Chapter 5

Basic simulations of transducer sound fields

In this chapter, the numerical method developed in the last chapter is applied to basic simulation problems as well as to the calculation of A-scans. In the first section, simulations of basic transducer sound fields in isotropic and anisotropic materials are shown. The implemented defect types are discussed and simulations of the scattering of the sound field on these are shown. As will be illustrated, for anisotropic materials the interpretation of such simulations may be extremely challenging.

The second section continues the discussion from the last chapter on A-scan modelling. An alternative A-scan model to the simple one presented in the previous chapter is presented and the two models are compared for a few included defects. Furthermore, the SUNDT program discussed in section 2.6 is compared with these two models.

5.1 Basic simulations of transducer sound fields

In this section, examples of sound fields from different types of transducers are shown. In all the examples considered, the materials considered are homogeneous. In the first plots, the material is isotropic and the characteristics of the sound field are well-known. In the last plots, the material is anisotropic. These may serve to illustrate how fundamentally different wave propagation in anisotropic materials is as compared to isotropic materials.

Fig. 5.1 shows the sound field for a 0^∘ transducer with a pulse signal f(t; 2) (the Panametrics transducer) and f_0 = 2 MHz in isotropic austenite at time t = 5 μs, where the different wave fronts are clearly illustrated. The longitudinal (L), transverse (T), head (H) and Rayleigh (R) wave are shown. In this case the transverse wave is rather weak relative to the longitudinal wave. The head wave was met earlier for an anisotropic material in Fig. 3.13, but here a basic description of the wave type will be given in the isotropic case. The wave originates at the surface together with the longitudinal wave and ends at the point on the transverse spherical wave where it is perpendicular to radius vector. From the figure, clearly the angle θ of the head wave with respect to vertical is sin θ = v_t/v_l. Thus, the angle only depends on the two wave velocities in the material. As illustrated by arrows, a point (x_1, x_3) on the wave front first travels a distance x_1 − x_3((v_l/v_t)^2 − 1)^{−1/2} along the surface as a longitudinal wave (with velocity v_l) and then an additional distance x_3(1 − (v_t/v_l)^2)^{−1/2} as a transverse wave (with velocity v_t). In the following, similar plots

Figure 5.1: Contour plot of |v| at time t = 5 μs for a 0^∘ transducer of width 26.6 mm and with a pulse signal f(t; 2) and f_0 = 2ṀHz. The material is isotropic austenite, Table 2.1, with dimensions 90 mm × 30 mm. Logarithmic scale with range 0 dB (black) to -50 dB (white) with 25 levels. (Δx, Δt) = (10^{−4} m, 10^{−8} s).

for angled transducers will be presented with head waves being present in these as well. However, as will be seen the angle of propagation of these waves is not influenced by the transducer which is to be expected from the above considerations.

Fig. 5.2 shows the same situation as in Fig. 5.1 but for a pulse signal f(t; 5). As expected, the different wave types are far more spread out compared to the previous figure.

Fig. 5.3 shows a longitudinal 45^∘ transducer with pulse shape f(t; 2) and f_0 = 2 MHz at the two points in time, t = 4.5 μs (left) and t = 9.0 μs (right). Note the similarity of the head waves in the plot with those in Fig. 5.1. Fig. 5.4 shows the same situation but with a pulse shape f(t; 5) (the RTD transducer).

The final situation for the isotropic material is that of a focused transducer as shown in Fig. 5.5. This is just one example of how a phased array may be operated. The pulse signal is again f(t; 2) with f_0 = 2 MHz. The point of focus is at a depth 15 mm below the transducer which is where the two lines cross. The two lines indicate the area, where the sound field is focusing in the sense that at each point on the wave front, the wave vector is directed towards the point of focus. The sound field is shown at three instances in time, t = 2.0, 4.0 and 6.0 μs. In the upper and lower plot the wave fronts show up in the characteristic parabolic shape.

In the remaining part of this section, wave propagation in anisotropic materials is modelled. The material considered is the transversely isotropic material X 6 CrNi 18 12 (Table 2.3 on p. 23) for different orientations of the symmetry axis. Fig. 5.6 shows the situation in case of the symmetry axis being parallel to the x_3-axis. The transducer is a 0^∘ transducer with a pulse signal f(t; 2) and f_0 = 2 MHz. Time is t = 4.5 μs. Thus, the wave normal under the transducer is parallel to the symmetry axis and no beam skewing is present for the qL wave and the qSV wave according to Fig. 3.4. The qL wave is somewhat similar to the pure L wave in Fig. 5.1 and the accompanying quasi head waves are also clearly present. The characteristic shape of the qSV wave is recognized from Fig. 3.3. As

Figure 5.2: Contour plot of |v| at time t = 5 μs for a 0^∘ transducer of width 26.6 mm and with a pulse signal f(t; 5) and f_0 = 2ṀHz. The material is isotropic austenite, Table 2.1, with dimensions 90 mm × 30 mm. Logarithmic scale with range 0 dB (black) to -50 dB (white) with 25 levels. (Δx, Δt) = (10^{−4} m, 10^{−8} s).

Figure 5.3: Contour plot of |v| for a longitudinal 45^∘ transducer of width 26.6 mm with pulse signal f(t; 2) and f_0 = 2 MHz. Material is isotropic austenite. Dimensions are 70 mm × 50 mm. Left plot: t = 4.5 μs. Right plot: t = 9.0 μs. Logarithmic scale with range 0 dB (black) to -50 dB (white) with 25 levels. (Δx, Δt) = (10^{−4} m, 10^{−8} s).

Figure 5.4: Contour plot of |v| for a longitudinal 45^∘ transducer of width 26.6 mm with pulse signal f(t; 5) and f_0 = 2 MHz. Material is isotropic austenite. Dimensions are 70 mm × 50 mm. Left plot: t = 4.5 μs. Right plot: t = 9.0 μs. Logarithmic scale with range 0 dB (black) to -50 dB (white) with 25 levels. (Δx, Δt) = (10^{−4} m, 10^{−8} s).

opposed to the case of the qL wave, there is no plane wave front associated with the qSV wave. Compare also with Fig. 3.13 showing the basic sound field from a line source.

Fig. 5.7 shows the same situation as in the previous figure, but with a symmetry axis rotated an (Euler) angle θ = −49.1^∘ around the x_2-axis. As described previously, the rotation of the elastic matrix has been calculated using (2.22) with M(0, θ, 0). According to Fig. 3.4 there is no beam skewing of the qL wave. This is in agreement with the plot, showing a qL wave propagating downwards below the transducer. Note, how the horizontal plane wave front of the qL wave is of much smaller extent that in the previous figure. Beam skewing is taking place for the qSV wave with an angle of approximately Δ = 27^∘. The effect of this is best appreciated by comparing with the previous figure where no beam skewing is present. Also for this plot there is no plane wave front present for the qSV wave. Note the apparent lack of symmetry in the plot due to the rotation of the symmetry axis.

Fig. 5.8 illustrates the case of a 45^∘ transducer with f(t; 2) and f_0 = 2 MHz applied to the material in it’s unrotated state, i. e. with the symmetry axis pointing downwards. The plots show the sound field at time steps t = 4.5, 9.0 μs. The plane wave fronts of the qSV and the qL waves are clearly observed. The quasi head waves are also seen. Using Snell’s law in a computational approach or the simpler geometrical approach as in Fig. 3.5 (right) involving the previously described plexiglas and X 6 CrNi 18 12 with an angle of incidence equal to 20^∘ the refracted angles of the qL wave and the qSV wave are found to be 51.5^∘ and 22.3^∘ respectively which may be verified in the figure. From Fig. 3.4, only a small angle of beam skewing equal to Δ = −1.7^∘ is present for the qL wave. For the qSV wave the beam skewing is quite severe, with an angle of Δ = −44.6^∘. The effect is clearly seen in the right figure. The qSV wave is propagating through the left boundary, while the qL wave behaves almost as an ordinary L wave in an isotropic material. Compare with the refracted waves in the equivalent situation in Fig. 5.3.

In Fig. 5.9 the symmetry axis has been rotated the Euler angle θ = −20^∘. The rotation

Figure 5.5: Contour plot of focused transducer of width 26.6 mm with pulse signal f(t; 2) and f_0 = 2 MHz. Point of focus is 15 mm below the transducer where lines cross. Material is isotropic austenite. Times are t = 2.0, 4.0 and 6.0 μs. Dimensions are 90 mm × 35 mm. Logarithmic scale with range 0 dB (black) to -50 dB (white) with 25 levels. (Δx, Δt) = (10^{−4} m, 10^{−8} s).

Figure 5.6: Contour plot of |v| for a 0^∘ transducer of width 26.6 mm with a pulse signal f(t; 2) and f_0 = 2 MHz. Time is t = 4.5 μs. The material is transversely isotropic X 6 CrNi 18 12 with a vertical symmetry axis. Dimensions are 90 mm × 30 mm and time is t = 5 μs. Logarithmic scale with range 0 dB (black) to -50 dB (white) with 25 levels. (Δx, Δt) = (10^{−4} m, 10^{−8} s).

Figure 5.7: Contour plot of |v| for a 0^∘ transducer of width 26.6 mm with a pulse signal f(t; 2) with f_0 = 2 MHz. The material is the transversely isotropic X 6 CrNi 18 12 with the symmetry axis rotated the Euler angle θ = −49.1^∘. Dimensions are 90 mm × 30 mm and time is t = 4.5 μs. Logarithmic scale with range 0 dB (black) to -50 dB (white) with 25 levels. (Δx, Δt) = (10^{−4} m, 10^{−8} s).

Figure 5.8: Contour plot of |v| for a longitudinal 45^∘ transducer of width 26.6 mm with pulse signal f(t; 5). Material is the transversely isotropic X 6 CrNi 18 12 with vertical symmetry axis. Left: t = 4.5 μs. Right: t = 9.0 μs. Dimensions are 70 mm × 50 mm. Logarithmic scale with range 0 dB (black) to -50 dB (white) with 25 levels. (Δx, Δt) = (10^{−4} m, 10^{−8} s).

has been performed as described above. The resulting numerical elastic matrix is shown in (5.1). Apart from the change in values of existing elastic constants, elastic constants that originally were zero now have a finite value. However, the form of the elastic matrix of course still belongs to the monoclinic class with the matrix (2.33).

c^′ =

2.91 1.04 1.11 0.0 −0.327 0.0 2.63 1.40 0.0 −1.50 0.0 2.55 0.0 0.478 0.0 1.24 0.0 −1.50 0.952 0.0 0.878

× 10^{11}P a (5.1)

For a 0^∘ transducer as above (with a pulse signal f(t; 2) and f_0 = 2 MHz) this rotation results in a large beam skewing according to Fig. 3.4 with angle Δ = −44^∘ for the qL wave and an angle Δ = 20^∘ for the qSV wave. To illustrate the effect of beam skewing further, four plots are shown at different time steps t = 2.5, 5.0, 7.5, 10 μs. In the first plot, the wave vector k together with the energy vectors v_{g,qL} and v_{g,qSV} of the corresponding qL and qSV respectively are shown. In these plots, a plane wave is observed for the qSV wave. It is seen how the qL wave travels in one direction while the qSV travels in the other direction relative to the wave vector. The qL wave is then reflected at the backwall and is finally detected by the transducer.

To the inexperienced observer it may seem as if Snell’s law governing the angles of incidence and reflection is violated. However, Snell’s law governs the wave vector. Before reaching the backwall, the wave vector is pointing vertically downwards (zero angle of incidence) and after reflection the wave vector is pointing vertically upwards (zero angle of reflection). It is the anisotropy and the role which the energy vector plays in these materials that result in these highly unusual phenomena.

Figure 5.9: Contour plot of |v| for a 0^∘ transducer of width 26.6 mm with a pulse signal f(t; 2) with f_0 = 2 MHz. The material is the transversely isotropic X 6 CrNi 18 12 with the symmetry axis rotated the Euler angle θ = −49.1^∘. Dimensions are 90 mm × 30 mm and times are t = 2.5, 5.0, 7.5, 10 μs. Logarithmic scale with range 0 dB (black) to -50 dB (white) with 25 levels. (Δx, Δt) = (10^{−4} m, 10^{−8} s).

The plots also illustrate another important aspect of ultrasonic inspection. If, in an ultrasonic testing operation, the operator assumes that the material is isotropic, he may be misled by the received signal, knowing that it is a 0^∘ transducer, to place the (small) reflector right below the transducer instead of at an angle to the transducer. The height of the reflector in the material is furthermore likely to be misjudged based on the recorded time of travel.

In this section, plots of different basic sound fields have been shown for an isotropic and an anisotropic material. Especially in the case of the anisotropic material, it has been illustrated how parts of the (non-intuitive) behaviour qualitatively may be explained using results from time harmonic plane wave theory. This may be commented on from two points of view. On one hand, it directly shows that this simple theory may explain in a qualitative way certain important aspects of wave propagation in anisotropic materials. On the other hand, very often when working with numerical solutions it may be difficult to interpret the solution as the numerical approach doesn’t reveal information concerning the way the solution is obtained. It may therefore be of high importance, that basic theoretical explanations are available. We shall see another example of this in the next section.

5.2 Interior defects with stress free boundaries

In this section, the different types of defect geometries which have been implemented in the modelling program will be described and a number of simulations will be shown in order to illustrate the different types of waves that are generated as a result of the presence of the defect.

It has previously been mentioned, that since the (anisotropic) inhomogeneous formulation of the elastodynamic equations is considered in the numerical solution, impurities or more generally inhomogeneities with different material properties than those of the parent material are automatically handled by the numerical solution. However, an example of an important type of defect is the crack, which is modelled as being a small isolated volume of vacuum. This requires explicit boundary conditions in the form of a stress free boundary in the same way as the material geometry is modelled in this thesis.

Two essentially different geometries with stress free boundaries have been implemented. The first is a circular geometry which may have an arbitrary radius and an arbitrary position of the center. The second is a rectangular shape, which may have an arbitrary height and width and with the axis arbitrarily oriented. It should be noted, that these geometries have been implemented on a grid consisting of quadratic elements (2D). This means that in the case of the circular geometry and for a tilted rectangular geometry, a stair-case approximation has been used to describe the true geometry. A theoretical analysis of the errors introduced through this approximation has not been carried out. The problem is addressed in [19] concerning the solution to Maxwell’s equations using the finite-difference approach. It is concluded, that by making the grid sufficiently fine, artificial phenomena may be made arbitrarily small. The problem is also considered in [47] where the numerical solution is compared to the analytic solution in the case of a circular geometry (airfilled cylinder) placed in an isotropic material for different values of the radius. As an example, for a radius r = 12Δx = 3 mm the relative error in amplitude of the echo signal is 4.8% and vanishes for increasing radius. These issues are of importance when comparing this method with other methods, such as an analytic approach, where a circle may be modelled as a true circle and likewise for a tilted rectangular crack. However, in a real ultrasonic inspection, the defects are neither perfect circles nor tilted rectangular cracks. The staircase approximation applied here as an approximation is in principle thus neither more nor less correct than more smooth geometry representations.

A solution to the problem of an incident time harmonic longitudinal plane wave on a half plane with a stress free boundary (a semi-infinite crack) was first formulated by Maue in [50] and has since then been restated in various ways, e.g. [2]. Before considering a complete modelling situation, it is instructive to consider the wave fronts of the generated waves at the crack tip for an incoming time harmonic longitudinal plane wave as obtained in f. ex. [2]. These wave fronts are shown in Fig. 5.10. The incident wave gives raise to

α

1

1

2 3 4

4 5 6 α

v_tt v_lt

Figure 5.10: Wave fronts of the generated waves at a crack tip from an incomning longitudinal wave at an angle α. The different waves are: 1 = incoming longitudinal wave at an angle α, 2 = reflected longitudinal wave, 3 = reflected transverse wave, 4 = head wave, 5 = diffracted transverse wave, 6 = diffracted longitudinal wave.

the well-known reflected and refracted plane waves away from the crack tip. Furthermore, two diffracted waves of longitudinal and transverse nature with center at the crack tip are generated with radius v_lt and v_tt respectively at time t. Associated with the diffracted longitudinal wave is the head wave. In addition to the diffracted transverse wave, a Rayleigh wave (not shown) is generated at the surface. Thus, the effect of the isolated crack tip is much the same as that for the line source at the free surface considered earlier.

In the case of an incoming SH wave only a diffracted wave of SH nature is generated apart from a reflected SH wave. As previously mentioned, this is because the wave does not couple to the L wave and SV wave. Thus the generated picture is much simpler.

In the rest of this section, examples of scattered fields are shown for different rectangular crack orientations as well as of circular cavities. First, the well-known isotropic case is considered followed by the more complex anisotropic case, where the interpretation of the generated field may become rather challenging.

Fig. 5.11 shows the scattered sound field for several different orientations of a rectangular crack of height 20 mm in isotropic austenite (compare with the undisturbed field in Fig. 5.1 in the case of no crack present). The incident field is from a 0^∘ transducer of width 26.6 mm with pulse signal f(t; 2) and f_0 = 2 MHz. The times are t = 6.8 μs (upper and middle plot) and t = 5.8 μs (lower). In each case, the interesting part of the scattered field is identified. In the upper most simple plot with a crack width equal to 0.1 mm, the diffracted longitudinal (DL) and transverse (DT) waves, the head (H) waves and the Rayleigh (R) waves are clearly seen. In the middle plot with a crack width equal to 0.2 mm, the crack is tilted 45^∘. Apart from the above mentioned scattered waves, the reflected longitudinal (RL) and transverse (RT) waves are also seen. Also note the shadow zone on the back side. Clearly, the reflected transverse wave has the larger amplitude compared to the reflected longitudinal wave. This is in agreement with the theory of wave scattering of plane waves at a boundary. In the isotropic case, this problem may be solved analytically with particular simple results at a stress free boundary for the relative amplitude coefficients, see [8]. For the considered isotropic austenite with an 45^∘ incident longitudinal wave, the relative amplitude coefficient for the reflected longitudinal wave is -0.4048 and for the reflected transverse wave 1.085, corresponding to a difference of 8.5639 dB in amplitudes. It is difficult to isolate these two waves in the middle plot, but probings at different positions show that the amplitudes in the numerical solution are in reasonable agreement with these values. In the lower plot with a crack width equal to 0.1 mm, the case of a horizontal crack is considered. Fields propagate along the back side and front side of the crack.

Fig. 5.12 shows the complex scattered fields for a probe field and rectangular crack orientations as in Fig. 5.11 but in the case of the transversely isotropic material X 6 CrNi 18 12 rotated the Euler angle θ = −20^∘ around the x_2-axis. This case was also considered in Fig. 5.9 exhibiting a large beam skewing effect. The times are again t = 6.8 μs (upper and middle plot) and t = 5.8 μs (lower). An attempt has been made to identify the different interesting parts of the scattered field in each case. The identification has mainly been done through a comparison with Fig. 5.11 with the same crack orientations but in an isotropic material and Fig. 5.9 with no cracks but the same anisotropic material. In general the scattered fields are heavily deformed relative to the isotropic case. This is especially seen for the diffracted signals which in the isotropic case are of circular shape. In this figure the diffracted qL (DqL) signal due to the particular form of anisotropy takes the form of a rounded box. The diffracted qSV (DqSV) wave is less obvious. In the plots, the reflected qL (RqL) and qSV (RqSV) waves are seen as well as the quasi head (qH) wave and quasi Rayleigh (qR) wave. Especially in the upper plot, it is seen that in such materials, the diffracted echo may be weak or even missing due to the beam skewing.

Fig. 5.13 shows two examples of the scattered field from a circular cavity of radius 30Δx = 3 mm. In the upper plot the incident field is that from a 0^∘ probe with pulse signal f(t; 2) and f_0 = 2 MHz. The incident field in the lower plot is that from a 45^∘ SV transducer with pulse signal as above. In both cases the characteristic scattered waves of longitudinal nature (outer) and transverse (inner) nature are seen. As the incident field passes the cavity, scattered waves creep around the surface of the cavity while shedding waves into the surrounding material. These disturbances are clearly seen in the plots. In the lower plot, note the small amplitude of the scattered longitudinal wave back towards

78 Basic simulations of transducer sound fields