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Off-Axis Flaw Detection, Characterization and Sizing

Ultrasonic Testing (UT) of pressure tubes is a commonly used 
inspection method. However, the results of off-axis flaw 
detection and sizing sometimes are not satisfactory.

Standard CIGAR/ANDE normal beam (NB) and shear wave 
probes in the pitch-catch (PC) mode can detect off-axis flaw 
only as shadows in the main NB and PC responses, because 
the signals reflected from bottom of such flaw do not return 
to the probe. 

Moreover, standard CIGAR/ANDE shear wave probes in the 
angle pulse-echo (PE) mode cannot detect off-axis flaw at all, 
because reflected signal does not return to the probe. 

Flaw parameters, such as orientation, length and width, can be 
determined using shadows in NB and PC responses, but flaw 
shape, depth, and root radius cannot be determined. 



CIGAR NB Shadow Image of Off-Axis Flaw

NB shadowing axial-circumferential amplitude C-scan of the ID 
rectangular notch 0.15mm deep, 0.15mm wide, 6mm long, oriented at 45 
degrees to the tube axial axis. Probe: NB, ID focused, FL=10mm, 
f=20MHz, D=6.35mm, WP=10mm. 



CIGAR Axial PC Shadow Image of Off-Axis Flaw

Axial-circumferential PC shadowing amplitude C-scan of the OD and ID 
rectangular notches 0.15mm deep, 0.15mm wide, 6mm long, oriented at 45 
degrees to the tube axial axis. Probes: FW and BW, FL=33mm, f=10MHz, 
D=9.5mm, WP=20.6mm, incident angle 21 degrees. 



CIGAR Circumferential PC Shadow Image of Off-Axis Flaw

Axial-circumferential PC shadowing amplitude C-scan of the OD and ID 
rectangular notches 0.15mm deep, 0.15mm wide, 6mm long, oriented at 45 
degrees to the tube axial axis. Probes: CW and CCW, FL=33mm, f=10MHz, 
D=9.5mm, WP=20.6mm, incident angle 25 degrees. 



Cylindrically Focused Probe and Off-Axis Flaw Characterization-1

Probe: cylindrically focused in circumferential direction, f=10MHz, D=9.5mm, 
FL=20mm, WP=20mm, and axial incident angle ~6 degrees. ID off-axis V-notches 
with 45 degrees tip angle and 0.75mm deep oriented at various angles to the tube 
axial axis: 90, 75, 60, 45, 30, 15, and 0 degrees. 

Circumferential-radial 2D B-scan and pictures of PT and replica.



Cylindrically Focused Probe and Off-Axis Flaw Characterization-2

Circumferential-radial 2D B-scan of the PT sample with ID off-axis V-notches 
10mm long, 0.75mm deep, and oriented at 45 degrees to the tube axial axis with 
various tip angles: 120, 100, 80, 60, 40, and 20 degrees. Probe: cylindrically focused 
in circumferential direction, f=10MHz, D=9.5mm, FL=20mm, WP=20mm, and axial 
incident angle ~6 degrees. 



Cylindrically Focused Probe and Off-Axis Flaw Characterization-3

Circumferential-radial 2D B-scan of the PT sample with ID off-axis rectangular 
notches 10mm long, 0.15mm wide, oriented at 45 degrees to the tube axial axis with 
various depths: 0.75, 0.5, 0.25, 0.15, and 0.076mm.Probe: cylindrically focused in 
circumferential direction, f=10MHz, D=9.5mm, FL=20mm, WP=20mm, and axial 
incident angle ~6 degrees. 



Cylindrically Focused Probe and Off-Axis Flaw Characterization-4

Circumferential-radial 2D B-scan of the PT sample with ID off-axis V-notches 10mm 
long, 0.75mm deep with 45 degrees tip angle and oriented at 45 degrees to the tube 
axial axis with various tip radii: 30, 50, 100 and 150µm . Probe: cylindrically focused 
in circumferential direction, f=10MHz, D=9.5mm, FL=20mm, WP=20mm, and axial 
incident angle ~6 degrees. 



“Quasi-NB” Technique for Off-Axis Flaw Characterization - 1

The standard CIGAR ID focused NB probe has good sensitivity, resolution, 
and accuracy of measurements on axial and circumferential flaws. However, 
for off-axis flaws the situation is different, because the UT beam after 
reflections from two lateral faces of a notch propagates at angle, and 
therefore does not return to the probe. As a result, currently used NB 
CIGAR/ANDE technique provides only shadowing image of an off-axis flaw, 
and does not allow determining flaw shape and depth. 

After orienting the NB probe at small angles in axial and circumferential 
directions simultaneously, the UT beam will propagate at such direction to 
the off-axis flaw bottom, that it will return to th e probe. This probe provides 
such a trajectory of the acoustic beam for off-axis flaws that is similar to the 
standard beam trajectory of the CIGAR NB probe, used for axial and 
circumferential flaw detection. 



“Quasi-NB” Technique for Off-Axis Flaw Characterization - 2

Circumferential-radial 2D B-scan (a) and axial-circumferential 
amplitude 2D C-scan (b), derived of 3D PE “quasi-NB” B-scan 
of seven ID off-axis V-notches 7mm long and 0.75mm deep with 
45 degrees tip angle oriented at various angles to the tube axial 
axis: 0, 15, 30, 45, 60, 75, and 90 degrees. Probe: CIGAR ID 
focused, FL=10mm, f=20MHz, D=6.35mm, WP=10mm, axial 
and circumferential incident angles 5 degrees.

a

b



“Quasi-NB” Technique for Off-Axis Flaw Characterization - 3

Circumferential-radial 2D B-scan derived of a 3D PE “quasi-NB” B-scan of PT 
sample with ID off-axis V-notches 10mm long, 0.75mm deep, and oriented at 45 
degrees to the tube axial axis with various tip angles: 40, 60, 80, 100, and 120 degrees. 
Probe: CIGAR ID focused, FL=10mm, f=20MHz, D=6.35mm, WP=10mm, axial and 
circumferential incident angles 5 degrees.



“Quasi-NB” Technique for Off-Axis Flaw Characterization - 4

Circumferential-radial 2D B-scan derived of a 3D PE “quasi-NB” B-scan of PT 
sample with ID off-axis rectangular notches 10mm long, 0.15mm wide, oriented at 45 
degrees to the tube axial axis with various depths: 0.076, 0.15, 0.25, 0.5, and 0.75mm. 
Probe: CIGAR ID focused, FL=10mm, f=20MHz, D=6.35mm, WP=10mm, axial and 
circumferential incident angles 5 degrees.



Angle Probe Head for Off-Axis Flaw Characterization - 1

Standard CIGAR/ANDE angle shear wave probes, oriented circumferentially and 
axially, cannot detect off-axis flaws in the PE mode. Moreover, these probes can detect 
off-axis flaws in the PC mode only as shadows in the main PC response. It occurs 
because UT wave, reflected from the bottom and lateral faces of the off-axis flaw, 
propagates at angle and therefore does not return to the probe. In order to generate 
the UT beam returning to the probe, one should develop some special “quasi PC” and 
“quasi angle PE” techniques, which could provide such trajectories of the acoustic 
beams for off-axis flaws that are similar to the standard beam trajectories of the 
CIGAR angle shear wave probes, used for axial and circumferential flaw detection.

Orienting pairs of shear wave probes not axially or circumferentially, as in standard 
CIGAR Probe Head, but at +45 degrees and -45 degrees angles, one can generate UT 
beam propagating approximately perpendicular to average off-axis flaw orientation 
(45 degrees). As a result, this beam will return to the probe. Then the geometry, depth 
and other parameters of an off-axis flaw might be determined.

The novel “double-angle” shear wave PE and PC techniques can be realized using a 
specially designed Angle Probe Head.



Angle Probe Head for Off-Axis Flaw Characterization - 2

Drawing and picture of the novel specially designed Angle Probe Head.



Double-Angle PE Technique for Off-Axis Flaw Characterization-1

Circumferential-radial 2D B-scan (a) and axial-circumferential amplitude 2D C-scan (b), 
derived of 3D PE “double-angle” B-scan of seven ID off-axis V-notches 7mm long and 
0.75mm deep with 45 degrees tip angle oriented at various angles to the tube axial axis: 0, 15, 
30, 45, 60, 75, and 90 degrees. Probe: FL=40mm, f=15MHz, D=0.5”, WP=23mm, axial and 
circumferential incident angles 23 degrees.

a

b

Axial notch Circumferential notch



Double-Angle PE Technique for Off-Axis Flaw Characterization-2

Circumferential-radial 2D B-scan, derived of 3D PE “double-angle” B-scan of five ID 
off-axis rectangular notches 10mm long, 0.15mm wide, oriented at 45 degrees to the tube 
axial axis with various depths: 0.076, 0.15, 0.25, 0.5, and 0.75mm. Probe: FL=40mm, 
f=15MHz, D=0.5”, WP=23mm, axial and circumferential incident angles 23 degrees.



Double-Angle PC Technique for Off-Axis Flaw Characterization

Amplitude axial-circumferential 2D C-scan, derived of 3D PC “double-angle” B-scan of seven 
ID off-axis V-notches 7mm long and 0.75mm deep with 45 degrees tip angle oriented at various 
angles to the tube axial axis: 0, 15, 30, 45, 60, 75, and 90 degrees. Probes: FL=40mm, f=15MHz, 
D=0.5”, WP=21mm, axial and circumferential incident angles 23 degrees.



Combination of PC and PE Images - 1

The ability to combine information, obtained by using different 
techniques and probes, can provide a significant advantage for 
flaw characterization. 

One can, for example, connect simultaneously two probes, CW 
and CCW, to a pulser-receiver PE jack. As a result, both probes 
simultaneously transmit UT signals. Then each probe receives 
responses, generated by itself and the other probe. 

Subsequently, three techniques can be simultaneously realized: 
CW PE, CCW PE, and circumferential PC. The obtained image 
contains responses typical for these three techniques.



Combination of PC and PE Images - 2

Photograph of cross-section and circumferential-radial 2D combined B-scan of 
rectangular ID axial notch 0.5mm deep and 2.5mm wide with delay hydride crack 
0.8mm deep. Probes: FL=40mm, f=20MHz, D=9.5mm, WP=21mm, incident angle 
25 degrees.

PC notch 
response CW notch 

response

CCW notch 
response

Main PC 
response

CW crack 
response



Combination of PC and PE Images - 3

Circumferential-radial 2D combined B-scan (CW + CCW + 3-skip PC) of rectangular 
ID axial notch 0.5mm deep and 2.5mm wide with fatigue crack 1mm deep. Probes: 
FL=40mm, f=20MHz, D=9.5mm, WP=21mm, incident angle 25 degrees.

CW, CCW and PC 
responses from 
fatigue crack

CW, CCW and PC 
responses from notch 

tip and corner



Combination of PC and PE Images - 4

Photograph of cross-section and circumferential-radial 2D combined B-scan of V-
notch (45 degrees tip angle and 1mm deep) ) with DHC crack 0.5mm deep . Probes: 
FL=40mm, f=20MHz, D=9.5mm, WP=21mm, incident angle 25 degrees.

CW notch 
response

CCW notch 
response

Main PC 
response

CW crack 
response



Combination of PC and PE Images - 5

Circumferential-radial 2D B-scan, derived of 3D combined “double-angle” B-scan of five ID off-
axis rectangular notches 10mm long, 0.15mm wide, oriented at 45 degrees to the tube axial axis 
with various depths: 0.076, 0.15, 0.25, 0.5, and 0.75mm. Probes: FL=40mm, f=15MHz, D=0.5”, 
WP=21mm, axial and circumferential incident angles 23 degrees. 

Length of PE responses and notch depth are correlated. 



Combination of PC and PE Images - 6
Circumferential-radial combined 2D B-scans of four ID axial V-notches 0.3mm deep with tip 
angle 60 degrees and various root radii 40, 100, 200, and 400µm. Probes: CIGAR Head, CW and 
CCW, FL=40mm, f=15MHz, D=9.5mm, WP=21mm, incident angle 25 degrees. 

Position of intersection point of two PE responses and notch root radius are correlated. 

Root radius 40µm 
∆t=0.05µs

Root radius 100µm 
∆t=0.1µs

Root radius 200µm 
∆t=0.14µs

Root radius 400µm 
∆t=0.22µs



Combination of PC and PE Images - 7

Circumferential-radial 2D B-scans, derived of 3D combined “double-angle” B-scans of four ID 
off-axis V-notches 7mm long, 0.75mm deep, oriented at 45 degrees to the tube axial axis, with tip 
angle 45 degrees and various root radii 30, 50, 100, and 150µm. Probes: FL=40mm, f=15MHz, 
D=0.5”, WP=21mm, axial and circumferential incident angles 23 degrees. 

Position of intersection point of two PE responses and notch root radius are correlated. 

Root radius 30µm 
∆t=0.08µs

Root radius 50µm 
∆t=0.12µs

Root radius 100µm 
∆t=0.16µs

Root radius 150µm 
∆t=0.21µs



3D visualization of NB and PC scans - 1

Using different images (NB, PC, CW, CCW, and others), empirical formulae 
for the flaw orientation, geometry, and dimensions, and special software, that 
can automatically measure parameters of various responses, combine 
information obtained from different techniques (data fusion), and finally 
generate an isometric (3D) image of a flaw, would be a great benefit for flaw 
characterization. 

3D visualization of NB and PC scans of the flaw can be considered as a first 
step in this direction. 

Based on available NB and PC 3D B-scans, the isometric (3D) time-of-flight 
images were generated. Recall that these images are based only on 
information, which the respective Winspect files contain. In other words, 
although these pictures allow reproducing isometric images of the flaws, 
rotating them, and looking at them at different angles, they do not have any 
new information in comparison with Winspect files.



3D visualization of NB and PC scans - 2

Time-of-flight 3D image, derived of 3D NB B-scan of ID off-axis V-notch 0.15mm deep, 
0.5mm wide, 5mm long, and oriented at 20 degrees to the tube axial axis. Probe: 
CIGAR ID focused, FL=10mm, f=20MHz, D=0.375”, WP=10mm.



3D visualization of NB and PC scans - 3

Time-of-flight 3D image, derived of 3D PE quasi-NB B-scan of seven ID off-axis V-
notches 7mm long and 0.75mm deep with 45 degrees tip angle oriented at various 
angles to the tube axial axis: 0, 15, 30, 45, 60, 75, and 90 degrees. Probe: CIGAR ID 
focused, FL=10mm, f=20MHz, D=6.35mm, WP=10mm, axial and circumferential 
incident angles 5 degrees.



3D visualization of NB and PC scans - 4

Time-of-flight 3D image, derived of 3D combined (two PE + PC) B-scan of four ID off-
axis rectangular notches 10mm long, 0.15mm wide, oriented at 45 degrees to the tube 
axial axis with various depths: 0.75, 0.5, 0.25, and 0.15mm. Probe: CIGAR ID focused, 
FL=10mm, f=20MHz, D=6.35mm, WP=10mm, axial and circumferential incident 
angles 5 degrees.



3D visualization of NB and PC scans - 5
Photographs of pressure tube sample with ID scrapes 30mm long, 9mm wide and 
0.25mm deep and its replica, and also time-of-flight 3D image, derived of 3D NB B-
scan of this tube sample. Probe: FL=27mm, f=20MHz, D=9.5mm, WP=27mm.



3D visualization of NB and PC scans - 6

Time-of-flight 3D image, derived of 3D PC B-scan of axial rectangular notch 
0.5mm deep and 2.5mm wide with fatigue crack 1.1mm deep. Probes: CIGAR 
Head, FL=33mm, f=10MHz, WP=20.6mm.



Conclusions 

Modified or new developed UT inspection techniques and data analysis 
procedures can be used to improve flaw characterization of off-axis 
flaws: 

1. It is possible to see simultaneously the off-axis flaw depth and 
orientation on a single 2D B-scan, using cylindrically focused probe. 

2. “Double-angle” PE and PC methods allow determining off-axis flaw 
orientation and sizing it rather accurately, similar to the standard 
CIGAR techniques, CW/CCW and FW/BW, for axial and 
circumferential flaws, respectively. 

3. “Quasi-NB” method gives a possibility to reproduce shape and 
orientation of the off-axis flaw, and also evaluate flaw width and 
depth, similar to the standard CIGAR NB technique for axial and 
circumferential flaws. 

4. Combined technique shows that a notch tip radius is definitely 
correlated to the position of the intersection point of CW and CCW 
responses. 

5. 3D visualization of flaw images, based on the NB and PC techniques, 
provides convenient, accurate and reliable information for flaw 
characterization and sizing. 


