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Abstract. Time of Flight Diffraction (TOFD) technique is gaining ground as a solid
method for detection and sizing of defects. It has been reported that TOFD
technique provides good results on the inspection of fine grain steels. However,
there are few results regarding the application and performance of this technique on
austenitic stainless steels.
A big challenge of these inspections is the coarse grain structure that produces
low signal to noise ratio and may mask the diffraction signals. Appropriate
transducer design, selection of technique parameters and analysis tools could
overcome the actual difficulties.
In this paper, the main design aspects and parameters of the TOFD technique
for austenitic steels are presented. It follows the description of qualification tests
carried out to validate the technique for inspecting stainless steels welds. To
conclude, discussion of results from actual inspections is shown.

Introduction
The inspection of austenitic materials presents a series of difficulties due to the coarse grain
and anisotropic structure that distorts, attenuates, and scatters the ultrasonic propagated
beam [1]. Specific ultrasonic techniques and transducers have been designed to cope with
the examination of this type of materials. Among the most consolidated inspection methods
is the use of longitudinal wave focused transducers. This is a robust technique easy to
implement although it presents certain limitations such as accurate defect location (due to
beam deviation) and low signal to noise ratio when crossing through the welds. On the
other hand, regardless its capabilities for defect detection and sizing in carbon steels, the
utilisation of Time of Flight Diffraction (TOFD) technique could also contribute to improve
the reliability of austenitic steels examinations provided the forward scattering features and
principles of the technique.
To face the challenge, the first step is to optimise the parameters of the transducers
and its configuration, then to design the inspection procedures and finally to qualify the
inspection system. Along the paper, the main characteristics of these stages will be
described to conclude with the presentation of discussion of results from actual inspection
of austenitic stainless steel materials.
1. Principle of TOFD Technique
TOFD technique is based on measurement of the time-of-flight of the ultrasonic waves
diffracted from the tips of discontinuities originating from defects.
In this technique, one transducer acts as transmitter and the other as receiver and
maintains a fixed distance. In addition to the main longitudinal wave generated that
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produces the tip signal, a lateral wave is generated that travels close to the surface. A back
wall signal can be observed if the material is thin enough for one of the wave components
to reach the receiver after reflecting off the bottom of the test piece (see figure 1).
Diffracted waves from the defect tips spread over a wide angular range, they can be easily
detected, with little regard to defect orientation. Because diffracted waves from the top and
bottom tips of a discontinuity have different phases they are able to differentiate closely
spaced flaws, and their spatial separation is directly related to the height of the
discontinuity [2].
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Fig. 1. Principle of TOFD technique (upper) and image (lower)

2. Technique Definition
The technique described in this occasion has been designed to allow the inspection of
welded flat plates of austenitic stainless steels, of 25mm thickness, including the parent
material, heat affected zone and weld itself. The defects of concern are planar, crack-like,
of rough morphology. The inspection objectives are to detect and size this type of defects
along the depth range with a minimum size of 5 x 10mm.
2.1 Parameters Selection
The selection of these parameters has been made taken into consideration the objectives of
the inspection and material characteristics.
The optimum efficiency of diffraction from a near-vertical planar flaw and the
variation in the loss of energy for the given testing range has been found for refraction
angles in the range from 55° to 60° as indicated in [2].
Probe separation has been selected based on optimising insonification of the volume
of interest, and ensuring adequate diffracted energy from crack tips. The resulting probe
separation has set the focus of the probes at two-thirds of the material thickness.
For selecting frequency and probe diameter it is necessary to reach a compromise
between resolution, beam divergence, near field length, attenuation, and grain scatter. Three
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parameters have been evaluated (resolution, amplitude of lateral wave and signal to noise
ratio within the weld) to select the optimum frequency and probe diameter. It has been
chosen a damped piezoelectric element and a medium frequency (4-6 MHz) as mentioned
in the norm [2]. In figure 2 it is shown the ultrasonic response of a 4mm depth notch in an
austenitic weld with 4 and 7.5 MHz.

Fig. 2. Ultrasonic response of a 4mm depth notch in austenitic weld at 4 (left) and 7.5 MHz (right)

2.2 Data Acquisition and Analysis System
During acquisition phase, it is important to average the acquired signal to minimise the
random noise. It is recommended to work with a high resolution analog to digital converter
to minimise quantisation errors and assure good radio frequency signal reconstruction. It is
also necessary to use higher digitisation rates than theoretical ones to avoid the recorded
pulse shapes are distorted. Data acquisition system used is MIDAS from Tecnatom.
For data analysis from 2D images graphic tools such as cursors, zooms and alike
are currently used. However, in MASERA TOFD data analysis system used, more specific
tools for TOFD technique are available as the lateral wave alignment and hyperbolic cursor.
The hyperbolic cursor is intended to identify signals that correspond to tip diffraction
provided that these exhibit a hyperbolic shape. In figure 3 is presented an example of
MASERA TOFD hyperbolic cursor.

Fig. 3. Hyperbolic cursor for TOFD diffraction signals analysis

3. Qualification Tests
In order to qualify the technique, they have been identified the parameters associated to the
component to assess (structure and defectology) and their impact on the performance of the
technique have been determined.
3

3.1 Structure
Variation of velocity. It is necessary to study the impact of the variation of velocity on the
accuracy of measurements. For the given sizing errors (those allowed), for the whole depth
range, the velocity that produces these errors has been calculated. The obtained results
show that velocity variations do not have an impact if variations are ≤ 5900m/s ± 10%.
Grain size. In this application, grain size typically could vary from 32µm to 120µm.
Grain size affects the signal to noise ratio (SNR) and the detection sensibility. From the
literature [1] and [3], it is said that 2 to 4 MHz frequency probes are a good compromise
between scattering and resolution. Furthermore, experimental tests confirmed this and
showed that SNR > 6dB (see figure 4).

Fig. 4. TOFD images with 4 MHz probe on austenitic steel with 120µm grain size

The attenuation and the SNR are also affected by the structure (see figure 5). To
characterise this phenomenon and minimise its impact, after experimental tests, it has been
required SNR > 2dB.

Fig. 5. Example of low (left) and high (right) noise structure

From bibliography [1], maximum beam deviation for longitudinal waves in 316L
stainless steels is < 20°. Nevertheless, knowing the relatively high width beam, the effect of
beam deviation would be negligible. Calculations and practical tests carried out have shown
this effect (of beam deviation < 20°) does not impact the results.
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3.2 Defectology
An intergranular crack poses an irregular surface that present many possible diffraction
points. Thus, detection and sizing are challenging issues that should be reliably contrasted.
With this purpose, several tests have been carried out on specimens who have realistic
intergranular cracks. After the ultrasonic examinations, metallographic tests were made to
assess the morphology and size of the discontinuities.
Results obtained with a 4MHz probe show a cluster of diffractions that correspond
to the branched morphology of crack tips. Two tests, one with probe separation (PS) 22mm
and the other 52mm were performed to characterise the morphology of the discontinuity.
Three main diffractions were distinguished (see figure 6) each one associated to an
extremity of the crack. The shape, brightness and length of the diffraction arc are indicative
of the importance of the branch as observed in this case with the central arc.

Fig. 6. TOFD images of crack tips with a 4MHz probe, PS: 22mm (left) and PS: 52mm (right)

Orientation of defects surface regarding the incidence of beam probes could vary
due to the nature of intergranular cracks in austenitic steels; therefore its impact should be
determined. References [4], as well as experimental trials showed that there is not impact
for skew < 45° (see figure 7); these results are explained on the base of omni directional
propagation of longitudinal diffraction waves.
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Fig. 7. TOFD ultrasonic amplitude versus skew angle
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Amplitude of diffraction (dB)

Defect tilt angle may also influence the ultrasonic diffraction response. However, as
diffraction waves travel omni directionally, its potential impact would be limited;
theoretical simulation states that the amplitude of diffraction signal is related to incidence
angle and amplitude drop is ≤ 10db for tilt angles from 0 to 50°. Experimental results are in
agreement with the theory (see figure 8).
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Fig. 8. TOFD ultrasonic amplitude versus tilt angle

4. Field Results
After qualification, different welded plates of austenitic steel have been examined with this
technique. The different influential parameters of the actual components were within the
specified range. An example of the weld structure ultrasonic response is shown in figure 9.
The existence of the low SNR in the weld area made the analysis hard; on the other hand,
the high resolution probe and the hyperbolic cursor (to identify diffraction arcs) facilitate
the detectability and sizing of defects as demonstrated during the qualification. No defects
have been detected.
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Fig. 9. B-scan (upper) and A-scan (lower) of inspected weld
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5. Conclusions
A TOFD technique has been developed to examine austenitic stainless steel weld plates for
characterising rough cracks. After development, the technique has been qualified to
demonstrate its capabilities and performance, in particular, for detecting and sizing defects
in the weld.
Special attention has being paid to optimise the main parameters of the transducers
such as frequency, refraction angle, resolution and probe separation. The use of high
performance data acquisition system and enhanced data analysis tools such lateral wave
alignment and hyperbolic cursor have demonstrated very useful.
The inspection equipment has performed in conformity with specified requirements.
The influential parameters of the material examined were within the specified range and,
thus, the inspection was performed as planned.
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