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ABSTRACT

A test specimen has been devised for measuring stress transfer
between a high modulus fiber and a ceramic matrix. Single filaments of SiC
were embedded in chemically vapor deposited SiC on a thin plate of
molybdenum. The CVD overcoating which encapsulated the fiber was
continuous with a coating of SiC on the molybdenum. When placed in a
microtensile test device and loaded in the fiber direction, the fiber fracture
characteristics provide information on the fiber /matrix adhesion and stress
transfer.

Problems were encountered due to the formation of a weak boundary
between the SiC and the molybdenum with obviated any meaningful tensile
tests. Also, the high CVD temperature used in fabricating these specimens
restricts the fiber, matrix (and substrate) to materials having similar thermal
coefficients of expansion in order to minimize thermal stresses.




1. INTRODUCTION

Fiber reinforced cersmic matrix composites have recently received I
great deal of attention'-3 for possible applicetion in engines, 8s thefmoi .
protection materials, and for special electronic/electrical devices. The
primary reason for the interest in these materisls is the expectstion that
strong ceramic fibers cen prevent catastrophic brittle failure in ceramics
by providing various energy dissipation processes during crack
propagation. Early work utilizing carbon fibers in ceramic matrices
demonstrated the potential for this approach?.5. However, carbon fibers
are vulnerable to degradation in oxidizing reaction environments at
relstively low temperatures; much below the use temperature of the
ceramic matlerials. However, silicon carbide fibers (SiC) are more
oxidation resistant than carbon fibers and are chemically compatible with
many ceramic matrices.

Fiber-reinforcement of ceramics should, in principle, increase the
resistance of the ceramic matrix. In general, this improved toughness has
not been fully realized. Figure 1 represents the load sharing for strong
bonding (A) and weak bonding (B). If as in Figure 1A, the redistribution
length is short then the overload is highly concentrated so that 8 single
fiber break could initiate breaks in adjacent fibers and possibly
cétastrophic failure of the composite. On the other hand, if the shear
stress at a fiber break is large enough to cause debonding some distance
from the fiber end then load {s distributed over 8 longer fiber length and is
less likely to fracture adjacent fibers (Figure 1B). Clearly, there must be
some optimum boundary strength. If the interfacial strength is too low
there will be excessive debonding and 8 loss in the load bearing cepability

of the fibers. However, a fundamental lack of information on how the



fiber/motrix interphases effects the overall failure of ceramic
composites under on applied stress condition still exists. The factors
wvhich will influence the properties of o fiber motrix interphese ore 1) the
mechanical properties of the components themselves and 2) the degree of
physicel and chemical interaction between the fiber and meatrix. Comporéd
with the conventional ceremics, where the tensile strength is used for
predicting engineering performance, the mechanical behavior of cersmic
composites is much more compliceted. The interphase properties are one
of the major complications so there is o need to develop techniques to
study fiber/motrix interphases, especiolly, the degree of adhesion.

Bascom et. ol. & have successfully used o microscele (25 mm gouge
length) “dogbone™ specimens with single cerbon fiber embedded through the
length of the specimen 8s o method for determining the fiber/resin
interphase strength for polymer matrix composites. A schematic of the
single fiber test specimen in organic matrix system is shown in Figure 2.
The work reported here originated from the idea that this technique could
be epplied to the fiber/ceramic motrix systems.

The purpose of this reseerch during the lest five months waes to
demonstrete the feasibility of developing o test method for the
properties of the interphoses between single embedded SiC fiber and

silicon carbide motrix grown by chemice!l vapor deposition (CYD).



1. EXPERIMENTAL PROCEDURE

Silicon corbide coatings were applied to three different pure metal
substrotes; Ni*, w¥** and Mo** with 99.995%8 purity. Teble | summerizes
the verious properties of each metel substrate. The substrates were cut
(1.5cm X 35cmX 0.2 cm) by using a 1oy speed diamond saw and polished
on sond paper. For information on the influence of substrate surface, the
molybdenum plates were ground, polished and ion milled to 30004
thickness by using an argon source to remove any contamination and heavy
oxide leyers.

An initial silicon cerbide coating was deposited using & hot-wall
horizontel silice tube resctor. Figure 3 shows 8 schematic diegrem of
laboretory reactor for the deposition of coatings on planar substrates.
Dimethyldichlorosilane (DMDCS)*** was used as both the silicon and
cerbon sources. The DMDCS was injected into & manifold by bubbling
through with ergon gas, and wes mixed with end cerried by hydrogen into
the reaction chamber. The totel flow rote wes kept constoent between
0.2-0.3 mole/hour, and the pressure of the reactor was maintained at totm
throughout this study.

The substrotes were preheated at the deposition temperature and
maintained in @ flow of hydrogen for @ minimum of 10 minutes prior to
each deposition run. The substrate temperetures ronged from 1040 to
1060°C meosured by means of 8 thermocouple ot the substrate. One of the
problems of the horizontal reaclor is the depletion of the reactent in the
downstresm direction which results in thinner downstream deposits’. This
was corrected by slightly tilting the substretes, thus diminishing the
reactor cross section in the downstream direction. when the first layer of
silicon carbide coating (*20um) was applied, the sample was slowly

drawn from the reactor to ambient temperature using o silice rod. This



procedure was used for all of the silicon carbide depositions.

Two different fibers (carbon and Nicalon SiC) were obtained from
Hercules* end NASA**, respectively end their typicel properties ere
summarized in Teble 11 ond I11. A single fiber was positioned lengthwiée on
top of the first layer of silicon cerbide {undercoating) by using a high |
temperature paste (Sauereisen). The fiber wos overcooted by growing
enother silicon carbide 1ayer using the same conditions as for the first
layer. The thickness of the deposited silicon carbide 1ayer was determined
by comparing the diameter of uncoated Nicalon SiC fiber with the
depasited layer.

The crystalline phases present in silicon carbide depositions were

identified by X-ray diffraction using Cu Ke. radiation.



111. RESULTS end DISCUSSION

The study of the formation of a brittle zone 8t the fiber/matrix
interphase ond of its influence on mechanicel properties of ceramic fiber |
inorganic metrix composites should certainly be a major aspect of ._
resehrch, especially when it is necessary to choose appropriste
intermediote loyers between the fibers and the matrix.

Preliminery tests showed thet the nature of the substrate had little
influence upon the structure of the deposit but it hed strong influence upon
the thermal expansion coefficient mismatch (Ax) between the substrate
and coating. Initislly, nickel plate was used as a substrate. The
undercoating turned out to be uniform throughout the substrate. Optical
micrographs of 8 silicon carbide undercoating on nickel substrete are
shown in Figure 4. The deposits are fairly smooth and the surface of
substrate was completely covered with a fiim having an spproximately
equal ratio of pentagon and hexagon grains. The overcoating of the carbon
Tiber, hovever, showed 8 number of cracks and peeled off the substrate.
This implies that the adhesion becomes very poor as the thickness of
costing increases. Figure 5 shows the optical micrograph of cracks and
peeling of the coating and resulting damage on the fiber. The primary
reason for the peeling of the coating is the thermal expansion coefficient
mismatch ( Ax = 10.2 x1076/0k) between the nickel substrate and the
grown silicon carbide coating. Furthermore, the carbon fiber positioned
lengtrnwiée showed 8 number of breskages due to a large thermsl expansion
coefficient mismatch between the nickel substrate and cerbon fiber and
probably due to chemical attack of the gas phase components used in the
CVD process. As mentioned earlier, SiC fiber is more stable at high
temperature and in the CVD gas phase. Therefore, Nicalon SiC fiber was

used in the following experiments.




In our investigations, tungsten and molybdenum were preferable meterials
for substrates compared to nickel. The primery reason is thet their . .
thermol exponsion coefficients do not differ eppreciably from that 6f
silicon carbide ( Ax = 1.5 % 1076/°k and 2.0 x 10°6/°k for tungsten and
molybdenum, respectively). when the tungsten substrate was used, the
overcoating of the SiC fiber was successful except for minor peeling of
the coating at the edges of the substrate. However, during the coating |

process, the tungsten beceme very brittle presumably due to H, in the gas

mixture which is necessary to obtain a high quality silicon carbide
coating. This embrittiement of substrate ceused technical difficulty in
ultimate testing of the sample; the sample shattered into brittle platelets
vhen it was gripped in the microtensile test unit. when the molybdenum
substrate was used, however, better adhesion of the SiC coating was
obtained and somewhat less embrittiement of substrate was observed. lon
milled of the molybdenum substrate showed even better adhesion of the
coating compared to unmilled substrate. Figure 6 shows 8 scenning
electron micrograph of 8 cross section of the sample. A continuous coating
from the substrate to the overcoating on the fiber is clear. However, there
is a evidence of some reaction products between the silicon carbide and
the molybdenum. Figures 7 and 8 compare scanning electron micrographs of
the naked fiber and the silicon carbide coated fiber. The characteristic
"corn cob” surface of chemically vapor deposited silicon carbide fiber is
seen in Figure 8. Figure 9 shows the overcoated SiC fiber after four hours
of coating time. It is seen that homogeneous layers adhere well to the
fiber surface over the length and perimeter of the fiber. However, the fiber
was not completely embedded in silicon carbide 8s shown in Figure 2. This
problem was eliminated by increasing the costing time. Figure 10 shows

the complete embedment of the fiber after 10 hours. Scanning electron



microgrephs of the fractured cross section of this somple ere shown in
Figure 11. They cleerly show the embedding of the SiC fiber by the grown
silicon cerbide 1eyers. However, the adhesion of coating to the substrote
was not as good as expected. This implies thet there should be an optimum
thickneés of the CVD coating; the coating should be thick enough to achieve
o complete embedment of fiber, yet be thin enough not to peel off the
substrate.

The crystalline phases present in SiC deposited at 1050°C were
identified by X-ray diffraction ( Ni filtered Cu Ko ). Representative X-ray
diffraction patterns of the sample are shown in Figure 12. Only three
distinguishable peaks were detected. The strongest lines corresponding to
the (111) reflection of SiC was observed in the diffraction pattern. The
sample consisted predominantly of the B-phase of SIC.There were no X-ray
evidence for silicon which is usually observed in low temperature
deposition'®.



1V CORCLUSIONS

A technique hes been developed for fabriceting single filament test -
specimens comprised of 8 SiC fiber embedded in SiC chemically vapor |
deposited on a molybdenum substrate. The CVD overcoating formed
preferentielly eround the filament so that the specimen had the
configuretion shown in Figure 2. There appears to be good continuity
between the coating around the fiber and the undercoating (Figure 11). This
continuity is important for stress transfer from the metol substrate into
the fiber.

The SiC layer was not well bonded to the molybdenum substrete due to
the formation of & reaction layer between the two phases. The low bond
strength prevented eny meaningful mechanical testing of the specimen.
This problem is not seen as insurmountable since o thin evaporated
precoating of an inert metal (Pt, Au) on the molybdenum should prevent

reaction with the SiC.

The specimen configuroetion developed here is not applicable to all
possible fiber/motrix combinations. in the cese of caerbon fibers, there
wos evidence of the CVYD reegent attecking the fiber ( this observetion hes
implicetions on the actuel stete of carbon fibers in 8 SiC metrix formed by
vapor déposition of & chlorosilene). Furthermore, differences in the
thermol coefficient of expansions of the fiber, mairix and substrete must
be minimal. For the SiC/SiC/Mo system, the Ax was 2.0 X 1076/°K.

Evidently, this difference is tolerable.



VY RECOMMENDATIONS

The following recommendotions are offered for continued work with

SiC/SiC/Mo single filament specimen.

o) Find precoatings for the molybdenum substrate thet
prevent reaction with the SiC coating.

b) Mechanically test these specimens in tension to
increosing strein levels.

¢) Inspect the coated fiber for microcracks resulting from
fiber breakage ond brittle fracture of the SiC coating.

d) Use x-roy rediography to detect for fiber breaks and
fiber/motrix debonding.

e) Expose the fiber { ebrasion, alkeline etching,
ion-milling) end inspect for fiber fracture and debonding.

f) Section through the specimen and exemine (SEM, EDAX, and SAEM)
for a fiber/matrix interloyer which may be & reaction layer or
simply o difference in the matrix morphology.

g) Conduct the above experiments using costed fibers (BN, etc) and

for SiC motrices formed from different CYD chemicals.

The embedded single fiber test for ceramic motrix system is seriously
limited by the strong residua! thermal stress that develops during
specimen febrication. At the very leest, it limits the choice of materials
that co‘ﬁ be investigated to those having nearly equsl thermal coefficients
of expansion. Even in the cese of the system reported here, SiC/SiC/Mo,
thermal stresses may be comparable to the adhesion forces.

Alternative methods of investigating the interphase region in ceremic



matrix materials should be explored. The microindentation “push out” test
is @ likely condidate if the push-out force is measured as & function of
specimen thickness so that the frictionsl adhesion cen be readily
distinguished from interphese fracture'!. This epproach is less ombigubus

then simply measuring the indentation force and displacement!2,
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Table 1 Physical properties of metal substrates used in this

experiment
Ni® i Wes Mo®=®

Melting
Point{(°C) 1453 3387 - 2610
Linear Exp.
Coef. (1076/0k) 13.3 4.6 5.1
{at 20°C)
Crystal
Structure FCC BCC BCC

Source: * Good Fellow Metals Cambridge Ltd, Cambridge, England
=% %% Alpha Products, Danvers, Massachusetts




Table 2 Typical physical properties of carben fiber

Density (gm/cm3) 1.83
Diameter (um) 6-7
Modulus (GPa) . 230
Strength (GPa) 3.5
Linear Expansion Coefficient (1076/¢k) -0.1-05

+ Hercules Aerospace, Magna, Utah

Table 3 Typical physical properties of Nicalon SiC fiber

Density (gm/cm3) 2.6
Diameter (um) 10-20
Modulus (GPa) 180
Linear Exp. Coef. {10-67¢k) 3.1
Strength at 20°C (GPa)

As-Produced 2

After 1400°C (argon) <1
Strength at 1400°C (oxygen) <0.5

Creep Strain at 1300°C, 0.6GPa, 20h (%) 45

++ NASA-AMES Research Center, Moffet Field, California




Figurel Load sharing for strong bonding (A) and weak bonding (B)
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Figure 2 Schematic of a single filament in & coating of
ceramic on a support plate
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Figure 3 Schematic Diagram of Laboratory Reactor
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Figure 4 Optical micrographs of a silicon carbide undercoating
on Nickel substrate
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Figure 6 SEM photograph of a cross section of a sample
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Figure 8 CVD coated Nicalon SiC fiber
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Figure 9 Overcoated SiC fiber after 4 hours coating time

Figure 10 Overcoated SiC fiber after 10 hours coating time
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Figure 11 Scanning electron micrographs of fractured cross
section
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Figure 12 Profiies of X-ray diffraction pattern
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1. Hydrogen cylinder
2. Argon cylinder

3. Rotameter
4.'Deoxo’ catalyst

5. Cold trap

6. Metering valve

7. CH3S1C13 container
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8. Tube furnace

9. Quartz tube

10. Heating element

11. End cap

12-13. Graphite clamp

14. Substrate

15. Temperature programmer

Figure 13 CUD Apparatus for Deposition of SIiC on to SIC Fiber



