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Abstract 

The detection, imaging and charaeterisation of radial 
cracks, resuhing from Vickers indentations in a 
sintered reaction-bonded silicon nitride, are studied by 
means of ultrasonic leak)' Rayleigh waves. The depth 
of the cracks investigated varied between 40 and 
270 ~m. Focusing probes with a nominal frequeno' of 
30 and 75 MHz are used. The obtained C-scan images, 
which are complicated by the presence of the indents, 
are discussed. Crack length and crack depth are 
measured using acoustic' methods. The detection and 
sizing limits are discussed. 

Die Ident(fizierung, Abbildung und Charakterisierung 
yon radialen Rissen, die durch Vickers Hdrteindriicke 
in reaktionsgesintertem Siliziumnitrid erzeugt wur- 
den, werden mit Hilfe yon Rayleigh wellen untersucht. 
Die untersuchten Rifltiefen liegen zwischen 40 und 
270pro. Es werden Sonden mit Nominalfrequenzen 
yon 30 MHz und 75 MHz benutzt. Die erhaltenen C- 
scan Abbildungen, die durch die vorhandenen Ein- 
driicke beeinfluflt werden, werden diskutiert. Die Rift- 
ldngen und Rifltiefen werden mit Ultrasschallmetho- 
den bestimmt. Die Grenzen der Identifizierung und der 
Gr6flenbestimmung werden diskutiert. 

La d(;tection et le dimensionnement de .fissures 
radiales, obtenues par des empreintes de Vickers dans 
un nitrure de silice, sont Otudi~s en utilisant des ondes 
de Rayleigh rayonnantes. La projondeur des tissures 
examinOes varie entre 40 et 270 #m. La frOquence 
nominale des traducteurs jocalisants utilisks est de 30 
et 75 MHz. Les images C-scan compliqu~es par la 
prOsence de l'empreinte sont interprktkes. La longueur 
et la profondeur des tissues sont mesurkes par des 
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methodes uhrasonores. Les limites de d&ection et de 
dimensionnement sont discutOes. 

1 Introduction 

Engineering ceramics, such as Si3N 4, SiC and Z r O  2 

show potential for use in structural applications 
where high mechanical and high thermal loading 
occur. However, due to their brittle nature, their 
mechanical properties show a wide variability and 
failure is generally caused by small defects such as 
microcracks, voids, inclusions and oversized 
grains 1 '~ Amongst  these defects surface-breaking 
cracks form an important category. The critical flaw 
size in ceramics varies between 50 and 500/~m. 5 
Ideally the detection limit should be 10/~m. 6"7 

Ultrasonics is one of the most suitable non- 
destructive techniques for detection and characteris- 
ation of cracks. Methods, based upon the use of  
leaky Rayleigh waves, have often been applied to 
detect and characterise shallow surface-breaking 
cracks.S-22 Leaky Rayleigh waves lend themselves 
better to the detection of surface-breaking cracks 
than the better known and more widely used bulk 
compression or shear waves, because their energy is 
contained in a region less than two wavelengths 
below the surface, making them very sensitive to the 
presence of  surface defects. Two of the most widely 
used techniques are a pulse echo technique and 
acoustic microscopy.*- 22 

In acoustic microscopy s-13 the interference 
phenomena  between waves radiated by leaky 
Rayleigh waves propagating in all directions along 
the surface and the wave reflected specularly on the 
surface are exploited to obtain acoustic images. The 
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frequencies used vary from 100MHz up to some 
GHz. Scanning acoustic microscopy has been used 
extensively, and with success, to image surface 
defects. 

In the pulse echo technique 14-22 the reflection 
of Rayleigh waves on surface-breaking defects is 
studied. The Rayleigh waves are propagating in one 
specific direction. Most of the attention until now 
has been directed towards signal analysis to detect 
and characterise the defects. For maximum detect- 
ability measurements should be made at a wavelength 
(2R) comparable to or smaller than the crack size. 16 
A typical value for the wavelength in silicon nitride is 
100#m at 50MHz, illustrating the need to use 
frequencies much higher than normally used in non- 
destructive testing. 

Relatively little attention has been paid to image 
surface defects using this last technique. Jagnoux & 
Vincent 23 used it to image surface defects in metals. 
Clarke e t  al. 16 equipped their acoustic microscope 
with a special acoustic objective to eliminate the 
specular reflection. They imaged slot-like surface 
cracks in silicon nitride. The frequency used varied 
between 35 and 50MHz. 

The resolution obtained with acoustic microscopy 
is undoubtedly better but very high frequencies need 
to be used, limiting the penetration depth to some 
microns. Despite the lower resolution obtained with 
the pulse-echo technique it presents a number of 
non-negligible advantages: 

• The use of lower frequencies in the pulse-echo 
technique means larger penetration depths, 
allowing one to obtain information on the 
crack depth. Different methods have been 
developed and used to measure the crack 
depth. 17 - 21 

• The pulse-echo technique is very sensitive to the 
presence of cracks which are orientated ortho- 
gonally with respect to their propagation 
direction. In acoustic microscopy there are no 
preferential directions. Furthermore, only a 
tiny disturbance (caused by the leaky Rayleigh 
waves) to a large output signal (due to the 
specular reflection) is measured, x6 So for 
frequencies of around 50 MHz the pulse-echo 
technique is more sensitive to the presence of 
the type of cracks mentioned than acoustic 
microscopy. Note, on the other hand, that 
cracks which are not orientated orthogonally 
with respect to the propagation direction of the 
leaky Rayleigh waves are not detected by the 
pulse-echo technique. For acoustic microscopy 
the orientation of the crack does not play a role. 

• Rayleigh waves can propagate along curved 
surfaces, provided that the curvature is large 
with respect to the wavelength. So inspection 

in situ of components can be envisaged. 2~ This 
is not the case for acoustic microscopy where 
only relatively small specimens can be inves- 
tigated. Moreover the surface has to be flat and 
well polished. 

The purpose of this publication is to show the 
possibilities of detecting, imaging and characterising 
surface-breaking cracks in a sintered reaction- 
bonded silicon nitride by the pulse-echo technique. 
Firstly, the main characteristics of the defects 
studied are given. Then the main properties of the 
leaky Rayleigh waves are recalled. Next the ultra- 
sonic imaging system is described and examples of 
images are given and discussed in detail. Crack 
lengths, determined from the ultrasonic images, are 
compared with the real dimensions. Also crack 
depth measurements are presented. Finally, the 
influence of the used frequency on detection, 
imaging and sizing is discussed. 

2 Experimental 

2.1 Material and defects 
The material used for the experiments was a sintered 
reaction-bonded silicon nitride (SRBSN). It con- 
tained Y203, AI203 and MgO as sintering additives. 

The defects studied were radial cracks, resulting 
from Vickers indents. These are quite representative 
of natural surface-breaking cracks. Figure 1 shows a 
schematic diagram of the crack pattern, resulting 
from a Vickers indent in a brittle material. 24'15 It 
consists of two half-elliptical surface-breaking 
cracks, orientated parallel with the indent diagonals, 
and normally referred to as radial cracks. Fur- 
thermore, there are also the so-called lateral cracks 
spreading outwards from the deformation zone, 
beneath the indent surface. 

The SRBSN test bar in which the indents were 
made was 20mm long, 4 .4mm wide and 3-3mm 
thick. Six indents were made on the polished surface 
(4.4 mm × 20 mm) of the bar as shown in Fig. 2. 

Table 1 summarises the most interesting charac- 
teristics of each indent. The diagonal of the indent 
and the radial crack length were measured from 
scanning electron microscopy (SEM) micrographs. 

I surface I 

lateral crack radial crack 
Fig, 1. Schematic representation of a crack pattern, resulting 

from a Vickers indent in a brittle material. 
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Table 1. Main characteristics of Vickers indents and corresponding radial cracks 

Vickers load Indent Radial crack Maximum Maximum 
(N) diagonal length (ira 0 indent depth" radial crack 

(Ira,) (#m) depth" 
(pm) 

300 200 540 40 270 
200 160 400 32 200 
100 110 260 22 130 
50 80 150 16 75 
30 60 110 12 55 
20 50 80 10 40 

"Calculated. 

3.3 mm 4.4 rnm 

20.0 mm 
Fig. 2. Test bar of SRBSN used for the experiments. 

The indent depth was calculated using the known 
geometry of the Vickers diamond. To a first 
approximation, it can be assumed that the maximum 
depth of the radial crack is half its length at the 
surface.  2+,25 

Figure 3 shows a SEM image of indent 3. The 
radial crack, imaged with leaky Rayleigh waves (see 
Fig. 7 and Fig. 11), is indicated by arrows in Fig. 3. 

2.2 Ultrasonic methods 
2.2.1 Properties of leaky Rayleigh waves 
When an ultrasonic beam impinges at an angle of 
incidence near the Rayleigh angle, onto the surface 
of a material immersed in a liquid, leaky Rayleigh 
waves are generated in the material. The Rayleigh 
angle, OR, is given by Snell's law: 

( C w )  
OR = asin ~ 

with Cw (m/s) the propagation velocity of the 

Fig. 3. SEM image of indent 3. 

4o 
I " 

longitudinal waves in the liquid and CR (m/s) that of 
the leaky Rayleigh waves in the solid. Leaky 
Rayleigh waves have the following characteristics/3: 

• They propagate in the solid parallel to the 
solid-liquid interface with a velocity slightly 
lower than that of the shear waves in the solid. 

• Their penetration depth is about one wave- 
length. 

• They are attenuated as they propagate in the 
solid. This a t tenuat ion is mainly due to 
radiation of an energy flux back into the water 
at the Rayleigh angle. 

2.2.2 Ultrasonic imaging 
Figure 4 shows the basic pulse-echo configuration 
used to generate and detect leaky Rayleigh waves. 
The transmitter probe, which in echo-mode also acts 
as receiver, is inclined at an angle close to the 
Rayleigh angle. An electrical pulse is applied to the 
probe, which produces a short ultrasonic pulse. This 
propagates through the water into the specimen. 
Leaky Rayleigh waves are generated which propa- 
gate in the specimen along the surface. When they 

Fig. 

Main pulse 
I----Echo due to diffraction 

~ by surface irregularities 

[ | Echo due to reflection 
I i by surface cracks 

~_ Gate 

Front wall Back wall 

Trao j j . i  
S 

i 

Crack 

Specimen 

Scanning plane 

4. Typical A-scan of a Vickers indent obtained with leaky 
Rayleigh waves. 
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are reflected by a surface-breaking crack part of the 
energy radiated back into the water returns to the 
probe. An electrical signal is produced which is 
delayed with respect to the emitting pulse. The 
representation as a function of time of the latter 
signal and its echo on a defect is called an A-scan. 
Figure 4 shows schematically an A-scan of a Vickers 
indent obtained with a probe inclined at the 
Rayleigh angle. 

Note that in the A-scan two echoes are present at 
the surface. Besides the echo due to reflection of the 
leaky Rayleigh waves by the radial crack there is also 
an echo due to diffraction in water of the incident 
beam on surface irregularities (such as the indent). 
This latter echo arrives somewhat before the former 
one. 

A C-scan image is obtained as follows. A part of 
the A-scan is selected by an adjustable time gate. In 
this case the gate intercepts the echo due to the leaky 
Rayleigh waves and the echo diffracted from the 
indent. The probe is scanned mechanically step-by- 
step in a regular raster over the surface of the 
specimen. The movement of the probe is parallel 
with the surface of the specimen. A parameter of the 
selected echo, in most cases the amplitude, is 
acquired for each position of the probe. The two- 
dimensional representation of the variation of this 
parameter as a function of probe position is a C- 
scan. 

2.2.3 Crack length and crack depth measurement 
The 6dB amplitude drop technique 26 was used to 
estimate the crack length. The technique consists of 
first positioning the probe to obtain the peak 
amplitude of the echo reflected from the radial crack. 
The crack length is obtained by moving the probe 
along the crack until the amplitude has been reduced 
by a nominal amount  of 6 dB. 

An estimate of the crack depth can be obtained by 
measuring the peak amplitude A of the echo of the 
leaky Rayleigh waves on the crack. For short 
wavelength scattering, when both the crack radius 
a >> 2R and the focal spot size of the beam are much 
larger than a, the amplitude A should be independ- 
ent of a, whereas for long wavelength scattering 
when a<<2R, A should be proportional to a3. 21'22 

For the transition zone, when a is comparable to 2 R 
or the focal spot size, no analytical expression is as 
yet known. 

Ultrasonic spectroscopy has also been used by a 
number of authors to estimate crack depth and 
crack length. 17,19,20 Resonance phenomena, which 
are related to the crack depth and the crack length, 
may indeed be observed in the frequency spectrum 
of the echo of the reflected Rayleigh waves. 

2.2.4 Ultrasonic equipment 
Figure 5 shows a schematic overview of the 
equipment used. The pulser-receiver used was a 
Panametrics 5052 PRX with a band width of 
75 MHz for the 30 MHz probe and a Panametrics 
5601A with a band width of 150MHz for the 
75 MHz probe. The digital oscilloscope used was a 
LeCroy 9450 having a sampling rate of 400 MS/s 
and a band width of 350 MHz. This programmable 
oscilloscope allows the amplitude of the signal of 
interest to be acquired. After acquisition the 
amplitude information is transmitted via an IEEE- 
488 interface to a microcomputer (HP 300). The 
step-by-step motors (minimum step 10 pm), which in 
this case move the specimen instead of the probe, are 
also driven by the microcomputer through the same 
interface. 

Two focusing polyvinylidene fluoride (PVDF) 
probes were used. PVDF is an organic material with 
interesting piezo-electric properties. Its main advan- 

I PRTNTER I 

I 

I HP 9000 DATA l ACQUISITION 
DATA TREATMENT 

I 
BUS IEEE--488 

DlrGITAL 
OSC ~[ LLOSCOPE 

I 
CONTROLLER 
STEP MOTORS 
X AND Y-AXIS 

I 
STEP MOTORS J X AND Y-AXIS 

SIGNAL ~ : S  PULSER-RECEIVER ~ 

PROBE ~ ~ ,  , PECXMEN 

SPECIMEN HOLDER ~ ' I NATER TANK 
Fig. 5. Overview of ultrasonic equipment used. 
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Table 2. Main characteristics of focusing probes used, their corresponding beam and signal due to the 
leaky Rayleigh waves 

19 

CharacterLs'tic Probe 1 Probe 2 

Probe Nominal frequency (MHz) 30 75 
Diameter (mm) 3"1 3'1 
Nominal focal distance (mm) 20 12"7 
Effective focal distance (ram) 17.5 12.5 

Signal Central frequency (MHz) 28 60 
Band width (%) 90 15 

Beam Focal spot size" (ym) 280 100 

Calculated. 

tage, however, is its film character which can be 
produced at a thickness for which the more classical 
ceramic materials would be extremely fragile. 26 
Focalisation is hence obtained directly by depositing 
it on a segment of  a sphere. With classical piezo- 
electric materials a delay line has to be used to focus 
the beam. Internal reflections within the delay line 
cause a lot of  noise, diminishing the sensitivity. 

The main parameters of  the two focusing P V D F  
probes are given in Table 2. The nominal frequency 
of  the probes are 30 and 75 M H z  respectively. As 
these probes have a large band width, the central 
frequency of  the spectrum of  the echo also depends 
on the exact configuration of  the equipment used 
and the attenuation in water. The spectra of  the 
signals due to the leaky Rayleigh waves are centred 
at 2 8 M H z  and 60MHz,  with a band width of  90% 
and 15% respectively. In order to obtain the central 
frequency of  60 M H z  for the 75 M H z  probe it was 
necessary to use a very short coaxial cable (15 cm) 

and an analogue high-pass filter. That is why the 
band width of  the 75 M H z  probe is relatively small. 
The focal distance of  the probe corresponds to the 
distance between probe and specimen for which the 
amplitude of  the front wall echo, obtained in normal 
incidence, becomes a maximum. For  the 3 0 M H z  
probe the measured focal distance was found to be 
10% lower than the nominal one. The focal spot size 
d was calculated as follows: 26 

d = ( Cw " F~ 
\,/;. D / 

with F the focal distance of  the probe, jc the central 
frequency and D the diameter of  the probe. 

3 Results 

3.1 Detection and imaging 
Figure 6 shows two C-scans, obtained with the 
30 MHz  and the 75 M H z  probe respectively. The 
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Fig. 6. C-Scans of area containing all six indents, obtained with the 30 MHz and the 75 MHz probe respectively (step 20pm). 
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Indent 1 (540 microns) Indent 3 (260 microns) 
Fig. 7. C-Scan of indent 1 (radial crack length 540 #m) obtained with the 30 M Hz probe and of indent 3 (radial crack length 260/~m) 

obtained with the 75 MHz probe. 

arrows indicate the peaks corresponding to the 
different indents. All six indents were detected by 
both probes. Comparing the two images indicates 
that the 75 MHz probe has a higher sensitivity than 
the 30 MHz probe. The noise visible in the images 
varies in an arbitrary way from one scanning line to 
the next. As the scanning step is much smaller than 
the focal spot size, this suggests that the nature of the 
noise is electronic. 

Figure 7 shows two C-scans, the first of indent 1 

NEEDL E POIN 7 

WIRE / 
(25~rn) 

INDENTA T/ON 

250~m 
i i 

Fig. 8a. Position of reference reflectors with respect to Vickers 
indent. 

(radial crack length 540/~m) and the second of indent 
3 (radial crack length 260/~m) obtained with the 
30 MHz probe and the 75 MHz probe respectively. 
The grey levels are graduated in dB, the 0 dB level 
corresponding to the maximum amplitude of the 
echo due to the leaky Rayleigh waves. These images, 
showing three maxima, are typical of the larger 
indents. The white straight lines indicate the crack 
lengths determined with the 6dB amplitude drop 
technique. 

The exact origin of these three maxima has been 
studied by putting reference reflectors on the surface 
near the largest indent and recording the corre- 
sponding C-scan of the surface. Figure 8a shows the 
position of two 25 #m diameter wires (at 90 ° to each 
other) and a needle with respect to the Vickers 
indent. The needle is used as an additional reference 
point. Figure 8b represents the corresponding C- 
scan, obtained with the 30 MHz probe. In this image 
it is easy to recognise the reflection on the wire, 
which is orientated orthogonally with respect to the 
beam axis. A significant drop in reflection occurs at 
the intersection with the other wire, which is 
orientated parallel to the projection of the beam axis 
on the surface. Diffraction by the point of the needle 

LEVELS 

m m  0/-1  dB 

m m  - 1 / - 3  dB 

m - 3 • - 6  dB 

-91-12 dB 

I < -12 dB 

Reflection by the wire 
in water 
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1 . 0 ~  

0.0 ~!~ii: Imm) 

Diffraction by needle 

in water 

~ .  Diffraction in water by the 
right vertex of the indentation 

Minimum reflection at the 
I intersection of the wires 

Reflection of the surface 
waves by the radial crack 

Position of the indentation 
and of the radial cracks 

Fig. 8b. C-Scan of surface with reference reflectors. 
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leaky Rayleigh waves are 

reflected to the probe 

\ 

v <! 

,1~ leaky Rayleigh waves are 
' scattered away from the 

probe 

Fig. 9. Scattering of the leaky Rayleigh waves by the indent. 

gives rise to the maximum in the upper right corner 
of the C-scan. 

Three maxima due to the Vickers indent are 
clearly visible. The exact position of the indent and 
the radial cracks with respect to the reference 
reflectors, measured using an optical microscope, is 
also given in Fig. 8b. The maximum on the right is 
due to diffraction in water of the incident beam by 
the right vertex of the indent. The two other maxima, 
disposed symmetrically with respect to the indent, 
are due to reflection of the leaky Rayleigh waves by 
the radial crack, which is orientated perpendicular 
to their propagation direction. This reflection is 
characterised by three features: 

• Two maxima are observed whereas only one 
would be expected (see also Fig. 7). 

• The maximum reflection occurs when the beam 
hits the surface of the specimen some distance 
ahead of the crack. 

• Elongated shape of the two maxima due to 
reflection of the leaky Rayleigh waves (see also 
Fig. 7). 

In the central zone of the radial crack, where the 
indent is present, the leaky Rayleigh waves are 
scattered. As the penetration depth is one wave- 
length, 2R, this causes an important decrease of 

reflection, as shown in Fig. 9. The central part of the 
crack is hence masked by the indent so that the leaky 
Rayleigh waves are only reflected by the extremities 
of the radial crack, explaining the presence of the 
two maxima. 

Maximum reflection/diffraction is generally ob- 
tained when the ultrasonic beam hits the reflector 
itself. In the case of the leaky Rayleigh waves, 
however, the maximum reflection occurs when the 
beam hits the surface some distance ahead of the 
crack. 

This can be explained in a qualitative way as 
follows. Only the leaky Rayleigh waves which are 
generated ahead of the crack are reflected, as shown 
in Fig. 10. If the beam hits the crack, only a part of 
the generated leaky Rayleigh can be reflected, 
whereas when the beam hits the surface some 
distance ahead of the crack, more leaky Rayleigh 
waves are reflected. The exact position of the probe 
where maximum reflection occurs depends also on 
the attenuation of the leaky Rayleigh waves. In the 
case of Fig. 8 the shift of the maximum reflection 
with respect to the position of the crack is about 
200/~m. 

The reflection of the leaky Rayleigh waves by the 
extremities of the radial crack gives rise to an 
elongated spot in the C-scan (see e.g. C-scans in Fig. 

incident leaky Rayteigh " l ' '  
wave 

reflected leaky Rayleigh 
wave 

leaky Rayleigh waves 
generated eheed 

of crack are reflected 

• " b e a m  e n t  

l i q u i d  

s o l i d  

leaky Rayleigh waves generated 
after the crack ere not 

reflected 

t 
c r a c k  

Fig. 10. Schematic diagram to explain the observed shift in maximum reflection. 
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Fig. 11. C-Scan of indent 3 (radial crack length 260 #m) and of indent 6 (radial crack length 80/~m) obtained with the 30 MHz probe 

and the 75 MHz probe respectively. 

7). This can be attributed to the fact that the 
attenuation of the reflected leaky Rayleigh waves is 
such that even after a travelling path of several 
tenths of millimetres they still can be detected. Note 
that the width of the time gate has to be large enough 
to detect them at these distances. 

Figure 11 shows two C-scans, one of indent 3 
(radial crack length 260#m) and one of indent 6 
(radial crack length 80/~m), obtained with the 
30 MHz probe and the 75 MHz probe respectively. 
These two images, showing only two maxima, are 
typical of the C-scans obtained from the smaller 
indents. The maximum on the right is again due to 
diffraction in water by the right vertex of the indent, 
whereas the maximum on the left is due to reflection 
of the leaky Rayleigh waves by the radial crack. Only 
one maximum due to the leaky Rayleigh waves is 
now detected, as the focal spot size was too large to 
distinguish the central part of the crack masked by 
the indent. Note that indent 3 (radial crack length 
260/~m) is the limiting case. With the 30 MHz probe 
only one maximum is detected (see Fig. 11), whereas 
with the 75 MHz probe two maxima are detected 
(see Fig. 7), showing the better resolving power of the 
75 MHz probe. Indeed, the focal spot size of the 
beam of the 30 MHz probe is 280/~m, whereas that 
of the 75 MHz probe is 100/tm. 

3.2 Crack length measurement 
The vertical white straight lines on the C-scans (see 
Figs 7 and 11) represent the radial crack length 
determined with the 6 dB amplitude drop method. 
The results obtained are compared in Table 3 with 
the real crack lengths measured from SEM micro- 
graphs. The crack lengths given refer to one radial 
crack. 

The leaky Rayleigh waves, obtained with the 
30MHz probe, allow measurement of the radial 
cracks lengths of 540/~m, 400/~m and 260 #m with an 
error of less than 20%. The radial crack of 150/~m is 
oversized by a factor of 2, whereas the two smallest 
cracks of 110 and 80/~m are oversized by a factor 4. 

Similarly, for the 75MHz probe the 540/~m, 
400/~m, 260/~m and 150/~m radial crack lengths 
were measured with an error less than 20%. The 
error for the crack of 110/~m is about 20%, whereas 
for the smallest crack of 80/~m the error is about 
50%. The results can be considered to be satis- 
factory. It is clear that the method of the 6dB 
amplitude drop is not valid when the focal spot size 
is larger than the radial crack length to be measured. 

3.3 Crack depth measurement 
Figure 12 shows the amplitude A received at the 30 
and 75 MHz probe as a function of crack depth a. 

Table 3. Radial crack length measurements by the 6 dB amplitude drop method 

Crack Crack length Crack length Crack length 
measured by SEM determined using 30 determined using 60 

(t~m) MHz leaky Rayleigh MHz leak)' Rayleigh 
waves (#m) waves (pm) 

1 540 470 530 
2 400 400 400 
3 260 280 270 
4 150 280 180 
5 110 400 140 
6 80 320 130 
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Fig. 12. Normalised maximum amplitude of  the crack echo as a function of  normalised crack depth. 

The amplitude A is normalised with respect to the 
amplitude A1 received from a 90 ° corner and is 
expressed in dB. The crack depth is normalised with 
respect to the Rayleigh wavelength 2 R. One can 
distinguish quite easily the two regions, which are 
predicted by theory. Firstly, there is the rapid 
increase of the amplitude A with crack size for 
a <).R. When a becomes larger than 2R saturation 
occurs. The results correspond well with those 
obtained by Fahr & Sturrock, 19 obtained on cracks 
induced by Knoop indentations in a hot-pressed 
silicon nitride. 

Ultrasonic spectroscopy was unsuccessful, most 
probably because the presence of the indent influen- 
ced in a non-negligible way the frequency spectra. 

4 Discussion 

Thanks to the use of reference reflectors it was 
possible to give a satisfactory explanation of the C- 
scans recorded. It has been shown that the maximum 
reflection of the leaky Rayleigh waves by the radial 
crack occurs when the beam hits the surface of the 
specimen some distance ahead of the crack. This is 
in agreement with the findings of a model describing 
in a quantitative way the ultrasonic response of a 
surface-breaking crack, irradiated by focused leaky 
Rayleigh waves, z7 Furthermore, the non-negligible 
influence of the indent on the image has been 
explained. 

The 30MHz probe allowed the authors to 
distinguish between the two extremities of a radial 
crack, each about 120/1m long and separated by an 
indent 160/~m wide (total radial crack length 
400/~m). The 75MHz probe has a much better 
resolving power. It allowed the authors to distin- 
guish between the two extremities of a radial 
crack, each about 75 ~m long and separated by an 

indent of l l 0#m wide (total radial crack 
length 260/~m). The smallest radial crack detected 
was 80~m long and has a maximum depth of 40~m. 
Note that 10% of its surface is masked by the indent. 
Lateral cracks may mask a larger part of the radial 
crack. The signal/electronic noise ratio of the 
75 MHz probe was also significantly better, especi- 
ally for the smaller cracks. This can be attributed on 
the one hand to the smaller focal spot size and on the 
other to the smaller penetration depth of the leaky 
Rayleigh waves at higher frequencies. 

The sizing limit of the crack length, estimated with 
the amplitude drop technique, depends mainly on 
the focal spot size of the incident beam. In this 
respect the 75 MHz probe is again superior to the 
30 MHz probe, as the focal spot size diminishes from 
280 gm to i00 pm. 

The results obtained at 30 MHz with respect to 
imaging and crack length estimation are in good 
agreement with those obtained previously 28 on a 
reaction-bonded silicon nitride (RBSN), containing 
slightly larger radial cracks (100-600/~m in com- 
parison to 80-540/~m). 

A rough estimate of the crack depth a can be 
obtained by measuring the maximum amplitude of 
the echo of the leaky Rayleigh waves. At 30 MHz the 
ratio a/)~R varies roughly between 0.2 and 1"5, 
whereas at 60MHz it varies between 0"4 and 3. 
Consequently in the given conditions saturation 
occurs with increasing crack size for the 75 MHz 
probe, whereas for the 30MHz probe it is less 
pronounced. For the examined range of crack 
depths the 30MHz probe is more suitable for 
estimating crack depth. 

If a surface-breaking crack is close to a surface 
irregularity, as is the case with the radial rack and the 
indent, it is important to distinguish the echo on the 
surface irregularity from that on the crack. The first 
echo arrives somewhat before the second one. If, 
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Table 4. Ratio of amplitudes of echo on radial crack with respect to that on indent 

Indent Indentation Crack depth a Ratio of  Ratio of  
depth (#m) amplitudes amplitudes 
(#m) at 30 MHz at 60 MHz 

1 40 270 1.5 1.9 
2 32 200 1.0 1.9 
3 22 130 1-0 1.0 
4 16 75 0.9 0.4 
5 12 55 0-6 0.4 
6 10 40 1-0 0.2 

however, the echo on the crack is much smaller than 
that on a surface irregularity, the former echo may 
get masked by the tail of  the latter echo. This is 
illustrated in Table 4, which shows how the ratio 
between the amplitude of  the echo on the radial 
crack and on the indent varies with crack and indent 
depth. For  the 30MHz probe this ratio varies 
between 1-5 for the largest indent and 0"6 for indent 
5, whereas for the 75 MHz probe this ratio dimin- 
ishes from 1.9 to 0"2 with decreasing crack and 
indent depth. This means that for the smallest 
indentation the amplitude of the echo on the crack 
(depth 40/~m) is five times smaller than that on the 
indent (depth 10 ktm) at 75 MHz, whereas at 30 MHz 
both echoes are about equal in amplitude. This 
implies further that for a surface roughness of 10/~m 
the crack of  40/~m will certainly not be detectable at 
75MHz,  whereas at 3 0 M H z  a possibility for 
detection may exist. This illustrates that when 
working at higher frequencies good surface con- 
ditions are required. 

5 Conclusions 

The authors have shown the possibilities of a pulse- 
echo technique, based on the use of  focused leaky 
Rayleigh waves to image and characterise shallow 
surface-breaking cracks, whose depth varied be- 
tween 40 and 270/~m. The obtained C-scan images 
could be interpreted satisfactorily. The best results 
with respect to imaging and crack length measure- 
ment were obtained with the 75 MHz probe, whereas 
for crack depth estimation the best results were 
obtained with the 30 MHz probe. 

Increasing the frequency may yet improve the 
performance of  the technique with respect to 
imaging and crack length estimation. This would 
require very good surface conditions as the signals 
due to surface irregularities increase significantly 
with frequency. Thus an interesting point for further 
study is the optimisation of  the design of  the probe in 
order to increase the ratio of the signals due to 
surface cracks with respect to those due to surface 
irregularities. For  this purpose, the model as 
described in Ref. 27 will be very useful. 
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