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1.  Introduction 
 
This technical note is Part 22 of a series in NDT.net.   
 
When an ultrasonic pulse is moving in a solid medium and a portion of the wavefront 
impinges on a boundary the wavefront can undergo changes in direction, intensity and even 
the mode of propagation.  When the wavefront is redirected away from the boundary the 
process is generally considered to be “scatter”.  If the dimension of the boundary is large 
relative to the wavelength (i.e. several wavelengths) the process may be considered 
“reflection”.  If the large reflecting surface is smooth (e.g. having roughness dimensions much 
less than the wavelength of the pulse) the reflection can be considered “specular”, which 
simply means it has the properties of a mirror.  However, if the boundary dimension is small 
with respect to the wavelength of the pulse, the process can become diffraction.  Diffraction is 
simply the bending of a wavefront passing through a narrow aperture or across an edge.   
 
The effects of a wavefront passing through a narrow aperture have been seen in earlier parts 
of this series [1, 2, 3] where the pulse was seen just after being transmitted from the aperture 
formed by the piezo element.  The bending of the wavefront was evident on each side of the 
element while the main pulse appeared to be relatively flat as it emerged from the aperture.  
The bending effect as the wavefront moves across an edge was also seen demonstrated in this 
series in Parts 1 and 7 [1,4] where the compression mode and transverse mode were seen to 
interact with the tips of surface-breaking notches.   
 
When the diffraction effect occurs off the tips of a notch or flaw, we often call it a tip-
diffraction in ultrasonic non-destructive testing (NDT).  In the case where the tips of a flaw 
are not surface connected, it may be possible to detect a tip diffracted response from both ends 
of the flaw.  This is in fact the principle of the ultrasonic technique known as time of flight 
diffraction (TOFD).  Tip diffraction has also been used in pulse-echo configurations where it 
can provide improved flaw sizing estimates.  In 2008, photoelastic visualisation was used to 
help explain the signals in the TOFD technique [5].  At that time the sample used was a block 
of fused silica 25mm thick and monoelement probes (6mm diameter 5MHz centre frequency).  
The images were made using an older version of the photoelastic imager.  
 
In addition to the video presentation, this paper provides improved photoelastic images of the 
tip diffraction process initially presented in the 2008 paper.  The sample material has been 
changed to a soda lime glass sample (18.3mm thick).  For our demonstration purposes relating 
to industrial NDT, soda lime glass has the advantage over fused silica in that the velocities in 

The video to this article can be seen here: www.ndt.net/search/docs.php3?id=18822&content=1
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both compression and transverse modes are closer to those found in steels as indicated in 
Table 1.  
 
Table 1 Comparing acoustic velocities 
 

Material  Compression Velocity  Transverse Velocity (Sv shear)  
Fused Silica glass  5970 m/s  3770 m/s  
Soda Lime glass  5840 m/s  3450 m/s 
Steel 5900 m/s 3240 m/s 

 
To increase the photoelastic intensity, the probe has been changed to a linear phased-array on 
a 36° refracting wedge made of cross-linked polystyrene.  The probe had a nominal frequency 
of 5MHz and a passive aperture of 10mm.  The pitch was 0.6mm and 10 elements were used 
starting at element #2.  
 
The applied voltage was 220V using a negative square with 90ns pulse-duration.  
The delay law provided a beam that was 65° refracted in the compression mode.  The near 
zone that results when using an unfocussed 65° compression mode is only about 17mm in the 
glass, as indicated by the Civa model in Figure 1.  
 

 

 
 

Figure 1 Locating the compression mode near zone using Civa modelling 
 
 

Location of peak amplitude 
compression mode 
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2.  Glass Sample and target 
 
Soda-lime float glass was used as the test material.  Its dimensions were 18.3x18.3x150 mm.  
A rectangular notch 1x3mm was prepared in the sample.  The process involved cutting the 
glass in half using a saw with a fine diamond cutting blade.  The saw was then used to cut a 
square notch on the surface of one of the cut ends and the two surfaces then polished to a very 
high degree of smoothness (on the order of a few nanometres roughness).  The polishing 
process leaves the glass surface with a very unstable electron condition; however, when a 
similarly highly polished surface of glass is brought next to it, the electrons find a stable 
condition again.  Effectively, the glass re-joins along the polished surface by means of van der 
Waal’s forces.  There is no glue bonding agent used and after about 24 hours of the glass 
surfaces being pressed against each other, the 2 pieces are fused together with a bond as 
strong as it was prior to cutting it apart.  This allows sound pulses (and even light) to pass 
through the bond without reflection.   
 
Having configured the delay laws to provide a 65° compression mode, the probe was placed 
on the glass with the compression mode beam directed at the top of the notch as indicated in 
Figure 2.  
 

 
 
Figure 2 Probe placement on glass specimen with modelled beam overlaid 
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3.  The Diffraction Process 
 
The video begins with the pulse formed in the refracting wedge having just entered the glass 
and then the strobe delay is activated to advance the imaged pulse.  The diffraction effect 
from the aperture can be seen by the bending that occurs as the lower portion of the pulse 
enters the glass.  The compression mode is seen with a darker leading edge and it is quickly 
followed by a brighter transverse mode.  In order to achieve the 65° refracted compression 
mode, the incident angle is approximately 21.3°.  This is below the first critical angle so the 
transverse mode is forming at about 32°.   
 
Figure 3 illustrates two frames of the video.  The frame on the left shows the arc formed by 
the compression mode and the transverse mode having separated from the compression mode.  
Approximately 1.3µs later, the pulse has advanced to the position seen in the frame on the 
right.  Here we see a second arc formed just above the first compression mode arc.  This arc is 
characterised by its leading edge being bright.  Its origin is also a diffraction, but this time off 
the upper edge of the aperture. 
 

 
 
Figure 3 Lower and upper aperture diffraction arcs forming in glass 
 
Diffraction arcs form at the edge of all transmitted pulses generated by piezo elements.  
Charlesworth and Temple [6] described these diffraction arcs as originating from the inner 
and outer edges of the TOFD probe pairs.  Using the concept of wavelet arcs, we can then 
illustrate how the backwall signal in a TOFD B-scan presentation results from a path that has 
the exit point well back of the indicted exit point used for the Probe Centre Spacing (PCS). 
 
In Figure 4, the aperture diffraction arcs are indicated for the upper and lower edges of the 
aperture.  However, the shortest path in the wedge to the test surface interface is directly 
below the lower aperture edge.  This produces a shorter time in the wedge material than the 
intended plane wave which is moving along the centre of beam path and has its theoretical 
exit point at the probe index.   
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Figure 4 Origin of the backwall signals in a TOFD configuration 
 
Since the shortest path for the aperture diffraction arc is straight down from the end of the 
aperture, the first point to reach the far surface of the tested component will be the apex of the 
arc impinging at 0°.  Other points along that arc will follow, impinging at greater angles of 
incidence.  This is the start of the formation of the TOFD backwall signal.  As a result of the 
compression mode making increased angles of incidence along the arc, mode conversion also 
occurs. These are indicated in Figure 5.  In addition, we can see the transverse headwave that 
has formed as a result of the glancing incidence of the compression wave along the top 
surface of the glass sample.   
 
 

 
 
Figure 5 Lower diffraction arc mode converts off backwall 
 
Soon after the lower aperture diffraction arc has begun its reflection from the backwall, the 
upper aperture diffraction arc reaches the backwall.  At this point, the video images get 
complicated by the number of events occurring at approximately the same time.  
  

Reflection of 
compression mode 
from lower aperture 
diffraction arc 

Transverse mode 
headwave 

Mode converted S-mode off 
specular reflection of L-mode  
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Figure 6 indicates the upper aperture diffraction arc going through the same process of 
reflection and mode conversion that the lower aperture diffraction arc did.  At roughly the 
same time, we see the main intensity of the incident compression mode impinging on the 
notch.  This results in a specular reflected compression mode, then mode conversion of the 
specular reflection to transverse mode (S-mode) and the first indications of a tip diffraction 
from the upper tip of the notch.   
 

 
 
Figure 6 Diffraction and reflection events 
 
By the time the main pulse has passed the notch by 4-5 wavelengths, the upper and lower tip 
diffraction arcs have formed off the notch.  These can be seen in Figure 7; however, the 
intensity of the compression mode is weaker and difficult to see in the photoelastic image.  
This is partially due to attenuation, but also a result of the effect of the angular dependence of 
the light polarisation in the photoelastic process.   
 

 
 
Figure 7 Tip Diffraction arcs off notch 

Reflection of upper aperture 
diffraction arc L-mode 

Specular reflection 
of L-mode  

Mode converted S-mode off 
specular reflection of L-mode  

Upper tip diffracted arc L-mode 

Upper tip diffracted arc S-mode 

Mode converted S-mode 
from reflecting upper 
aperture diffraction arc 
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In order to assist in the identification of the tip diffraction arcs, the image is processed with 
some embossing in Figure 8.  
 
Note too that the transverse mode headwave will also form tip diffracted arcs when it 
encounters the notch.  This will result in both tip diffracted transverse waves and a mode 
conversion of the transverse to compression mode.  The proximity of the notch to the test 
surface and the thickness of the specimen will determine if the mode converted L-mode, that 
forms from the transverse headwave, will arrive at the receiver prior to the backwall signal in 
a TOFD configuration.  
 
 

 
 
Figure 8 Image enhancement of Tip Diffraction arcs off notch 
 
4.  Comments 
 
The associated photoelastic video illustrates the process of tip diffraction using a refracted 65° 
compression mode generated in glass using a linear phased array probe.  Diffraction 
associated with the emergence of the pulse from the probe accounts for the arcs that form the 
backwall signal identified in the TOFD technique.   
 
Diffraction also accounts for the circular wavefronts that emanate from the upper and lower 
tips of the notch (or planar flaw).  Charlesworth and Temple [6] indicate that the relative 
amplitude differences are small for notches 0.5mm to 2mm wide.   
 
Since the pattern of diffraction from the notch tips is symmetrical, the tip diffraction 
technique can be used in either the forward scatter (TOFD) or back-scatter (pulse-echo) 
techniques.  
 

Reflected backwall L-mode 

Upper tip L-mode 

Lower tip L-mode 

Upper tip S-mode 

Lower tip S-mode 
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For more information about the photoelastic system see 
http://eclipsescientific.com/Products/Training/Photoelastic/index.html  
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