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IN RODUCTION

The first year's efforts on this program were aimed at understanding the
mechanisms of strengthening and degradation of SiC filament. Filaments were pro-
vided for analysis here in part by Avco IRAD and other related programs listed
at the end of this report.

The specific objectives were:

1 Devise a model for filament strengthening /degradation effects due
to the presence of surface layers or coatings on a brittle ceramic
filament.

2. Determine properties of the carbon rich layer and propose mechanisms
for filament strengthening. I(

3. Utilizing the above model and mechanisms, analyze alternative surfaces

that can potentiallyJ

a. Provide surface strengthening

bK. Resist strength degradation in molten Al

c\ Bond with Al alloys during casting, hot molding or
diffusion bonding operations.

Based on filament analysis conducted in this program by x-ray diffraction and
SEM and Auger analysis the following observations are offered:

1. SiC is a crystalline material with grain boundaries normal to the substrate
and stress axis.

2. Unrestrained grain boundaries, cleavage planes, or growth related defects
in crystalline SiC open at low strains ({%, 0.005 in/in which corresponds to a
filament strength of 300 ksi) arid propagate catistrophically.

3. The graded carbon-rich layer, when present effectively doubles the filament
strength. This layer varies in composition from pure carbon at the surface
to stoichiometric SiC at a depth of \0.5 p m. SEM fractographs show this
layer to be hard, fire grained (or amorphous) and tightly adherent.

4. Auger analysis has shown that silicon in the C-rich layer is always bound
as SiC. Excess carbon is present as free or elemental carbon.

5. The carbon rich surface bonds with difficulty to the common matrix alloys;
e.g., Al or epoxy.

6. When bonding is effected by addition of reactive elements, it is accomplished
by reaction with the filament surface. This reaction causes a recession of
the filament surface. As little as 2000 R surface recession causes a degradation
in filament strength to uncoated values.



The conclusion of these observations becomes the basis of our new working hypothesis:

1. The fine grained carbon-rich layer seals the grain boundaries or other stress
intensifyig defects and prevents crack formation until stresses on the order
of 1 x 10 psi are experienced by the filament.

2. The amorphous nature of the surface layer prevents new grain boundary
cracks from being introduced into the surface.

3. The carbon rich surface must be altered to simultaneously provide bonding
and seal defects.

The approach to the problem last year was as follows:

1. Evaluate methods for depositing fine grained or amorphous SiC on the SiC
filament. The purpose being to duplicate the healing mechanism while
providing a more bondable surface (for Al).

2. Altering existing surface to improve Al bondability/wettability of the
filament surface by:

a. Increasing Si/C ratio on the filament surface

b. Overcoating the existing filament with B C, TiC, or TiN

3. Evaluate all filament modifications with SEM, EDX, x-rd grain size
measurements and Auger analysis.

PROGRAM ANALYTICAL RESULTS

1. Deposition of fine grained stoichiometric SiC did not lead to improved
filament properties. Indeed, the filament strengths were generally lower
with the "ASiC" or amorphous SiC coatings than "standard" SiC with a
C-rich surface.

2. Overcoating "standard" SiC with a thin (\ .2 pm) layer of amorphous
B C permitted high strength castings to be produced (50 vlo, a > 210 ksi)
as long as exposure to molten aluminum was less than nu 2 min. Heavier
coatings of B 4C resulted in as-produced filament degradation. This ap-
proach was abandoned on the standard SIC substrate.

3. Overcoating standard SIC with TiC and TiN r.. in tolerance to molten
Al and subsequent high cast rod data (+ 200 ksi t 50 v/o composites).
The production rates for coated filaments were considered too low to be
economically feasible at this state of development. This approach was dis-
continued, but not abandoned.

4. Work continued In evaluating a controlled gradient modification of standard
SiC. The silicon content of the surface was increased to improve bondability
with Al (and epoxy) matrices. The many modifications of this filament are
called "SCS". This filament or modifications of this filament have shown
resistance to molten Al for times to 15 minutes at 100*F and in excess of
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1 hour at 1250 0F. Composites have been fabricated by casting, hot molding,
and diffusion bonding and were evaluated. The data are shown below in Tables
Tables 1, 2, and 3 for diffusion bonded, hot molded and vacuum infiltrated
composites ,respectively.

5. Various modifications of this filament including BCS (B C coated SCS) have
been composited with Ti 6 AI-4V in a companion AFML Orogram (Contract
F33615-79-C-5012, Avco subcontract to Rockwell). These data are given
;n Table 4.

DISCUSSION OF RESULTS

A schematic representation of the composition profile of the surface treatment
layer of the SCS filament is shown in figure 1. The Si/C gradient is reversed near
the surface to provide a better surface for bonding to Al or resin matrices. The
Si/C ratio drops to a rather low silicon level for better than half the coating thickness
of the filament before the Si/C ratio again increases to stochiometric SiC at a depth
of 0.4 to 2 pm depending upon the filament modification. In essence, the SCS
surface treatment is composed of three zones:

a. The outer surface enriched in silicon, though still carbon rich,
provides the bonding surface. (Zone I)

b. The inner zone consists of the normal gradient from stoichiometric SiC
to an amorphous or fine grained carbon rich mixture of free carbon
and SiC. This zone is responsible for healing defects and preventing low
strain stress intensification at the transversely oriented columnar grain
boundaries near their surface terminus. (Zone Ill)

c. The intermediate zone is carbon rich and provides the "forgivability"
of the filament. This zone is a buffer that prevents surface reactions
or cracks from inter-reacting with the sensitive inner gradient zone. (Zone II)

A glance at the transverse data of Tables 1, 2, and 3 point out a weakness in the
present modification of the SCS filament. The aerospace industry has taken the
B/Al as their standard of excellence. B/Al (6061) typically has a transverse strength
of the order of 20 ksi in the as diffusion bonded condition. The typical transverse
strength of SCS/AI 6061 composites are of the order of 10 ksi although they can be
T-6 heat treated to % 15 ksi. The reason for the low transverse strength values
becomes obvious when one views the composition profile and SEM photographs of
composite fracture surfaces. Figure 2 shows an axial tensile specimen fracture surface.
The crazed surface layer is strongly adherent to the matrix. The layer is delaminated
from the filament surface during failure. Figure 3 shows a transverse fracture
surface of the same panel. Shown here is the entire outer layer adherent to the
matrix while the filaments are either split or pulled away with the inner layer.
The higher magnification photograph of the filament pull-out region and EDX scan of
figure 4a shows the inner qradient layer tightly adherent to the SiC filament
chip. Thus, we must conclude that the carbon rich "valley" is weak and is the
source of the low transverse properties.
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Depth Below Surface Depth Below Surface
a)'Standard" historical SiC b) SCS (New SIC)

Figure 1 Schematic Representation of a Longitudinal Section Through a
Silicon Carbide Filament Grown by CVD Techniques
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Figure 5 TRANSVERSE FRACTURE SURFACE SHOWING A SPLIT FILAMENT
REVEALING THE C-RICH ZONE AND SCHEMATIC REPRESENTATION

OF Ss GRADIENT WITHIN ZONE
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Work was initiated to improve the transverse properties of the filament by
strengthening the carbon rich layer. Various modifications of reactor design
and parameters were investigated. The new "standard" SCS filament modification
was given the designation SCS 2 and is shown in figure 5 with a schematic gradient.
Various other modifications, SCS 3, SCS 5, and SCS 6 were investigated and SEM
micrographs of a fracture cross section of the filament surface layers are shown
in figures 6, 7, and 8, respectively. Auger composition profiles taken from
reactor tails* are shown in figure 9 for SCS 2, 3, 5 and 6. Attempts were made during
the deposition of SCS 3, 5 and 6 to increase the Si content of the surface layer
without causing crystalline deposition of the surface layer. The SEM photographs
of SCS 2 in figure 5 shows a faint layered surface. We may surmise that delamination

*i can ocrur easily in this structure.

SCS 3 is deposited in a short reactor ('\' 6" long vs \, 2411" long for the modifications
•* discussed here). Extra silicon was added to the surface to increase the inner zone

strength. The fracture texture shown in figure 6 gives a crystalline appearance
which corresponds to low axial properties. It is interesting to note that the transverse
properties of SCS 3 were superior to the other modifications discussed here (% 12-15 ksi)
although the axial strengths were lower. The composition profile in figure 9 shows SCS 3
to have the highest Si content in the central regions of any of the filaments evaluated
to date.

SCS 5 and 6 have not been investigated in Al matrices yet, although the SEM micro-
structure revealed in figures 7 and 8 show similar layering to SCS 2, which led to low
transverse properties.

The composition profiles in figure 9 are worthy of more comment. The inner
composition gradient which is responsible for the filament strength appears to be very
steep. A more gentle gradient should eliminate the sharp delamination zone.
In addition, a higher silicon content at the surface and in the intermediate zone should
simultaneously improve the strength of the intermediate zone and improve the
wettability of the filament to molten alloys.

FUTURE WORK

1. Continue variations of reactor design and deposition parameters to
produce filament with higher transverse properties in Al alloy matrices.

2. Explore compositional limits for producing "glassy" carbon rich deposits.

3. Characterize interfacial reactions and surface recession phenomena
of various SCS modifications in molten Al.

4. Evaluate longitudinal and transverse composite panel properties
and relate to microstructure.

5. Evaluate selected modification of SCS filament in titanium matrix alloys.

A reactor tail is obtained by simultaneously switching off filament heating current

and filament take-up. The resulting tail freezes the deposition process. Auger
surface analyses of an Indexed location on the reactor tail will reveal the composition
being deposited at that location In the reactor. Thus, composition profiles can be
obtained without time consuming sputtering.
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