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Two silicon-carbide-fibre composites, one with a magnesium-aluminosilicate matrix and t h e  
other with a calcium-aluminosilicate matrix, were studied using acoustic microscopy. Contrast 
was found between the fibres and the matrix, and there was, in addition, a distinctive contrast 
associated with the boundary between them. In some cases the contrast at the boundary was 
characteristic of a well-bonded interface, and in others it was characteristic of a crack; strong 
contrast was also found from cracks in both the matrix and the fibres. It was possible to 
obtain a good quantitative fit between observation and theoretical calculations of boundary 
contrast. Radial cracks and radial variations of the microstructure in the fibres were studied. 
From measurements of fringes in the areas of contrast and estimates of Poisson's ratio, values 
of the shear modulus and Young's modulus could be deduced; independent values from nano- 
indentation measurements were in good agreement. Some of the calcium-aluminosilicate 
composites were studied after straining below and beyond the elastic limit; and the 
appearance of cracks was related to a theoretical model, yielding a value for the interfacial 
strength within the range of reported values. 

1. In troduc t ion  
The purpose of the work described here was to study 
composites of ceramic fibres in a glass-ceramic matrix 
by acoustic microscopy, in order to observe those 
properties of the composites relevant to their develop- 
ment and performance. These composites have both 
higher strength and higher toughness than the matrix 
material alone, offering materials with good per- 
formance up to 900~ and potentially up to 
1100-1200 ~ [1]. Glass-ceramics are polycrystalline 
solids produced by the controlled crystallization of 
glasses [2]; they have the advantage that at high 
temperatures before they are cerammed they have a 
low viscosity, so that good penetration and den- 
sification are possible in the fabrication of the com- 
posite [3, 4J. By adding appropriate nucleating agents 
and by controlled heat treatment of the glass, stronger 
crystalline phases can be produced. Over 90% of the 
parent phase can be crystallized in this way, and the 
higher temperature performance limit of the 
glass-ceramic, compared to the glass, comes from this 
polycrystalline nature. The composition of the parent 
glass can be chosen to give optimum compatibility 
with the fibres. In particular, the thermal expansion 
characteristics of the matrix can, in principle, be tail- 
ored to match those of the fibres, in order to prevent, 
or at least reduce, residual thermal stresses. 

The two materials examined in this study were 
magnesium-aluminosilicate reinforced with silicon- 
carbide fibres, and calcium-aluminosilicate also re- 
inforced with silicon fibres. The preparation for acous- 
tic microscopy was identical to the description in part I; 
great care was again taken to ensure that the surface 
examined was representative of the specimens them- 
selves, and not simply of the preparation technique. 
The acoustic microscope used for these studies was a 
Leica ELSAM, capable of operating up to 2 GHz, at 
which the resolution is 0.7 gm. In the materials studied 
here, a dominant role is played by Rayleigh waves 
excited in the surface of the specimen [5]. The contrast 
due to the Rayleigh waves varies with defocus (the 
distance by which the specimen is moved towards the 
lens relative to focus, denoted by - z), and it depends 
also on the Rayleigh velocity in the specimen (which in 
turn depends on the density and the elastic constants). 
Strong contrast is also to be expected when the Ray- 
leigh waves are scattered by interfaces or cracks, and 
this is characterized by fringes spaced half a Rayleigh 
wavelength apart. These fringes are a familiar feature 
of the acoustic micrographs. 

2. M a g n e s i u m - a l u m i n o s i l i c a t e / S i C  
( M A S / S i C )  

Composites with a magnesium-aluminosilicate (MAS) 
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T A B L E  I Mechanical and thermal properties of SiC fibres and glass-ceramic-matrix materials 

Property Nicalon Tyranno Sigma SiC MAS CAS 
SiC fibres SiC fibres mono-filaments 

Nominal Si 59 Si 47 Stoichiometric SiO2 51.3 
composition O 10 Ti 2 SiC on W core AI20 3 34.9 
(wt %) C31 O 18 MgO 13.8 

C33 

Density, 9 2550 2300-2400 3040 
(kgm 3) 

Mean Diameter 16 8-10 100 - 
(gm) 

Young's modulus, 196 206 420 
E (GPa) 

Poisson's ratio, v 0.2 

Tensile strength 2.75 2.74 3.60 
(GPa) 

Thermal expansion 315 3.1 1.5 
coefficient, ~ (21~300 ~ (20-500 ~ 
(10-6 oC -1 ) 

Maximum operating 1000 1000 900 
temperature (~ 

SiO 2 42.8 
A120 3 36.2 
CaO 20 
As20 3 1 

2700 2860 

110 106 

0.25 0.26 

0.15 

4.6 5.3 
(20-1000 ~ (20-1000 ~ 

1200 > 1000 

matrix were studied with two different kinds of fibre 
reinforcement. The first contained small Tyranno sili- 
con-carbide fibres, denoted by a subscript t. The 
second had much larger sigma-silicon-carbide mono- 
filaments, denoted by subscript m. The manufacture of 
the composites was proprietary, but from the pub- 
lished literature [6] it may be expected that the fabri- 
cation temperature was in the range 1200-1400~ 
with pressures of 7-14 MPa applied for up to 20 min. 
The matr ix  powder was magnesium-aluminosilicate 
glass with a small amount of glass ceramic added to 
initiate crystallization, together with ZrO2 as a nu- 
cleating agent and Nb205 to give barrier protection to 
the SiC fibres. Mechanical and thermal properties of 
the two kinds of fibre are summarized in Table I, 
together with the corresponding properties of the 
glass-ceramic matrices. X-ray diffraction (XRD) indi- 
cated the matrix predominantly consisted of cordierite. 

2.1. M A S / S i C  t 
The microstructure of the matrix of the MAS/SiCt 
composite can be seen in the acoustic micrograph in 
Fig. 1. There are two phases. The majority phase is 
darker than the minority phase at this Defocus, 
z = - 1 lain (and also at focus); the minority phase 
occupies a volume fraction of about 15%. There is 
also a fine dispersion of porosity of diameter 1-2 gm, 
comprising approximately 2% of the volume fraction 
of the matrix. This volume fraction was confirmed by 
reflected-polarized-light microscopy, which also con- 
firmed that the majority phase was crystalline and that 
the minority phase was glassy. The polarized-light 
microscopy was not able to elucidate further the 
nature of the fine dispersion of porosity. Both optical 
and acoustic microscopy of the composite indicated a 
fibre volume fraction of 0.4, with excellent distribution 
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Figure 1 Acoustic micrograph of the matrix of MAS/SiC t (Tyranno 
reinforcing fibres) for 1.9 GHz, and z = - 1.0 gm. 

and almost no fibre bunching at this low volume 
fraction. 

The nature of the composite in cross-section is 
shown in Fig. 2, which is a series of images of the same 
area at increasing defocus. At focus in Fig. 2a, the 
fibres appear white; they have an average diameter of 
9 gm, consistent with Table I. The matrix shows two 
phases, just as it did in the lower-magnification acous- 
tic micrograph of Fig. 1. The minority phase is lighter 
than the rest of the matrix, with an average grain size 
of approximately 6 lam. Light fringes can be seen 
around the fibres. At a defocus of - 1 lam, in Fig. 2b, 
the contrast is much more dramatic. First, it can be 
seen that even a change of 1 gm in the defocus has 
reversed the contrast of the fibres from light to dark. 
This is a manifestation of the well known V(z) effect 
[7]; it is a caution against interpreting contrast in 
acoustic images naively. One cannot simply associate 
bright contrast with high density or high elastic stiff- 
ness, though both of these affect the contrast. Detailed 



Figure 2 Acoustic micrograph of the MAS/SiC, microstructure.  
Note  in part icular the extensive matr ix microcracking between 
fibres for 1.9 G H z  and: (a) z = 0, (b) z = - 1 . 0  gm, and (c) z = 

- 2.0 lam 

interpretation must  be performed in the light of the 
behaviour of the oscillations in V(z) and their depen- 
dence on parameters that determine Rayleigh-wave 
propagation [8]. Secondly, the fringes around the 
fibres have become stronger with respect to the back- 
ground matrix contrast. These fringes are a manifes- 
tation of the scattering of Rayleigh waves at the 
interface between two materials of different acoustic 
properties [9]. As the lens travels parallel to the 
surface in the course of its scan, the path length of 
Rayleigh waves that are reflected from the 
fibre-matrix interface changes, but the path of rays 
that are geometrically reflected from the surface re- 
mains constant. The interference of these two corn- 

ponents at the transducer leads to the fringes that are 
seen here. 

Finally, and perhaps most striking of all, there is 
remarkably strong contrast from cracks that run 
through the matrix between the fibres. These cracks 
can also be seen in Fig. 2a, but their contrast is greatly 
enhanced at the defocus of Fig. 2b. This sensitivity to 
cracks is because even when the width of the cracks is 
much less than the microscope's nominal spatial res- 
olution Rayleigh waves propagating in the surface 
can, nevertheless, be strongly scattered. Two kinds of 
scattering, as perceived by the nature of the fringe 
contrast, can be seen in Fig. 2b. In the fringes along the 
cracks in the matrix the contrast extends from almost 
full black to full white, i.e. the through full range of the 
grey scale; whereas around most of the circumference 
of the fibres the contrast is somewhat more subdued. 
But around some parts of the fibre-matrix interface 
the contrast is more characteristic of a crack. This is 
noticeable, for example, around the top of the three 
most central fibres. Following the course of the vari- 
ous segments of crack suggests that these are places 
where a crack has been deflected by (or has nucleated 
at) a fibre, and that what is being seen are regions of 
the fibre-matrix interface where debonding has oc- 
curred, and where Rayleigh waves are being scattered 
just as they would be by a crack. This impression is 
confirmed by Fig. 2c, which is at twice the defocus of 
Fig. 2b. Here the cracks in the matrix are character- 
ized by bright contrast at the crack itself, with at least 
one dark fringe either side. It would therefore be 
expected that a fibre-matrix debond would be charac- 
terized by a bright fringe with a dark fringe on the 
matrix side (the fibre side of the debond might be quite 
different, because it is a different material, but there 
are no cracks inside the fibres here to compare with), 
this is exactly what is seen, with very pleasing corres- 
pondence between where the cracks appear to go 
around the fibres in Fig. 2b and Fig. 2c. 

The fringes in the matrix and in the fibre in Fig. 2c 
can be measured to deduce the Rayleigh velocity. The 
spacing of the fringes is kx  = )~R/2, where X R is the 
Rayleigh wavelength. Therefore if the acoustic fre- 
quency is f then the Rayleigh velocity is 

U r ---- 2 f A x  (1) 

Measurement of the fringes in Fig. 2 gives Rayleigh 
velocities of 3520 m s- 1 for the MAS, and 5150 m s- 
for the Tyranno SiC. It is possible to make indepen- 
dent measurements of the Rayleigh velocity by ana- 
lysing the oscillations in V(z) in a line-focus-beam 
microscope [10]; measurements in this way yielded 
a Rayleigh velocity of 3550 m s-  a for MAS. The Rayl- 
eigh velocity is related to the density and the elastic 
constants by a sextic equation involving both the 
longitudinal and the shear bulk velocities [-5]. It is 
therefore not possible to deduce the elastic constants, 
even when the specimen is isotropic and the density is 
known, from the Rayleigh velocity alone. However, it 
is possible to write the Rayleigh velocity in terms of 
the density, p the shear modulus, G, and an approxi- 
mate polynomial expansion in Poissons ratio, v, 
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(Scruby et al. [11]), 

l ( G ] l n  
U r ~ ~ v v ~ / ]  (2) 

where R v = 1.14418 - 0.25771v + 0.126617v 2. 
R v varies only slowly with v, for example when 

v = 0.15, OR~/O~ = - 0.207. Thus if Poisson's ratio is 
known to be, say, 0.15 _+ 0.01 (an uncertainty of 5%), 
the shear modulus can be deduced from the Rayleigh 
velocity to an accuracy of 0.4% (plus any error in the 
measurement and in the value of the density). The 
Poisson's ratio of Tyranno silicon-carbide fibres has 
not been measured, though a value of 0.15 has been 
quoted for the similar Nicalon fibre (see Part I [12]). 
For v =0.15, Rv = 1.108. For  the Tyranno fibre, 
9 = 2350 kg m-  3 (Table I), and so from the measured 
Rayleigh velocity of 5150ms-1 ,  a shear modulus 
G = 77 GPa  can be deduced. Similarly for the MAS, 
with 9 = 2500 kg m-3 and v = 0.25, a mean Rayleigh 
velocity of 3535 ms 1 yields a shear modulus of 
37 GPa. 

The Young's modulus, E, of an isotropic material is 
related to the shear modulus and Poisson's ratio by 

E = 2G(I + v) (3) 

Hence a determination of E can be more sensitive to 
an error in v, and an estimate o fv  = 0.2 + 0.01 would 
give an uncertainty of 0.46% in E (including the 
uncertainty in G, which is of opposite sign). The 
Young's modulus deduced for the Tyranno fibres in 
this way is E = 177 GPa, and E = 93 GPa  for the 
MAS. For  comparison, the in-situ Young's elastic 
modulus of the Tyranno fibres was measured using a 
nano-indenter. Using the simple analysis of Doerner 
and Nix [13] the elastic modulus of the fibres were 
determined to be 166 GPa  with a standard deviation 
of 13 GPa  (from 25 measurements), in satisfactory 
agreement with the acoustically derived value. Whilst 
more precise analyses have recently become available 
[14, 15] for load-displacement data from nano-in- 
dentation machines, the measured value is consistent 
with values determined by Pysher et al. [16] and 
Fishbach et al. [17] from tensile testing: 150 GPa  and 
171 GPa, respectively. Note that, unlike the tensile 
testing measurements, both the nano-indenter and 
acoustic-microscope measurements are not gauge- 
length dependent. These figures are not intended to be 
definitive, but they do illustrate the kind of measure- 
ment that can be made using an acoustic microscope. 

The mean linear thermal-expansion coefficient of 
magnesium-aluminosilicate is 4 . 6 x 1 0 - 6 ~  -1 (20- 
10000C), compared with 3 . 1 x 1 0 - 6 ~  -1 for the 
Tyranno-SiC fibres (Table I). Hence the fibre-matrix 
interface will be in radial compression, while the 
matrix will be in longitudinal and circumferential 
tension. Putting these values into Equations 3 6 of 
Part I [12] (which explicitly include the radial decay of 
the thermal stress generated in the matrix) and as- 
suming a hot-pressing temperature of 1300~ the 
axial thermal stress is 111 MPa and the matrix ther- 
mal hoop stress is 158 MPa and the radial thermal 
stress is - 6 9  MPa. The matrix monolithic tensile 
strength is 138 MPa [18], and if there are local vari- 
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Figure 3 Acoustic micrograph of MAS/SiCm (sigma-monofilament 

reinforcement) for 1.9 GHz, and z - - 4.6 gm 

ations of the stresses because the distribution of the 
fibres is not completely uniform, then it is quite plaus- 
ible that the microcracking is a direct consequence of 
the failure to match the thermal parameters of the 
fibre and the matrix. The way that the cracks follow 
the interface between fibre and matrix suggests that 
the interface is weaker than either the matrix or the 
fibre, and so fails preferentially; this in turn suggests 
that the matrix is indeed essentially crystalline with a 
comparatively fine grain size. 

2.2. MAS/SiCm 
An acoustic picture of a transverse section through a 
Textron monofilament in a MAS matrix is shown in 
Fig. 3. There is one long radial crack in the eight 
o'clock position, which was also seen without diffi- 
culty in a light microscope. There are two smaller 
radial cracks between four o'clock and six o'clock, and 
there may even be another crack between three and 
four o'clock; these cracks were not detected in the light 
microscope. They are identified in the acoustic micro- 
graph by their characteristic fringe patterns. The re- 
sidual thermal hoop stress may again be calculated 
using Equation 5 from [12] and the data in Table I; 
these give a tensile hoop stress of 392 MPa, a radial 
thermal stress of - 2 1 0  MPa and an axial thermal 
stress of 286 MPa. Both the axial and hoop thermal 
stresses are greater than the matrix strength and so 
would explain the formation of the observed radial 
cracks. 

Not  all ring patterns are due to Rayleigh-wave 
scattering and interference. Fig. 4 shows the micro- 
structure of a sigma-monofilament, at a somewhat 
higher magnification than Fig. 3 (and at a different 
defocus). The central core is a 14 gm diameter tung- 
sten fibre. Onto this core 13-SIC is deposited to give 
radial columnar grains. The concentric rings in the 
fibre are not due to interference. A simple analysis of 
their spacing via Equation 1 would give a surface- 
wave velocity of 24 000 m s- 1, which is faster than any 
known elastic wave! Besides, the rings do not have the 
appearance of interference fringes. It therefore seems 
that the rings reveal regions of different microstruc- 
ture due to fluctuating SiC-deposition rates during the 



Figure 4 Acoustic micrograph of MAS/SiCm for 1.9 GHz, and z = 
-2.0 gin. The vertical magnification is slightly greater than the 

horizontal magnification. 

Figure 5 Acoustic micrograph of CAS/SiC (Nicalon reinforcing 
fibres) for 1.9 GHz, and z = 0. 

fabrication of the monofilament.  The fringes in the 
matrix next to the interface are Rayleigh-interference 
fringes, and they can be analysed in exactly the same 
way as they were in the MAS/SiC t composite. 

3. Calcium-aluminosilicate/SiC 
(CAS/SiC) 

3.1 Fabricated specimens 
Calcium-aluminosil icate is a relatively simple glass- 
ceramic, forming stoichiometric anorthite, 
CaA12Si20 8. The proprietary specimens were made by 
hot  pressing at a temperature in the range 
1300-1400 ~ 1 wt % As20  3 can be added as a fining 
agent to thicken the interfacial carbon layer and 
improve its mechanical  properties; a good  interface 
consists of  a layer of graphitic ca rbon  100 nm thick 
[19]. For  low-temperature applications the per- 
formance of  a CAS/SiC composi te  is comparable  with 
a glass-matrix composi te  such as 7740/SIC (see Part  I 
[12]), but  because the matrix is crystalline it can be 
used up to temperatures of 1000 ~ or so, approaching  
the composi te  fabrication temperature and the usable 
temperature limit of the fibres. Nicalon silicon-carbide 
fibres were used as the reinforcing phase (see Table I 
for properties). The microstructure of a transverse 
section of a CAS/SiC composi te  (Fig. 5) shows the 
fibres and their distribution, a reasonably uniform 
matrix, and some porosity. The volume fraction of the 
fibres is not  completely uniform; an average value is 
0.4. The uniformity of the matrix, as characterized by 
density and elastic homogenei ty,  could not  be deter- 
mined so directly optically; but  this is something that 
the acoustic microscope can reveal readily. 

Fig. 6 shows an individual fibre in the composi te  at 
higher magnification, at focus and at a defocus 
z = - 3 . 2  gin. At focus, Fig. 6a, the fibre and the 
matrix can be seen, with the interface between them 
quite well delineated. Two radial cracks are present (at 
four and one o'clock), and faint fringes can be seen 
inside and outside the interface; but the contrast  is 
relatively flat. It is much more  dramat ic  in the defo- 
cused image, Fig. 6b. There is more  contrast  f rom the 
microstructure of the matrix, and the contrast  from 

Figure 6 Acoustic micrographs of CAS/SiC for 1.9 GHz: (a) z = 0, 
and (b) z = - 3.2 p.m. The arrows labelled r indicate radial matrix 
microcracks, and the arrows labelled I indicate the fibre/matrix 
interface. The curve is a calculated linescan for the imaging 
conditions of (b), using the method in Chapter 12 of [10] and the 
material constants in Table 1. 

the cracks is greatly enhanced, in the same kind of way 
that it was in Fig. 2. But there seems to be a problem: 
in the defocused image the fibre seems to have shrunk. 
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This is a perfectly genuine effect; there has been no 
change in the magnification. The dark region in the 
centre, especially towards the bottom of the picture, 
does not indicate the area of the fibre. The fibre 
actually extends two fringes further out, to the dark 
fringe indicated by I. A clue to this is given by the 
radial crack at five o'clock, which stops at the interface 
in Fig. 6a but stops short of the dark region in Fig. 6b 
(though the contrast at the end of the crack shows 
some further complications). Moreover the circular 
fringes associated with the interface show curious 
effects: they have one spacing and contrast outside the 
dark region, and then different contrast and spacing in 
the centre of the fibre; certainly not an abrupt change 
at the interface itself. If all this could be accounted for 
by a quantitative model, then that would add confi- 
dence to the interpretation that can be made of such 
micrographs, and also to the kind of distinction that 
was made in the discussion of Fig. 2 between the 
contrast from a crack and the contrast from an inter- 
face. 

The contrast from the interface between two media 
has been analysed using a combination of ray theory 
and diffraction theory (Somekh et al. 1985 [20]). The 
materials on either side of the interface are character- 
ized by their density and elastic properties, and the 
interface is characterized by transmission and reflec- 
tion coefficients for Rayleigh waves; this has the great 
advantage that the results of calculations (often 
lengthy) from the literature for scattering of Rayleigh 
waves by different configurations can be immediately 
incorporated. The theory was originally developed in 
two dimensions; it has subsequently been extended to 
three dimensions, but it is found that the two-dimen- 
sional theory gives an adequate account of the behav- 
iour of the contrast over a crack. A calculation has 
been performed, with no free parameters, for the 
situation in Fig. 6b, and the result is superimposed on 
the micrograph. The frequency and defocus used were 
the same as in Fig. 6b, and the materials parameters 
were taken from Table I. The calculated curve follows 
the changes reasonably well, not only in the level of 
the contrast, but also in the period of the 
oscillations. In particular, it exhibits an apparent side- 
ways displacement of the interface in the same kind of 
way that the experimental image does. This is the first 
time that the theory had been so directly tested on a 
picture of an interface, and the result is quite satis- 
fying. 

3.2 O a m a o e d  b e n d - t e s t  s p e c i m e n s  
Two CAS/SiC specimens were examined which had 
been deformed in a flexural test. In each case the 
specimen was held at a known strain; then a quick- 
setting resin was poured into a mould that was placed 
around it, with the aim of preventing the closure of 
any matrix microcracks generated during the defor- 
mation. The strain was parallel to the fibre direction. 
The first specimen was strained close to the elastic 
limit of the matrix, ~ = 0.235%; the second was 
strained beyond it, ~ = 1.25%. Longitudinal sections 
were then prepared for microscopy. 
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Figure 7 Acoustic micrographs of CAS/SiC bend specimen strained 
close to the elastic limit; e = 0.235%, 1.9 GHz: (a) z = - h0 gm, the 
arrows indicate cracking between the fibres; and (b) z = - 0.8 gm. 

Acoustic micrographs of two areas of a section 
through the first specimen are shown in Fig. 7. In 
Fig. 7a there are a number of microcracks, indicated 
with arrows, that were not detected when this section 
was examined by an optical microscope. As usual, 
these cracks are characterized by Rayleigh fringes 
running alongside them. In many ways these cracks 
look similar to the cracks seen in the as-fabricated 
specimens in Fig. 5, although of course this is a 
different section, and the relative abundance is similar. 
But the cracks in the strained specimen tend to be 
longer, and in many cases they bridge closely spaced 
fibres. The strain may have caused inherent micro- 
cracks to propagate through the matrix until they 
were deflected by the fibres along the fibre-matrix 
interface. Cracks were also found parallel to the fibre 
axis throughout the specimen; an example is given in 
Fig. 7b. These cracks have the same orientation as the 
cracks seen in a transverse section, but  since they 
invariably start where a fibre emerges from the sec- 
tion, it is feared that they are probably an artefact of 
section preparation. The difficulty of preparing these 
sections should not be underestimated, and it is re- 
markable that the other specimens are relatively free 
from such artefacts. 

The specimen that had been strained beyond the 
elastic limit was much more interesting. Two acoustic 
micrographs of different areas at different magnifi- 
cations are shown in Fig. 8. The fuzzy variations of 



Figure 8 Acoustic micrographs of CAS/SiC bend specimen strained beyond the elastic limit; ~ = 1.25%, 1.9 GHz, z = 0. (a) The arrows 
indicate minor (closed) microcracks; and (b) the arrows labelled C indicate open cracks described by the Aveston, Cooper and Kelly theory 
[21], and the arrows labelled D indicate closed cracks. 

contrast are due to the V(z) effect where the surface is 
not quite flat. Fig. 8a is part of the beam that was in 
compression. The cracks are again similar to what was 
seen in the as-fabricated material, though the orien- 
tation is different. Rayleigh fringes were seldom seen 
beside these cracks, suggesting that they may be sub- 
ject.to closure stresses. In a tensile region in Fig. 8b, 
the appearance is quite different. Once again there are 
fine cracks perpendicular to the fibres (labelled D), 
which again may have been there before the defor- 
mation. There are also cracks (labelled C), that were 
sufficiently wide to show that the fracture surfaces had 
separated. Like the other cracks, these were probably 
intergranular; but they often bifurcated with the sub- 
sidiary cracks propagating parallel to the main crack, 
and occasionally rejoining it. 

The limiting crack spacing, which varies from X to 
2X, can be related to the composite stress ~mc at 
which cracking first occurs by the Aveston, Cooper 
and Kelly model [21]. If R is the fibre radius, ~r the 
interfacial frictional shear strength (IFSS), E and V are 
the Young's modulus and volume fraction, where the 
subscripts f and m denote fibre and matrix, then the 
crack spacing X is given by 

( o , ~ R ~ (  E m V  m ) (4) 
X = ~ 2 T ~ / \ E  m V ~  m ~ E f  Vf  

where X is equal to 1.364 times the measured mean 
crack spacing (125/am with a standard deviation of 
51 ~tm). Putting the appropriate fibre and matrix 
properties into Equation 4 yields a value for the IFSS 
of ~r = 6.3 MPa. If the in-situ measurements of the 
elastic properties of the fibre and matrix (Em 
-- 76 GPa and Ef = 184 GPa measured using a nano- 

indenter) are used, the deduced IFSS rises slightly to 
8.6 MPa. Both values lie within the range of reported 
values [22]. 

4. Conclusion 
There have been many uses of acoustic microscopy at 
lower frequencies for detecting cracks inside com- 
posites [23]; for crack detection it can for some 
purposes be regarded as a high resolution non-de- 

structive testing (NDT) technique. But in the studies 
presented here acoustic microscopy is playing a quite 
different kind of role. It is being used to characterize 
the materials in a way that would be relevant for 
understanding their properties, and perhaps improv- 
ing them. The acoustic waves that are important here 
are not bulk waves that propagate down into the 
interior, but rather Rayleigh waves that propagate 
along the surface. The properties of the CAS/SiC and 
MAS/SiC composites to which the acoustic micro- 
scope has shown special sensitivity include the micro- 
structure of both matrix materials, the microstructure 
of the sigma-monofilament, and cracking in the matrix 
and between the fibre and the matrix. Perhaps most 
important of all, it has been possible to make an 
accurate calculation of the contrast to be expected 
from interfaces that are bonded (and those that are 
debonded, corresponding to a crack between them), 
and to use this to interpret the contrast from a 
fibre-matrix interface or debond quantitatively. It is 
hoped that these studies will contribute to the use of 
acoustic microscopy for the study and development of 
advanced composite materials. 
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