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Abstract 

The reproducibility of the inspection is one of the key figures that determine the 
performance of an automated testing machine. The measurement procedure applied 
during the commissioning of these machines is simple: according to valid standards and 
agreement between the parties, a number of inspection runs has to be carried out on the 
reference pipe, that has been used to adjust the machine. The measurement quantities per 
reference defect collected during these runs show up with a characteristic variation. 
Typically, a limit for the maximum variation is defined as an acceptance criterion 
assuming statistic variations, which give rise to a mostly Gaussian distribution of these 
variations around the average value. However, also non-Gaussian parts can influence the 
reproducibility in a totally different, less homogeneous fashion. One of the major sources 
of non-Gaussian variations is the quality of the reference defect manufacturing process.  
This paper presents an in-depth investigation on the reflection characteristics of reference 
defects and compares those to the obtained reproducibility values for the same reference 
defects. A correlation process based on the extraction of probability functions links the 
reflection behaviour directly to the reproducibility. In this way it is possible to define 
limits on the achievable reproducibility. Moreover, the defect homogeneity is introduced 
as a quantitative measure allowing the classification of the quality of the manufactured 
reference defects. 

1. Introduction 
The non-destructive detection of discontinuities at the inner and outer tube surface is one 
of the major tasks for tube inspection. This is mostly accomplished by ultrasonic testing 
(UT) machines, allowing to access both faces from the external side. There are two major 
types of automated UT machines for tube testing (see Figure 1): rotary systems with a 
stationary rotating probe and a linear movement of the tube and gantry systems with a 
stationary rotating tube and a linear movement of the probes along the tube axis [1,2]. In 
both cases a test helix is created. The helix width  corresponds to the effective probe 
width along the longitudinal tube axis. The axial difference of the probe position after one 
full revolution defines the so-called helix pitch ( �). To achieve a most complete 
coverage, the helix pitch must be smaller than the helix width thus resulting in a helix 
overlap ∆ . While the helix width is given by the probe length, the helix pitch depends 
on the advance speed  of the tube or of the probe respectively.   

The flaw detectability of the UT machine is linked to the test shot distance, which must 
be sufficiently small to achieve the detection rate. While the circumferential shot distance  
is governed by the pulse repetition frequency ��  of the probes, the longitudinal shot 
distance additionally depends on the advance speed. In case of array probes the virtual 
probe overlap ∆��  must be taken into account. 
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Figure 1.   Resulting test helix for gantry (a) or rotary (b) systems equipped with an array probe 

2. Measurement procedures 

2.1 Adjustment 

According to valid standards [3,4], notches are used as reference defects for the flaw 
detection on the inner and outer tube surface. Reference tubes are manufactured with a 
number of notches of defined length, depth and flaw orientation. The adjustment of the 
UT machine corresponds to a sensitivity adjustment of individual channels on 
corresponding notches (see Figure 2). It is based on an amplitude measurement of the 
reflected sound wave (“flaw echo”). Therefore, a grid of measurement points in the defect 
area with sufficient resolution is needed. The test shot distances in longitudinal direction ∆   and along the tube circumference ∆  must be significantly smaller than the notch 
length and the sound field width. Typically, a shot-distance of ∆   = ∆   = 1 mm is chosen 
as a compromise between high resolution and time needed for the adjustment due to the 
reduced scan speed ∆  . For each measurement point the amplitude ( , ) is evaluated. 
The maximum ( � [ , ]) is compared to a given target value � . The resulting 
scaling factor is applied as gain correction �� .  

                                                    Δ� = ∙ �og max[� , ]��                                    (1) 

2.2 Scan run 

Scan runs can be used to recheck the adjustment and to measure helix reflection profiles 
of the reference flaws. They are performed with the same advance speed ∆  as for the 
adjustment. Any kind of spatial correction, which may be needed in case of advanced  
helix coverages with phased array probes, need to be disabled in order to record a 
sensitivity pattern of the testing machine with respect to a reference defect. Doing this, it 
is possible to create an x-projection along the tube axis representing the helix sensitivity 
profile for this defect. 
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Figure 2.   Illustration of the adjustment procedure on a reference defect 

2.3 Reproducibility runs 

Reproducibility runs correspond to a series of inspection runs performed with the same 
reference tube at a higher advance speed > ∆  , which is aligned to the production 
constraints. The reproducibility ∆�  is then defined as the ratio between the minimum 
and the maximum value of the measurement quantity. For the flaw measurement it 
corresponds to the flaw amplitudes   and  � , respectively.  

                                                    ∆�� = ∙ �og � �� �                                    (2) 

2.4 C-Scan 

As state-of-the-art in industrial applications, inspection results of UT machines are 
displayed and stored in 1D graphic tracks representing the measured indications, like 
analogue amplitude, threshold infringement or measured wall-thickness. In this way, 
detected flaws can be assigned to a tube segment. However, the circumferential 
information is lost. Latest production machines also feature a 2D representation of the 
measured flaw amplitudes. Alternatively, C-Scan representations are available for 
inspection runs (∆  = 20 mm; ∆  = 5°) and for scan runs with advanced resolution (∆ =∆  = 1 mm). Besides the defect localization on the circumference it is thus possible to 
perform a detailed analysis of the reference defects under production condition on-site 
with the same setup as later used for the inspection runs.   
 
3. Characterization of reference defects 

Basically, there are three parameters for the notch manufacturing: the defect orientation, 
the defect length and the driving depth. The defect orientation is described by the flaw 
angle, which is defined by the rotation angle �  of the notch axis ′  with respect to 
the longitudinal tube axis (see Figure 2).  
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Figure 3.   Definition of notch homogeneity as ratio of reflection profile (red) to 6 dB area (yellow) 

3.1 Reflection profile 

The measured reflection profile of the notch corresponds to the amplitude distribution ( � ′ ) of the reflection-echo along the notch axis. Assuming a minor impact of the 
reference tube itself, the reflection behaviour of the reference defects is mostly connected 
to the geometrical notch shape. Each notch shall be detected from two sides 
corresponding to sound direction I and II, respectively. The corresponding reflection 
profiles are independent of each other. 

3.2 Effective notch length 

In analogy to common definitions on the sound field width, the effective notch length ���  can be defined as the full width half maximum (FWHM) of the measured 
reflection profile, i.e. the coherent range of the notch axis with flaw amplitudes above 
50% of the measured maximum. Assuming good quality of the notch manufacturing, the 
effective notch length should be slightly larger than the nominal length �  due to the 
extension of the sound field, i.e   ��� ≥ � .  

3.3 Notch homogeneity 

The notch homogeneity shall be used to characterize the quality of manufactured notches. 
It is defined by the area ratio of the measured notch profile divided by the rectangle-area 
formed by the effective notch length, the maximum of the profile as upper and a second 
threshold as lower limit (details see Figure 3). Ideally, the notch homogeneity is close to 
100% and only slightly influenced by the rising and falling edges, both governed by the 
sound field of the probe. Any further deteriorations due to the notch profile directly 
decrease the percentage, thus allowing a quantification of the notch quality.  

4. Helix projection profile 

The helix projection profile ( � ) reflects the overall sensitivity of the UT machine 
for the detection of the corresponding reference defect. It results from the overlay of the 
projected reflection profile of all contributing channels (see Figure 4). The expectancy 
range  for the flaw amplitudes in the reproducibility runs   refers to the minimum ( � ) and maximum value ( � � ) within the helix pitch, respectively. In addition, 
the relative error of the amplitude measurement ∆ %  must be considered: � � = [ � � − ∆ %  ;  � � + ∆ % ]    (3) 
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Figure 4.   Built up of the helix projection profile (1-6) and extraction of the probability function (7) 

Assuming an arbitrary circumferential start point of the test helix for the inspection runs, 
the normalized frequency distribution of the amplitudes inside the helix projection profile �  represents the probability function � �  for the measured amplitudes of the 
reproducibility runs. 

5.  Measurement results 
The impact of the notch quality was studied in detail for two reference tubes (Tube 1: 
Ø406 x 25 mm wall thickness; Tube 2: Ø193 x 9 mm) with 1-inch reference notches of 
0°, ±22°, ±45° and ±67° at the inner and outer tube surface, respectively. In total 28 notch 
profiles per tube were thus available for evaluation. The data including a total number of 
50 reproducibility runs was collected with a production UT machine using a 2D array 
probe with 50%VP overlap.  

The intrinsic resolution of the amplitude measurement was derived from the maximum 
amplitudes of adjusted channels obtained in subsequent scan runs. The normalized 
frequency count of these values results in a Gaussian distribution (see Figure 6, bottom) 
with a 2σ deviation of ∆ % = ±0.3 dB taken as error for the measurement amplitude. 
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Figure 5.   Results for individual notches: (a) Extracted values from the reflection profiles of the 

Flaw-C-Scan, (b) Helix projection, (c) Comparison of the probability function with the frequency 
count of the reproducibility runs, (d) results for subsets of the dynamic runs 

In a next step, the notch homogeneity for each notch edge was evaluated. Given results 
refer to the average of the ten virtual probes. The corresponding probability functions 
extracted from the helix profile were then compared to the frequency count obtained in 
50 dynamic runs. In all cases both are in good agreement. Three examples are shown 
exemplarily in Figure 5. In case of a high notch homogeneity, the probability function 
converges to a Gaussian distribution around the target value, which is similar to the one 
for the maximum amplitudes. Lower notch homogeneities lead to stronger deteriorations 
of the helix profile which result in non-gaussian contributions. Depending on the shape 
of the notch profile, the probability functions can show a very complex pattern including 
the formation of a multi-peak distribution as shown in the example on the left side. 
Basically, there are three main effects: 
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Figure 6.  Top: Reproducibility after 10 and 50 runs compared to the limits of the expectancy range. 

Bottom: Classification of the notch quality  

(1) Broadening of the distribution shifting the mean value towards smaller amplitudes. 
As a result, the expectancy range is increased leading to a worsened reproducibility 

(2) Lower probabilities resulting in larger fluctuation of the measured reproducibility 
in case of a small statistical sample as shown in the example for subsets of 10 runs 
representing a typical number of samples for some Gaussian statistics.  

(3) Asymmetric deviation of the minimum and maximum value to the average value of 
the measured amplitudes. Mostly, the minimum value shows a larger deviation.  

A summary of the measured reproducibility as a function of the notch homogeneity is 
shown in Figure 6 on top. A similar behaviour can be observed for both tubes. The results 
prove an impact of the notch quality given by larger deviations obtained with a lower 
notch homogeneity. If the number of runs is increased, the reproducibility approaches the 
upper limit defined by the expectancy range because there is a higher probability to hit 
both the lowest and the highest point of the helix projection.  
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A classification of the notch quality can be done based on the absolute deviation of the 
mean value of the probability function ����  to the target value ��  and linking it 
with the error of the amplitude measurement amplitude ∆�%  (see Figure 6, at bottom). 

(I) Good quality  Notch homogeneity above 70%  

The shift of the mean value is in the order of the measurement error. Hence, the 
obtained reproducibility reflects the performance of the systems. 

(II) Intermediate quality  Notch homogeneity between 60% and 70%  
While in some cases the shift of the mean value is in the order of the measurement 
error, in others it is exceeded by a factor slightly more than two. Most of the 
deviations range between ∆ % and ∙ ∆ %. That means that the notch quality 
starts to influence the measured reproducibility.  

(III) Poor quality  Notch homogeneity below 60% 
The shift of the mean value is no longer within the measurement error. The impact 
of the notch thus determines the achievable reproducibility. 

 
Conclusions 
The quality of reference defects has an impact on the achievable reproducibility of the 
testing machine and the defect homogeneity provides a quantitative description therefor. 
It can be extracted from scan runs, which also allow the measurement of helix profiles. 
The amplitude distribution of the helix profile corresponds to a probability function for 
the reproducibility runs. The original assumption for the performance of the UT machine 
is a Gaussian distribution of that probability function. However, with decreasing notch 
quality non-Gaussian parts start to dominate thus leading to a more complex pattern and 
an asymmetric deviation of the minimum and maximum value to the average. Moreover, 
a small statistical sample can lead to larger variations of the reproducibility if the runs are 
repeated. Consequently, the obtained reproducibility does not reflect the performance of 
the UT machine but the quality of the reference itself. The notch quality can be classified 
based on a comparison of the mean value of the probability function with the intrinsic 
resolution of the UT machine. The data for this study were taken during the 
commissioning of a UT machine under production condition with a high accuracy of the 
amplitude measurement in the order of ±0.3 dB. 
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