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This paper examines the nature of the interfaces formed between fine, §-alumina fibres
and aluminium-based matrices. Alloys containing magnesium and silicon have been
employed, as well as high-purity aluminium. The fabrication process involved high-
pressure melt infiltration of a fibrous preform. It has been found that no detectable
interfacial reaction product is formed in these systems, although there is in some cases
evidence of a limited exchange of magnesium between melt and fibre surface. It is con-
cluded, both from measurements and from process analysis, that any distinct chemical

reaction product formed at the interface between fibre and matrix must be limited in

extent to the atomic monolayer level.

1. Introduction

In metal matrix composites (MMC), as in their
polymer counterparts, the interface between the
matrix and the reinforcing phase can play a key
role in determining the mechanical properties of
the system. This is because, in order to optimize
properties such as stiffness and tensile strength,
transfer of load from the matrix to the reinforcing
phase is necessary. The present work is concerned
with the interface between an aluminium, Al-Mg,
or Al-Si alloy matrix and §-Al,05 fibres. These
fibres are fine, with a mean diameter around 3 um,
and for MMC purposes they are milled and graded
to give an average length of about 500 um.

The fibre, known as Saffil¥ alumina fibre, RF
grade, has a polycrystalline structure in which the
predominant phase is S-alumina [1, 2]. The
material also contains about 3 to 4wt% SiO,,
which serves to stabilize the &-structure and to
inhibit coarsening of the fine (50 nm) crystailite
size. This silica is dispersed throughout the fibre
section, but also tends to become slightly con-
centrated at grain boundaries and free surfaces.

This effect is enhanced on excessive heating, when
small crystallites of mullite (3A1,03-28i0,) may
appear. It is thought that, in the normal state, the
enrichment may extend to a composition close to
that of mullite, although no phase separation is
detectable. Thus it is a thin silica-rich layer on the
surface of the fibre which is in contact with the
matrix material during fabrication, rather than
pure §-alumina. The thickness of this surface layer
is not accurately known, but estimates based on
grain size and silica level (and assuming a surface
concentration of Si0O, close to that of mullite)
suggest a figure of around 1 nm.

Previous work with  aluminium/alumina
systems has shown liquid infiltration to be a
promising fabrication route [3—5], although all
types of processing have been hampered by the
poor intrinsic wetting characteristics of the system
[6—10]. In an attempt to overcome this, fibre
coatings [11] or alloy additions [12] have been
used to enhance the formation of a chemical bond.
Alloy additions have in some cases involved the
use of lithium, which forms Li,0-5A1,05 at the
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fibre/matrix interface, although other transition
metals have been suggested as additions to form
aluminates isostructural with the spinel MgO-Al,05.
More specifically, work with the DuPont a-Al,0;/
aluminium system [13—16] has indicated that
such spinels do form at that particular fibre/matrix
interface.

The interface being investigated in the present
work differs from those in the above studies in at
least three important respects. Firstly, the fabri-
cation process is more rapid, with very transient
melt/fibre/atmosphere contact and a short melt/
fibre residence time. Secondly, the small diameter
of the fibre means that we are concerned with
relatively large specific surface areas. Finally,
the metstable §-alumina structure is not one that
has been extensively studied in the context of
MMC behaviour,

2. Experimental procedure

Composites were fabricated using a squeeze-
infiltration teclinique described elsewhere [17],
which has been termed “pressure-assisted network
infiltration to form composites” (PANIC). A fibre
preform of diameter 60 mm and thickness 15 mm
was placed in a die preheated to 550K and infil-
trated with liquid metal. This was either high-
purity aluminium or alloys containing silicon or
magnesium (see Table I for compositions), super-
heated by about 150K and injected by means of a
ram initially travelling at about 9 mm sec™!, with a
pressure setting of 25 to 30MPa. The preforms
had a fibre volume fraction fg;, of approximately
0.18, and incorporated 5wt % of silica binder in
addition to the silica in the fibre. Previous work
[17] had indicated the level and nature of the
binder to be of little importance in terms of the
final microstructure, although it affected the
handling properties of the preform. Process analysis
and measurements have shown that, under the
conditions employed, the time for the melt to

TABLE I Chemical
used in this work

compositions of matrix phases

Alloy Composition

Aluminium 99.999 % pure

Al-Mg Mg 9.5 to 11.0%, Fe 0.35% max,
Si 0.25% max, Al to 100%

Al-Si Si10.0 to 13.0%, Fe 0.6% max,

Mn 0.5% max, Al to 100%
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infiltrate the pad is very short (~ 1sec). The
interface between the fibres and the alloy has been
examined by optical microscopy, transmission
electron microscopy (TEM) and X-ray photo-
electron spectroscopy (XPS). Specimens were
prepared for TEM by lapping transverse sections to
about 30um thickness on metallographic paper
and then thinning small pieces of the specimen
with an ion beam. This gave a specimen with some
regions thin enough for TEM analysis, and the
interface was examined on a JEOL 200 CX trans-
mission electron microscope using an accelerating
voltage of 160kV,

Specimens were prepared for XPS by dissolving
away the matrix of a 10mm x 10mm x 2mm
piece of composite in a 10% solution of iodine in
methanol at 50° C. This was carried out under
anaerobic conditions, which eliminated the possi-
bility of the formation of metal hydroxides in the
stripping solution. This was achieved by the use of
an enclosed glass stripping rig employing oxygen-
free nitrogen as an inert environment and a means
of transporting stripping and washing solutions.
Design of the apparatus closely followed the
original philosophy of Vernon, Wormwell and
Nurse [18]. The fibres were then pressed into
indium foil for XPS analysis.

X-ray photoelectron spectra were recorded
using a VG Scientific ESCA3 Mk II electron
spectrometer, with AlKa radiation (hv = 1486.6 eV)
at an analyser pass energy of 50 eV; the vacuum in
the analyser during analysis was approximately
107° mbar (10”7 Nm™2). During acquisition, and
for subsequent data analysis, the spectrometer
was controlled by a VG 3040 data system based
on a DEC PDP8e computer. Quantification of the
XPS was achieved using peak areas, with a linear
background-subtraction, and the appropriate
sensitivity factors.

AlKa radiation was employed in preference
to MgKa to enable excitation of the Mg—1s core
level for the specimens prepared from the Al-Mg
composite, and for the other samples to ensure
consistency of results, especially the escape depths
of the various photoelectrons. The examination of
aluminium-containing materials in AlK« radiation
does, however, lead to the excitation of an Al—
KLL Auger peak at approximately the same pos-
ition as the Si—2p photopeak [19]. For this reason
the work described in this paper has examined the
Si—2s core level at a binding energy of approxi-
mately 150eV.



3. Results and discussion

3.1. Analysis of fibres

The structure of the virgin fibre is shown in the
TEM image of Fig. 1, which illustrates the crystal-
lite size and shape. A typical microstructure of a
squeeze-formed composite of high purity Al/8-
Al,0;5 is shown in Fig. 2. This demonstrates the
absence of porosity in the composite as a whole,
and also the intimate contact between fibre and
matrix. It might be argued that spinel formation
is unlikely in this case in view of the absence of
potential divalent ions in the liquid, although
formation of the AlO-Al,0; structure postulated

Figurel Bright-field TEM micro-
graph of a virgin fibre, showing
the crystallite structure.

by Brennan and Pask {7] might conceivably be a
possibility. However, if spinel formation were
expected it would be most likely with the alloy
containing 10wt % Mg. Extensive optical metallo-
graphy and TEM were carried out on composites
fabricated using this alloy, but in no case was an
intermediate phase between the fibres and the
matrix clearly evident. The bright-field TEM
image in Fig. 3 indicates that any third phase
formed between the matrix and reinforcing fibre
must have been on an extremely fine scale, if
present at all. Associated with any intermediate
phase on the fibre should have been a change in

Figure 2 Typical composite
microstructure of a squeeze-
formed composite of high-
purity aluminium and Saffil
(8-Al1,0,) fibres.
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the chemistry of the fibre surface itself. In view of
the need for chemical information at very high
depth resolution, the fibre surface was examined
using XPS. This is a surface-specific technique
involving analysis of the top 2 to 5nm of the
specimen [20]; the photoelectron escape depth
depends primarily on the electron kinetic energy,
and hence on the energy levels of the shells con-
cerned.

Quantitative XPS data are given in Table II
for fibres in the virgin state and after extraction
from composites. Also shown are data for fibres
treated with hydrofluoric acid to remove the sur-
face (silica-rich) layer. Analysis of the virgin
material indicates an appreciable level of silicon,
which is associated with the silica enrichment at
the surface. The high silicon level from the HF-

TABLE II XPS surface analyses of as-received fibres
and those extracted from Al--Si and Al-Mg alloys

Composition (at %)

Fibre type Al Si Mg (0]
Virgin fibre 23.6 5.7 0.0 70.7
HF-treated

fibre + binder

(in preform) 18.7 10.2 0.0 71.1
Extracted

(Al-Mg alloy) 18.2 55 6.3 70.0
HF-treated and

extracted

(Al-Mg alloy) 21.1 0.0 0.0 62.1
Extracted

(Al-Si alloy) 12.1 259 0.0 62.1
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' Figure 3 TEM bright-field image
of the interface region between
fibre and matrix in a composite
containing 10 wt % Mg.

treated fibre in the preform, on the other hand,
comes from the silica binder. This tends to
accumulate at fibre contact points in the preform.
The exact fate of the binder during melt infiltra-
tion is not yet clear, but it appears to be elimi-
nated during extraction of fibre from the compo-
site. The analyses have been normalized to exclude
adventitious carbon, present at a fairly low level
on all surfaces. Traces of iodine (from the strip-
ping solution) were also detected.

The silicon 2s spectra from the virgin fibres and
from those extracted from the magnesium-bearing
composite are both centred at approximately
154 eV, indicative of SiO, (Figs. 4a and 5a). There
is, however, a diminution of aluminium for the
extracted fibre as a result of the incorporation of
magnesium into the interfacial layer at about the
same concentration as the silicon. The spectrum
obtained from these fibres [17] shows Mg*" peaks
at 1305¢V (1s photoelectrons), 300 to 400eV
(Auger KLL electrons) and 52 and 89eV (2p and
2s photoelectrons). The ratio of the intensity of
the Mg—1s peak to that of the Mg—2s is about 14,
which may be compared with values of 20 and 22
recorded [21, 22] from a clean magnesium fluoride
standard. This discrepancy may be a result of
adventitious carbon on the surface, which would
attenuate the low-energy Mg—1s electron (1305eV
binding energy, 182eV kinetic energy) more
effectively than the energetic Mg—2s electron
(89eV binding energy, 1398¢eV kinetic energy).
By manipulation [23] of the Beer—Lambert
equation, it is possible to estimate the thickness of
carbon necessary to give the observed reduction in



Figure 4 Silicon 2s XPS spectra

Relative intensity

of fibres extracted from (a) pure
aluminium matrix (those from
Al-Mg alloy and virgin fibre
are very similar), showing SiO,
at 154eV; (b) Al-Si matrix,
showing a substantial additional
contribution from elemental sili-
con (150¢V).

150
Binding energy (eV)

140

the Mg—1s/Mg—2s ratio, assuming the magnesium-
enriched layer to be infinitely deep (> 5 nm). The
result obtained is 0.17 nm, which might be con-
ceivable for a discontinuous overlayer, but is much
less than the figure of about 0.7 nm expected [24]
for a uniform coating on a sample of the type in
question. The Mg—1s/Mg—2s ratio expected for
this thickness of carbon layer would be about 9.9.

The most likely explanation for the discrepancy
is that the depth of the magnesium-enriched layer
is not infinite. While the Beer—Lambert expression
is strictly applicable only to planar surfaces, it may
be used here to estimate the thickness of this
layer. The analysis depth for the escaping photo-
electrons (~ 3A, where A is the inelastic mean free
path) is about 15nm for the Mg—1s case and

.0 .4+
Si Si
.
.
'Q
.
.
.
. e,
: . {b)
Z .
5 . .
g .
-2 e e e
£ RATORRRY
o T . .
2
) .
S 4
o
o ‘.
- . .0'
rtegeent”
T (a}
.
‘0
+ s
e
pLTYOPPY
} : } t 4 t + f } } Figure 5 Data of Fig, 4, after
140 150 160 the application of a least-

Binding energy {eV)

squares smoothing routine.

2163



5.5nm for Mg—2s [25], If magnesium enrichment
is present to a depth less than this latter figure, the
Mg—1s/Mg—2s ratio will increase. In fact, it is
possible to calculate (taking account of the
carbon-layer attenuation effect) the depth of
enrichment which would be consistent with the
observed ratio: this turns out to be 0.5 to 1.0 nm.
It would thus appear likely that, although mag-
nesium enters into the surface of the fibres
(possibly into vacant sites in a defective lattice),
rather than being present as an overlayer (a con-
clusion supported by the constancy of the silicon
signal for virgin and standard Al-Mg extracted
cases), the magnesium penetration is limited to a
few atomic layers. It is suggestive that this depth
may be of the same order as that of silica-enrich-
ment, implying possibly a crystal structure of
mullite in the surface of the virgin fibre.

The HF-treated fibres from the Al-Mg com-
posite exhibit no magnesium incorporation of the
type described above. Silicon is also absent,
although the corresponding virgin preform con-
tained a relatively high level. This is undoubtedly
attributable to the silica binder. During dissolution
in the iodine solution, the binder residues (which
are not chemically bonded to the fibre surface)
are swept away. The absence of silicon for the
extracted fibre demonstrates that removal of the
enriched layer was successful: the corresponding
absence of magnesium thus adds weight to the
above hypothesis that entry of magnesium into the
surface layers is dependent on the presence of
silica in those layers.

Turning now to those fibres extracted from the
silicon-containing matrix, the concentration of sili-
con is much higher than for the other cases.
Inspection of the Si—2s spectrum from this
material (Fig. 4b) shows the major spectral com-
ponent to be centred at 150eV, and this is
ascribed to elemental silicon (Si®). There is also
the component from the SiO, phase as in Fig. 4a.
Comparison of these spectra is facilitated by
presentation in the smoothed form shown in
Fig. 5. The Si® peak is probably a result of silicon
precipitates (present in the as-cast alloy) forming
on the fibre surface. It has been noted [17] that
the fibres can apparently act as preferential sub-
strates for nucleation of some silicon precipitates,
which apparently then adhere to the fibres to
some extent during extraction. Thus the silicon
2s spectrum of the fibres extracted from the
silicon-containing alloy has contributions from
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three types of material; Si® from the precipitates
discussed above, Si** from the oxidized silicon
inevitably present at the surface of these precipi-
tates, and Si** originally present on the fibre
surface.

The conclusions that can be drawn from these
spectra are thus as follows. The SiO, in the surface
layers of the fibre has not been chemically changed
by being in contact with the liquid metal matrix,
as the silicon photopeaks only show elemental
silicon when it is present in the alloy. The only
major change which takes place on the fibre
surface is when Al-Mg alloy is used as the matrix:
in this case Mg?* appears to be incorporated into
the lattice of the fibre surface.

It is thought that SiO, may be present on the
surface of the fibre in the form of the mullite

phase (3A1,05-25i0,): this has a structure con-

sisting of chains of aluminium octahedra paralle]
to the z-axis, crosslinked by tetrahedra con-
taining both silicon and aluminium. It may be
regarded as a disordered phase intermediate
between two ordered phases, sillimanite and
andalusite [26], with partial replacement of
silicon by aluminium and a shift of some of the
tetrahedral cations into open sites. Mullite can
exhibit a variation in composition from 3Al1,03¢
25i0, (containing 60mol% Al,0;) to 2A1,03°
Si0, (with 67 mol% Al,03). It therefore seems
feasible that, in the cases of high purity alu-
minium and the Al-Si alloys, some oxidation
of the aluminium might have taken place at the
surface of the fibre; the alumina thus produced
could then have been incorporated into the mullite
phase. This would account for the fact that no
interface phase is visible in TEM, as any reaction
of this nature would necessarily take place over
the few atomic layers where mullite is present.
The possibility remains, of course, that there
was no chemical reaction of any nature in these
cases, and that the bonding is merely the result
of intimate physical contact.

In the case of magnesium-containing alloys
it is possible that MgO-Al,05 (spinel) is formed
at the surface of the fibres in the presence of
Si0,. The mullite structure has close similarities
to the sillimanite structure, in which it is interesting
to note that there are chains of AlO4 octahedra
and (Si, ADO, tetrahedra parallel to the c-axis,
whilst similar chains run in the {1 1 0) directions
in spinel. It is therefore possible that this spinel
would form, but again only over the few atomic



layers where mullite has previously been present,
The absence of zero-valent silicon in cases where
slight magnesium absorptian has taken place is
particularly interesting, and leaves in some doubt
the exact mechanism by which Mg** jons have
been incorporated into the lattice. However,
although silica reduction by straight cationi¢
exchange might have been the expected mechan-
ism, it should be mentigoned that the precise crys.
tallography of the fibre surface remains uncertain,
leaving the possibility that Mg®" ions are occupy-
ing vacant sites in a defegtive lattice. This suggestion
raises the question of charge transfer, and in
general the exact mechanism remains in doubt,
The data from the HF-treated fibres do, however,
reinforce the conclusion that magnesium incorpor-
ation is dependent on the presence of silica in the
surface layers.

Because any oxides which bond to the mullite
layer will be formed from the metal the inter-
facial bond strength is likely to be high, and
mechanical-property data seem to indicate
this to be the case [17]. Bonding between these
oxides and the metal occurs when valence elec-
trons are shared between metal and substrate,
with the oxygen bonds acting as a bridge between
them. It would thus appear that the idealized
interface, composed of a mechanical continuum
(involving ¢oherency on the atomic level) and a
chemical discontinuum (requiring the absence of
any interdiffusion between constituents [27]) is
being approached in this case. It is now interesting
to consider this result in the light of a theoretical
analysis of oxygen-atom availability,

3.2. Supply of oxygen to the interface
3.2.1. Rate of arrival of atoms

One question that arises in the context of possible
interfacial reactions during the relatively rapid
infiltration process concerns the supply of oxygen
atoms, As molten aluminium has an extraordi-
narily high affinity for oxygen, it might be imagined
that a thin oxide layer would be continually
reforming at the infiltration front and that this
would be a source of some chemical-species
transport to the fibre supface, if only in the form
of envelopment with a thin oxide sheath (or
possibly as a mechanism for the formation of
the postulated AlO-Al,O3 structure [7]). How-
ever, with rapid infiltration of a fine fibrous
array it is not immediately obvious that the

achievable flux of oxygen atoms to the infil-
tration front would be sufficient to maintain
even a monolayer of oxide on the melt surface.

The steady-state concentration profile of
oxygen atoms (in the form of O, molecules)
ahead of the advancing infiltration front is shown
schematically in Fig. 6. The reaction rate at the
melt—gas interface is assumed to be infinitely
high relative to the time scale of the infiltration
and diffusion processes. (This is probably accept-
able for monolayer formation, but would soon
become invalid for multiple layers.) However,
even for monolayer formation there will need to
be a critical minimum oxygen concentration
n. at the interface in order for neglect of the
reaction time to be justifiable, although the
magnitude of n, is probably small. The thickness
of the oxygen-depleted layer will be & ~ D/,
where D is the diffusivity of the oxygen molecules
in air at the relevant temperature and v is the
velocity of the advancing infiltration front.

The area of fibre surface per unit volume of
preform is given by considering the length L of
fibre in a volume Vi

Ay 2mrepl  2fp 0
| Larkw/f; tib) T'tin

where gy, is the radius of the fibre and fyy, is the
volume fraction of fibre in the reform. There-
fore, in order to maintain an oxide monolayer
with an oxygen atom surface density of NV it is
necessary to supply an oxygen atom flux given
by

_ N[

Ftib

J ()
This may be compared with the maximum flux
diffusing down the concentration gradient in

the air being expelled through the fibre network,
which is

0
Jmax ND[(é_ZnT)max]z‘:o (] ——ffib) (3)

where z' is the distance ahead of the advancing
front. The maximum gradient at the interface
(which allows maintenance of the oxide layer)
depends on what is treated as the minimum
oxygen-depleted boundary-layer thickness &4,
and on the value of n,. An upper limit is provided
by taking n, as zero so that

7 - Dnair
max

(1 —fm) (4)

5min

2165



Figure 6 Schematic steady-state
concentration profile of oxygen
atoms (in the form of O, mol-
ecules) ahead of the advancing
infiltration front.

Oxygen atom
concentration
n(m3)

If this is compared with the required flux given
by Equation 2, the condition may be expressed
as a maximum velocity of the infiltration front
at which an oxide monolayer can be maintained:

Vo DRgirTsin
T 2N frin Smin

There is some uncertainty about the value to
employ for &yi,, but it would appear dubious
to use a figure any lower than the mean free path
of the oxygen molecules at the temperature and
pressure concerned. If this value is employed then
we may complete an assembly of very approxi-
mate data [28, 29] for 300° C and atmospheric
pressure:

(1 — fiin) (5)

D~6x10"%m?sec™  ng~4x10%m™

N~3x10¥ m™2 Smin ~4 %1077 m

giving
~ 1 08 T'tip

~ Fo (1 — feiv) (6)

vmax
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This suggests that, as might have been expected,
monolayer oxide formation can keep pace with
rapid infiltration (~ 100 m sec”!), even when the
fibres are fine and densely packed. However, it
should be noted that several assumptions have
been made which will have tended to inflate this
figure, and it may well be that the actual oxygen
demand (at an infiltration velocity believed to
be of the order of 1072 to 107! m sec™!) is, in
fact, not much less than the maximum supply
rate. At the least, the figures suggest that forma-
tion of a multiple-layer oxide is going to be
kinetically unlikely.

3.2.2. Total available oxygen

The difficulty of forming multiple oxygen-contain-
ing surface layers is also apparent when another
factor is considered, that is the actual quantity of
oxygen atoms available for the rig geometry
concerned. The number required to form the
monolayer is given by [NV,(2fen/rrin)]. while
the total initially present in the air contained
within the preform is equal to [ V(1 — fiip Wair]. It



follows that there is a maximum volume fraction
of fibres which could be decorated with an oxide
monolayer, which is obtained by equating these
two expressions to give

2N ) )

ftib max = (1 +
FtinMaix

this being based on the assumption that there will
be no time for oxygen to diffuse through the
air-escape paths of the die up into the preform.
(Indeed it is almost certain that there will be a
loss of oxygen atoms through these air-escape
paths, and therefore the predicted maximum
value of fiy, is probably an overestimate). Using
the data given above, Equation 7 predicts that
oxide monolayers cannot be formed on all fibre
surfaces in preforms composed of more than
about 50% of fibre by volume; in view of the
probable loss of oxygen atoms, the correct figure
may well be appreciably lower. It may thus be
concluded that not only will it be impossible to
form a detectable thickness of any reaction
product requiring the incorporation of oxygen
onto the fibre surface, but even the formation
of a uniform monolayer may be difficult.

4. Conclusions
In composites fabricated by a melt-infiltration
process from a preform of §-alumina fibre, TEM
and XPS examinations have shown that the inter-
face between the matrix and the fibre does not
exhibit any clearly-identifiable reaction phase.
Indeed, it would appear that no exchange of
chemical species has taken place on a scale of more
than a few atomic layers. In magnesium-containing
alloys, bond formation may have involved the
generation of a very thin layer into which mag-
nesium ions have penetrated, with the possibility
of a relationship between this and a prior layer of
mullite on the-fibre surface. The depth of mag-
nesium penetration has been estimated at around
1 nm, which is believed to be of the same order
as the thickness of a silica-enriched layer on the
surface of the fibre. The exact mechanism involved
in this exchange is unclear, largely because of
uncertainties about the crystallography of the
superficial layers, but it may be that the mag-
nesium ions are occupying vacant sites in a defec-
tive lattice.

In pure aluminium and magnesium-free alloys,
there appears to have been virtually no cation

transfer between melt and fibre surface. The
bond formed might conceivably have involved
the take-up of aluminium oxide (created on the
surface of the infiltration front) on to the silica-
rich surface, although even this process is in some
doubt. In both these cases and those referred to
above, any reaction must have taken place on a
scale of not more than the few atomic layers on
the surface of the fibres.

These results appear to be consistent with
other information becoming available on charac-
teristics of the fabrication route. The high pressure
appears to ensure intimate physical contact
between fibre and matrix, but the infiltration is
very rapid (being complete in a time less than
lsec) and the melt-—fibre contact period is also
believed to be short (~ 1min). Furthermore,
an order-of-magnitude estimate of the availability
of atmospheric oxygen atoms (for incorporation
into any fibre/matrix interfacial reaction product
formed during infiltration) suggest that these
will be in surprisingly short supply. Indeed,
limitations on both the rate of delivery and on
the total number available within the system
suggest that formation of oxygen-containing
reaction layers more than a monolayer or so in
thickness would not be possible. Of course such
limitations would not apply to straight cationic
replacement reactions, but these do not appear to
have occurred to any significant extent in the
systems studied. Finally it may be noted that
the microstructural characteristics of these com-
posites would appear to offer excellent perform-
ance potential for applications demanding strong
interfacial bonding.
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