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Abstract
The Vallourec group is the world leader in seamless steel pipe manufacture for the oil and gas and energy
sectors and for other industrial applications. With increasingly demanding customers and international
standards, a number of quality inspections need to be implemented during production. One of these is
ultrasonic testing, for which various technologies have been developed to make this inspection the most
robust and the most reliable means of characterizing imperfections. One of the main limitations of these
technologies is the lack of knowledge of the tensile properties of the materials and their variability from
one part to another. These materials are considered to be isotropic although they can be slightly
anisotropic. These anomalies may be connected to the various manufacturing processes (steel – product).
The influence of the anisotropy of the materials inspected was therefore analyzed in order to estimate the
precision of the algorithms defining the position and dimensions of the imperfections detected. For this,
five samples of potentially anisotropic materials were tested in order to analyse their degree of anisotropy
and their behaviour when interacting with an ultrasonic beam. This behaviour was analysed by means of
an ultrasonic simulation model developed for this purpose.
Key words: Anisotropy, ultrasonic non-destructive testing, flaw dimensions and position, ultrasonic
simulation.

1. Introduction
The Vallourec Group is the main producer worldwide of seamless steel pipes for
various industrial applications. The main sectors of activity are centred around the oil
and gas, engineering, petrochemicals, power generation and nuclear industries. These
are all sectors where the quality requirements are extremely high. High technology nondestructive inspections must be implemented so as to meet the requirements of the
standards and the customers.
Our research concerns the evaluation of the uncertainty of ultrasonic testing when
estimating the dimensions and position of an imperfection in the internal skin of pipes
made of various materials that are potentially anisotropic. A solid is anisotropic when
its properties vary according to its orientation, for example if such a solid is subjected to
tensile stress, the reaction will depend on the direction in which the stress was exerted.
This effect can also be seen in ultrasonic wave propagation where there are variations in
wave velocity according to the orientation of the anisotropic material.
Five materials were studied, three steels having been subjected to different heat
treatments, one stainless steel (CRA – Corrosion Resistant Alloy) and one titanium.
These materials were selected according to their possible degrees of anisotropy resulting
from the various manufacturing processes used on the raw materials or on the finished
product.

The dimension and position of the imperfections were estimated using a modelling tool
developed specifically for this purpose. The inputs for this model are connected on the
one hand to the characteristics of the anisotropic behaviour of the materials and on the
other hand to those of the ultrasonic test used. As regards the outputs, two types of
graph are available for making comparative analyses between the anisotropic case of
each sample and the case of an equivalent isotropic material. It is thus possible to
calculate the imperfection position and dimension errors.

2. The different sources of anisotropy and their origins in pipe
manufacture.
A material may become anisotropic owing to different factors. These are particularly
linked to crystallographic changes in the material. The main factors are as follows:
2.1. Structure/texture anisotropy
Structure anisotropy is due to variations in the crystalline orientation in the material.
Experimental studies [2], [3] show the presence of alignments of grain axes oriented in
a particular way in certain steels. This is the case of stainless steels, technically called
Corrosion Resistant Alloys or CRA. Texture anisotropy is connected to the grain size. In
the case of CRA steels, the smaller the wall thickness of the pipe, the finer the grains
and the more accentuated the crystallographic orientation. This is also the case of
titanium1 which has a large grain size (around 100 microns). It also has a heterogeneous
crystallographic texture which is hexagonal at low temperatures [4]. Plastic deformation
of titanium results in random orientation of the grains, which can be a potential source
of anisotropy. Plastic deformation modifies both the grain size and the crystalline
orientation. We can therefore say that these two types of anisotropy are related.
2.2. Composition anisotropy
This type of anisotropy is mainly related to the contamination of the steel with such
elements as aluminium, phosphorous, sulphur, manganese, etc. during the
manufacturing process. When the steel bar is cooled in the continuous casting process,
impure liquid solutions (containing the above elements) accumulate in certain zones.
This phenomenon which is explained in [5] and [6] is technically known as segregation.
This facilitates the weakening of the tensile properties and the appearance of cracks.
2.3. Stress anisotropy
This type of anisotropy is related to changes in the crystalline orientation owing to
mechanical deformation. These deformations are essentially forming operations
performed on the tube hollow after heat treatment. These operations involve plastic
deformations with or without heating. The forming affects localized zones which
generate residual stresses in the material, making it brittle and subject to cracking.
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3. Selection criteria for potentially anisotropic samples
Five samples were studied owing to their potential anisotropy of interest for our analysis.
These were three samples of steel, one sample of CRA steel (stainless steel) and one
sample of titanium. A description of their origin and composition is presented below.
BK: This is a steel tube hollow with out diameter (OD) 160 mm and wall thickness (WT)
10.325 mm having been subjected to cold drawing plastic deformations in two passes.
A variation in dimension of 16.7% was observed. The potential anisotropy we have here
is stress anisotropy.
E36 : This is a tube with the same grade, dimensions and plastic deformations as the
BK tube, and which has, in addition, been heat treated. This heat treatment, called Stress
Relieving Heat Treatment serves to remove stress and slightly modify the structure.
TG: This is a steel tube with 35 mm OD, 5 mm WT. This sample is interesting as it has
followed all the plastic deformation operations and heat treatments, as well as a heavy
drawing operation followed by straightening. Potential stress anisotropy may be present
in this material.
Stainless Steel: This is an austenitic type CRA steel tube with 190.6 mm OD and 17.8
mm WT. Previous studies on this sample showed the grains to be highly elongated in
the longitudinal direction of the tube, which produces potential structure anisotropy.
The object of analysing this sample was to estimate the influence of this elongation.
Titanium: This is a titanium tube with 33.4 OD and 8.77 mm WT. It is a cold rolled
biphasic material2 which has the texture heterogeneities specific to titanium, such as
those stated in the previous section.

4. Ultrasonic non-destructive testing of pipes and possible problems
due to anisotropy
4.1. Ultrasonic non-destructive testing of pipes
Among the many ultrasonic testing techniques, it is the immersion technique that is the
most suitable for pipes. It consists in immersing part of the pipe in a tank of water
containing the ultrasonic probes. The pipe is, for example, rotated while the probe cell
moves along the length of the pipe (Figure 2). In order to be able to represent the data,
the position of the probe in relation to the pipe must be known either using an angle
encoder, or by means of a laser system. This technique is much used industrially as it
allows the entire pipe to be inspected automatically.
In order to give our study a focus, only longitudinal imperfections 3 located on the
internal surface were taken into account. This type of imperfection was chosen mainly
due to the fact that it is the most common type of flaw resulting from the manufacturing
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processes. The interpretation process involves estimating the seriousness of the flaws
detected by determining their characteristics. One of the most representative
characteristics of the seriousness of an imperfection is its depth, and it is therefore on
this that we have focused our study.

Figure 2 – Industrial ultrasonic testing bench for pipes

4.2. Interference with the ultrasonic response due to anisotropy
The main effect on the ultrasonic response caused by anisotropy is linked with the fact
that the waves propagate in the material at velocities that vary according to the
orientation in which they propagate. This phenomenon is described in detail in [7].
Contrary to the isotropic case, these waves, when transverse or longitudinal, have
polarities that are neither purely transverse nor purely longitudinal. We call these quasitransverse waves and quasi-longitudinal waves.

Figure 4 – Carbon-epoxy slowness surfaces. a. Quasi-longitudinal waves, b. Rapid quasi
transverse waves, c. Slow quasi transverse waves. The three surfaces have a scale of
s/km (source [7])

The variations in the wave propagation velocities are often represented using surfaces
called slowness surfaces. These surfaces correspond to layers of points obtained by
drawing from an origin a vector that is inversely proportional to the propagation
velocity in the direction of this vector. In the case of isotropic media, these surfaces are
spherical (radius independent from the direction), one of which corresponds to the
longitudinal waves and the other to the transverse waves. This is no longer the case for

anisotropic materials, an example of which is given in figure 4 that corresponds to a
carbon-epoxy composite 4 . In this case, there are three waves propagating in each
direction, which means that the slowness surface is composed of the three layers
represented in the figure.

5. Description of the tests
The five samples were cut as shown in Figure 5. The aim is to measure the time of flight
of the ultrasonic wave propagation in several orientations and to deduce the speeds from
the propagation distances.
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Figure 5 – Shape of cut samples

The time of flight of the longitudinal waves is measured by echography in immersion,
marking the point where it passes through zero between the point of maximum
amplitude and the point of minimum amplitude. For the transverse waves, the time of
flight is measured by transmission 5 noting the point where it passes through zero
between the point of maximum amplitude and the point of minimum amplitude on the
first path. Three probes were used, one for longitudinal wave measurements and two
(one emitting and one receiving) for transverse wave measurements. The longitudinal
wave probe has a central frequency of 5 MHz and a diameter of 12.7 mm. The
transverse wave probes have a central frequency of 2.25 MHz and a diameter of 12.7
mm. The time of flight measurements were made in 18 different configurations, taking
into account the orientations represented in Figure 5 and the polarization of the waves
(longitudinal and transverse horizontal and vertical).

6. Procedure for calculating elastic constants and slowness surfaces
Based on the time of flight measurements, the velocities were able to be deduced, owing
to the fact that the thicknesses of the samples in each orientation were known. We were
able to calculate the elastic constants in order to construct the anisotropic6 and isotropic
characterization matrix [7] . The anisotropic characterization matrix is written thus7:
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,
The isotropic characterization matrix is reduced to two elastic constants c11 and c12. c11
is calculated from the mean of constants c11, c22 and c33. c12 is calculated from the means
of constants c44, c55, c66 and c11. This matrix is written as follows:

The elastic constants calculated in the isotropic and anisotropic case are presented in the
following chart:
Table 1 – The elastic constants of the samples studied in the isotropic and anisotropic case

By knowing the matrix in the anisotropic case, the slowness surfaces were able to be
calculated for each sample. The slowness surfaces of the steels present a fairly low
anisotropy, the most critical being material TG which has a slight variation at an angle
of refraction of 45°, as this material is heavily drawn. Titanium and CRA (stainless steel)
have a higher anisotropy than steels.

7. Estimation of the imperfection positioning and dimensioning error
This estimation is calculated using a digital simulator designed for this purpose. It
simulates the propagation of an ultrasonic wave along a plane perpendicular to the
generatrix of the tube in order to detect longitudinal imperfections. Two output
representations are available, one regarding the position and the other regarding the

dimensions of the imperfections. The interpretation of each type of image is described
at the end of this report.
Certain assumptions were made for the calculations. The ultrasonic beam is assimilated
to the centre radius of the probe. This radius is placed at an angle of 17° in relation to
the normal tube radial in order to obtain substantial propagation of transverse waves.
The dimensions of the simulated tube are 100 mm OD and 5 mm WT. The flaw under
consideration corresponds to a straight internal flaw 0.25 mm deep (5% of the WT).
The types of propagation modelled by the simulator correspond to those called “corner
echoes” as illustrated in Figure 6, where the black arrows represent the incident wave
and the red arrows the propagation in the material.

Figure 6 – “Corner echo” propagation type

7.1. Calculation of the positioning error
This calculation is based on a representation similar to the Bscan provided by the
simulator, from which the amplitude data has been omitted. This representation shows
the time of flight values according to the path of the ultrasonic probe. The time of flight
corresponds to the path of the ultrasonic beam emitting and receiving transverse waves.
For each sample, two types of representation are obtained, one for the isotropic case and
another for the anisotropic case. Each of these representations is obtained from the
characterization matrices presented in the previous section.
These representations are analysed in order to extract the relevant data for comparing
the ultrasonic responses obtained from the same imperfection in the two materials with
similar characteristics, one anisotropic and the other isotropic. This data is as follows
(Figure 7):
o ∆t (µs): time interval related to the duration of the interaction of the ultrasonic beam
with the imperfection,
o ∆b (°): interval of the rotation positions (tube circumference) where the interaction
of the ultrasonic beam with the imperfection occurred,
o (b, tv) = Centre point (scanning (°), time (µs)): point where the ultrasonic beam
intercepts the edge of the imperfection emerging at the inner surface of the
imperfection.

Figure 7 – Data analysed on the pseudo-Bscan

The error is calculated as the absolute difference between the previous data relating to
the isotropic and anisotropic cases. The results are presented in the next section.
7.2. Calculation of the dimensioning error
The calculation is made on a simulated representation grouping the response in the
isotropic and anisotropic cases (Figure 8). The x-axis of this representation corresponds
to the scanning angle (as in a conventional Bscan) and the y-axis corresponds to the
position in terms of depth of the place where the radius intersects with the imperfection.
This graph is V-shaped, where each branch represents the interaction between the beam
and the imperfection with both “corner echo” types of propagation illustrated in Figure
6.

Figure 8 – Dimensioning graph: Depth of imperfection – Scanning angle. Blue line: isotropic case. Green
line: anisotropic case.

Figure 9 explains the principle of the calculation. Conventionally, the dimension of an
imperfection is interpreted by considering the material inspected to be isotropic (blue
line). Point (Bip, Pip) corresponds to the point where the beam intercepts the
imperfection at its maximum depth. With the anisotropic characterization, the curve
moves and point (Bip, Pip) becomes (Bap, Pap). Supposing that the anisotropic
characterization is not known and by analysing the experimental Bscans, we observe
that the end of the segment related to the defect echo is in the angular position Bap. The

projection (done blind, as the anisotropic curve is not known) of distance (Bac - Bap) on
the isotropic curve (red line) arrives at a new point of interaction (B’a, P’a) on the depth
of the imperfection, different to that on the original isotropic curve (Bip, Pip). The
dimensioning error is thus the absolute difference between ordinates Pip and P’a.
Depth of
imperfection (mm)

Scanning (°)

Figure 9 – Diagram explaining the calculation of the dimensioning error

These calculations are formulated as follows:
Dimensioning error = Pip − P' a

P’a = f (B’a) ; B’a = Bic – (Bac - Bap) ; f : function of the isotropic characterization

8. Results of the influence of anisotropy on simulated Bscans
The results of the absolute positioning and dimensioning errors in the comparison
between the isotropic and anisotropic cases on the five samples analysed are shown in
Figure 10:
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– Absolute errors – isotropic and anisotropic comparison of the five samples analysed

We can observe two groups: one containing materials TG, Titanium and Stainless Steel,
where there is a considerable difference between the isotropic and anisotropic case for
the positioning and dimensioning of imperfections. The other group contains steels BK
and E36, where there is little difference between the isotropic and anisotropic case. In
general, these dimensioning and positioning differences remain acceptable with regard
to the required tolerances.

9. Conclusions
We may observe that it is structure/texture anisotropy that has the greatest influence in
ultrasonic inspection for imperfection characterization, as seen in materials such as
titanium and CRA (stainless) steel. In second position, we can say that stress anisotropy
also has considerable influence, as seen in material steel TG which was subjected to
high plastic deformations, mainly in the drawing process.
These results serve mainly to sensitize users of ultrasonic inspection techniques to the
interpretation limits due to lack of knowledge of the tensile characteristics of the
materials inspected. This aspect is not given much consideration industrially but is
important for improving our knowledge of imperfections and their origins.
As a future improvement, we can extend this study to the different types of
imperfections, taking into account reflection phenomena and mode conversions.
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