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SUMMARY

Auger electron spectroscopy (AES) with depth profiling was used to charac-
terize the fiber/matrix interface of a S1C fiber, reaction bonded Si3Ng matrix
composite. Depth profiles of the "as received" double coated fiber revealed
concentration oscillations which disappeared after annealing the fiber in the
environment used to fabricate the composite. After the composite was frac-
tured, the Auger depth profiles indicated that failure occurred in neither the
B-SiC fiber body nor in the Si3Ng matrix but, concurrently, at the fiber
coating/matrix interface and within the fiber coating itself.

INTRODUCTION

Fiber reinforced composites have long been recognized as a way of combin-
ing the desirable properties of dissimilar materials to achieve materials
which, as a result of the combination, have properties not readily achievable
otherwise. One such composite, currently being studied at NASA for high tem-
perature use, is silicon carbide fiber reinforced, reaction bonded silicon
nitride (SiC/RBSN) (ref. 1). The RBSN matrix material exhibits high tempera-
ture strength, low density, and other desirable properties, but exhibits brit-
tle fracture behavior. The SiC fiber contributes to ductility by interrupting
cracks and by taking some of the strain in the composite. The properties of
the composite material depend not only on the individual components but on the
nature of the bond between the partners and on the chemical reactions that
occur during processing.

The aim of this study is to provide information on the chemical composi-
tion of the SiC fiber surface coating both before and after exposure to the
composite processing environment, the chemical composition of the fiber-matrix
interfacial region in the processed material, and to determine the locus of
failure in a composite fractured along the fiber direction. The experimental
approach to these topics is to use Auger electron spectroscopy with depth
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profiling to obtain elemental and chemical information as a function of depth
below the surface of a free-standing fiber, and also for a fiber embedded in a
matrix exposed by fracture and the corresponding trough left in the mating
matrix. The analysis of the free-standing fiber provides a basis for inter-
preting the analysis of the fibers embedded in the composite matrix.

EXPERIMENTAL

The composite used in this study consists of double-coated 142 um diameter
B-SiC fibers embedded unidirectionally in a RBSN matrix. The ~4 um thick dou-
ble coating consists of two carbon-rich regions separated by a silicon-rich -
region. The volume fraction of the fibers is approximately 35 percent. The
matrix material is approximately 70 percent of theoretical density. A more

complete description of the composite is contained elsewhere (ref. 1). The

composite was fractured outside the analytical chamber by pulling it apart per-
pendicular to the fiber axes, exposing the fibers and matching troughs.

Auger spectroscopy was performed using a Perkin-Elmer Physical Electronics
Division Model 545 Scanning Auger Microprobe (SAM) with. an analytical spot size
of approximately 5 um. Auger dN(E)/dE peaks for Si at 92 eV, C at 272 eV,

N at 382 eV, and O at 512 eV were monitored during Ar* bombardment with a 3M
Minibeam fon gun. Composite fracture surface depth profiles for corresponding
fiber and trough areas were taken, where possible. The insulating properties
of the pure Si3Ng4 matrix material causes uncontrollable charging under our
electron beam, rendering AES of it impossible.

Atomic concentrations were calculated using

I./S : ' '
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Where Cy 1s the atomic concentration of element x, M .is the number of
atomic species present, Ij denotes dN(E)/dE 1intensities, and Sj denotes
relative sensitivities for the pure elements referenced to some standard.
Sputter depths were ‘calculated using _
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Where d 1is depth, t 1is time, and o 1is the sputter rate for a pure species.

Sources of o and S wvalues 1nclude system calibration using standards and
the literature (refs. 2 to 4).

RESULTS
Fiber

Figure 1(a) is a typical depth profile of a single "as received" fiber. A
Si-rich region is found between the two C-rich regions of the coating. Neither
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O nor N is observed in efther the fiber or the coating. The C and Si concen-
trations have been calibrated from Auger spectra of ion bombarded single
crystal p-Si1C. Using this calibration, stoichiometric Si1C in the fiber is
identified. Across the top of figure 1(a) are the Auger lines whose shapes are
indications of the chemical state of the elements. The shape of the C peak at
ds 1.4 uym is typical of amorphous carbon, while the C peak above the area
labeled bulk B-SiC is typical of B-SiC (refs. 3 to 5). In between these two
extremes the C peaks show characteristics of mixtures of both chemical states.
These peak shapes are also typical across all of the profiles. Oscillations. in
concentration are observed beginning at a depth of approximately 1.5 um. These
oscillations were apparent in the raw dN(E)/dE versus time data before con-
centration and depth calculations were made. Similar oscillations appeared in
each of several depth profiles done on the "as received” fibers taken from two
different lots. The oscillations do not display periodicity nor do they appear
to be a function of concentration or depth -- except that they are not evident
in the top 1.0 um of the coating. The oscillations of Si and C are physical;
f.e., a decrease in C is accompanied by an increase in St and vicé versa. - As
seen in figure 1(b), depth profiles of fibers that were annealed in conditions
identical to those which the matrix preforms receive in nitriding (1 atm N3,
1200 °C, 40 hr) do not contain these oscillations. The interface widths of
these annealed fibers are also considerably narrower than those of the "as
received" fibers. The width of the inner carbon coating/R-SiC interface
decreases from ~2.0 to ~0.5 um. Note also, in the figure 1(b) inset, the pres-
ence of O and N some distance into the coating and the depletion of Si over
this same distance.

Composite

“Both the fibers and the mating troughs of the fracture surface were ana-
lyzed. None of the chargeable SijNg matrix material was found on any fiber
surface. None of the depth profiles obtained from the embedded fibers exhib-
fted the full range of features found in the coatings of either the "“as-
recelved" or the annealed free-standing fibers. Instead, their profiles, shown
tn figure 2, fall into three categories. Of a total of twelve depth profiles
into three different fracture surfaces, six are similar to figure 2(a), three
are similar to figure 2(b), and three are similar to figure 2(c).- No O or N
fs present in either of the (a) or (b) type profiles. Figure 2(c) {is represen-
tative of relatively shallow depth profiles that were taken before the SAM sys-
tem was set up to do the deep profiling that allowed calculation of the surface
position relative to the inner carbon coating/fB-SiC interface. These were the
only profiles showing N; but, these could not be reproduced once deeper prof-
1les became possible. The only difference within each of the three different
types of profiles is a ~0.2 um variation in the distance from the fracture sur-
face to the inner carbon coating/B-SiC interface.

Analysis of the troughs generally revealed only a thin, easily removed
layer of adventitious carbon on the chargeable Si3Ng matrix material. One pro-
file, however, showed ~200 R of C on the matrix. The profile of the fiber
mate to this one trough is of the figure 2(a) type. No substantial fraction of
the coating could be identified in any trough.



DISCUSSION

AES analysis of this system is difficult because the insulating nature of
Si3Ng leads to uncontrollable surface charging. Fiber AES is even compromised
when the fiber is in the matrix due to charging of the adjacent matrix by e~
spillover. However, a successful combination of e~ current, Ar* current, and
grazing incidence was found such that AES has proven to be a viable method for
- fiber analysis of this particular ceramic/ceramic composite. Although we have
not been able to examine the RBSN matrix directly, if any measurable C is
present, AES is possible. The usual caveats that apply regarding the accuracy
of concentration and depth calculations are also emphasized by this charging
phenomenon. In spite of this, the calculated concentrations and distances do
give reasonable agreement with those obtained from other sources (ref. 6).

The Auger peak shapes present at the top of figure 1(a) are representative
of those found in the fiber whether the fiber was isolated or in the composite. -
They were used to confirm the physical interpretation of Auger peak height
- ratios in terms of the chemical nature of the material. In general the shape

of the C and Si peaks (and the N and O peaks when found) followed what would
be expected from their relative concentrations. On those embedded fiber sur-
faces where N was found (fig. 2(c¢)), there was some Si peak splitting that is
evidence for - Si presence in more than one chemical state; unfortunately the Si
peak resolution was not good enough to allow more to be said about these chemi-
cal states .

Fibers

The analyses of the isolated fibers demonstrate that our Auger depth pro-
filing technique can, in fact, provide elemental and chemical information as
deep as 4 um. These profiles can thus serve as a basis for 1nterpret1ng the
profiles of the fiber surfaces embedded in the composite.

These 1soTated f1ber_prof11es are interesting 1n themselves, however.
Comparison of these profiles before and after annealing indicates that consid-
erable diffusion takes place during the annealing process, with the features
within the profile sharpening up considerably. By extension, this same behav-
for would be expected to occur in the fiber during composite nitriding.

A comparison of figure 1(a) to (b) indicates an apparent ~0.5 pm thinning
in the coating after anneal and significant O and N diffusion into the coating
(ftg. 1(b) inset). Some Si depletion in the near surface region of the
annealed fiber is consistent with the active oxidation that Si is known to
undergo at the small partial pressures of oxygen present as an impurity in the
N> used during the anneal (ref. 7). Whether the thickness difference noted
above is due to S10 evaporation during anneal or to a variation in the original
coating thickness should be resolvable with further study.

The oscillations in the Si and C concentrations present in the "as
received" fibers (fig. 1(a)) are not understood at this time. They are evi-
dently introduced during the manufacturing process and are removed by mass
transport during subsequent annealing. _



Composite

Since no coating material was found in the matrix troughs, which remained
geometrically identifiable, and no matrix material was found on the fiber sur-
faces, a conclusion is that failure is occurring at the coating/matrix inter-
face. On the other -hand, failure is occurring in the coating between the fiber
and the matrix. A comparison of figure 1(b) with figure 2(a) and (b) illus-
trates this: fallure occurs at I and II in figure 1(b) for the cases of
figure 2(a) and (b) respectively. The overall conclusion is that failure is
occurring concurrently at the coating/matrix interface and within the coating.
It is therefore shown here that the coating is in fact doing what it was
designed to do -- provide the weak 1ink between the fiber and the matrix.

- . There are, however, two issues to be resolved. First, the material in the
region between the two fracture surfaces outlined above must be accounted for.
That it may have been reacted with during the reaction bonding has to be con-
sidered. However, SEM of transverse polished sections of the composite indi-
cate that this region of the coating survives reaction bonding. Further work
is required to locate this missing region. Second, the profiles in figure 2(c)
imply that fracture may be closer to the matrix/coating interface in these
cases. This is still a case of coating failure. However, these profiles,
obtained in the early part of the work, could not be reproduced after the abil-
ity to profile down to the p-SiC was developed. Further work is needed to see
if this failure mode 1s a significant occurrence. 4

CONCLUSIONS

1. The technique. - (a) Deep profiles (~4 um) into the fibers yield useful
chemical information with good depth resolution; (b) AES is possible on the
fracture surface fibers in spite of the insulating properties of Si3Ng.

2. The fibers. - (a) The composition of the fiber coating confirms the
manufacturer's claims; (b) the composition of the fiber coating contains oscil-
lations in Si and C concentration as the coating/p-SiC boundary is approached;
(c) after annealing, these oscillations disappear as a result of mass trans-
port, which also results in sharper interfaces.

3. The composite. - (a) The full fiber coating does not adhere to any sur-
face exposed during fracture of the composite; (b) fracture is occurring in
neither the Si3Ng matrix nor the B-SiC fiber but in the region between the
two; (c) fracture appears to occur concurrently within the coating and at the
coating/matrix interface; but, further work is necessary to more fully under-
stand the fracture process.
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