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ABSTRACT

Oxidation heat treatments between 375°C and 600°C for 100 hours in air, have been performed on
the calcium aluminosilicate glass-ceramic matrix / SiC fibre reinforced composite CAS/Nicalon
(manufactured by Comning, USA). Using a commercial nano-indentation system to perform fibre
push-down tests, the fibre-matrix interfacial debond fracture surface energy (G;) and frictional
shear stress (1) have been determined. Modification of interface properties, compared to the as-
fabricated material, was observed at heat treatment temperatures as low as 375°C, where a
significant drop in G; and an increase in t were recorded. With 450°C, 525°C and 600°C heat
treatments, an increase in G; but a dramatic increase in T were recorded. Under four-point flexure
testing, the as fabricated and the 375°C heat treated materials displayed tough, composite
behaviour with extensive fibre pull out, but at 2450°C, brittle failure with minimal fibre pull out,
was observed. This transition from tough mechanical response to one of brittleness is due to the
large increase in t reducing fibre pull out to a minimum and therefore reducing the total required
work of fracture. The large increases in T and G; have been attributed to the oxidative removal of
the lubricating, carbon interface and the compressive residual stresses across the interface.

1. INTRODUCTION

Originally aimed at heat engine applications at temperatures up to 1200°C, glass ceramic
matrix/SiC fibre reinforced composites have not proved to be suitable component materials due to
oxidation of their carbon rich, fibre-matrix interface which is often formed during processing.
CMC systems such as CAS/Nicalon, BMAS/Tyranno, LAS/Nicalon and MAS/Nicalon have been
studied after applying heat treatments at temperatures up to 1200°C, in air, for times varying from
4 to over 500 hours {1-6]. The oxidation reactions occurring at the carbon rich interface are ;

C+%0,~>CO (1
C+0,—CO, )

at temperatures above approximately 400°C, followed, at temperatures higher than 600°C, by the
oxidation of the fibre surface, forming silica across the interface ;

SiC + 20, — Si0; + CO, 3)
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SiC +3/2 O, — Si0, + CO 4)

This silica “bridge” strongly bonds fibre to matrix and causes brittle behaviour of the composite
[1-6].

Interface properties of debond fracture surface energy G, and frictional shear stress T have
previously been measured for many heat treated glass ceramic matrix composite systems, using
the fibre push-down test [1-4]. At temperatures between 600°C and 800°C the bonding of fibre to
matrix by the silica bridge is demonstrated by a large increase in G; (compared to the as-fabricated
specimen) and intermittent, localised bridging along the length of the interface is indicated by the
large standard deviations in both G; and t measurements [1-6]. It is the large increase in both G;
and t that causes - along with surface reaction weakening of the fibres - the weak, brittle
behaviour of these materials after heat treatments in air between 600°C - 300°C.

This class of CMC must therefore be ruled out as a possible component material for regular use at
temperatures in the 600°C - 800°C range in oxidising environments, if it has to operate at stresses
above its matrix cracking stress. However, oxidation of carbon in air is possible at approximately
400°C and higher. Therefore the removal of the carbon interface and associated changes in
interfacial mechanical properties should be expected at this low temperature. The work reported
here has concentrated on the effects on interfacial properties of oxidative heat treatments at
temperatures lower than 600°C on CAS/Nicalon, cross-ply reinforced, giass ceramic matrix
composite {(manufactured by Comning, USA). .

2. INTERFACIAL MICROMECHANICAL PROPERTIES

The fibre push-down test has previously been used to measure the interfacial micromechanical
properties of CAS/Nicalon, after a range of heat treatments in air that focused on temperatures
higher than 600°C [1-4]. These were performed using a prototype SEM based microindentation
system with a blunted conical diamond tip [7]. In the present study, a commercial nanoindentation
system [8] has been used to study the interface behaviour of CAS/Nicalon after heat treatments in
the range 375°C to 600°C for 100 hours in air. Unlike the previous work, the diamond tip used to
indent the fibres had a standard Berkovich geometry. There has been no difference noted between
measurements made with the two indentation systems on the as-fabricated CAS/Nicalon material -
both systems gave interfacial properties in the range G; =8 + 3 Jm?and t =25+ 5 MPa (mean +
standard deviation, using the original analytical model of Marshall and Oliver [9]).

Heat treated specimens were prepared by placing a bar of composite material (12mm x 3mm %
3mm) on an alumina support, in a furnace with an air environment already at the required
temperature. The specimens were then taken out and allowed to air cool after 100 hours in the
furnace. After cooling they were cut in half and Smm deep specimens were mounted with the
fibres in the outer most ply of the material aligned in the same direction as the indentor axis, and
polished to a 1um finish. The details of the fibre push-down test have been detailed elsewhere [1-
4, 9]. In the current work, at least 40 fibres were tested in each sample. Only fibres greater than:
15um diameter were pushed as a significant dependence of t with fibre diameter has previously
been observed with smailer fibres, that is probably due to radial Poisson expansion of the fibre




under the compressive loading [10]. In each of the current tests, after the initial loading and
unloading cycle, two more reloading / unloading cycles were performed without the indentor tip
losing contact with the specimen surface.

For this series of experimeuts, the original model of Marshall and Oliver [9] was used to
determine G; and t from the applied load vs. fibre displacement data recorded during fibre
pushing. It ignores both residuai stresses and any Poisson radial expansion of the fibre whilst it is
being pushed. However, as a qualitative measure it is very simple to apply with confidence as, in
the vast majority of cases, tne recorded data displays the straight line relationship predicted for the
initial loading cycle on a p.ot of the square of applied load vs. fibre displacement. In the case of
CAS/Nicalon, G; and 1 are over estimated with this model [10].

Specimen G, (Jm™) v (MPa)
As fabricated 8+3 255
375°C, 100 hours 1.1£1.0 40+ 14
450°C, 100 hours 4.7+3.7 144 + 63
525°C, 100 hours 63£43 177 + 54
600°C, 100 hours 93+5.5 193 £57

Table 1 shows the recorded G; and t for the as fabricated material and heéat treated specimens.
These mean values with standard deviations are determined from the intercept on the load® axis
and gradient of the initial loading siope, respectively [9]. The mean properties for each specimen
are plotted in figure 1.
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Figure 1 Changes in the mean interfacial properties of CAS/Nicalon after heat treatments in air. for 100
hours at the shown temperatures (a) debond fracture surface energy G;, (b) frictional shear stress t.




a) As fabricated b) After 100 hours at 375°C in air
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Figure 2. Typical Applied load vs. Fibre displacement traces recorded for the (a) as fabricated specimen, (b)
the 375°C heat treated specimen and, (c) the 450°C treated specimen. One reload cycle is shown.

The changes in G; and t compared to the as fabricated material are considerable. Typical applied
load vs. fibre displacement curves for fibres tested in the as fabricated, 375°C and 450°C
specimens are shown in figure 2 (a,b,c respectively). They are placed on the same scale axes to
illustrate their different behaviours. The high debond fracture surface energy of the as-fabricated
material is demonstrated by the high point of intercept with the load? axis. The very low debond
fracture surface energy for the 375°C specimen is, in the large majority of cases, the same on the
second and third loading cycles as on the initial loading (see figure 1b). Thus, it can be deduced
that there is no “chemical” bonding at the interface. The low applied load required to initiate fibre
movement on the initial loading cycle must be due to a static frictional shear stress and not a
material fracture event. Increases in t are illustrated by the steeper gradients in the loading
segments of the indentation cycles in figure 2(b,c).

SEM studies of the fibres after the cyclic push-down tests were made. It was observed that the heat
treated specimens had debris on the fibre surface, emanating from the interface. Figure 3 shows




the typical appearance of fibres pushed in (a) the as fabricated material and (b) the 450°C treated
material. The debris was present on all fibres pushed in all heat treated specimens but not in the as
fabricated material. X-Ray Energy Dispersive Spectroscopy (EDS) was performed on the debris
material but although the presence of calcium and aluminium was recorded, no definite decision
could be made on its composition as the recorded spectra were dominated by the underlying
Nicaion fibre. Back Scattered Electron (BSE) microscopy again showed possible signs of the
debris containing other phases than that of the fibre, but again more surface sensitive analysis
techniques are required to confidently characterise the debris.

a) As fabricated b) After 450°C heat treatment

Figure 3. SEM micrographs indicating appearance of fibre surfaces after pus;x-down tests with 3
loadfreload cycles; (a) as fabricated specimen and, (b} 450°C heat treated specimen. Note the presence of
debris on the second fibre due to the increased interfacial frictional shear stress 1.

3. MECHANICAL PROPERTIES

Mechanical four-point flexure testing was carried out at room temperature. Test bar size was
S0mm x 3.5mm x 2.5mm and they were heat treated as before. Figure 4 shows the typical data
obtained form the tests for the specimens subjected to the different heat treatment temperatures.
Figure 4(a) shows the behaviour of the as-fabricated material is tough, illustrating typical
composite failure. Of particular note is the ‘tail’ that is present after the ultimate strength where
fibre pull out contributes significantly to the work of fracture. For the 375°C treated material, the
failure behaviour is very similar to that of the as-fabricated material. It is tough and dispiays the

fibre pull out ‘tail’.

After the 450°C heat treatment, a dramatic change in mechanical properties is observed. The
material retains a high ultimate strength but fails in a brittle manner. It displays the toughening
mechanism of matrix cracking (occurring at an approximate load of 25N, see figure 4(c)), but at
the ultimate strength it fails catastrophically, with no fibre pull out present and hence no ‘tail’ on
the load vs. deflection curve that would contribute to the work of fracture. At 600°C the
mechanical properties deteriorate significantly with both brittle and weak behaviour displayed

(figure 4(d)).
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Figure 4. Load vs. deflection data for four point flexure testing of CAS/Nicalon a) as fabricated, b) after 100
hours at 375°C in air, ¢j after 100 hours at 430°C in air and d) after 100 hours at 600°C in air.

4. DISCUSSION AND CONCLUSIONS

It is evident that oxidation of the in situ formed carbon interface in CAS/Nicalon occurs at
temperatures as low as 375°C, as significant changes in the interfacial micromechanical response
can be observed after heat treatments of 100 hours in air at this temperature. Compared to the as
fabricated material, the interface present after this heat treatment has a very low debond fracture
surface energy G; = 1.1 # 1.0 Jm™. The majority of fibres were not chemically bonded to the
matrix and, in fibre push-down tests, required an applied load to overcome a static frictional shear
stress before they were displaced. This is shown in figure 2 (a,b) where the fibres in the as-
fabricated material required a much lower applied load to initiate sliding on reloading cycles than
on the initial loading cycie (i.e. there was a debond event on initial loading only), but for the
375°C heat treated material, the same load was required on reload as on initial load - indicating
that there was no interface fracture on initial loading, but a static frictional shear stress which was
the same on subsequent reload. The measured increase in frictional shear stress (from t = 25MPa
for the as fabricated material to 40 MPa for the 375°C specimen) also confirms changes occurring
to the lubricating carbon interfacial layer at this temperature. Scanning Auger Microscopy (SAM)




has demonstrated that the carbon interfacial layer in this specimen is only 2-3 nm thick in
comparison to the 20-40 nm wide carbon layer in the as fabricated material. Thus, it seems that the
decrease in debond fracture surface energy and increase in frictional shear stress of the interface
after heat treatments of 100 hours in air at 375°C are caused by the almost total removal of the
lubricating carbon interface. Evidence of wear at the interface was also produced after the fibres

were subjected to cyclic loading.

At 450°C the interfacial properties change again. The measured debond fracture surface energy
increases from that at 375°C (figure 1(a)) but the frictional shear stress increases dramatically to
t = 144 = 63 MPa (figure 1(b)). This is accompanied by a transition in the mechanical behaviour
of the composite as a whole from displaying tough to displaying brittie failure (figure 4(c)). SAM
has confirmed that there is no carbon layer left at the interface in this material. It has been oxidised
via ‘pipeline’ diffusion of oxygen aiong the interface, following reactions (1) and (2). The total
lack of any lubricating carbon interface accounts for the dramatic increase in frictional shear stress
that is recorded during fibre push-down tests. Further confirmation of this is the presence of wear
debris on the surface of the fibres after they have been subjected to two reloading cycles (figure
3). This wear is not present on fibres subjected to the same test in the as fabricated material i.e. the
carbon interface reduces frictional shear stress and therefore reduces wear at the interface. The
high debond fracture surface energy measured for this material is believed to be due to a large
increase in the static frictionali shear stress required to be overcome before fibre siiding can occur.
In figure 2(c) it is observed that fibre sliding does not occur on initial loading until 200 mN. On
reloading, it again does not move significantly until a load of approximately 200 mN is applied.
This would suggest there is no interfacial chemical bond present after this heat treatment. The very
large T and high G; are caused by the compressive residual stresses across the interface (due to
fibre and matrix coefficient of thermal expansion mismatch), and the absence of the lubricating

interfacial layer.

The effect that the high t has on mechanical properties is directly observed in the flexure tests of
the 450°C material. The brittle behaviour evidenced by lack of fibre pull out is due directly to the
very large t causing fibre failures to occur very close to the matrix crack plane.

The behaviours for 525°C and 600°C are very similar to that of 450°C with increases in G; and 7
possibly due to higher residual stresses across the interface due to cooling from the higher heat
treatment temperature. At 600°C the nature of interfacial bonding is expected to begin to be
dominated by silica bridging. Further analysis of the loading and reloading fibre push data is
required to confirm this.

In summary, modification of interfacial micromechanical properties has been observed after heat
treatments for 100 hours in air at temperatures between 375°C and 600°C. Changes in G; and T
over this temperature range have been attributed to removal of the lubricating, carbon interface by
oxidation and the ‘clamping’ of the matrix onto the fibre due to residual stresses. The difference
between chemical bonding and static frictional shear stress can be observed by cyclic loading of

fibres during the fibre push-down test.
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