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An acousto-ultrasonic study of the effect of 
porosity on a sintered glass system 

B. O. A D U D A ,  R. D. RAWLINGS 
Department of Materials, Imperial College of Science, Technology and Medicine, London SW7 
2BP, UK 

An assessment of the applicability of an acousto-ultrasonic (AU) technique for the monitoring 
of porous ceramic systems has been carried out. Sintered glass was used as a model system 
and it was found that the AU parameters, such as normalized ringdown count, normalized 
pulse width, velocity and frequency interval (Af) between adjacent peaks in the frequency 
spectra, decrease with increasing porosity. The porosity dependence of the normalized AU 
parameters has been attributed to attenuation which analysis showed depended on the pore 
size and content. The velocity and frequency interval changes also depended on pore content 
but, unlike the normalized parameters, were found to be sensitive to pore shape and size. The 
decreasing Afwi th increasing porosity was explained in terms of the longer path lengths 
traversed by the waves in the higher pore-density samples. 

1. In troduc t ion  
Acousto-ultrasonics (AU) is a relatively recent non- 
destructive evaluation (NDE) method in which elastic 
waves are injected into the specimen or component 
under test by a transmitting transducer and the mod- 
ulated output picked up by a second (receiver) trans- 
ducer and analysed using various signal analysis tech- 
niques. The monitored AU signals thus reflect the 
global effect of the volume of material between the test 
transducers on the stress waves [1]. 

In the analysis of the AU signals two main ap- 
proaches have been employed: (i) similar methods as 
used in acoustic emission (AE) monitoring such as 
ringdown counting and (ii) calculating the spectral 
moments from the frequency spectrum domain [2, 3]. 
The quantified AU signal is often referred to as the 
"stress wave factor" and this is considered an indi- 
cation of the efficiency of energy propagation in the 
material [1, 4] or a measure of the energy associated 
with the particular mode of propagation [5]. Energy 
or wave propagation will be affected by the presence 
of defects which in turn determine mechanical per- 
formance. AU has been most widely applied to poly- 
mer matrix composites and the stress wave factor has 
been found to correlate well with strength (e.g. [6]). 

Since AU is not designed to locate and size indi- 
vidual flaws but to assess quantitatively the overall 
condition of the material between the two tranducers 
it should be especially suited for monitoring ceramic 
or ceramic-matrix composites (CMCs) in which the 
flaws are usually very small numerous and well dis- 
tributed. Given the relative dearth of NDE methods 
for ceramics and CMCs, and the current upsurge in 
interest in ceramic structural components, it is surpris- 
ing that studies on the assessment of the applicability 
of AU to these materials are scarce. Nevertheless it has 

been shown that AU can be used to monitor crystal- 
lization in a glass-ceramic [7], porosity and strength 
of porous gypsum [8], and the, thermal shock behav- 
iour of alumina and zirconia-toughened alumina [9]. 

The work reported here was instituted in order to 
obtain a better understanding of the basic principles of 
the monitoring of the quality of ceramics by AU. 
Sintered glass compacts have been used as a model 
system and the effects of porosity on a number of 
acousto-ultrasonic parameters, such as the normal- 
ized ringdown count and the frequency spectra, have 
been investigated. The results have been interpreted in 
terms of theoretical attenuation based on the porosity 
content and pore size obtained from microstructural 
examination. 

2. Experimental procedure 
2.1. Glass powder and sintering 
The glass powder used in the study was "impact glass 
beads" (Ballotini Ltd, UK) whose theoretical density 
was 2.47_ 0.02 Mg m -3. Three different batches of 
powder (designated BL, AD and AH) with different 
particle size distributions were employed. The particle 
size distribution of batch BL was determined by image 
analysis and that for AD and AH by a laser diffraction 
method. The nominal size distribution range and 
mean particle size of the batches were: BL, 45-1000 
and 500 Ixm; AD, 106-250 and 170 ~tm; AH, 45-106 
and 60 ~tm. The packing density of the three powders 
as a percentage of the theoretical density was 63.5, 63.4 
and 63.9% for BL, AD and AH, respectively. 

Sintering was carried out in a spherical graphite 
mould of 20 mm diameter and in an argon atmos- 
phere. The heating rate to the_sjntering temperature of 
708~ was 5~ -1 and the time at tempera- 
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ture was varied to produce a range of porosities and 
microstructures. 

2.2. Acousto-ultrasonic measurements 
AU assessment (stress wave factor, velocity measure- 
ment and spectral analysis) of the sintered glass com- 
pacts was performed using standard AE equipment 
with a pulsing unit to which was added a waveform 
digitizer and spectrum analyser (Fig. 1). Two pairs of 
transducers were used as the transmitter and receiver. 
The first set, hereafter designated type B, had a fre- 
quency range of 100-300 kHz and a resonant fre- 
quency of 150 kHz whereas the second set (designated 
type S) had a wider frequency range of 100-1000 kHz. 
The transducers were coupled to the samples by a thin 
sheet of elastomer; use of this dry couplant eliminated 
any risk of contamination of the porous samples that 
would have occurred with the more conventional wet 
couplants. 

50 pulses, at a repetition rate of one pulse per 
second, were injected into the specimens and the 
cumulative ringdown count, the pulse width (dura- 
tion) and the averaged time-domain waveform and the 
corresponding spectrum recorded. This procedure was 
repeated three times for each loading of the specimen 
in the test rig. A specimen was loaded into the rig at 
least three times and thus each data point represents 
an average of a least nine readings. The propagation 
velocity of the stress waves in the specimen was ob- 
tained from the transit time (as measured from the 
time domain) and the dimensions of the specimen. 

2.3. Density, porosity and microstructural 
studies 

Samples were mounted and polished to a 1 gm finish 
for microstructural examination. Image analysis (lin- 
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Figure 1 Schematic diagram of the apparatus for acousto-ultra- 
sonic testing. 

eal method) was performed on selected samples t o  
obtain the pore size distribution. At least 300 chord 
lengths were measured and the number frequencies of 
the chord lengths were converted into pore size dis- 
tribution from plots of cumulative frequency versus 
chord length using the relationship [10] 

2N(L) 2(dN(L)/dL) 
N(D) - xL  2 xL (1) 

where N(D) is the number of pores per unit volume 
with diameters between D and D +dD, and N(L) is 
the measured number of chords per unit length in the 
size range L to L + dL in the planar section of the 
sample. Fig. 2 gives a typical pore length distribution 
and Fig. 3 the pore size per unit volume against chord 
length plot obtained using this procedure. Represen- 
tative micrographs are presented in Fig. 4 for a BL 
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Figure 2 Typical distribution of chord lengths of pores in a sintered 
glass compact (AD compact with P = 14.8%). 
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Figure 3 Typical plot of number of pores per unit volume N(D) 
versus chord length for a sintered glass compact (AD compact with 
P = 14.8%). 

2298 



25. 

~: 20]  g 

o 

~15- 

~6 

s 10- o o 

> 5- 

o . . . . . .  . . . . . .  i i I 

1 10 100 1000 

Pore radius, R (rim) 

Figure 5 Open pore size distributions for sintered glass compacts: 
(O) AD (P = 14.8%), (0) AH (P = 22.5%). 

1.2 

Figure 4 Micrographs of sintered glass compacts showing the dif- 
ferences in pore size, shape and content: (a) BL compact with 
P = 13.0%, (b) AH compact with P = 8.3%. 

compact with 13% porosity and an AH compact with 
8.3% porosity; note the spherical pores in the latter. 

The bulk density Pb was measured using the Archi- 
medes principle and the porosity P (%) calculated 
from the relation 

where pg is the theoretical density of the glass. 
The open pore size distribution of selected samples 

was determined using a mercury porosimeter and 
following standard procedures. Characteristic open 
pore size distributions are shown in Fig. 5 for an AD 
compact with P = 14.8% and an AH compact with 
P = 22.5%. 

3. Results 
The normalized cumulative ringdown count (CRDC) 
and pulse width fall as porosity increases and, as 
exemplified by the normalized CRDC data of Fig. 6, 
are independent of the type of transducer and equip- 
ment settings used. The normalization factor used was 
the maximum AU parameter value obtained with the 
respective sets of transducers. The normalized para- 
meters as a function of porosity are shown in Fig. 7 for 
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Figure 6 Plot of normalized CRDC versus pore content for AD and 
AH compacts using both type B and type S transducers: (0) batch 
AD (S), (A) batch AD (B), (O) batch AH (B), (s batch AH (S). 

BL compacts and Fig. 8 for AD and AH compacts. It 
can be seen that the normalized parameters are the 
same, within experimental error, for AD and AH but 
different for BL compacts. The variation in velocity 
with porosity (Fig. 9) exhibited a similar decrement 
pattern as the other AU parameters but did not 
distinguish between compacts made from batch BL 
and those from batches AD and AH. 

The waveforms were sensitive to porosity content as 
demonstrated by the typical waveforms, and their 
corresponding frequency spectra, for some BL com- 
pacts in Fig. 10. Particularly noticeable is the pro- 
gressive increase in the number of peaks in the fre- 
quency spectra as porosity increases. Furthermore, at 
the higher porosities the peaks begin to overlap and 
consequently the troughs (minimum-to-maximum 
heights) are smaller. The same general features and 
trends were observed for compacts produced from 
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Figure 7 Plots of normalized AU parameters versus pore content 
for BL compacts (type B transducer used): (a) CRDC, (b) pulse 
width, (PW). 
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Figure 8 Plots of normalized AU parameters versus pore content 
for (0 )  AD and (�9 AH compacts (type S transducer used): (a) 
CRDC, (b) pulse width (PW). 

batches AD and AH. The average frequency interval 
(Af) between adjacent peaks for each type of compact 
is shown in Fig. 11. The decrease in Afwith increasing 
porosity is, like the velocity, independent of the start- 
ing powder. 

4. D i s c u s s i o n  
The fall in the AU parameters with increasing porosity 
is attributed to attenuation caused by scattering of the 
stress waves. This is illustrated in Fig. 12 (normalized 
cumulative ringdown count for some glass compacts 
are inset), in which the theoretical attenuation has 
been calculated from the relation [11]. 

~s = N(f~)t~ (3) 
2 

where ~s is the attenuation due to scattering, N(f~) the 
number of scatterers per unit volume and f~ the 
scattering cross-section. Equation 3 is valid as long as 
the scatterers are independent (non-interacting). In the 
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Figure 9 Graph showing that the porosity dependence of the velo- 
city is the same for all compacts: (0 )  AD and AH, ([~) BL. 
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Figure 10 Frequency spectra (upper) and waveforms (lower) of BL 
compacts of different pore contents: (a) P = 36.1% (b) P = 32.8% 
(c) P = 19.3% (d) P = 16.4% and (e) P = 12.3%. 

Rayleigh scattering region (X >> D, where X is the wave- 
length and D the size of the scatterer) the scattering 
cross-section (f~) for a cavity is given by the relation 
suggested by Truel et al. [11]: 

4 4 = ~gr (4) 
where gr is a constant given in terms of the longitudi- 
nal wave number (~1) and the transverse wave number 

In the present study the number of scatterers (pores) 
per unit volume N(D) was obtained from the micro- 
structure through Equation 1. The validity of the 
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Figure 11 Graph showing that the porosity dependence of the 
average frequency interval (Af) between adjacent peaks in the 
spectra is the same for all compacts: ( •  AD, (A) AH, (O) BL. 

80, 

~ 60' 
i 

~ 4 0  
r -  

< 

20. 

0 
0 (a) 

150 

100. 
I 

g 
r "  

._o 

c -  
Q 

~ 50 

. . . . . .  | 

0.05 0.10 0.15 
KD 

0 
0 
(b) 

0.20 

1 

0.10 0.20 0.30 
KD 

Figure 12 Theoretical attenuation of glass compactsas a function of 
normalized pore size (rJ)) where • is the wave number and D is pore 
size: (a) AD and AH compacts of porosity and normalized CRDC of 
(~)  12.2% and 0.85, (A) 17.1% and 0.72, (O) 22.5% and 0.78; (b) 
BL compacts of porosity and normalized CRDC of ( � 9  23.3 % and 
0.45, (O) 13.3% and 0.78; (O) 23.9% and 0.53, (A) 13.0% and 0.77. 
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Rayleigh condition was tested using the expression of 
Lefebvre et aL [12]: 

N(D) 
- - ~ < < 1  (5) 

K1 

and assuming the following: longitudinal velocity of 
sound in the glass compacts = 2500m s -x, Kt/~: z 
= 21/2, frequency range 100-300kHz. With these 

assumptions, and N(D) values obtained using Equa- 
tion 1, Equation 5 yielded values between 69.0 • 10-s 
and 0.74. Apart from the 0.74 value, all values were 
_< 0.2, thus confirming that the Rayleigh conditions 

were obeyed for the glass compacts with porosity less 
than 25%. It should be pointed out that although the 
velocity changes with porosity (see Fig. 9), assuming a 
single value for the calculations did not result in 
significant errors. 

Fig. 12 demonstrates that attenuation increases 
with the pore size. The data for AD and AH compacts 
lie on a single curve (Fig. 12a) and comparison with 
Figs 8 and 9 shows that samples with higher at- 
t enua t ion  have correspondingly lower AU para- 
meters. The data for BL compacts do not fall on a 
single curve and do not follow a regular sequence with 
porosity content (Fig. 12b), although no significant 
anomalies were observed in the porosity dependence 
of the AU parameters. The cause of this difference 
stems from the fact that in the former samples (AD 
and AH) the pores, as shown in the micrograph of 
Fig. 4, were more spherical than in the latter, and 
hence the results for the AD and AH compacts were in 
better agreement with the model since in the deriva- 
tion of Equation 4 spherical pores (cavities) have been 
assumed. 

If the variation with porosity of the normalized AU 
parameters, in particular the normalized CRDC, is 
compared with the variation in mechanical properties 
with porosity reported in the literature [13], it can be 
seen that the trend is similar. Since the same features, 
namely the pores, affect the propagation of ultrasound 
in the sintered glass also determine the mechanical 
properties, e.g. they act as flaws for the initiation of 
fracture, it is reasonable to apply the empirical rela- 
tions or those derived theoretically (based on dynamic 
or static theories) to relate mechanical properties to 
the porosity content to the AU results. In this study 
we have used the empirical mechanical property rela- 
tion [8, 14] 

M = MoO - ~P)" (6) 

where M is the mechanical property at porosity P, Mo 
is the mechanical property at zero porosity, [3 is a 
grain-packing geometry pattern factor (1 _< [3 _< 3.85) 
and n is a measure of the spherical nature of the pores, 
but with M replaced by an AU parameter. Similarly in 
the theoretical model of Kerner [15]: 

# K ( 1  - P )  

1 + 3(KP/41.O 

(4/3), 
+ 

1 + { 1 5 ( 1  - -  v ) P / [ ( 7  - -  5v ) (1  - P ) ] }  
(7) 

2 3 0 2  

where M is the effective mechanical property of the 
porous material, v the Poisson's ratio and Ix the 
Lame's constant. Fig. 13 shows the normalized CRDC 
(experimental and also calculated from Equation 6) 
and the normalized mechanical property M from 
Equation 7 as a function of porosity. From Equa- 
tion 6 the values of ]3 and nwere 2.4, 1.33 and 1.25, 1.13 
for BL compacts and AD and AH compacts, respect- 
ively. These values of [3 indicate that in the compacts 
made from the large-particle BL batch a more orderly 
arrangement existed than in the compacts from 
batches AD and AH. This is consistent with the 
observation that in the batches AD and AH, a tend- 
ency towards particle agglomeration was very evident 
whereas no agglomeration was observed in batch BL. 
The slightly larger value for n for the BL compacts is 
consistent with the pores being less spherical than in 
AD and AH compacts. 
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Figure 13 Variation with porosity of measured AU parameter (nor- 
malized CRDC), theoretical normalized CRDC calculated from 
Equation 6, and theoretical normalized mechanical property M 
calculated from Equation 7. (a) BL compacts: (�9 experimental, (�9 
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The rapid decay of the waveforms as porosity in- 
creased further indicates that attenuation was signifi- 
cant at higher porosities. This also accounts for the 
modulation observed in the frequency spectra. It has 
been shown [15, 16] that if At is the delay time 
between waves received, then a maximum (peak) in the 
frequency spectrum will be centred at the frequency f, 
given by 

A t  = n / f .  (8) 

where n is an integer. From Equation 8 the frequency 
interval Af between two adjacent peaks is given by 

n + l  n 1 
Af = At - At - At (9) 

It follows from this that when At increases, the fre- 
quency interval decreases. We know that as porosity 
increases the time interval between the arrival of each 
signal at the transducer increases as some have travel- 
led more tortuous paths and so have suffered longer 
time delays. It is this increasing of the time interval 
with porosity which accounts for the observed de- 
crease in the frequency interval as porosity increases 
(Fig. 11). It is interesting to note that both velocity and 
Af appear to be determined solely by the porosity 
content whereas the attenuation, as measured by the 
normalized ringdown count and pulse width, depends 
also on the pore size and shape. The diminishing 
difference from minima to maxima noted in the fre- 
quency spectra can be attributed to attenuation 
[15, 16]. 

5. Conclusions 
1. The normalized acousto-ultrasonic parameters 

(ringdown count and pulse width), velocity and fre- 
quency interval between adjacent peaks in the spectra 
decreased with increasing porosity. 

2. The dependence of the normalized AU para- 
meters on porosity for the different batches of sintered 
compacts was satisfactorily described by modelling 
the effects of pore size and content on attenuation. 

3. The decrease in the frequency interval Af in the 
spectra with increasing porosity was accounted for by 
the more tortuous paths travelled by the waves at the 

higher pore densities. Af and the wave velocity were 
found to be dependent o n  the porosity content but 
insensitive to pore size and shape. 

4. AU shows promise as a non-destructive evalu- 
ation method for ceramic materials. 
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