 
In the simulation used for ultrasonic examination of the planar defects, two classical scattering 425 
models have been used: Kirchhoff approximation, to simulate the reflection, and Geometrical 426 
Theory of Diffraction, to simulate the diffraction. Recently, it was developed, from the combination 427 
of these two theories, the Physical Theory of Diffraction (PTD) that retain the advantages of both. 428 
Every one of the classical ultrasonic inspection methods, (pulse echo, tandem or Time of Flight 429 
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Diffraction) perform the detection of the planar defects by interpreting their specular or diffraction 430 
echoes. 431 
It is assumed that the Kirchhoff scattered field can be decomposed in an approximate manner in 432 
two parts: a geometrical field which includes the specular reflected field and a contribution arising 433 
from the flaw edge corresponding to the edge’s diffraction field. The contribution of this diffraction 434 
field at the observation point x is characterized by same form as the GTD field but a different edge 435 
diffraction coefficient (depending on the α incidence and β observation directions and 436 
polarizations): 437 
                           𝑼𝑲𝑨(𝑫𝒊𝒇𝒇)(𝒙) = 𝑫𝜶𝜷𝑲𝑨(𝒙) 𝒆𝒊𝒌𝒓√𝒌𝒓                        (9) 438 

It is noted that this coefficient defines the directivity of edge diffraction contribution according to 439 
the Kirchhoff approximation. 440 
The physical theory of diffraction (PTD) consists in correcting the Kirchhoff edge diffraction field 441 
by that modelled by GTD. 442 
This correction leads to add a corrective term to the KA scattered field (without far-field 443 
approximation). This corrective term is the difference of wave amplitudes diffracted by the edge, by 444 
GTD and KA.   445 

                  𝑼𝑷𝑻𝑫(𝒙) = 𝑼𝑲𝑨(𝒙) + ൣ𝑫𝜶𝜷𝑮𝑻𝑫(𝒙) − 𝑫𝜶𝜷𝑲𝑨(𝒙)൧ 𝒆𝒊𝒌𝒓√𝒌𝒓               (10) 446 

 447 
The PTD field is the sum of the Kirchhoff field and a GTD modified field in which the GTD 448 
coefficient has been replaced by the difference between GTD and Kirchhoff edge diffraction 449 
coefficients. At the specular observation direction, the Kirchhoff field (without far-field 450 
approximation) is finite leading to an effective prediction of specular reflection. But the KA 451 
diffraction coefficient KA, 𝑫𝜶𝜷𝑲𝑨(𝒙) for edge diffraction contribution (previously obtained from a 452 
far field approximation of the Kirchhoff field) diverges and has the same singularity as the GTD 453 
edge diffraction coefficient GTD, 𝑫𝜶𝜷𝑮𝑻𝑫(x). When making the difference of the two coefficients, 454 
their singularities cancel each other and the diffraction coefficients difference 𝑫𝜶𝜷𝑮𝑻𝑫(x) -𝑫𝜶𝜷𝑲𝑨(𝒙) is 455 
finite. 456 

                                                                                   457                                                        𝑼 𝑷𝑻𝑫(𝒙) ≈ 𝑼𝑲𝑨(𝒙)                              (11)             458 
 459 
When the observation direction is far from to the specular direction, edge diffraction effects are 460 
predominant compared to reflection phenomena, the Kirchhoff field is equal to the Kirchhoff edge 461 
diffraction contribution and so cancels it so that the Kirchhoff & GTD model leads to similar results 462 
than the GTD model. 463 
 464                  𝑼𝑲𝑨(𝒙) ≈ 𝑫𝜶𝜷𝑲𝑨(𝒙) 𝒆𝒊𝒌𝒓√𝒌𝒓  and 𝑼𝑷𝑻𝑫(𝒙) ≈ 𝑫𝜶𝜷𝑮𝑻𝑫(𝒙) 𝒆𝒊𝒌𝒓√𝒌𝒓 = 𝑼𝑮𝑻𝑫(𝒙)         (12) 465 

 466 
Flaws which can be modelled thanks to Kirchhoff & GTD are the same than with the GTD 467 
model: planar flaws (rectangular, semi-elliptical or CAD contour planar flaws), multi-facetted flaw 468 
and branched flaw. [10] 469 

8.2. Model capability to be assessed  470 
The model verification activities are divided into five different partial phases. Each phase is divided 471 
into a number of different tasks with specific purposes (see Table 1). 472 
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 473 
                    Table 1. Phases of the verification activities 474 

Phase 1 Response prediction for simple/smooth defects in simple materials and probe modeling 

Phase 2 Geometry handling with model 

Phase 3 Complex materials – austenitic welds, inconels, dissimilar metal welds 

Phase 4 Rough defects in simple materials 

Phase 5 Rough defects in complex materials 
 475 
The difference between simple/smooth defects and rough defects stated in Table 1 is that 476 
simple/smooth defects are typically artificial defects or an ideal fatigue crack. Rough defects are the 477 
type of defects that are typically service induced, with a clear morphology, following grain 478 
structure or other irregularities. By simple materials we understand the carbon steel or stainless 479 
parent material that shows isotropic behavior. Complex materials, like Titanium alloys, show 480 
anisotropic behavior with significant influence on the sound beam giving effects such as large 481 
scattering, beam deflection and increased noise. The noise caused by the material structure is 482 
modelled as a separate layer which is super -positioned on top of the defect response simulation, 483 
meaning that the defect response is not affected by the noise. If a noise simulation is used, it must 484 
be used together with additional attenuation modeling as mentioned above or else the result will be 485 
a non -conservative signal to noise ratio for any give indication. [11] 486 
 487 

9. CIVA 11 Applications in the Evaluation of the Ultrasonic Standards  488 
9.1.  Determination of the FBH’s ultrasonic responses 489 

The goal of this virtual determination is to measure the difference [dB] between the signals obtained 490 
from Flat Bottom Holes of different diameters positioned at the same depth into the examined 491 
material. The obtained values will be compared with the theoretical difference calculated according 492 
to the Kirchhoff Approximation.  493 
The scanning of three references blocks with the followings dimensions is performed: 494 
-  Flat faced reference block, 111 x 111 mm square dimension, 495 
-  Round reference block, 111 mm diameter, 496 
-  Round reference block, 265 mm diameter. 497 
Each reference block is provided with one pair of FBH having the diameters of Φ1.2 and Φ 2.0 mm 498 
for the first determination and Φ 0.8 mm and Φ1.2 mm for the second determination. All holes are 499 
positioned with the flat surface at 50 mm below the entry surface of the ultrasonic beam.  500 
The ultrasonic transducers used for these simulations are the following: 501 
STS 20 P5 – immersion transducer, non-focused, 20 mm crystal diameter, 5MHz central frequency. 502 
STS 20 P5 L125 – immersion transducer, 125 mm focal distance in water, 20 mm crystal diameter, 503 
5MHz central frequency. 504 
STS 20 P5 L200  - immersion transducer, 200 mm focal distance in water, 20 mm crystal diameter, 505 
5MHz central frequency. 506 
Sound path in water is set 100 mm for all cases. Sound speed in material and specific attenuation 507 
are identical for all determinations (see Figure 22, Figure 23 and Figure 24). 508 
The left side figure presents the echo-dynamic registration of the echoes obtained by scanning each 509 
of the two FBH. In the same time, the amplitude of the echoes and difference between signals from 510 
the holes can be direct read.  511 
The right side figure represents the examination technique related to the reference block used and 512 
the holes positions. 513 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 May 2019                   doi:10.20944/preprints201905.0111.v1

https://doi.org/10.20944/preprints201905.0111.v1


 18 of 21 

 

                514 
                   Figure 22. Scanning of the flat-faced 111x111 mm billet 515 

Each reference block was scanned successively with each of the three transducers, respectively 18 516 
measurement for the pair Φ 2.0-Φ 1.2 mm FBH and similarly for the pair Φ 1.2 - Φ 0.8 mm FBH. 517 
The results of the test are presented in Table 2 and Table 3 (see below).  518 
 519 

                 520 
                       Figure 23. Scanning of the Φ 111 mm billet 521 
 522 

                 523 
                       Figure 24. Scanning of the Φ 265 mm billet 524 

10. Results 525 
10.1. Comparison between Signals 526 

We observe that, for the FBH pair of Φ 1.2 - Φ 2.0 mm, the amplitude differences obtained with 527 
CIVA 11 are in the range of 8.6÷8.8 dB, very close of the theoretical value of 8.87 dB (see Table 2). 528 
Similarly, for the FBH pair of Φ 0.8-Φ 1.2 mm, the differences determined by the program are in the 529 
range of 6.8÷7.0 dB and the calculated value is 7.04 dB (see Table 3). 530 
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The resulting values (noted with Δ in Table 2 and Table 3) match the theoretical values obtained for 531 
the proportion of the surfaces of the artificial defects. For defects smaller than the wavelength, it 532 
was proven in reality that the differences between the two holes are different that these values 533 
(please refer to Figure 16). As observed, these differences are more pronounced as the product    534 
ka >>1 (k=wave number and a=size of the artificial defect). 535 
         Table 2- Comparison of difference between Signals of FBHs Φ 1.2 and Φ 2.0 mm 536 

           537 
         Table 3- Comparison of difference between Signals of FBHs Φ 0.8 and Φ 1.2 mm 538 

           539 
These experiments prove the limitations of the CIVA 11 simulation software for the defects close to 540 
the specular area and geometrical reflex whereas the software applies the Kirchhoff Approximation 541 
and does not consider the diffraction phenomenon that appear at the edge of FBH (see Chap. 7). 542 
 543 

10.2. Optimization of the Ultrasonic Inspection 544 
 545 

The simulation software can also be used for the selection of the main features of the ultrasonic 546 
transducers in relation with the examination technique for the inspection of the immersed plates 547 
and forged bars. 548 
Table 2 and Table 3 also provide the data relevant for the efficiency of each type of transducer at a 549 
certain depth for a specific radius of the entry surface.    550 
The transducer with the best ultrasonic behavior for this scenario can be decided by comparing the 551 
observed amplification reserve with the value initially selected for each of the 3 transducers. 552 
For an example, if Table 2, row 1 - billet 111x111 mm and Table 2, row 2 - BAR Φ111 mm are 553 
selected: 554 
Row 1, FBH Φ 1.2 mm represents the inspection of a defect located at a depth of 50 mm below the 555 
entry plane surface. The best result is provided by the transducer STS 20 P5 L 200 (-8,6 dB) due to 556 
optimal Pulse Volume for a defect located at a 50 mm depth related to its focal distance in water 557 
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and the entry plane surface. The gain differences comparing with the other transducers are 558 
relatively small: 0.8 dB versus STS 20 P5 L 125 and 3.0 dB versus STS 20 P5 (unfocused). 559 
The situation is significantly different when the Φ 111 mm billet is inspected. 560 
The most efficient transducer is STS 20 P5 L 125 with a focal length in water of 125 mm. Due to the 561 
radius of the entry surface, the focal distance in the material is increased (see para 6.) and this 562 
transducer presents now the focal distance in the area of depth of the artificial defect ( 50mm). The 563 
gain difference is increased significantly comparing with the other 2 transducers: 4.5 dB versus the 564 
transducer focalized with the focal distance of 125 mm and 13.9 dB versus the unfocalized 565 
transducer. This is caused by the defocusing of the immersion transducers at incidence of the 566 
ultrasonic beam with the cylindrical surface of the billet and due to the modification of the Pulse 567 
Volume in the area of the targeted defect. 568 

11. Conclusion   569 
 The accurate prediction of absolute noise levels requires detailed knowledge of the metal 570 
microstructure which enters the model calculations through certain frequency-dependent factors 571 
known as "backscatter coefficients" or "Figures-of-Merit". For a typical industrial inspection of a 572 
billet or forging, such FOM information is not generally available, although it could be deduced by 573 
analyzing backscattered noise waveforms from regions where the microstructure is spatially 574 
uniform. In the absence of specific FOM information it is still possible to use the noise models in a 575 
productive manner, namely to predict how changes in the inspection procedure or component 576 
geometry will affect the backscattered noise from some microstructure at hand. The analysis of the 577 
noise of the material requires the analysis of the physical detection possibilities in relation with the 578 
material’s dimensions.  579 
The inspection’s optimization is achieved both by minimizing the noise of the material and by 580 
adopting the inspection techniques capable to highlight and perform a correct evaluation of the 581 
discontinuities smaller than one wavelength. 582 
Unfortunately, the largest discrepancy between the software simulations and experiments is noise 583 
or rather signal to noise ratio. Defects responses are often evaluated in relation to the surrounding 584 
noise levels rather than an arbitrary reference target, such as FBH.  585 
The issues described above clearly indicate that it is not possible to simulate a complete inspection, 586 
or validate an inspection procedure by simulations with CIVA at the current time. The conclusion is 587 
that simulations using CIVA can be used when specific problems or technical solutions must be 588 
solved or developed, e.g. the influence of the surface curvature over the Pulse Volume or the correct 589 
choice of the inspection equipment. 590 

Acknowledgement 591 
This work was supported by S.C. ZIROM-S.A – Giurgiu - ROMANIA and was performed by the 592 
NDT Consulting Company - DIAC SERVICII srl. 593 

References 594 

1.  Sharfine Shahjahan, Pierre-Emile Chillier, Bertrand Chassignole –“ Etude expérimentale 595 
de l’influence de la microstructure sur la détection de défauts plans”- EDF – CEIDRE, EDF 596 
LAB - Site des Renardières- Journees Cofrend 2017 597 

2. F. J. Margetan, Kim Y. Han, I. Yalda, Scot Goettsch and R.B Thompson, "The practical    598 
        application of grain noise models in titanium billet and forgings", Review of Progress in     599 
        QNDE, Vol. 14B, eds. D.O. Thompson and D.E. Chimenti (Plenum, New York, 1995)     600 

3. Anton Van Pamel. – Ultrasonic Inspection of Highly Scattering Materials- Imperial College   601 
London - Department of Mechanical Engineering- October 2015  602 

4. Linxiao Yu.- Understanding and improving ultrasonic inspection of jet-engine titanium 603 
alloy – Iowa State University 2004 604 

5. Margetan, F.J.1, Umbach, J.2, Roberts, R.1, Friedl, J.1, Degtyar. - Inspection  605 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 May 2019                   doi:10.20944/preprints201905.0111.v1

https://doi.org/10.20944/preprints201905.0111.v1


 21 of 21 

 

       Development for Titanium Forgings - DOT/FAA/AR-05/46 - Air Traffic Organization 606 
       Operations Planning Office of Aviation Research and Development Washington, DC    607 
       20591 May 2007 608 

6.  F. J. Margetan, I. Yalda and R. B. Thompson. – Ultrasonic Grain Noise Modeling:  609 
        Recent Applications to Engine Titanim Inspections - Review of Progress in Quantitative    610 
        Nondestructive Evaluation, Vol. 16- Edited by D.O. Thompson and D.E. Chimenti,  611 
        Plenum Press, New York, 1997 612 

7.  Wolfram A. Karl Deutsch, Michael Joswig. - Automated Ultrasonic Testing – 613 
        Systems for Bars and Tubes - 11th European Conference on Non-Destructive Testing  614 
        (ECNDT 2014), October 6-10, 2014, Prague, Czech Republic 615 
   8.   BA Auld – “Acoustic fields and waves in solids” vol. ii, 1990.            616 
   9.   J. Krautkrämer:  “Fehlergrößenermittlung mit Ultraschall”, Archiv für Eisenhüttenwesen     617 
        30, pp.  693-703, 1959. 618 

10.   M. Darmon, V. Dorval, A. Kamta Djakou. - A system model for ultrasonic NDT based on     619 
  the Physical Theory of Diffraction (PTD) 620 

11. Gustav Holmer, Will Daniels, Tommy Zettervall – “Evaluation of the simulation software 621 
CIVA for qualification purpose” - Swedish Radiation Safety Authority 622 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 May 2019                   doi:10.20944/preprints201905.0111.v1

https://doi.org/10.20944/preprints201905.0111.v1

