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Abstract 

Ultrasonic technicians required to inspect welded joints in TMCP steels often find that indications plot incorrectly.  

Even the responses from geometric features such as the weld cap, root bead and the front and back surfaces can 

be seen to deviate from the theoretical locations.  The distortion of the plotted locations is due to the anisotropic 

property of TMCP steels; the velocity changes according to direction of propagation.  This distortion is especially 

relevant when using phased-array sectorial scans which incorporate a wide range of angles.  Post-processing of 

data may help to correct the images; however, the underlying problem must be addressed by determining the 

relationship between angle and velocity and incorporating this into the focal law calculations.  This paper provides 

examples of the image errors that result from assuming isotropic conditions in what is actually anisotropic material.  

A method of quantifying shear wave velocities at the refracted angles is described and further discussion is used 

to point out a long-term solution that must be provided by phased-array equipment manufacturers.  
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1. Introduction 

Thermo Mechanical Control Process (TMCP) steels were developed in Japan around the late 

1970s.  They have very fine grain microstructures and possess higher strength and toughness 

than conventional carbon manganese, micro-alloyed, heat-treated steels.  These properties 

provide a cost benefit because thinner plate can be used to achieve the same strengths as 

compared to thicker, conventional steels.  TMCP steels have become popular in shipbuilding, 

offshore structures and line pipe for oil and gas pipelines.   

 

The anisotropic nature of line pipe steels was noted in the early days of ultrasonic inspection 

by the zonal discrimination technique [1, 2].  Provision to assess the velocities in anisotropic 

steels was incorporated into the ASTM standard E1961 [3] in 1996 and in DNV rules for 

pipeline construction OS-F101 [4] and since about 2011 for general practice in NDT CN7 [5] 

(now referred to as DNVGL-GC-0051) [6]. 

 

Ultrasonic anisotropy of steels has its origins in the grain structure.  If we consider a solid as a 

set of lattice points connected by springs, we can imagine lattice points to be of fixed separations 

and the springs to be of different stiffnesses.  Equations can be used to derive acoustic velocity 

from bulk properties of materials and Poisson’s ratio [7, 8].  These are suitable approximations 

for isotropic materials; however, when the material has stiffness that changes relative to the 

direction in the material, the approximations break down.  Wiskel [9] notes that “Young’s 
modulus is not a true representation of the material’s elastic properties and the stiffness tensor 
in its entirety must be used instead”. 
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When we consider a metal crystal such as steel, the lattice structure can vary depending on the 

phase it has been solidified in.  For example, steel is generally considered as having “cubic” 
crystal form; however, in its austenitic form has a Face Centred Cubic (FCC) structure, and in 

the alpha phase (ferrite) has a Body Centred Cubic (BCC) structure.  Wiskel [10] provides 

typical stiffness values for three of the common phase forms of steel (ferrite, pearlite and 

martensite) and shows how these result in different acoustic velocities.  

 

A spring representation of the lattice can help to explain the conditions. Figure 1 uses a lattice 

of balls connected by springs to represent these concepts.  

 

 
Figure 1: Lattice-spring representation 

 

In Figure 1 the springs are arranged on 3 orthogonal axes.  Spacing of the spheres is not 

equidistant on each axis, so the representation is not truly “cubic”.  The lattice is intended to 

illustrate longer springs representing less stiffness and the shorter springs representing greater 

stiffness.  

 

In Figure 2 we consider the lattice in two dimensions such that the long and short springs are at 

right angles to each other.  Relative stiffnesses can be made apparent when we couple a shear 

wave probe to them.  When the probe activates vibrations in the lattice such that the faster 

velocity mode is preferentially activated, it is considered to be polarised in the fast direction.  

When the slower mode is preferentially activated it is considered polarised in the slow direction.  

 

To illustrate, a sample of anisotropic pipeline steel was tested using a normal incidence shear 

wave transducer and honey as a couplant.  The A-scan was monitored for the first and second 

backwall echoes while rotating the probe 90 degrees, individually activating the fast and slow 

polarizations.   
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Figure 2: Shear wave probe preferentially straining the lattice in the fast and slow directions 

 

In Figure 3 we can see the indications from the fast shear waves as the polarization direction is 

aligned with the higher stiffness direction in the lattice. 

 

 

 

 
Figure 3: Fast shear wave response with polarization aligned with highest stiffness tensor 

 

In Figure 4 we see the result when the probe is rotated 90 degrees and the polarization is aligned 

with the lower stiffness direction.  Note the difference in thickness of 1.74 mm (24.49 – 22.75) 

between fast and slow shear wave response.  This equates to velocity difference of 7.6%. 

 

The lattice and spring analogy is a convenient way to explain anisotropy.  Since steel is 

composed of mostly cubic crystals, one might wonder why we do not see this birefringence 

effect (splitting of fast and slow components) all the time.  This can be accounted for by the 

heterogeneous nature of most steels.  Heterogeneous, in chemistry, just means a substance 

having diverse ingredients.  Because the individual crystal “ingredients” of steel; ferrite, 
pearlite, cementite, martensite, etc., form in a random orientation as cooling occurs, the 

“texture” of steel is usually isotropic.  As a result, the various acoustic velocities average to the 
same in all directions.  

Shear wave polarization 



Page 4 of 16 
 

 

 

 
Figure 4: Slow shear wave response (active signal in green) compared to fast shear wave (reference A-scan 

in black) when transducer rotated 90 degrees 

TMCP steels used in pipeline construction are made using a process of multiple steps involving 

a combination of controlled rolling and controlled (accelerated) cooling.  This leaves the steel 

with a very fine grain structure that has a “texture” characterised by platelets aligned in the 

direction of rolling.  Alignment of grains reduces the isotropic characteristics of the 

conventional steels and anisotropy results.  

 

2. Field Results  

When carrying out an ultrasonic weld inspection by angled shear waves, the effects of 

anisotropy can result in inaccurately plotting the depth of indications.  This is especially 

problematic when the ultrasonic instrument has been calibrated on isotropic material such as 

the ISO Calibration Block 1 or IIW-Type Block and the test object is anisotropic.  DNVGL–
CG–0051 makes provision to use a calibration block of the same TMCP material and notes that 

the reference side-drilled-hole targets must be arranged so the beam direction relative to the 

rolling direction will be the same as for the test piece.  The DNVGL approach makes no attempt 

to quantify acoustic velocity.  Instead, it attempts to have the actual refracted angle determined 

using Equation 1: 

 

 𝛼 = 𝑡𝑎𝑛−1( 𝑆2𝑡) (1) 

 

Where: 

 

• S is the probe centre separation for either a nominal 60° or 70° mono-element refracting 

pair of probes in pitch catch,  

• t is the thickness of the plate being tested  

• α is the calculated actual angle in the anisotropic test material  

 

Shear wave polarization 
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Figure 5: DNVGL setup to determine actual refracted angle 

 

There are limitations to this guidance: 

 

1. The instruction to carry out this evaluation in both the direction of rolling and transverse 

to the direction of rolling can only practically apply to flat plate.  For pipe butt welds, 

the only practical assessment that can be made is along the pipe axis.  Curvature effects 

make this impractical to assess the resulting angle perpendicular to the pipe axis so it is 

not suitable for pipe long seams.  

2. When the acoustic velocity increases in the test material relative to the value that is used 

to calculate the incident angle of a 70° wedge, the resulting refracted angle could be 

totally internally reflected, making the nominal 70° probe useless.  Acoustic velocities 

more than 3400 m/s are not uncommon in TMCP steels [2].  At 3440 m/s the refracted 

angle that would result is 86° (Figure 6).  This would require a sample 20 mm thick to 

be almost 600 mm long and even then, the dominant signal would likely be from the 

Rayleigh wave.  

 
Figure 6: High angle refraction at 3440 m/s 

 

The birefringent effect of anisotropic steels shown in Figure 4 could be used to quantify the 

anisotropic velocities.  Determining which of the modes (slow or fast transverse) to select as 

the relevant mode to correct for the anisotropy condition may be difficult if they are not distinct 

from each other and the technician may need to make an approximation of the location of the 

peak signal.  

 

In practical weld inspections the contact shear wave probe is not used.  Instead, a refracted 

compression mode from a wedge produces the so-called SV shear mode.  As a result, both slow 

and fast modes are connected in the wavefront and it can be difficult to identify the separate 

components.   

 

An isotropic material has the beam rise and fall close to the centre ray predicted by Snell’s law.  
In Figure 7, Civa modelling illustrates how isotropic steel has a peak amplitude at the full skip 
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for a nominal 60° beam occurring 65.5mm from the probe exit point whereas ray tracing 

suggests that it should occur at about 68mm from the exit point.  In an isotropic material this 

difference can be attributed to a small downward shift in refracted angle due to the echo-

transmittance effect and beam divergence.  

 

 

 
Figure 7: Isotropic steel - maximum full skip signal locations 

 

In anisotropic steel where both slow and fast shear modes are connected when formed by 

refraction, the location of a peak is not always well defined.  Using the same probe as was 

modelled in Figure 7, ray tracing suggests a peak could form at the point where the shorter path 

from the slow mode reaches the full skip position, or it may occur where the fast mode reaches 

the full skip position.  In the model in the anisotropic example in Figure 8, raytracing suggests 

a slow-transverse mode will be located at 56mm from the probe exit point and at 71mm for the 

fast.  Civa predicts a maximum amplitude at 60.5mm and perhaps a secondary peak at 72mm 

from the exit point.  The peak amplitude response therefore suggests that the energy need not 

follow either the slow or fast rays. 

 

 

 
Figure 8: Anisotropic steel - maximum full skip signal locations 
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The effect of anisotropy is even more apparent when using the S-scan display in a phased-array 

weld inspection.  The first sign of anisotropy is the error in positioning the nominal root 

indication.  In Figure 9, the root indication in this 24 mm thick weld appears nearly 10 mm 

below the backwall.  By increasing the gain substantially, the inside surface “rumble” can 
clearly be seen as slanting downwards.   

 

 
Figure 9: Anisotropic velocity effect on S-scan – note the ID rumble slanting downwards as velocity 

changes with angle 

 

In a normal isotropic weld, these would be lined up horizontally along the ID (Figure 10). 

 

 
Figure 10: S-scan of isotropic weld 

 

3. Determining Anisotropy and Shear Wave Velocities  

A new and effective method of quantifying shear velocities in anisotropic materials has been 

developed using a phased-array pitch-catch technique.  This anisotropic velocity calibration is 
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performed directly on the test material adjacent to the weld.  The resulting data produces the 

anisotropic velocity vector for the test material. 

 

The recommended setup includes: 

 

• PAUT instrument capable of addressing two PAUT probes in pitch-catch 

• Matching PAUT transducers and wedges: 

o Transducer 1 – fixed 

o Transducer 2 – linear encoded 

• Guiding fixture (e.g. magnetic ruler, or incorporated into encoding system) 

• Sectorial focal law over desired angle range (e.g. 40 to 70 degrees) 

• Focusing set to either a true depth of 2 x thickness, or unfocused if near zone effects are 

not problematic at full skip 

 

 
Figure 11: Example of setup for using two opposing PAUT probes 

Note: The encoder shown is riding along the edge of a sample cut from 42-inch pipe.  In practice on actual pipeline 

steel the encoder would ride on the OD surface. 

 

The probes are first positioned on the examination surface on an area away from the weld such 

that the backwall reflection from the transmitting (Tx) probe corresponding to the lowest angle 

possible is received at the receiving probe (Rx).  In many cases, this simply means the probes 

will start “nose-to-nose” as component thickness and wedge size may limit the approach 
distance. 

 

Data is collected with one probe fixed and the other encoded in the axial direction, gradually 

increasing distance between the pair until the backwall echo at the full-skip passes through as 

much of the angular range as possible. 

 

In isotropic material the velocity remains relatively constant across all angles.  As such, the 

backwall echo as viewed on the S-scan will move horizontally across the screen, and the 
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corresponding A-scans will show a distinct peak in the echo dynamic ID/OD overlay lines 

(Figure 12). 

 

  

  

  

  
Figure 12: Isotropic material response of backwall echo in PAUT pitch-catch setup 

Using a projected End View of the S-scan over the scan distance, the horizontal trajectory of 

the backwall echo is more easily visible.  On an instrument such as a Sonatest Veo+, this is 

performed by using an extraction cursor on the S-scan as shown in Figure 13. 
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Figure 13: Isotropic material response from IIW-Type block 

On anisotropic material, the velocity changes with angle which is best illustrated again using 

an extraction cursor and projected End View as shown in Figure 14.   

 

 
Figure 14: Anisotropic material response on 24 mm pipe thick pipe sample 

Note on this anisotropic sample, the backwall reflection at 60° appears to arrive considerably 

after the expected time-of-arrival based on an isotropic velocity.  This is the same effect seen 

in Figure 9 as the geometric signals appear to arrive far beyond the ID of the pipe. 
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Using phased array provides more data and thus a more accurate plot of velocity vs. angle, but 

also presents challenges due to the constantly changing beam index point (BIP).  In 

conventional, mono-element probes this is not an issue as the BIP can easily be determined 

during the velocity and wedge delay calibration.  However, with phased array probes this 

needs to be calculated based on focal law angle, transducer position on the wedge, elements 

used, and the wedge design itself.  In the example in Figure 15, the difference is over 3.5 mm 

for a 40° and 70° angle using an Olympus 5L16-A10 transducer mated to an SA10-N55S 

wedge. 

 

  
Figure 15: Example of differences in beam index points 

To calculate the anisotropic velocity as a function of actual refracted angle, the first step is to 

assume isotropic material and input parameters for a sectorial sweep.  Using data recorded with 

two phased array probes in pitch-catch (Figure 11) and encoded as they are separated, the 

anisotropic velocity vector can be calculated. 

 

For n focal laws (i.e. 40°-70° sweep with a 1° increment, n = 31), evaluate the following for 

each refracted angle (θn): 

 

• Identify scan position (xn) where full-skip reflection peaks on the A-scan 

o This can be performed by analysing the B-scan (encoded A-scan) data for 

positions of maximum amplitude 

• Calculate the X-offset (Xo,n) based on the nominal refracted angle θn 

o This is calculated using the position of the transducer on the wedge, element 

usage, wedge geometry, refraction indices of the wedge and test material, and 

the refracted angle, and is already performed by the instrument as part of the 

focal law. 

• Determine surface distance (Sn) by adding scan position (xn) and 2 × (Xo,n) 

• Calculate the actual refracted angle (αn) using the inverse tangent relationship from 

Equation 1 

• Calculate the anisotropic velocity (Vʹn) using Snell’s Law (Equation 2) 

 

 𝑉′𝑛 = 𝑉𝑤 (𝑠𝑖𝑛(𝛼𝑛)𝑠𝑖𝑛(𝛽𝑛)) (2) 
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Figure 16: Convention for determining actual refracted angle 

Note in Figure 16, angle θ is the isotropic angle (“what the instrument thought it was 
generating”) and α is the anisotropic angle (“the actual angle due to the difference in velocity”). 
 

The results for the real anisotropic velocity vector can then be tabulated in the form shown 

below: 

 
Table 1: Format of anisotropic velocity vector 

Angle Velocity 

α1 Vʹ1 
α2 Vʹ2 
… … 

αn Vʹn 
 

4. Experimental Results 

Every angle in the sectorial focal group, or a subset of angles, may be used in the calculations.  

For simplicity, nominal angles of 45, 50, 55, 60, 65 and 70 degrees are used in the following 

example.   

 

The test specimen was a section of 42-inch diameter pipe with the following specifications:  

 

• Diameter: 1,067 mm (42 in.) 

• Thickness: 23.8 mm (0.937 in.) 

• Grade: CSA Z245.1 Gr.448 Cat. II M45C 

• Yield Strength: 448 - 600 MPa (65.0 – 87.0 ksi) 

• Ultimate tensile strength: 531 - 760 MPa (77.0 – 110 ksi) 

 

Data were collected and analysed in the same manner as illustrated in Section 3 and compared 

with conventional UT results performed as per DNV-GL [6] and Keiji [11].  The results are 

shown in Table 2 and Figure 17. 

 

The advantages of a PAUT approach to measurement of TMCP velocities is clear.  Using a 

subset of just 5 angles in the sectorial sweep generates a much more detailed plot of the change 

in velocity compared to the two points afforded with conventional UT.  
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Table 2: Experimental results on 23.8 mm TMCP pipeline sample 

Nominal 

Angle (θ) 

Actual 

Angle (α) 

Velocity 

Vʹ (m/s) 

45 42.2 3074 

50 50.0 3267 

55 59.1 3382 

60 67.0 3438 

65 74.3 3436 

70 n/a n/a 

 

 
Figure 17: Chart of experimental results compared to conventional UT and isotropic material 

Note that at 70 degrees no backwall reflection was detected.  The trend of the nominal versus 

actual angle of refraction (i.e. “input vs. output”) shown in Figure 18 suggests that the beam 

was likely steered up to 90 degrees in the anisotropic sample.  

 

 
Figure 18: Nominal versus actual angle on anisotropic sample 
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5. Comparison to Results from Normal Incidence Shear Wave Probes 

Experimental validation of the technique was attempted by comparison with results using a 

normal incidence shear wave transducer (1/2 in. diameter, 5 MHz).  The test specimen used 

was the identical specimen as in Section 4, however it was machined flat to a final thickness of 

22 mm and targets were placed to allow full-skip pulse-echo measurements in the pipe axis 

direction at 40, 50, 60 and 70 degrees (Figure 19). 

 

 

 

 
Figure 19: Machined specimen from 42-inch pipe 

 

The transducer was coupled with honey to each angled target and through the thickness (zero 

degrees) and the measured distances recorded with the transducer positioned both with the 

microdot connector up (as shown in Figure 19) and rotated 90 degrees to change the polarization 

direction and measure both fast and slow shear modes discussed in Section 1.  The resulting 

velocities were then calculated and are tabulated in Table 3. 

 
Table 3:  Results on machined specimen using normal incidence shear wave probe 

Deg 
Fast Velocity 

[m/s] 

Slow Velocity 

[m/s] 

0 3423 3215 

40 3123 3123 

50 3133 3128 

60 3176 3117 

70 n/a 3091 

 
Note: No fast shear wave mode could be detected at 70 degrees 

 

The results for all angled sections in the anisotropic sample were considerably below the 

isotropic shear wave velocity of 3250 m/s.  However, the conventional angle beam and PAUT 

data suggested an oversteering effect and thus velocities that should be above the isotropic 

nominal. 

 

This discrepancy reveals some of the complexities in trying to compare multiple shear wave 

modes.  The shear waves produced at the interface of a birefringent material (i.e. refraction 

varies depending on polarization and direction) contains both fast and slow components, each 

polarized in different directions.  The interaction of these waves in anisotropic media results in 
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an “energy flow direction” which is different than the normal direction of the wave [11].  Fast 

and slow shear waves produced from a normal incidence probe cannot be used to predict the 

direction of the beam because the beam direction perceived with an ultrasonic probe relies on 

the energy flow direction and not the individual phase-velocities.  

 

6. Discussion 

Guidelines for the manual ultrasonic inspection of TMCP steels have been provided in an 

excellent document by Keiji [11].  The report recommended using wedges with a nominal 

refracting angle not greater than 60°.  It was also recommended that plotting of flaws should be 

done using the actual refracted angle as determined using reference blocks made with side 

drilled holes in a sample of the material tested.  Separate blocks should be prepared for 

inspections made parallel to the plate rolling direction and transverse to the plate rolling 

direction.  The importance of the reference blocks being made with respect to the rolling 

direction also provides correction for the differences in attenuation which can be significant.   

 

These guidelines, made over 30 years ago, are suitable for manual ultrasonic examinations 

using mono-element probes with 2 fixed refracting angles; however, since the turn of the 21st 

century, the use of phased-array ultrasonic testing has become more popular.  New 

considerations must be made for phased-array ultrasonic testing on TMCP steels.  

 

Making correction to the acquired data to re-calculate the actual angles and depths of indications 

of concern can be a tedious process not easily done by the average phased-array ultrasonic 

operator.   

 

Comparison of the results obtained from the new technique with conventional mono-element 

probes shows a vast improvement in resolution.  The change in velocity with respect to angle 

is complex and non-linear (Figure 17) which requires many more than the two data points 

afforded by a 45° and 60° mono-element probe.  

 

Correctly determining the anisotropic velocity vector is only part of the solution, as the problem 

of sensitivity calibration remains.  One cannot simply perform a complete velocity evaluation, 

accurately recompute all the focal laws for anisotropic material, and then calibrate for 

sensitivity on a standard isotropic calibration block.  Furthermore, it is unlikely that a sample 

of the same TMCP material has been procured and machined into a calibration block prior to 

inspection.  The development of a procedure for a practical approach to sensitivity calibration 

after compensation for anisotropic velocity remains a separate research project. 

 

7. Conclusions 

Presently, the common phased array instrument systems used in NDT generate focal laws based 

on a single value for material velocity.  This assumes an isotropic relationship between 

inspection angle and velocity which simply is not the case for anisotropic materials such as 

TMCP pipeline steels.  Inspection of these materials without the ability to compensate for 

changing velocities results in a “melting S-scan” with geometric and flaw indications plotted 
incorrectly, particularly at high angles. 

 

It is recommended by the authors that major equipment manufacturers consider adopting an 

approach such as been presented to provide the option, when inspecting TMCP steels, to define 

material velocity not as a scalar quantity but as a vector.  The additional calibration process can 
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easily be added as an optional Wizard, and the mathematics are straight forward and can be 

used to derive an extremely detailed plot of velocity versus angle. 

 

Until a new focal law file format can be agreed upon or an additional calibration step 

incorporated, only systems that allow the importing of pre-configured delay laws will be 

capable of some attempt to correctly display images of the projected volumes in anisotropic 

weld inspections.  
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