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APPENDIX F   4265 

ACOUSTIC PROPERTY EXPERIMENTAL 4266 

RESULTS   4267 

F.1  Attenuation of Common Bridge Steels   4268 

F.1.1  Introduction   4269 

Unexpected observations were made during preliminary experimental testing.  After similar surface 4270 
preparation was performed on various steel specimens, more than 4 dB difference in amplitude was found 4271 
between SDHs located at a depth of 0.5” in 6 different steel specimens when using a 5 MHz shear wave 4272 
probe.  Currently the AWS D1.5 procedures (for conventional UT and Annex K) explicitly assume that all 4273 
carbon bridge steels possess the same attenuation characteristics and no correction or consideration needed 4274 
to be taken during the inspection of bridge welds.  As a result, the difference in attenuation found during 4275 
this preliminary testing directly led to a controlled experimental evaluation of the ultrasonic attenuation in 4276 
different base metals typically used in bridge construction.  The objective was to investigate the effect of 4277 
different variables, such as ultrasonic frequency, wave mode, material microstructure, and material acoustic 4278 
velocity, on the magnitude of material attenuation. 4279 

F.1.2  Specimen Properties   4280 

Nine steel specimens were fabricated and tested using conventional UT and PAUT.  Table F-1 outlines 4281 
the samples tested and their properties.  Two specimens, ID 50 and ID 36, were removed from the least and 4282 
most attenuating specimens during the preliminary experimental testing.  To fully evaluate these differences 4283 
in a more controlled setting, samples were cut from the girders in the field and brought into the laboratory.  4284 
ID 36 was a “historical” A36 steel, and ID 50 was a modern A709 Gr. 50 steel.  Further an additional seven 4285 
“modern” high performance steels (i.e., HPS) were added to further extend the evaluation.  The addition of 4286 
these new specimens set out to further evaluate if there were differences in the ultrasonic attenuation 4287 
characteristics in different plates.  Three of the new specimens were of the quenched and tempered (QT) 4288 
variety at the mill, while four of the new specimens were produced using the thermo-mechanical control 4289 
process (TMCP). 4290 
  4291 
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Table F-1. Steel Specimens   4292 

ID Steel Properties Steel Production Year Thickness (in) Width (in) 
36 A36 1973(1) 1.25 1.87 
50 A709 Gr50 2013 1.25 1.87 
70 HPS 70W QT 2015 1.50 1.87 

101 HPS 100W QT circa 2000s 2.00 1.87 
102 HPS 100W QT circa 2000s 1.50 1.87 

TMCP 1 HPS 70W TMCP 2009 1.57 1.87 
TMCP 2(2) HPS 70W TMCP 2014 1.25 1.87 
TMCP 3 HPS 70W TMCP 2011 2.00 1.87 

(1) Date the bridge was put into service 4293 
(2) Two specimens, one in the rolled direction and one in the cross rolled direction, were fabricated 4294 
    with this steel plate 4295 

 4296 
The acoustic velocities of the high performance steel samples were measured using an Electro Magnetic 4297 

Acoustic Transducer (EMAT).  Using a shear wave, acoustic velocity was measured in the rolled and cross 4298 
rolled direction.  The acoustic velocities and anisotropic ratios are listed below in Table F-2.  (Anisotropic 4299 
ratio is the measured difference between the acoustic velocities in the rolled and cross rolled directions.)  4300 
The quenched and tempered specimens, specimens 70 and 101, have a very low anisotropic ratios.  In 4301 
comparison, it is clear that the thermo-mechanical processed specimens demonstrate high anisotropic ratios.  4302 
After the observation was made, an additional literature review was performed to establish if other 4303 
researchers have observed this same behavior in TMCP plates.  It was found that previous research in Japan 4304 
have documented this effect for TMCP plates [1], [2].  The Japanese JIS Z 3060 UT code [3] specifies that 4305 
the shear wave velocity be measured in the direction which the inspection will occur in the test object and 4306 
compared to the calibration block.  Depending on the ratio of the shear wave velocity in the calibration 4307 
block and test specimen, either a new calibration block is required with a velocity which matches the test 4308 
object more closely or restrictions are placed on the incidence angle that may be used in the inspection.  All 4309 
three TMCP specimens used during this study would have exceeded the limits that would have corrective 4310 
action as acoustically anisotropic using the Japanese criteria. 4311 

Table F-2. Shear Wave Acoustic Velocities of Steel Specimens   4312 

ID 
Acoustic Velocity (in/µsec) Anisotropic 

Ratio (%) Rolled Direction Cross Rolled Direction 
70 (QT) 0.1271 0.1272 0.05 

101 (QT) 0.1272 0.1274 0.15 
TMCP 1 0.1328 0.1266 4.80 
TMCP 2 0.1304 0.1241 4.95 
TMCP 3 0.1293 0.1255 3.04 

 4313 
The literature review also revealed that as expected, chemical composition, grain size, and microstructure 4314 

have all been found to affect the acoustic properties and propagation of sound through material.  The 4315 
chemical composition of each specimen was obtained and found to meet the requirements of its respective 4316 
ASTM steel standard.  For each specimen, a metallurgical analysis of the grain size and microstructure was 4317 
also performed by an outside consultant (Chicago Spectro Service Laboratory).  Figure F-1 shows the grain 4318 
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structure perpendicular to rolling for each specimen at the central region of the plate magnified at 100X 4319 
with Nital etchant. 4320 

Specimen 36 consisted of a Widmanstätten pattern of ferrite and pearlite.  Specimen 50 consisted of 4321 
ferrite and pearlite.  Specimen 70 had a general structure of fine acicular ferrite with small spherical 4322 
carbides, but also visible were bands of ferrite and low-carbon martensite and bainite.  Specimen 101 and 4323 
102 consisted of quenched and tempered martensite.  The TMCP specimens all had a variation in grain 4324 
structure near the surface in comparison with the central regions.  Specimen TMCP 1 had acicular ferrite 4325 
with elongated pearlite and long bands of pearlite in the central region.  On the near surface region, a fine 4326 
acicular ferrite and short bands of pearlite were seen.  Specimen TMCP 2 had elongated ferrite with bands 4327 
of pearlite and bainite in the central region.  On the near surface region, elongated ferrite and short bands 4328 
of pearlite and bainite existed.  Specimen TMCP 3 had a fine acicular ferrite with patches of pearlite in the 4329 
central region.  On the near surface region, a more refined structure of fine acicular ferrite and patches of 4330 
pearlite were seen.  Specimen TMCP 2 was further analyzed parallel to the rolling direction.  Parallel to 4331 
rolling, the central region and near surface regions both consisted of elongated ferrite with bands of pearlite 4332 
and bainite. 4333 

Grain size measurements were made in accordance with ASTM E112-13 Standard Test Methods for 4334 
Determining Average Grain Size [4].  Per ASTM E112, grain size measurements can be conducted 4335 
numerous ways, but all methods include counting the number of grains or number of grain boundaries along 4336 
a specified line within a known area.  A table is provided in ASTM E112 to rate the grain size from 00 up 4337 
to 14.0, 00 having the largest average grain size and 14.0 having the smallest average grain size.  Table F-3 4338 
presents the grain sizes measured for the group of specimens.  It should be noted, for Specimens 101 and 4339 
102, the prior austenite grain size is measured and presented in Table F-3.  In this case, the “prior” austenite 4340 
grain size was that of the steel before quenching and tempering occurred. 4341 

Table F-3. ASTM Grain Size Classifications   4342 

ID(1) Grain Size ASTM Grains per Unit 
Area (in2) at 100X(2) 

36 ASTM 2-1/2 2.83 
50 ASTM 7 64.0 

70 (QT) ASTM 10 512.0 
101 (QT) ASTM 8 128.0 
102 (QT) ASTM 8 128.0 

TMCP 1 ASTM 11 (central)/ 
ASTM 11 (surface) 1024.0 

TMCP 2 ASTM 11 (central)/ 
ASTM 11 (surface) 1024.0 

TMCP 2 
(parallel to roll) 

ASTM 10 (central)/ 
ASTM 10 (surface) 512.0 

TMCP 3 ASTM 8 (central)/ 
ASTM 12 (surface) 

128.0/ 
2896.3 

(1)Perpendicular to rolling direction unless noted otherwise 4343 
(2)ASTM E112, 2013 4344 
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 4345 
Figure F-1. Microstructure for Specimens at 100X (perpendicular to rolling direction)   4346 

36 50 

70 (QT) 101 (QT) 

102 (QT) TMCP 1 

TMCP 2 TMCP 3 
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F.1.3  Specimen Fabrication and Configuration   4347 

The samples were machined into uniform steel blocks.  The thickness of the part varied between 1.25” 4348 
to 2.00” with a consistent width of 1.87” to ensure beam spread did not skew results.  The length of the 4349 
specimen varied based on the available size of steel samples.  All specimens were fabricated along the 4350 
rolling direction with one exception.  For TMCP 2, three specimens were fabricated.  Specifically, one in 4351 
the rolled direction, one in the cross rolled direction, and one in the 45° to rolled orientation.  The results 4352 
of the rolled and cross rolled directions are presented in this Appendix while the results in the 45° orientation 4353 
are presented in Section 3.5.2.2 since testing of this specimen was performed at a later date with different 4354 
equipment.  A CNC machine was used to place four 1/16” diameter SDHs through the full-width of each 4355 
specimen.  Two sets of holes, one at 0.6” and one at 1.0” from the top surface to the center of the hole, were 4356 
centered in each block at 4” apart.  See Figure F-2 for typical fabrication details and Figure F-3 for the final 4357 
specimens. 4358 

 4359 

 4360 
Figure F-2. Typical Fabrication Details for Steel Plate Specimens   4361 
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 4362 
Figure F-3. Steel Plate Specimens (left to right) 36, 50, 70, 101, 102, TMCP 1, TMCP 2 (roll 4363 

direction), TMCP 2 (transverse to roll direction), TMCP 3   4364 

F.1.4  Evaluation Procedures   4365 

It is common practice to use a shear wave probe in the inspection of butt welds.  Therefore, minimal 4366 
testing was conducted using compression wave and the ultrasonic inspection primarily focused on using 4367 
shear waves. 4368 

The specimens listed above in Table F-1 were evaluated in a number of different sequences using a 4369 
combination of different probes and wedges.  Table F-4 outlines four test sequences, the number of tests 4370 
performed within each sequence, the specimens evaluated, the calibration reference, and the equipment 4371 
used.  Sequence 1 evaluated the attenuation of common bridge steels, grades ranging from 36 ksi to 100 4372 
ksi, using a 5 MHz PAUT probe, a 2.25 MHz PAUT probe, and a 2.25 conventional UT probe.  Sequence 4373 
2 evaluated these same specimens using a 5 MHz and 2.25 MHz PAUT probe with compression wave.  Due 4374 
to observed results in sequence 1, sequence 3 was carried out to assess the difference in A36 and 1018 IIW-4375 
type reference blocks using the same probes.  The evaluation of ultrasonic attenuation of base metal 4376 
concluded with sequence 4 inspecting thermo-mechanical processed (TMCP) steels using a 5 MHz PAUT 4377 
probe and a 2.25 MHz conventional UT probe. 4378 

The primary reference level was set from the reference block listed in Table F-4.  Evaluation then took 4379 
place for each specimen by peaking the indication signal to 80% full-screen height (FSH).  This was done 4380 
by increasing or decreasing the gain from primary reference level.  The increase or decrease in gain revealed 4381 
whether a specimen was had greater or less attenuation compared with the reference standard, respectively.  4382 
This evaluation occurred for each hole, in every specimen, and with the probe/wedge combinations outlined 4383 
below.  Shear wave attenuation was investigated at 45°, 60°, and 70° search angles when using conventional 4384 
UT and PAUT.  Each scan of a given SDH was performed a minimum of two times before moving on to 4385 
ensure the data were repeatable. 4386 
  4387 
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Table F-4. Base Metal Tests   4388 

Test                 
Sequence-Number Evaluated Specimens Reference  Flaw Detector and 

Probe+Wedge Combination 

1-1 0.6" + 1.0" deep holes of        
Block 36, 50, 70, 101, 102 

Block 50 
(Side A) 

OmniScan MX2 with            
5MHz 5L64-A12 + 

SA12-N55S 

1-2 0.6" deep holes of        
Block 36, 50, 70, 101, 102 

Block 50 
(Side A) 

OmniScan MX2 with            
2.25MHz 2.25L64-A2 + 

SA2-N55S 

1-3 0.6" + 1.0" deep holes of        
Block 36, 50, 70, 101, 102 

Block 50 
(Side A) 

OmniScan MX2 with                 
AWS 2.25MHz 0.63” x 0.63” + 

45°, 60°, and 70° SF-AWS 

2-1 1.0" deep holes of        
Block 36, 50,70, 101, 102 

Block 50 
(Side A) 

OmniScan MX2 with            
5MHz 5L64-A12  

2-2 1.0" deep holes of        
Block 36, 50, 70, 101, 102 

Block 50 
(Side A) 

OmniScan MX2 with            
2.25MHz 2.25L64-A2 

3-1 0.6" deep holes of        
Block 36, 50, 70, 101, 102 IIW A36 

OmniScan MX2 with            
5MHz 5L64-A12 + 

SA12-N55S 

3-2 0.6" deep holes of        
Block 36, 50, 70, 101, 102 IIW 1018 

OmniScan MX2 with            
5MHz 5L64-A12 + 

SA12-N55S 

4-1 
0.6" + 1.0" deep holes of        
Block TMCP 1, TMCP 2, 

TMCP 3 

Block 50 
(Side A) 

OmniScan MX2 with            
5MHz 5L64-A12 + 

SA12-N55S 

4-2 
0.6" + 1.0" deep holes of        
Block TMCP 1, TMCP 2, 

TMCP 3 

Block 50 
(Side A) 

OmniScan MX2 with                 
AWS 2.25MHz 0.63” x 0.63” + 

45°, 60°, and 70° SF-AWS 

F.1.5  Experimental Results   4389 

The ultrasonic evaluation conducted during this phase evaluated different variables including probe 4390 
frequency, for both compression and shear wave, code approved reference standards, and grade of steel, 4391 
including processing.  The objective of these tests was to assess the attenuation found in various grades of 4392 
steel and evaluate the impact it may have on the inspection and detection of flaws.  4393 

The results have been presented below as the change in decibels (dB) per inch of sound path, that is the 4394 
difference in dB between the peak signal amplitude of a SDH and the primary reference level divided by 4395 
the sound path of the compression or shear wave, see Equation 1.  Again, Table F-4 outlines which block 4396 
the primary reference level was set off of for each test sequence.  The change in dB per inch thickness is 4397 
shown along the y-axis and the base metal evaluated during a given test sequence is along the x-axis.  Again, 4398 
positive values indicate an increase in attenuation from reference (i.e., gain was added) and negative values 4399 
indicate a decrease in attenuation from reference (i.e., gain was removed). 4400 
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∆𝒅𝒅𝒅𝒅
𝒊𝒊𝒊𝒊

=
𝑰𝑰𝒊𝒊𝒅𝒅𝒊𝒊𝑰𝑰𝑰𝑰𝒕𝒕𝒊𝒊𝒊𝒊𝒊𝒊 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 (𝒅𝒅𝒅𝒅) −  𝑷𝑷𝑷𝑷𝒊𝒊𝑷𝑷𝑰𝑰𝑷𝑷𝑷𝑷 𝑹𝑹𝑳𝑳𝑹𝑹𝑳𝑳𝑷𝑷𝑳𝑳𝒊𝒊𝑰𝑰𝑳𝑳 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 (𝒅𝒅𝒅𝒅) 

𝒅𝒅𝑳𝑳𝑰𝑰𝑷𝑷 𝑺𝑺𝒊𝒊𝑺𝑺𝒊𝒊𝒅𝒅 𝑷𝑷𝑰𝑰𝒕𝒕𝑷𝑷 (𝒊𝒊𝒊𝒊)
 4401 

Equation 1 4402 

F.1.5.1  Test Sequence 1 – Probe Frequencies with Shear Wave   4403 

During the first test sequence two probe frequencies were compared, 2.25 MHz and 5 MHz.  Data 4404 
collected with two separate 2.25 MHz probes, one conventional UT and one PAUT, and one 5 MHz PAUT 4405 
probe are presented in Figure F-4, Figure F-5, and Figure F-6, respectively.  For all figures, a marker 4406 
indicates the average change in dB per inch for each specimen.  Error bars for each marker displays the 4407 
variation of indication signals measured between the four holes in each block at the three different incidence 4408 
angles for each sound path.  (Note while the sound paths are different, the data were normalized as dB per 4409 
inch.). 4410 

Figure F-4 and Figure F-5 comparing a 2.25 MHz conventional UT probe with a 2.25 MHz PAUT probe 4411 
yielded very similar results.  Specimens 36, 70, 101, and 102 all attenuated 0.1 dB/in more with the 2.25 4412 
MHz conventional UT probe when compared to the 2.25 MHz PAUT probe.  This is believed to be a 4413 
negligible difference.  The variation between the two probes was likely credited to the difference in probe 4414 
aperture and size.  Therefore, there is no inherent difference in attenuation due to PAUT versus conventional 4415 
UT. 4416 

Further comparing Figure F-4 and Figure F-5 to Figure F-6, a noticeable difference between the 4417 
attenuation per inch with a 2.25 MHz and 5 MHz probe was observed.  All five specimens only varied at 4418 
most by an average of 0.3 dB/in with a probe frequency of 2.25 MHz, but with a 5 MHz this increased to 4419 
1.3 dB/in.  This was a more than 300% increase in the average attenuation between all specimens in terms 4420 
of dB/in.  At 2.25 MHz specimens 36 and 50 behaved almost the same, but at 5 MHz they differ by an 4421 
average of 0.7 dB/in.  The high performance steel specimens (all quench and tempered) attenuated less 4422 
compared to specimen 50 by 0.3 dB/in with a 2.25 MHz probe to 0.6 dB/in with a 5 MHz probe.  Clearly, 4423 
probe frequency played a critical role in attenuation with shear wave.  Higher frequencies resulted in larger 4424 
differences in attenuation between grades of steel. 4425 

While frequency amplified the differences observed between various grades of steel, trends between 4426 
material properties and attenuation were present regardless.  The findings of this evaluation coincide with 4427 
previous research from Papadakis [5] which established an evident relationship between grain size and 4428 
grain scattering with attenuation.  The high performance steels, which have undergone quench and 4429 
tempering heat treatment, attenuated less than those that have not.  From the analysis of the microstructure, 4430 
the refined grain size of specimens 70, 101, and 102 promoted the transmission of sound and reduced 4431 
attenuation. 4432 
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 4433 
Figure F-4. Change in Attenuation Per Inch of Sound Path – 2.25 MHz Conventional UT   4434 

 4435 
Figure F-5. Change in Attenuation Per Inch of Sound Path– 2.25 MHz PAUT   4436 
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 4437 
Figure F-6. Change in Attenuation Per Inch of Sound Path – 5 MHz PAUT   4438 

F.1.5.2  Test Sequence 2 – Probe Frequencies with Compression Wave   4439 

A comparison between compression wave probe frequencies was also investigated.  A 2.25 MHz PAUT 4440 
and 5 MHz PAUT probe were used to inspect five different steel specimens.  Similar to above, a marker 4441 
indicates the average change in dB per inch for each specimen.  Error bars for each marker displays the 4442 
variation of indication signals measured between the two holes in each block.  Figure F-7 and Figure F-8 4443 
again showed a clear difference in attenuation per inch of sound path between the two different frequencies.  4444 
All five specimens only vary 0.6 dB/in with a probe frequency of 2.25 MHz and 1.5 dB/in with a 5 MHz 4445 
probe frequency.  This was a more than 150% increase in attenuation between specimens.  Thus, the effect 4446 
of probe frequency on attenuation was seen for both shear wave and compression wave.  Again, regardless 4447 
of frequency the QT high performance bridge steels attenuated less. 4448 
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 4449 
Figure F-7. Change in Attenuation Per Inch of Sound Path– 2.25 MHz PAUT Compression Wave   4450 

 4451 
Figure F-8. Change in Attenuation per Inch of Sound Path– 5 MHz PAUT Compression Wave   4452 
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F.1.5.3  Test Sequence 3 – Difference in Reference Blocks   4454 

AWS D1.5 requires an IIW-type reference block to be used as the standard for distance and sensitivity 4455 
for evaluation using both conventional UT and PAUT.  It is important to note that AWS currently refers to 4456 
this reference block as an ‘IIW block’ but it is truly an ‘IIW-“Type” block.  IIW-“Type” reference blocks 4457 
are formed similar to a “True” IIW block but do not conform to the material requirements of the 4458 
International Organization for Standardization (ISO) 2400 specification [6].  A true IIW reference block in 4459 
accordance with ISO 2400 is of steel grade S355J0 and is subject to a very strict heat treatment process.  4460 
The steel is to be austenitized at 1688 °F for 30 minutes, rapidly quenched in water, tempered at 1184 °F 4461 
for 3 hours, and air cooled.  The measured acoustic velocity of these blocks is required to be 0.233 in/µs ± 4462 
0.0012 in/µs for compression wave and 0.128 in/µs ± 0.0006 in/µs for shear wave.  An additional margin 4463 
of error of ±0.2 % is allowed for both the compression and shear wave acoustic velocities. 4464 

AWS D1.5 states that the IIW-type reference block should conform to the A709 Gr. 36 specification or 4465 
acoustically equivalent.  Two IIW-type reference blocks conforming to two different material 4466 
specifications, A36 and AISI 1018, were used to facilitate this phase of testing and would be acceptable 4467 
reference blocks under the lax guidelines of AWS. 4468 

Figure F-9 and Figure F-10 illustrate the results collected using a 5 MHz PAUT probe in shear wave with 4469 
the two different reference blocks.  In comparing the results, it is visible that different results were measured 4470 
depending on which reference block was used.  The A36 calibration block was more attenuating than all 4471 
specimens, 0.7 dB/in more attenuating than specimen 36 and 2.1 dB/in more attenuating than specimen 4472 
102.  The 1018 calibration block fell in the middle of the measured specimen attenuations.  While the 1018 4473 
block was less attenuating than specimens 36 and 50, it was more attenuating than the high performance 4474 
steels, specimens 70, 101, and 102.  The behavior still varied by 0.7 dB/in from specimen 36, but this time 4475 
only 0.5 dB/in from specimen 102. 4476 

 4477 

 4478 
Figure F-9. Change in Attenuation per Inch – A36 IIW-type Reference Block 5 MHz PAUT   4479 
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 4480 
Figure F-10. Change in Attenuation per Inch – 1018 IIW-type Reference 5 MHz PAUT   4481 

Concerns arise when the current AWS D1.5 code and its guidelines for IIW-type calibration blocks are 4482 
considered.  Definitive ultrasonic properties are not defined and ‘acoustically equivalent’ can be very open 4483 
to interpretation.  Even exclusively specifying A709 Gr. 36 could warrant different results if the acoustic 4484 
attenuation and velocity varies as a result from chemical composition, grain structure, or rolling.  Two IIW-4485 
type references blocks were tested, one grade A36 and one grade AISI 1018, and the averaged difference 4486 
in attenuation between the two blocks was of 1.5 dB/in with 5 MHz PAUT.  It is unlikely these two 4487 
specimens account for the extreme maximum and minimum of IIW-type reference blocks currently being 4488 
used to facilitate ultrasonic inspections, thus this apparent difference could be even larger.  Using a 2.25 4489 
MHz probe reduced the variation in acoustic attenuation between the A36 and 1018 IIW-type block to 0.3 4490 
dB/in. 4491 

The IIW-type reference block plays a key role in the acceptance or rejection of flaws during inspection.  4492 
A difference in material attenuation between different reference blocks, for instance the 1.5 dB/in difference 4493 
between an A36 and an AISI 1018 IIW-type block, can lead to inconsistency when detecting and 4494 
characterizing flaws.  For example, Figure F-9 shows less gain is required to peak the amplitude signal of 4495 
a SDH in Block 50 with the A36 IIW-type block while in Figure F-10 gain is added to peak the amplitude 4496 
signal of the same SDH in Block 50 with the 1018 IIW-type block.  In the worst-case scenario, this 4497 
inconsistency could potentially result in the exact same flaw being automatically acceptable with an IIW-4498 
type block but automatically rejectable when a different IIW-type block is used. 4499 

Not only does a difference in material attenuation between references blocks themselves matter, but the 4500 
difference in material attenuation of a reference block and the test object can raise concerns as well.  A 4501 
significant difference in material attenuation between an IIW-type block and a test specimen either results 4502 
in scanning too sensitive or not sensitive enough.  Scanning too sensitive results in a conservative evaluation 4503 
but will likely result in additional time and cost in repairs of noncritical indications.  On the other hand, not 4504 
scanning sensitive enough causes concerns over the proper rejection of critical flaws. 4505 

Evident implications arise when something as simple as the selection of an IIW-type reference block 4506 
greatly affects the acceptance or rejection results.  Currently, calibration is set off a material with different 4507 
acoustic properties, specifically acoustic attenuation and velocity, than the inspection material.  This 4508 
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difference is not only critical to IIW-type reference blocks but time corrected gain (TCG) calibration blocks, 4509 
too.  AWS D1.5 Annex K requires the use of a TCG calibration block but does not specify nor limit any 4510 
material properties or geometric constraints for these blocks.  In a perfect world, sensitive calibrations and 4511 
primary reference levels would be set off a material that has the same acoustic properties as the test object 4512 
(including the weld). 4513 

Currently, the International Organization of Standardization (ISO), American Society of Mechanical 4514 
Engineers (ASME), and Japanese Standards Association require the use of a calibration block with 4515 
acoustically equivalent (i.e., acoustic attenuation and velocity) properties as the test object [3], [7], [8].  4516 
When difference in material attenuation between calibration blocks and test specimens does occur, a 4517 
transfer correction factor can be implemented.  ASME and ISO require a transfer correction to be used to 4518 
correct for a difference in acoustical properties.  ISO specifies a transfer correction is specifically required 4519 
when a difference of 2 dB to 12 dB at the longest sound path is measured.  A transfer correction is 4520 
formulated by implementing a pitch-catch scanning procedure in a “V” formation and a “W” formation on 4521 
both materials and measuring the difference in gain between the sound paths. 4522 

F.1.6  Conclusions   4523 

The evaluation of the ultrasonic attenuation of common bridge base metals yielded the following 4524 
conclusions: 4525 

 4526 
Test Sequence 1 and 2 4527 

• In common bridge base metals ranging from 36 ksi to 100 ksi, an average measured 4528 
difference in attenuation per inch with shear wave was 0.3 dB/in with a 2.25 MHz 4529 
frequency probe and 1.3 dB/in with a 5 MHz frequency probe. 4530 

• With compression wave, an average measured difference in attenuation per inch in 4531 
common base metals was 0.6 dB/in with a 2.25 MHz frequency probe and 1.5 dB/in with 4532 
a 5 MHz frequency probe. 4533 

• The change in attenuation between common base metals was more pronounced at higher 4534 
frequencies.  Therefore, the differences in attenuation noticed between 2.25 MHz and 5 4535 
MHz frequency probes will result in discrepancies using the current AWS D1.5 Annex K 4536 
PAUT acceptance criteria. 4537 

• Lower frequencies, 2.25 MHz for example, should be used in ultrasonic testing when an 4538 
amplitude and length acceptance criteria are employed, unless the material attenuation is 4539 
specifically considered during calibration. 4540 

 4541 
Test Sequence 3 4542 

• The ultrasonic properties of calibration materials, such as an IIW-type reference block or 4543 
TCG block, have a significant impact on the evaluation and classification of bridge 4544 
components and flaws. 4545 

• Two IIW-type reference blocks, one of grade A36 and one of AISI 1018, were used to 4546 
calibrate and evaluate the base metal specimens.  A difference in attenuation of 1.5 dB/in 4547 
was observed between the two reference blocks using a 5 MHz frequency shear wave 4548 
probe.  This difference was only 0.3 dB/in with 2.25 MHz. 4549 

• Due to this difference in attenuation, using the current AWS D1.5 acceptance criteria to 4550 
evaluate components with sizable differences in ultrasonic properties will lead to a 4551 
discrepancy in flaw classification.  For example, the use of an IIW-type block for TCG 4552 
calibration that is more attenuating than the test object could lead to flaws being 4553 
characterized as automatically rejectable, while the use of an IIW-type block that is less 4554 
attenuating than the test object could lead to the exact same indication as being 4555 
characterized as automatically acceptable. 4556 
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• Two solutions to this problem are: 4557 
1) Calibration must occur off a material with the same acoustic properties (acoustic 4558 

attenuation and velocity) as the test object, unless a transfer correction is performed. 4559 
2) Stringent guidelines for calibration materials and their ultrasonic properties should be 4560 

outlined in an evaluation code and correspond with the intent of the provided 4561 
acceptance criteria. 4562 

F.2  Shear Wave Velocity   4563 

F.2.1  Experimental Results for Test Sequence 4   4564 

A separate evaluation of plates from three different heats of high performance steel has been conducted 4565 
in this section.  The steel specimens inspected in this section are all HPS A709 Gr. 70W and have underwent 4566 
a thermo-mechanical control process (TMCP) treatment.  The three specimens have been obtained by three 4567 
different steel mills in order to look at possible differences in rolling techniques.  Again, two different probe 4568 
frequencies were used to conduct the ultrasonic inspection.  Furthermore, one steel sample was used to 4569 
fabricate specimens in the rolled direction and cross-rolled direction in order to compare the apparent 4570 
differences in grain structure and ultrasonic velocity. 4571 

During the first round of testing noticeable differences between the behavior of a TMCP specimen and a 4572 
quenched and tempered (QT) specimen, both HPS A709 Gr. 70W, were observed.  In the TMCP specimen, 4573 
at higher incidence angles the location of the SDH was measured to be deeper than the actual known 4574 
position.  Figure F-11 graphically shows a steel block specimen, the four SDHs located within it, and the 4575 
measured flaw depths for specimens QT and TMCP 1 at a 70° incidence angle.  PAUT accurately measured 4576 
depth of the flaw in the QT specimen while in comparison the TMCP specimen always indicated the SDH 4577 
was deeper than it actually was.  Furthermore, the indication signal became very weak in TMCP specimens.  4578 
Figure F-12 shows screenshots of the QT and TMCP 1 specimens at an equivalent gain.  The amplitude of 4579 
the QT specimen measured at 80% FSH while the amplitude of the TMCP 1 specimen measured only 20% 4580 
FSH.  Also comparing the two S-scans, note the change in color intensity of the signal amplitude between 4581 
specimens QT and TMCP 1. 4582 

 4583 

 4584 
Figure F-11. Recorded Flaw Depth at 70° Incidence Angle   4585 
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 4586 
Figure F-12. A-Scan & S-Scan at an Equivalent Gain with 70° Incidence Angle (top) QT Specimen 4587 

and (bottom) TMCP 1 Specimen   4588 

At first, the significant decrease in signal strength was attributed to ultrasonic attenuation in the TMCP 4589 
specimens.  However, after further evaluation and additional research the cause was not a result of 4590 
attenuation but instead due to the shear wave velocity of the TMCP steel specimens.  Accounts of both 4591 
weakened signals and inaccuracy in locating flaws in steel plates have been reported in previous research 4592 
studies as a result of acoustic anisotropy, or the variation of acoustic velocity in the rolled and cross-rolled 4593 
directions.  From these studies, the vast majority of plates characterized as acoustically anisotropic were 4594 
produced using TMCP [1], [2].  The unique behavior observed in these steels has been explained by the 4595 
increase in the steel’s ultrasonic velocity in the rolled direction.  This increase in ultrasonic velocity was 4596 
measured by Rattanasuwannachart et al. to vary through the thickness of a steel plate, being greater at near-4597 
surface region versus the central region.  The metallurgical reports of specimens TMCP 1, TMCP 2, and 4598 
TMCP 3 noted the regions adjacent to the surfaces consisted of a different grain structure when compared 4599 
to the central region.  It must be noted that this observation is typical of TMCP plates and does not indicate 4600 
a problem or abnormality with these specific plates (i.e., the mechanical properties and chemistry meet 4601 
ASTM A709).  Rather, it is simply inherent of the processing associated with TMCP.  The near-surface 4602 
grain structure has been found to cause an increase in ultrasonic velocity.  When the shear wave velocity of 4603 
a given material is significantly faster than the assumed shear wave velocity, the refraction angle of the 4604 
sound beam is significantly affected which causes much of the sound to follow the surface at the exterior 4605 
of the plate rather than penetrating into the plate thickness [2].  Therefore, a portion of the total sound 4606 
expected to transmit into the steel is unknowingly and immediately lost along the surface of the test material 4607 
causing a significant loss in signal strength of the SDH reflection. 4608 
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During this experimental investigation, it became apparent that this reflection of sound at the surface is 4609 
much more critical at higher incidence angles.  Rattanasuwannachart et al. has established a relationship 4610 
between search angle and what is referred to as ‘critical shear wave velocity’.  The critical shear wave 4611 
velocity is the velocity that causes refraction along the surface to occur.  When a material’s shear wave 4612 
velocity is less than the critical shear wave velocity, the sound beam can form in the material.  Conversely, 4613 
when a material’s shear wave velocity is greater, the sound wave will propagate along the surface [2].  This 4614 
is a result of Snell’s Law and beam spread.  Due to the increase in velocity along the rolled direction in the 4615 
TMCP steels, the angle of refraction is always larger than the intended incidence angle.  This difference is 4616 
amplified at larger search angles.  The Japanese JIS Z 3060 code uses a variation of Snell’s Law to calculate 4617 
the angle of reflection when the actual velocity and assumed velocity differ: 4618 

 4619 
𝜽𝜽𝑷𝑷𝑳𝑳𝑹𝑹𝑷𝑷𝑰𝑰𝑰𝑰𝒕𝒕𝒊𝒊𝒊𝒊𝒊𝒊 = 𝒔𝒔𝒊𝒊𝒊𝒊−𝟏𝟏 � 𝑽𝑽𝑰𝑰𝑰𝑰𝒕𝒕𝑺𝑺𝑰𝑰𝑳𝑳

𝑽𝑽𝑰𝑰𝒔𝒔𝒔𝒔𝑺𝑺𝑷𝑷𝑳𝑳𝒅𝒅
∗ 𝒔𝒔𝒊𝒊𝒊𝒊(𝜽𝜽𝒔𝒔𝑳𝑳𝑰𝑰𝑷𝑷𝑰𝑰𝑷𝑷)�  4620 

Equation 2 4621 

From Equation 2, less impact is seen on the angle of refraction for a smaller incidence angle (i.e. 45°) 4622 
than a larger incidence angle (i.e. 70°) due to differences in the actual velocity.  Also, at lower incidence 4623 
angles the deviation between the actual material velocity and the assumed velocity can deviate much more 4624 
before the angle of refraction causes surface reflection of the beam.  A 70° sound beam inherently forms 4625 
and propagates closer to the surface and therefore even a slight increase in the angle of refraction will cause 4626 
a greater loss in signal due to the increased formation of surface waves. 4627 

An evaluation of the three TMCP specimens using 2.25 MHz and 5 MHz shear waves is seen in Figure 4628 
F-13 and Figure F-14, respectively.  Due to the influence of ultrasonic velocity and grain structure on 4629 
different incidence angles and south paths, the data has been separated by incidence angle and reflector 4630 
depth along the x-axis.  The difference between the indication level and the primary reference level, or the 4631 
change in dB, per inch thickness is plotted along the y-axis.  4632 

Figure F-15 and Figure F-16 show the collected data for the 0.6” deep holes in the three TMCP specimens 4633 
evaluated with a 2.25 MHz and 5 MHz probe, respectively.  Similar to Figure F-13 and Figure F-14, the 4634 
data has been separated by incidence angle along the x-axis.  The difference between the indication level 4635 
and the primary reference level, or the change in dB, is plotted along the y-axis.  Figure F-15 and Figure 4636 
F-16 directly show the adjustment in gain required to peak signal amplitude of the SDH signals compared 4637 
to reference.  For specimens TMCP 1 and TMCP 2, an average 10.5 dB was added to peak the signal with 4638 
a 2.25 MHz probe at 70° and an addition of 9.5 dB was required with a 5 MHz probe at 70°.  This is a 4639 
substantial increase compared to specimen 70 (QT) where 1.0 dB was subtracted to peak the signal with a 4640 
2.25 MHz probe at 70° and 1.9 dB was subtracted with a 5 MHz probe at 70°. 4641 

 4642 
Trends noted during the ultrasonic evaluation of the three different TMCP specimens are as follows: 4643 

• From Figure F-13 and Figure F-14, it is apparent that the three specimens, all of which 4644 
were from different heats, had differences in their behavior at different incidence angles 4645 
and sound paths.  The differences were small at 45° and 60° but increase significantly at 4646 
70°.  Figure F-15 and Figure F-16 also show this trend. 4647 

• All SDHs, at all angles, and with both frequency probes had lower reported amplitudes 4648 
than the HPS A709 Gr. 70W QT steel specimen (with the exception of the TMCP 2 0.6” 4649 
deep SDH at 45° with 2.25 MHz). 4650 

• Signal amplitude was most comparable to the HPS A709 Gr. 70W QT specimen at a 45° 4651 
incidence angle.  A weakened signal was observed in all three specimens when compared 4652 
to the QT specimen at a 60° incidence angle and even more so at 70°. 4653 
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• The acoustic velocity of specimens TMCP 1 and TMCP 2 in the rolled direction were 4654 
higher than specimen TMCP 3.  As a result, a larger reduction in signal amplitude at 70° 4655 
was noticed in TMCP 1 and TMCP 2. 4656 

• At 60° and 70° incidence angles, the signal amplitude of the 0.6” deep hole was smaller 4657 
than the 1.0” hole for all specimens.  This was unexpected and unusual because the sound 4658 
path for a 1.0” deep hole is longer than a 0.6” hole.  Longer sound paths usually result in 4659 
an increase reduction of signal amplitude due to material attenuation.  However, material 4660 
attenuation was not the cause of these findings but instead ultrasonic velocity.  Thus, this 4661 
would indicate that the near-surface layer impacted the evaluation of the 0.6” deep SDHs 4662 
more than the 1.0” deep SDHs.  The CIVA modeling showed in APPENDIX E also show 4663 
the 0.6” hole attenuating more than the 1.0” hole at a 70° incidence angle. 4664 

• The use of a 2.25 MHz probe instead of a 5 MHz probe showed no advantage and instead 4665 
both behaved similarly.  Probe frequency was not the cause of the weakened signal 4666 
amplitudes. 4667 
 4668 

 4669 
Figure F-13. Change in Signal Intensity per Inch of Sound Path between Incidence Angles – 2.25 4670 

MHz Conventional UT   4671 
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 4672 
Figure F-14. Change in Signal Intensity per Inch of Sound Path between Incidence Angles – 5 MHz 4673 

PAUT   4674 

 4675 
Figure F-15. Change in Signal Intensity between Incidence Angles – 0.6” deep hole, 2.25 MHz 4676 

Conventional UT   4677 

0.6" 1.0"

0.6"

1.0"

0.6"

1.0"

-1

0

1

2

3

Δd
B

/in

Search Angle

HPS 70W QT (avg)

45ᵒ 60ᵒ 70ᵒ

Reference

45° 60° 70°
TMCP 1
TMCP 2
TMCP 3 

-2

0

2

4

6

8

10

12

Δd
B

Search Angle

45ᵒ 60ᵒ 70ᵒ

Reference

45° 60° 70°
TMCP 1
TMCP 2
TMCP 3
QT    +    + +



NCHRP Project 14-35 
 

F-20 

 4678 
Figure F-16. Change in Signal Intensity between Incidence Angles – 0.6” deep hole, 5 MHz PAUT   4679 

The acoustic anisotropy commonly found in TMCP plates is reportedly due to the cooling process and 4680 
cooling rates during rolling.[2].  To further evaluate these claims, two specimens were initially fabricated 4681 
from specimen TMCP 2, one in the rolled direction and one in the cross-rolled direction.  The data collected 4682 
in the rolled direction and presented above for TMCP 2 is reiterated below with the addition of data 4683 
collected in the cross-rolled direction.  An additional plate was fabricated at a 45° orientation to the rolling 4684 
direction from specimen TMCP 2 at a later date to investigate the effect of oblique scanning of acoustic 4685 
anisotropic plates.  The results in the 45° orientation are presented in Section 3.5.2.2 since testing of this 4686 
specimen was performed at a later date with different equipment. 4687 

Figure F-17 and Figure F-18 show the comparison between the rolled and cross-rolled direction of 4688 
specimen TMCP 2 with a 2.25 MHz and 5 MHz probe, respectively.  Again, the data has been separated by 4689 
incidence angle and reflector depth along the x-axis and change in dB per inch of sound path along the y-4690 
axis.  From the figures, it was clear the two directions behave very differently.  The cross-rolled direction 4691 
behaved almost identical to specimen 70 (QT) at all incidence angles and with both a 2.25 MHz and 5 MHz 4692 
frequency probe.  The acoustic anisotropy within TMCP steels poses a substantial problem to ultrasonic 4693 
evaluation, especially if inspectors are unaware of the fabrication practices or material properties of a 4694 
member being inspected. 4695 
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 4696 
Figure F-17. Specimen TMCP 2 Change in Signal Intensity per Inch of Sound Path – 2.25 MHz 4697 

Conventional UT   4698 

 4699 
Figure F-18. Specimen TMCP 2 Change in Signal Intensity per Inch of Sound Path – 5 MHz PAUT   4700 
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F.2.2  Conclusions   4702 

The evaluation of the ultrasonic attenuation of common bridge base metals yielded the following 4703 
conclusions: 4704 

 4705 
Test Sequence 4 4706 

• TMCP steel plates are susceptible to ultrasonic anisotropy.  Ultrasonic anisotropy affects 4707 
the detection of flaws at higher incidence angles due to a reduction in signal amplitude.  4708 
When flaws are detected, accurately locating and sizing the flaws becomes difficult due to 4709 
a change in the refraction angle. 4710 

• Inspection of TMCP plates should be limited to small incidence angles unless the 4711 
calibration process accounts for the actual shear wave velocity.  Previous research suggests 4712 
limiting the incidence angle to 63° or less [1].  However, experimental testing suggested 4713 
there is an average 2 dB loss in signal amplitude at 60° than at 45°.  Again, the analytical 4714 
testing with CIVA in APPENDIX E found similar variations in signal amplitude between 4715 
the different incident angles.  Regardless, the increase in signal amplitude at higher 4716 
incidence angles must be considered during evaluation. 4717 

• Probe frequency was not a cause of the large variation in signal amplitude found during 4718 
the evaluation of TMCP plates.  In TMCP plates, the 2.25 MHz probe attenuated very 4719 
similar to the 5 MHz probe at higher incidence angles. 4720 

• The strength of the signal per inch of sound path for the 0.6” deep SDH was consistently 4721 
lower than the 1.0” deep SDH at higher angles.  Therefore, flaws within or closer to the 4722 
near-surface refined grain structure seen in TMCP plates are affected more by the velocity 4723 
change. 4724 

• Obvious differences in ultrasonic properties between the rolling and cross rolling directions 4725 
were found in a TMCP specimen.  The cross roll direction behaved very similar to a 4726 
quenched and tempered plate of the same grade, while the rolled direction demonstrated 4727 
all the characteristics of an anisotropic plate. 4728 

• The current AWS D1.5 code does not provide guidance on TMCP or anisotropic plates.  4729 
The Japanese Industrial Standard’s JIS Z 3060 Method for Ultrasonic Testing for Welds of 4730 
Ferritic Steel and the American Petroleum Institute’s API RP 2X Recommended Practices 4731 
for Ultrasonic and Magnetic Examination of Offshore Structural Fabrication and 4732 
Guidelines for Qualification of Technicians both acknowledge and make recommendations 4733 
with regards to TMCP plates. 4734 

F.3  Attenuation of Narrow Gap Improved Electro-slag Welds   4735 

F.3.1  Specimen Properties   4736 

The variability in ultrasonic inspection of NGI-ESWs was then assessed following the evaluation of base 4737 
metal.  Unlike the consistent microstructure of base metal, welding produces different zones of varying 4738 
grain structures.  From the electroslag welding process, the HAZ consists of two grain structure zones.  The 4739 
portion of the HAZ bordering the base metal is comprised of fine grains and the inner portion is comprised 4740 
of coarse grains.  The weld may have an additional two or three zones itself of coarse columnar and/or 4741 
equiaxed grains [9].  Specimens were fabricated to facilitate the comparison of attenuation between base 4742 
metal, HAZs, and weld metal.  The electroslag weld samples were donated by the Federal Highway 4743 
Administration (FHWA) and supplied by two different fabricators.  Table F-5 outlines the details of the 4744 
samples and their material properties. 4745 

 4746 
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Table F-5. NGI-ESW Specimen   4747 

Specimen ID Fabricator 
Base Metal Fabrication 

Year Thickness (in) 
Side A Side B 

P1 Fabricator A HPS 70W (QT) HPS 70W (QT) 2015 2.0 
P2 Fabricator A 50W 50W 2015 2.0 
P3 Fabricator A 50W HPS 70W (QT) 2015 2.0 
P4 Fabricator B HPS 70W HPS 70W 2013 2.0 

F.3.2  Specimen Fabrication and Configuration   4748 

Upon receiving the samples, all four were cleaned, polished, and etched to expose the weld and HAZ.  4749 
The specimens were sanded and etched with 5% Nital.  Cross-sections of the weld and HAZs were exposed 4750 
on both side faces (side 1 and side 2) of the sample as well as the top surface to document how the weld 4751 
width and shape varies between the two side faces.  After exposing the boundaries of the weld and HAZ, 4752 
proper placement of the reflectors could be determined to achieve the desired sound path.  Figure F-19 4753 
shows this process for one sample. 4754 

                                     4755 
Figure F-19. Specimen P1 Weld and HAZ Boundaries   4756 

The four specimens were then individually fabricated using a CNC machine.  Eight 1/16” diameter SDHs 4757 
were placed through the width of the specimen, two in the base metal, two in each HAZ, and two in the 4758 
weld metal.  Holes were placed at 0.6” and 1.0” from the top scanning surface to the center of hole.  See 4759 
Figure F-20 for typical fabrication details and Figure F-21 for the final specimens. 4760 

 4761 

HAZ boundaries (typical) 

Weld boundaries (typical) 

1/16” dia. SDH (typical) 

SIDE 1 

SIDE 2 
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 4762 
Figure F-20. Typical Fabrication Details for NGI-ESW Specimens   4763 

 4764 

Figure F-21. NGI-ESW Specimens (top to bottom) P1, P2, P3, P4   4765 

F.3.3  Evaluation Procedure   4766 

The NGI-ESW specimens were assessed with two tests, one evaluating the welds using a 5 MHz PAUT 4767 
probe and one evaluating the welds using a 2.25 MHz conventional UT probe.  Table F-6 outlines the two 4768 
tests, the specimens evaluated, the calibration reference, and the equipment used.  All tests were conducted 4769 
using shear wave at 45°, 60°, and 70° incidence angles. 4770 

The primary reference level was first set from the reference listed in Table F-6.  Similar to the base metal 4771 
procedure above, evaluation took place by peaking the indication signal to 80% FSH.  A scan plan was 4772 
created to ensure the specimens were tested at all incidence angles with sound passing through the base 4773 
metal, HAZs, and weld metal.  A total of 14 data were collected from the 8 SDHs located within each 4774 
specimen.  Evaluation first began by scanning the two SDHs located in the base metal from one side.  The 4775 
SDHs located within the HAZs were then scanned from either side.  By scanning the SDHs from either 4776 
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side, sound initiated in base metal from one side and either in weld metal or the HAZ on the other side 4777 
depending on the incidence angle.  The last holes to be scanned were those located within the weld metal.  4778 
Again, these holes were scanned from both sides.  Due to geometric limitations, scanning took place on the 4779 
top and bottom surface of the specimens to ensure each SDH was scanned with all incidence angles.  Table 4780 
F-6 provides a typical schematic of the different sound paths of interest. 4781 

Table F-6. NGI-ESW Tests   4782 

Test                 
Sequence-Number Evaluated Specimens Reference  Flaw Detector and 

Probe+Wedge Combination 

1-1 0.6" + 1.0" deep holes of        
P1, P2, P3, P4 

Block 50 
(Side A) 

OmniScan MX2 with            
5MHz 5L64-A12 + 

SA12-N55S 

1-2 0.6" + 1.0" deep holes of        
P1, P2, P3, P4 

Block 50 
(Side A) 

OmniScan MX2 with                 
AWS 2.25MHz 0.63” x 0.63” + 

45°, 60°, and 70° SF-AWS 
 4783 

  4784 
Figure F-22. Typical NGI-ESW Sound Path Schematic   4785 

F.3.4  Experimental Results   4786 

The following sections have been divided by specimens.  The figures below all present the data similarly, 4787 
the hole identification number is along the x-axis along with the different sound paths and change in 4788 
attenuation per inch of sound path, defined previously by Equation 1, is along the y-axis.  The data were 4789 
grouped this way because the sound path to each hole varied substantially with different incidence angles 4790 
thus grouping them all together hid the effects of the HAZ and weld metal.  For example, at a 45° incidence 4791 
angle the sound beam would pass entirely through heat-affected base metal, at a 60° incidence angle the 4792 
sound beam would pass through weld metal and heat-affected base metal, and 70° incidence angle the sound 4793 
beam would pass through an even larger amount of weld metal and heat-affected base metal.  This variation 4794 
had a considerable impact on attenuation and was noted in the figures below.  Two figures show the change 4795 
in attenuation per inch of sound path of the 0.6” deep holes and two figures show the overall scatter 4796 
produced when data of the 0.6” and 1.0” deep holes are combined. 4797 

Each section shows a schematic of the weld with the average HAZ and weld boundaries and the paths 4798 
the sound took to each SDH.  The sound path to hole 1 was solely though base metal (BM).  The sound 4799 
path to hole 2 was base metal to HAZ from the left and solely HAZ or weld metal (WM) to HAZ from the 4800 
right.  The sound path to hole 3 was solely weld metal or HAZ to weld metal.  Finally, the sound path to 4801 
hole 4 was solely HAZ or weld metal to HAZ from the left and base metal to HAZ from the right.  The 4802 

Average HAZ boundary through the 
thickness of plate (typical) 

  Average weld boundary through the 
thickness of plate (typical) 

60° sound path 
45° sound path 

70° sound path 
Note: 45° and 60° sound paths from bottom scanning surface not shown for the 1.0” deep SDHs for clarity 
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figures below designate whether the direction of the sound path came from the right (R) or from the left 4803 
(L). 4804 

F.3.4.1  Specimen P1   4805 

Figure F-24 and Figure F-25 show the attenuation per inch of sound path for specimen P1 using a 2.25 4806 
MHz and 5 MHz probe, respectively.  The overall attenuation of hole 1, hole 2 from the left, and hole 4 4807 
from the right were all very similar with both frequency probes.  The magnitude of the change in attenuation 4808 
was larger with a 5 MHz probe than with a 2.25 MHz probe, but from previous experimental results this 4809 
was expected.  The overall attenuation for hole 2 from the right and hole 4 from the left, where the sound 4810 
path initiated in the HAZ or weld metal, was more inconsistent at different incidence angles and was more 4811 
attenuating in comparison to when sound initiated in the base metal.  The overall attenuation for hole 3 was 4812 
the most unpredictable and most attenuating. 4813 

Figure F-26 and Figure F-27 show the overall scatter in attenuation per inch of sound path for all 8 holes 4814 
located in specimen P1 using 2.25 MHz and 5 MHz probes, respectively.  The intention of these two figures 4815 
is to illustrate the variation observed between scanning through base metal, the HAZ, and weld metal.  Very 4816 
minimal scatter was seen when both the 0.6” and 1.0” deep holes were inspected at all incidence angles 4817 
with a sound beam initiating and propagating in solely base metal or base metal (BM) into the HAZ.  The 4818 
average attenuation per inch of sound path was also consistent across three of the holes: holes 1, 2, and 4.  4819 
The scatter increased when hole 2 and hole 4 were inspected at all incidence angles with a sound beam 4820 
initiating and propagating in solely the HAZ or weld metal (WM) into the HAZ.  With a frequency of 2.25 4821 
MHz the overall scatter was an average of 1.7 dB/in for holes 2 and 4.  With a frequency of 5 MHz the 4822 
overall scatter increased to an average of 2.6 dB/in.  The largest scatter in attenuation per inch of sound 4823 
path was observed in hole 3 where the sound beam initiated and propagated solely in weld metal or the 4824 
HAZ into the weld metal.  With a frequency of 2.25 MHz the scatter was 4.4 dB/in and for 5 MHz it was 4825 
4.0 dB/in. 4826 

 4827 

 4828 
Figure F-23. Specimen P1 Sound Path Schematic – 0.6” deep SDHs   4829 
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 4831 
Figure F-24. Specimen P1 Attenuation per inch – 0.6 deep hole 2.25 MHz   4832 

 4833 
Figure F-25. Specimen P1 Attenuation per inch – 0.6 deep hole 5 MHz   4834 
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 4835 
Figure F-26. Specimen P1 Attenuation per Inch Overall Scatter – 2.25 MHz   4836 

 4837 
Figure F-27. Specimen P1 Attenuation per Inch Overall Scatter – 5 MHz   4838 

F.3.4.2  Specimen P2   4839 

Similarly, Figure F-29 and Figure F-30 show the attenuation per inch of sound path for specimen P2 4840 
using a 2.25 MHz and 5 MHz probe, respectively.  Similar trends in attenuation between base metal, the 4841 
HAZ, and weld metal were seen between specimens P1 and P2.  Overall, the base metal of P2 attenuated 4842 
more than the base metal of P1 which substantiates the differences in attenuation between A709 Gr. 50 and 4843 
A709 Gr. HPS-70W QT found earlier.  However, with both the 2.25 MHz and 5 MHz frequency probes the 4844 
average attenuation per inch of sound path in the weld was less in specimen P2 than in P1.  Again, the 4845 
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overall attenuation of hole 1, hole 2 from the left, and hole 4 from the right were the same.  In almost all 4846 
cases, attenuation of hole 2 and hole 4 increased due to the sound initiating and propagating from solely the 4847 
HAZ or weld metal into the HAZ.  Again, attenuation through weld metal for hole 3 varied, but overall the 4848 
attenuation of the sound traveling through solely weld metal or the HAZ into weld metal was the largest. 4849 

Figure F-31 and Figure F-32 show the overall scatter in attenuation per inch of sound path for all 8 holes 4850 
located in specimen P2 using 2.25 MHz and 5 MHz probes, respectively.  Again, the average attenuation 4851 
per inch of sound path was consistent across holes 1, 2, and 4 where sound was initiated in the base metal.  4852 
Scatter increased when holes 2 and 4 were shot with sound initiating solely in the HAZ or weld metal.  The 4853 
overall scatter in attenuation per inch of sound path increased to 1.1 dB/in with a frequency of 2.25 MHz 4854 
and 2.5 dB/in with 5 MHz.  In comparison, the overall scatter in attenuation per inch of sound path for hole 4855 
3 was 2.6 dB/in with a 2.25 MHz probe and 1.7 dB/in with a 5 MHz frequency. 4856 

 4857 

 4858 
Figure F-28. Specimen P2 Sound Path Schematic – 0.6” deep SDHs   4859 

 4860 
Figure F-29. Specimen P2 Attenuation per inch – 0.6 deep hole 2.25 MHz   4861 
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 4862 
Figure F-30. Specimen P2 Attenuation per inch – 0.6 deep hole 5 MHz   4863 

 4864 
Figure F-31. Specimen P2 Attenuation per Inch Overall Scatter – 2.25 MHz   4865 
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 4866 
Figure F-32. Specimen P2 Attenuation per Inch Overall Scatter –5 MHz   4867 

F.3.4.3  Specimen P3   4868 

Specimen P3 was fabricated by the same fabricator as specimens P1 and P2 and was a combination of 4869 
the two different heats of steels used to fabricate P1 and P2.  Therefore, P3 should mimic the results shown 4870 
above.  The left side of P3 was of the same heat of steel as P1 and the right side was of the same heat of 4871 
steel as P2.  Figure F-34 and Figure F-35 show the attenuation per inch of sound path for specimen P3 using 4872 
a 2.25 MHz and 5 MHz probe, respectively.  Attenuation for hole 1 and hole 2, where sound initiated in the 4873 
base metal, matched perfectly between specimens P1 and P3 for both frequency probes.  Attenuation for 4874 
hole 4 where sound initiated in the base metal matched very similar between specimens P2 and P3 for both 4875 
frequency probes.  Similar variations in attenuation were seen in holes 2 and 4 where sound was initiated 4876 
in the HAZ or weld metal for specimens P1, P2, and P3. 4877 

Figure F-36 and Figure F-37 show the overall scatter in attenuation per inch of sound path for all 8 holes 4878 
located in specimen P3 using 2.25 MHz and 5 MHz probes, respectively.  Again, results for holes 1, 2, and 4879 
4 correlated well with the results of specimens P1 and P2.  Scatter in attenuation for hole 3 was broken up 4880 
into side A and side B.  The average attenuation per inch of sound path recorded for side A matched 4881 
specimen P1 within 0.4 dB/in and side B matched specimen P2 within 0.3 dB/in.  However, the overall 4882 
scatter associated with hole 3 in specimens P1, P2, and P3 varied between specimens.  Overall, P3 validated 4883 
the findings and analysis of specimens P1 and P2 above. 4884 

 4885 

 4886 
Figure F-33. Specimen P3 Sound Path Schematic – 0.6” deep SDHs   4887 
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 4888 
Figure F-34. Specimen P3 Attenuation per inch – 0.6 deep hole 2.25 MHz   4889 

 4890 
Figure F-35. Specimen P3 Attenuation per inch – 0.6 deep hole 5 MHz   4891 
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 4892 
Figure F-36. Specimen P3 Attenuation per Inch Overall Scatter –2.25 MHz   4893 

 4894 
Figure F-37. Specimen P3 Attenuation per Inch Overall Scatter –5 MHz   4895 

F.3.4.4  Specimen P4   4896 

Specimen P4 was fabricated by a different fabricator than the other three specimens above.  While 4897 
performing the ultrasonic inspection it appeared the base metal of specimen P4 was behaving acoustically 4898 
anisotropic.  A mill report provided for the base metal of this specimen specifically states it was 4899 
manufactured as QT.  The velocity of this plate was measured using a normal incidence angle shear probe 4900 
and in the rolled direction was found to be 0.133 in/µs and 0.126 in/µs in the cross-rolled direction.  It is 4901 

BM

WM
A

BM WMB

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

Δd
B

/in

Hole 1
(BM)

Hole 2
(HAZ)

Hole 3
(Weld)

Hole 4
(HAZ)

Reference

BM

WM

A
B

BM
WM

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

Δd
B

/in

Hole 1
(BM)

Hole 2
(HAZ)

Hole 3
(Weld)

Hole 4
(HAZ)

Reference



NCHRP Project 14-35 
 

F-34 

the belief of the Research Team that this plate was manufactured using TMCP due to the acoustic anisotropy 4902 
velocity measurements and the micrographs analyzed by the Research Team. 4903 

Figure F-38 compares the results from the 0.6” and 1.0” deep holes in the base metal of specimen P4 to 4904 
specimen TMCP 1.  It was clear the base metal of specimen P4 behaved acoustically anisotropic due to the 4905 
gradual loss of signal sensitivity at higher angles.  While this should not affect the weld or behavior of the 4906 
weld, it was expected to increase the variability in attenuation found in hole 1, hole 2 from the left, and hole 4907 
4 from the right. 4908 

 4909 

 4910 
Figure F-38. Specimen P4 versus Specimen TMCP 1 Indication Signal of 0.6” deep hole – 2.25 MHz   4911 

Figure F-40 and Figure F-41 show the attenuation per inch of sound path for specimen P4 using a 2.25 4912 
MHz and 5 MHz probe, respectively.  Again, unlike the trends observed in specimens P1, P2, and P3, the 4913 
attenuation of hole 1, hole 2 from the left, and hole 4 from the right was inconsistent across different 4914 
incidence angles and a loss of signal was observed at higher angles.  As a result, the attenuation found in 4915 
hole 2 and hole 4 where the sound path initiated in the weld was more consistent, but still more attenuating 4916 
than an acoustically isotropic HPS A709 Gr. 70W QT base metal.  Similar statements can be said for hole 4917 
3 located in the weld metal. 4918 

Figure F-42 and Figure F-43 show the overall scatter in attenuation per inch of sound path of all 8 holes 4919 
located in specimen P4 using 2.25 MHz and 5 MHz probes, respectively.  The average attenuation per inch 4920 
of hole 2 and hole 4 inspected with the sound beam initiating in the weld metal mirrored data collected for 4921 
specimens P1 and P2 for these holes within ±0.3 dB/in with a 2.25 MHz probe and ±0.5 dB/in with a 5 4922 
MHz probe.  The average attenuation per inch for hole 3 was similar when compared to specimens P1 and 4923 
P2 as well with a maximum deviation of ±0.5 dB/in with a 2.25 MHz probe and ±1.3 dB/in deviation with 4924 
a 5 MHz probe.  Overall, when the sound beam initiated and propagated from weld metal and the HAZ less 4925 
scatter was seen in comparison to the anisotropic base metal. 4926 
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 4928 
Figure F-39. Specimen P4 Sound Path Schematic – 0.6” deep SDHs   4929 

 4930 
Figure F-40. Specimen P4 Attenuation Per Inch of Sound Path – 0.6 deep hole 2.25 MHz   4931 
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 4932 
Figure F-41. Specimen P4 Attenuation Per Inch of Sound Path– 0.6 deep hole 5 MHz   4933 

 4934 
Figure F-42. Specimen P4 Attenuation per Inch Overall Scatter –2.25 MHz   4935 
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 4936 
Figure F-43. Specimen P4 Attenuation per Inch Overall Scatter –5 MHz   4937 

F.3.5  Conclusions   4938 

The ultrasonic inspection of NGI-ESW welds yielded the following conclusions: 4939 
• The ultrasonic attenuation of the holes located within the HAZ when shot with sound 4940 

initiating in the base metal produced very similar results to the holes located solely in base 4941 
metal.  These holes also had very little scatter associated with them, except for Specimen 4942 
P4 which was acoustically anisotropic. 4943 

• The average ultrasonic attenuation and the scatter in results increased when the holes 4944 
located in the HAZ were shot with the sound initiating in the HAZ or weld metal.  The 4945 
ultrasonic attenuation increased by an average of 0.7 dB/in with a 2.25 MHz probe and 1.3 4946 
dB/in with a 5 MHz probe when compared to plain base metal. 4947 

• The ultrasonic attenuation was the most inconsistent for the hole located within the weld 4948 
metal.  The ultrasonic attenuation also increased by an average of 1.3 dB/in with a 2.25 4949 
MHz probe and 2.3 dB/in with a 5 MHz probe when compared to plain base metal. 4950 

• The coarse grain structure of the weld had a clear impact on signal amplitude and 4951 
attenuation.  The inconsistency of results between the two SDHs at the different incidence 4952 
angle indicated there is a clear variation of the microstructure in the weld, as well. 4953 

• The microstructure of the weld impacted the attenuation of sound through NGI-ESW welds 4954 
too much for probe frequency to make an abundant difference.  Therefore, even 2.25 MHz 4955 
frequency probes still displayed a significant sound loss due to attenuation through the 4956 
weld metal. 4957 
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