
 
19th World Conference on Non-Destructive Testing 2016 

 
 

 1 
License: http://creativecommons.org/licenses/by-nd/3.0/ 

Measurement and Modelling of Through Thickness 
Ultrasonic Velocity in X70 Pipeline Steel 

J. Barry WISKEL, Jacob KENNEDY, Kartik VASUDEV, Douglas G. IVEY, Hani 
HENEIN 

University of Alberta, Dept. of Chemical and Materials Engineering, Edmonton, Alberta, 
Canada, TGH 1H9 
bwiskel@ualberta.ca 

Abstract. Ultrasonic testing (UT) is typically used for crack and/or flaw detection in 
the weld region of X70 pipeline steel. Alternatively, this paper uses ultrasonic 
velocity (longitudinal and shear) and attenuation measurements as a means of 
assessing microstructure through the thickness of a 15 mm thick X70 microalloyed 
steel skelp. The microstructure of the X70 steel was analysed using both 
metallography and quantitative X-ray diffraction (QXRD). QXRD provides a 
measure of the magnitude of texture in the skelp (texture index J) and an assessment 
of grain size via the predicted average domain size (Lvol) value. In addition, an 
ultrasonic wave velocity model, based on the Christoffel equation, is used to predict 
longitudinal and shear wave velocities for a non-textured steel system. The 
microstructure of the X70 was found to be relatively uniform through the thickness 
of the skelp. The measured ultrasonic velocities and attenuations were also found to 
be relatively uniform through the thickness, although a difference was observed 
between the shear velocities measured with the wave displacement parallel to the 
rolling direction versus the shear velocities measured with the wave displacement 
transverse to the rolling direction.  

Introduction  

 X70 is a microalloyed steel used in pipeline construction due to its advantageous 
combination of strength, toughness and weldability. The X70 steel studied in this work was 
continuously cast into 200 mm thick slabs and thermomechanical controlled processed 
(TMCP) to a final skelp thickness of 15 mm followed by laminar cooling of the skelp to 
below the austenite to ferrite transformation temperature. The microstructure developed 
during TMCP, and subsequent laminar cooling, is dictated by the processing conditions 
used. In addition to a relatively fine grain size, a variety of ferritic phases (acicular ferrite, 
polygonal ferrite and bainite) can co-exist in the final microstructure. Preferred orientation 
of the ferrite grains (texture) can also develop during TMCP. The microstructure developed 
during processing has a strong effect on the strength and toughness of the X70 steel; thus a 
measure of how the microstructure is affected by processing is important. Typically, 
destructive testing of the skelp is needed to assess the microstructure; however, it would be 
beneficial if a non-destructive, and in-line, technique could be employed to conduct a 
similar assessment. This is where ultrasonic evaluation of microstructure may be used.  
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 Ultrasonic testing (UT) is widely used to assess weld quality (the presence of cracks 
or flaws) in pipe steel during both the fabrication of the pipe (e.g., following spiral pipe 
forming) and during installation and welding of individual pipe lengths into a pipeline. The 
work presented in this paper uses ultrasonic velocity (longitudinal or shear) and attenuation 
measurements to assess the uniformity of microstructure through the thickness of an X70 
microalloyed steel skelp. Microstructure analysis was undertaken using metallography and 
quantitative X-ray diffraction (QXRD). In addition, a wave velocity model, based on the 
Christoffel equation, was developed and the velocity values for both an idealized texture 
and for a non-textured X70 steel were calculated.  

2. Background 

 This section of the paper will review the effect of microstructure on both ultrasonic 
velocity and attenuation. The formulation of the wave velocity model, based on the 
Christoffel equation, will be presented. Finally, the QXRD technique used for 
microstructure evaluation will be described. 

2.1 Effect of microstructure on ultrasonic velocity and attenuation  

 Microstructural features affecting the velocity and attenuation of an ultrasonic wave 
transiting a polycrystalline material include phase type, elastic anisotropy, grain size and 
preferred orientation (texture) of the crystal structure [1-16]. Since X70 steel consists 
primarily of body centred cubic (BCC) ferrite, the effect of phase type on velocity and 
attenuation will not be considered in this work. 

2.1.1 Elastic Anisotropy 
Elastic anisotropy in a crystalline material is defined as a variation in elastic properties with 
direction. For a crystalline material exhibiting cubic symmetry, an anisotropy factor (A) can 
be calculated using the following: 

         (1) 

where C11, C12 and C44 are the elastic constants for the material. A value of A = 1 indicates 
an isotropic material; while A values >1 indicate an increasing degree of anisotropy. For 
BCC ferrite, the values of C11, C12 and C44 [17] are 232.0, 135.0 and 116.0 GPa, 
respectively. The anisotropy factor (A) for ferrite calculated using Equation (1) is 2.39. This 
value of A indicates that BCC ferrite has a high level of elastic anisotropy, which results in 
ultrasonic wave velocities that are directionally dependent. Calculated velocity values for 
specific directions in single crystal BCC ferrite will be presented later to illustrate this 
point. 

2.1.2 Grain size effect on velocity 
Grain size [18] can affect the measured velocity in a polycrystalline material via the Snell 
effect (i.e., refraction of ultrasonic waves as they propagate through individual grains with 
different orientations). The anisotropy inherent in ferrite can result in a significant Snell 
effect (depending on grain size) leading to a longer effective propagation distance with a 
corresponding decrease in apparent velocity. However, this effect has greater significance 
at grain sizes larger than those typically encountered in X70 steel. 

2.1.3 Effect of texture on velocity 
During TMCP, texture (preferred crystallographic orientation) can develop in a steel strip 
[19]. Although the specifics of texture development during X70 processing are beyond the 
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scope of this paper, suffice it to say that specific crystallographic planes and directions can 
become oriented in the X70 skelp to a greater or lesser degree. As stated above, ferrite 
exhibits a high level of elastic anisotropy and, as such, the development of texture during 
TMCP can have a significant effect on wave velocity. 

2.1.4 Attenuation 
Ultrasonic attenuation is the loss of energy as the wave travels through a material and can 
result from transmission losses, interference effects and beam spreading [20-21]. Scattering 
is form of transmission loss. As the wave moves through a material, energy is lost as 
portions of the beam are refracted or reflected out of the main beam path. Scattering is 
caused by grain boundaries and small inclusions, as well as microstructural changes and 
other interfaces where acoustic velocity and impedance change.  

2.2 Wave velocity model 

 Ultrasonic velocities in a crystalline elastic medium are calculated (in this work) 
using two approaches; an isotropic approach (applicable for isotropic materials) and a wave 
velocity model based on the Christoffel equation [14, 22-23].  

2.2.1 Wave velocity in isotropic materials 
The velocity of sound in isotropic steel can be approximated using the following equation: 

           (2) 

where E is the Young's modulus (211.9 GPa) and ρ is the density (7851 kg/m3). Since shear 
and compression waves will travel with different velocities in a given material, additional 
equations are needed. The velocity of a shear wave (VS-I) can be calculated [14] using:  

                (3)  

where ν is the Poisson's ratio (0.29 for steel). Similarly, the velocity of a 
longitudinal/compression wave (VL-I) can be calculated [2] using:  

(4)  

2.2.2 Wave velocity in an anisotropic material 
For materials exhibiting elastic anisotropy, 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. 
For these materials the ultrasonic velocity can be calculated using the Christoffel equation: 

      (5) 

where Cijkl is the stiffness tensor, dj and dl are the wave propagation directions, V is the 
phase velocity of the wave, ρ is the density of the material, δik is the Kroenecker delta 
function and pk is the particle displacement direction. The equation in matrix form [16, 22] 
is:  

                       
           (6) 
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where λij are functions of Cij. For a cubic crystal structure (e.g., BCC ferrite) the stiffness 
tensor is simplified into three components, C11, C12 and C44, and the values of λij can be 
calculated from C11, C12 and C44 and the cosine of the wave direction with respect to the x, 
y and z axis, as per the following equation: 

(7) 

where l, m and n are the directional cosines and are defined by l = cos(θ1), m = cos (θ2) and 
n = cos (θ3). θ1, θ2 and θ3 are the angles which the directional vector (i.e., direction in which 
the wave propagates) makes with the x, y and z axes of the cubic system. These angles are 
illustrated in Fig. 1a for the [110] direction in cubic crystal system.  

The three (3) real roots of the determinant of Equation (6) (described by a cubic function of 
V2) are calculated and correspond to three ultrasonic velocities [23], two shear modes (VS1 
and VS2) and one longitudinal (or compression) mode (VL). The difference between 
velocity modes is related to the particle displacement axis relative to the wave propagation 
direction. For a shear wave, particle displacement is perpendicular to the travel direction 
and can occur in two orthogonal planes as illustrated in Fig. 1b (i.e., along either the y axis 
or x axis). For an isotropic material, there is no difference in properties along the x or y 
axis; hence, the two shear velocities are the same. However, for a material with elastic 
anisotropy, the properties are not necessarily the same along the x or y axis. Therefore, the 
magnitude of the two shear velocities can differ depending on the particle displacement 
direction relative to the propagation direction.  

 
  
 
 
 
 
        
 

 
 
 
 

Fig. 1. a) Directional cosines and b) shear wave particle displacement planes 

2.2.3 Calculated ultrasonic velocities 
The calculated longitudinal and shear velocities for isotropic ferrite (VL-I and VS-I) are 
shown in Table 1. The calculated velocities for velocities along specific crystallographic 
directions in BCC ferrite (i.e., [100], [110] and [111]) are shown in Table II as VL-D, VS1-D 
and VS2-D. The large variation observed in the directional velocities (e.g., VL[100] = 5436 m/s 
versus VL[111] = 6405 m/s) illustrates the effect of ferrite elastic anisotropy on wave 
velocity. The non-textured longitudinal and shear velocities predicted by the model (i.e., 
VL-A, VS1-A and VS2-A) are also shown in Table 1 and are obtained by averaging the 
directional velocities (e.g., VL[100]) over a large number of different crystallographic 
directions [25]. This average model approach assumes that the ultrasonic wave, on 
transiting a sufficient thickness of X70 steel, encounters a completely random orientation of 
grains. Also included in Table I is the average value of the shear velocities (VS-A), which 
assumes that shear wave propagation is evenly balanced between VS1 and VS2.  
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Table 1. Predicted ultrasonic velocities for ferrite 

Type  Velocity (m/s) 
Isotropic (I)  

VL-I 5939 
VS-I 3235 

Directional (D) VL-D VS1-D VS2-D 
[100] 5436 3844 3844 
[110] 6177 2486 3844 
[111] 6405 3007 3028 

Average (A)  
VL-A 6161 
VS1-A 2823 
VS2-A 3605 
VS-A  3214 

 

2.3 Quantiative X-ray Diffraction (QXRD) 

 QXRD is a characterization methodology that combines conventional XRD with a 
theoretical analysis of X-ray diffraction. This technique can provide quantitative 
information on phase types, composition, the magnitude of preferred crystallographic 
orientation via a texture index value (J) and an assessment of grain size via the diffraction 
domain size (Lvol). It is the latter two applications of QXRD which are considered in this 
work.  

2.3.1 Crystallographic Domain Size  
In a physical sense, diffraction domain size (Lvol) is a measurement of the depth 
(perpendicular to the diffraction plane) of a continuous set of coherent planes that 
contribute to Bragg diffraction. For polycrystalline materials, the presence of crystalline 
defects such as dislocation arrays (small angle boundaries), stacking faults, twins and/or 
high angle grain boundaries can delineate a domain. Though Lvol is not a direct measure of 
grain size, the relative value of Lvol can be used as an indicator of variations in the 
crystallographic features (stated above) through the thickness of the steel.  

2.3.2 Texture Index J  

The texture of a steel can be determined using electron backscattered diffraction (EBSD) or 
by XRD with a texture goniometer. Both of these analytical techniques provide detailed 
data on the specifics (i.e., planes and directions) of preferred orientation. Conversely, the 
texture measurement provided by QXRD (texture index J) indicates only the severity of 
preferred orientation that exists. For the purposes of this work, a measure of the absolute 
magnitude of texture was deemed sufficient. Using the spherical harmonics coefficients 
(Cl

mn) determined in QXRD, a texture index value (J) can be calculated [24]. A value of J = 
1 indicates a completely random structure. As the value of the J increases above one, the 
degree of preferred orientation in the microstructure also increases. 

3. Testing and Results 

 The ultrasonic and XRD testing conducted in this work were performed on 1 mm 
thick samples taken through the thickness of an X70 skelp. The skelp sample was extracted 
from a position ¼ the distance across the skelp width as illustrated in Fig. 2a. This sample 
was sectioned into fifteen (15) 1 mm thick individual samples, each representing a unique 
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through thickness location (Fig. 2b). The samples were taken from staggered locations 
along the macro sample length, due to material loss during machining. The through 
thickness samples were then surface ground to produce parallel faces and a consistent 
surface finish. Each sample was characterized using XRD (on the face parallel to the rolling 
face) and ultrasonic velocity and attenuation measurements were taken through the 
thickness. Metallographic samples were prepared from the top, middle (skelp centerline) 
and bottom locations.  

 
 
 

 
 
 
 
 
 
 

Fig. 2. Sample locations a) from skelp and b) through the thickness 

3.1 Ultrasonic measurements 

Ultrasonic testing was conducted using a Socomate USPC7100LA ultrasonic 
pulser/receiver. The pulser/receiver was used either with an Olympus V202-RM 
longitudinal wave transducer or an Olympus V221-BA-RM shear wave transducer. Both 
transducers had an operating frequency of 10 MHz and an incidence angle of 0o. The 
couplants used were Sonotec shear gel for the shear measurements and SAE5W30 for the 
longitudinal measurements. The measured ultrasonic signals were converted to velocity 
values using the measured thickness of each sample and the time for wave propagation 
through the sample. For the shear velocity measurements, the transducer was aligned with 
either the rolling direction (VSP) or perpendicular to the rolling direction (VST). The 
attenuation values were calculated using:  
  

                                                        (8) 
 

where x (mm) is the thickness of the sample and ∆A (dB) is the change in amplitude 
between sequential reflections [23].  

3.1.1. Velocity measurements 
The measured longitudinal velocities as a function of depth through the skelp thickness are 
shown in Fig. 3. The velocity is relatively uniform through the skelp thickness ranging 
between approximately 5900 m/s and 6000 m/s, although several velocities (at depths of 9 
and 14 mm) are above this range. Included in Fig. 3 is a dashed horizontal line representing 
the calculated isotropic velocity (VL-I = 5939 m/s) from Table 1 and a dotted horizontal 
line representing the average calculated velocity using the model (VL-A = 6161 m/s). The 
calculated isotropic value shows good agreement with the measured values, while the 
model velocity significantly over predicts the measured values. 
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Fig. 3. Measured longitudinal velocity (VL) as a function of through thickness depth 

The measured shear velocities (VST and VSP) as a function of depth are shown in Fig. 4. The 
shear velocity measured with the transducer perpendicular to the rolling direction (VST) is 
consistently larger than the shear velocity measured with the transducer parallel to the 
rolling direction (VSP). Included in Fig. 4 is a dashed horizontal line representing the 
calculated average model velocity (VS-I = 3235 m/s) and a dotted horizontal line 
representing the average calculated shear velocity (VS-A = 3214 m/s). The differences 
between the calculated values and the VST and VSP values (one is larger and one is smaller) 
suggest that some form of preferred orientation relative to crystallographic direction is 
occurring.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4. Measured shear velocities, VST and VSP, as a function of through thickness depth 
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3.1.1. Attenuation measurements 

The attenuation measured as a function of depth for the longitudinal waves (αL) is shown in 
Fig. 5. The dashed line in this figure is the average of all the through thickness attenuation 
values. Except for the attenuation reading at 9 mm depth, the longitudinal wave attenuation 
is relatively constant through the skelp thickness. Fig. 6 shows the shear attenuations (αST 
and αSP) as a function of through thickness depth. These values exhibit a wider variation 
across the thickness than αL. The dashed line in the Fig. 6 is the average of all the through 
thickness attenuation values for αSP.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Measured longitudinal attenuation (αL) as a function of through thickness depth 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Measured shear attenuations (αST and αSP) as a function of through thickness depth 
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3.2 X-ray diffraction  

 The flat faces (parallel to the rolling face of the through thickness samples were 
characterized using XRD. Testing was performed using a Rigaku rotating anode RU-200B 
XRD system equipped with a copper X-ray source and a graphite monochromator. The 
divergence slit was 1o and the monochromator slit was 0.8 mm. The scanning range was 
from 10o to 110o with a 0.05o step size and 2o per minute scanning speed. Before each set of 
samples, a LaB6 calibration sample was tested.  

 QXRD analysis was undertaken using TOPAS Academic Software (Version 5) and 
the values of the spherical harmonics coefficients (Cmn) for texture index (J) calculations 
and the diffracting domain size (Lvol) were determined. The values of both J and Lvol as a 
function of through thickness depth are shown in Fig. 7. For all depth locations, the value 
of J was less than 1.02. This low value for J indicates the X70 skelp analyzed exhibits little 
or no preferred orientation for planes parallel to the rolling face. The value of Lvol ranges 
between 43 nm and 92 nm with an average value of 57 nm (indicated by the dashed line in 
the graph). Except for the 6 mm sample, the values of Lvol are relatively constant across the 
depth. 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 7. Lvol and texture index J as a function of through thickness depth 

3.3 Metallographic Analysis  

 Optical microscope images were taken perpendicular to the rolling face from near 
the top and bottom surfaces and the centreline of the skelp. The microstructure for the 
centerline is shown in Figure 8 and consists primarily of acicular ferrite.  Qualitatively, the 
microstructure through the thickness of the skelp is similar. This consistency indicates that 
the microstructure is relatively uniform in the X70 skelp analysed.  
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Fig. 8. Metallographic image of skelp centerline 

4. Conclusions  

 The longitudinal and shear velocities are relatively uniform through the thickness of 
the X70 skelp studied in this work. Attenuation measurements did not show any significant 
trends through the thickness of the X70 skelp, although the average (across the thickness) 
longitudinal attenuation is lower (0.33 dB/mm) than the average (across the thickness) 
shear attenuations (aVP = 0.38 dB/mm and aVT = 0.43 dB/mm). QXRD and metallography 
show that the microstructure is relatively uniform through the thickness. The severity of 
texture, as deduced from the texture index (J< 1.02) measured, was also relatively low. 
Thus, a correlation between microstructure differences and ultrasonic velocities and 
attenuation is inconclusive for the steel examined.  

A difference of approximately 112 m/s was observed between the shear velocities 
measured with the transducer parallel (VSP) to the rolling direction and the shear velocities 
measured with the transducer transverse (VST) to the rolling direction. Theoretical wave 
velocity calculations show that a significant variation in shear velocity can occur in BCC 
ferrite (VS1-D[110] = 2486 m/s versus VS2-D[110] = 3844 m/s ) depending on the particle 
displacement plane for a particular wave propagation direction. The difference of 112 m/s 
in the measured shear wave velocities through the thickness of the X70 skelp is puzzling as 
the J value indicates minimal texture.  
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