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THE_INFLUENCE OF THE FIBER-MATRIX BOND ON THE MECHANICAI, BEHAVIOR
OF NICALON®/SiC COMPOSITES*

R. A. Lowden and D. P. Stinton

ABSTRACT

The effect of thin coatings deposited on Nicalon fibers prior
to densification with silicon carbide by chemical vapor
infiltration was investigated. The thin films were applied to
alter the strength of the fiber-matrix bond and to protect the
fibers during processing. An indentation method developed to
measure the strength of fiber-matrix bonding and frictional
stresses was investigated and compared to a simple tensile test
technique. The influence of the coatings on the bond strength and
mechanical behavior of the composite products was examined.

1. INTRODUCTION

Many ceramic matrix composites reinforced with ceramic fibers have
been shown to have improved mechanical behavior compared with conventional
ceramics.!”¢ High strength ceramic fibers incorporated into brittle
matrices will typically increase fracture toughness and prevent cata-
strophic failure. The increase in toughness is a result of a number of
energy absorbing mechanisms that are controlled by the strength of the
fiber-matrix bond. Brittle failure in ceramic composites, characterized by
flat fracture surfaces and a lack of fiber pull-out, is attributed to an
excessively strong fiber-matrix bond. Debonding, crack deflection, and
fiber pull-out all contribute to improve fracture toughness; they are

dependent upon a weak bond at the fiber-matrix interface.5°9

®Nippon Carbon Company, Tokyo, Japan.

*Research sponsored by U.S. Department of Energy, AR&TD Fossil Energy
Materials Program [DOE/FE AA 15 10 10 0, Work Breakdown Structure Element
ORNL-1(C)] under contract DE-AC05-840R21400 with Martin Marietta Energy
Systems Inc.



Quantitative analysis of the interfacial bond strength and frictional
stresses and detailed characterization of the chemical interactions at the
fiber-matrix boundary are essential to establish a correlation relating
composite properties to interfaces. When the nature of the fiber-matrix
interface is fully understood, interfacial pretreatments can be employed to
control fiber-matrix bonding and interaction, and ultimately the mechanical
behavior of composite materials. Interfacial coatings or treatments to
modify fiber-matrix bonding have been examined with positive results.10 11
Thin films have been deposited on fiber surfaces to weaken the fiber-matrix
interface, therefore enhancing fiber pull-out and slip. This has resulted
in increased toughness and ultimate strength of the composite materials.

Fiber coatings may prove useful in other areas of concern in fiber-
reinforced composites. Thin films deposited on the fiber surfaces may
protect the reinforcement from damage during processing. For example, a
thin pyrolytic carbon layer deposited on fibrous preforms prior to
densification increased product reproducibility and improved mechanical
properties in Nicalon/SiC composites fabricated using chemical vapor
infiltration (CVI) techniques.? Prececating fibers prior to matrix
deposition can also provide protection from chemical attack by the matrix
or from environments encountered during both processing and actual use.

This report describes a study of fiber coatings used to alter the
fiber-matrix bond and change the mechanical behavior of a ceramic fiber-
reinforced ceramic matrix composite. The strength of the fiber-matrix bond
was determined using established indentation methods'® and a simple tensile
test that is currently under development. The flexure strengths and
resulting fracture behavior were used to qualitatively compare the effects

of the various fiber pretreatments.

2. EXPERIMENTAL PROCEDURES

2.1 COMPOSITE FABRICATION

Fibrous preforms were fabricated by stacking multiple layers of plain-
weave SiC cloth rotated in a 30°-60°-30° sequence within the cavity of a

graphite holder. The layers were hand compressed and held in place by a
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perforated graphite 1id pinned to the holder. The cloth sizing was removed
through multiple washings in acetone. The average fiber content of the
resulting fiber preforms was 41.4 + 1.3 vol% with sample dimensions of

45 mm diameter and 12.5 mm thickness.

The preforms were next precoated with thin layers of various
materials. The deposition parameters and nominal thicknesses of the films
are summarized in Table 1. The presence of the coatings was verified using
X-ray line scan and dot map data obtained using a JEOL 733 electron
microprobe (Fig. 1). A control sample of uncoafed fibers was prepared for
comparison.

The coated preforms were densified using the forced-flow, thermal
gradient, chemical vapor infiltration (FCVI) process developed at
ORNL.!'4" !¢ The composites were infiltrated with SiC produced by the
decomposition of methyltrichloresilane (MTS) in hydrogen. The deposition
parameters used were as follows: a top surface temperature of 1200°C, an
MTS flow of 0.333 g/min, a hydrogen flow of 500 cm®/min, and atmospheric
pressure.

The infiltrated composite samples had an average bulk density of
2.78 * 0.19 g/cm3®, which is approximately 95% of theoretical density. The
theoretical density is defined as the sum of the products of volume
fraction and reported density of the components of the composite (fibers;
precoat; and, after infiltration, SiC). These values are calculated
directly from measured weight gain and are used only as a preliminary

evaluation of the infiltration process.

2.2 FLEXURE TESTING

Twelve bend bars were prepared from each sample [four each from the
top, middle, and bottom areas (Fig. 2)] to determine variations within and
between samples. The bars were cut from the samples parallel to the 0°-90°
orientation of the top layer of cloth using a diamond saw, and tensile and
compression surfaces were ground parallel to the long axis of the specimen.
The average dimensions of the bars were 2.5 x 3.3 x 45 mm; all were
measured and weighed to determine densities.

Flexural strengths were measured at room temperature using four-point

bending methods, with a support span of 25.4 mm, a loading span of 6.4 mm,



Table

1. Preform processing parameters

Fiber Top surface Caizzizzed Infiltration
Sample content Precoat? Reactant gas Diluent gas temperature pT time
(%) (X) thlckngss (h)
(pm)

170 41.8 Silicon 15 cm®/min SiH, 500 cm®/min Ar 675 0.17 24.8

171 41.3 Pyrocarbon 10 cm®/min C,Hg 500 cm®/min Ar 1375 0.03 21.3

172 42.1 Boron 15 cm?/min B,H, 500 co®/min Ar 775 0.50 26.1

173 39.0 Silicon 25 cm®/umin CH,SiH, 500 cm®/min Ar 1125 0.08 23.7
carbide

174 41.8 Pyrocarbon 20 cm®/min C,H, 500 cm®/min Ar 1375 0.12 21.7

175 43.5 Pyrocarbon 15 cm®/min C,H, 500 cm®/min Ar 1375 0.07 22.0

176 42.0 Silicon 25 cm®/min CH,SiH, 500 cm®/min Ar 975 0.22 22.5
carbide

177 40.4 Boron 15 cw®/min B,Hg 40 cm®/min NH, 875 0.13 20.6
nitride

178 40.3 Uncoated 500 cm®/min Ar 1375 21.7

8411 precoat times 2 h.

bCalculated from weight gain.



YP-4969

YP-4972

(b)

Fig. 1. The presence of the thin films was verified using microprobe
line scan data. (&) Silicon coating on Nicalon fibers in SiC matrix.
(b) Boron coating on Nicalon fibers in SiC matrix.
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Fig. 2. Location of test specimens within sample.



and a crosshead speed of 0.051 cm/min. Specimens were loaded perpendicular
to the layers of cloth. The fracture surfaces of the specimens were
examined using both a Hitachi S-800 and JEOL JSM-35CF scanning electron
microscopes. Specimens that did not completely fracture during flexure
testing were broken by hand so that the fracture surfaces could be

examined.

2.3 FIBER-MATRIX BOND MEASUREMENTS

2.3.1 Indentation Techniques

Several methods to quantify the strength of interfacial. bonding in
fiber-reinforced composites have been developed.}3:17,18 Thege have
involved either pushing or pulling onh individual fibers embedded in a
continuous matrix and determining the required forces. Such tests permit a
quantitative determination of the bond strength and interfacial frictional
stresses, derived from relatively simple load and displacement
relationships.

The indentation method for measuring interfacial bonding forces has
been thoroughly examined. This technique involves using a microhardness
indentor to apply a force to the end of a fiber embedded in a matrix
(Fig. 3). The bond strength can be calculated from the applied load and
the displacement of the fiber.

Marshall’s analysis!3® of the forces needed to displace a fiber in a

thin specimen yields

F = 2xRtr ,

where r is the frictional stress, t is the thickness of the sample parallel
to the direction of the fibers, and R is the fiber radius. This relation-
ship holds for thin specimens in which the thickness of the sample is less
than the sliding distance of the fiber. The fiber will thus simply be
pushed out of the opposite surface when a load is applied. The analysis
becomes much more complex if the thickness of the specimen is larger than
the sliding distance; however, it can be approximated that the given
relationship can be applied to thicker specimens if the thickness of the

specimen is much greater than the sliding distance. The frictional stress
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Fig. 3. Schematic of indentation method for measurement of fiber-matrix
friction stress. Source: D. B. Marshall, "An Indentation Method for Measuring
Matrix-Fiber Frictional Stresses in Ceramic Components," Comm. Amer. Ceram. Soc.

£259-60 (December 1984).



can then be calculated from the displacement of the fiber, u, due to the

load imposed by the diamond indentor. The frictional stress is
7 = F2/4x%uR3E¢

where Ef is the Young’s modulus of the fiber and u is the fiber
displacement. The value of u can be determined from the indent impression

dimensions, a and b, and the indentor angle, ¥, as shown in Fig. 3,
u = (b-a) cot /2

The force supported by the fiber, F, can be obtained from hardness

impressions on the fiber,
F = 2a?H,

where H is the hardness of the fiber.

A more comprehensive determination of the fo:ces and displacements
that occur in an indentation test is possible using the ultralow load
Nanoindentor.!®721 A coil and magnet assembly is used to move the indentor
and apply loads; thus, load and displacement can be accurately measured
with resolutions of 0.3 uN and 0.16 nm. Some interesting results have been
obtained from studies of the response of an embedded fiber to cyclic
loading and unloading. The fact that the instrument is limited to loads of
0.12 N loading rates of 10 nm/s may limit its usefulness to research scale
testing and experimentation.

Coyle and Fuller at the National Bureau of Standards have completed
preliminary work on fiber-matrix debonding and frictional sliding using an
instrumented hardness indentor.* As compared to the Nanoindentor, the
device is capable of applying load up to 20 N; it simultaneously records
load and displacement. The instrument can apply higher loads, is lower in
cost, and is simpler to operate. Further evaluation of the instrument will

be necessary before its applicability can be determined.

*Personal communication with T. Coyle, National Bureau of Standards,
Gaithersburg, MD.
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A 6.0-mm-thick cross-sectional specimen was cut from each completed
composite sample to be used for indentation testing. The specimens were
cut along the 0-90° orientation of the top layer of cloth to ensure that a
portion of the exposed fibers would be oriented perpendicular to the cut
surface. This alignment is essential for proper implementation of the
indentation mechanics. The specimens were mounted and polished using
standard metallographic techniques. Loads were applied to fiber ends using

t

a Vickers diamond indentor and a Shimadzu Type M instrument. Loading to
the fiber ends was progressively increased until debonding was observed and
then again until contact of the indentor with the edge of the fiber cavity

was evident. Loads of up to 300 g were required to displace the fibers.

2.3.2 Tensile Testing

Although indentation techniques can promote a better understanding of
the nature of the interface and its role in the behavior of fiber-
reinforced materials, these "push tests" are complicated by several
factors. The Poisson expansion of the fiber due to compressive loading,
the nature of the indentor penetration into the fiber end, and the
intricacies of a completed composite specimen all add to the complexity of
the analysis. 1In addition, the samples must first be cut, ground, and
polished prior to testing, most likely disturbing the fiber-matrix
interface. It has been postulated that a less complex method employing a
simple tensile test could be developed to examine interfacial
phenomena. 2224

During mechanical property evaluation of Nicalon fiber-reinforced/SiC
matrix composites fabricated using FCVI techniques, segmental fracturing of
the fiber coatings on the tensile side of flexure specimens was observed.
An example of this fracture phenomenon is shown in Fig. 4. Based on the
multiple matrix cracking concepts described by Aveston, Cooper, and
Kelly25:26 and some recent work by Drzal2?? on interfaces in polymer matrix-
graphite fiber composites, a simple tensile test to determine interfacial
frictional stress was devised.

In general, the fibers in a ceramic-ceramic composite have a higher

strain to failure than that of the matrix, and it is assumed that the

1’Shimadzu Corporation, Tokyo, Japan.
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ORNL-PHOTO 0156-87

Fig. 4. Segmental fracture of coatings on tensile side of flexure
specimens.
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ceramic matrix materials are essentially inelastic. When a ceramic-
ceramic composite is stressed, the brittle matrix will fail before the
fibers. 1In the event of matrix failure, the load is transferred from. the
matrix to the fibers. 1If the fibers are of high strength, they will not
fail. As loading continues the fibers will strain, and multiple cracking
of the matrix will occur.

A method has been developed to take advantage of the preceding
observations to measure fiber-matrix bonding. A thin coating is deposited
on a section of a single filament. The filament is then gripped on the
uncoated ends, and a tensile force is applied [Fig. 5(a)]. Load transfer
to the coating from the fiber can only occur across the fiber-matrix
interface. As loading continues, the axial stress in the coating increases
until the coating fractures circumferentially [Fig. 5(b)]. Continued
application of the load results in repeated fracture of the coating into
uniform lengths [Fig. 5(¢)]. The lengths of these fragments is dependent
upon the interfacial frictional stress, the rupture strength of the
coating, and the thickness of the film.

From an equilibrium of forces between the axial stress in the coating,
Ocgs and the interfacial shear stress, rj, acting on length £/2 (because

the fiber is loaded from both ends), a simple relationship can be derived:

Ocg = F/ACg ,

where F is the applied force and Acg is the area of the coating given by

Acg = m (d& - d})/4. The diameter of the coating is d., and the diameter

of the fiber is dg. The shear stress at the interface is
Ty = F/Af s

where Af is the surface area of the fiber, Af = 7 dg £/2. Setting the

forces equal
Ocg Ac = 7Ti Af

Ocg ™ (d2 - d}/4 = 14 = dg 2/2 ;
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Fig. 5. The sequence of coating fracture as loading
is increased.
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and solving for shear,

14 = Ocg (4 - d})/2 df 2 ,

where 2. 1s the critical length of a fracture segment.

From the interfacial shear strength equation it can be concluded that
high shear stress results in short critical lengths, while low shear
stresses result in longer critical lengths. In order to examine the
feasibility of this approach, thin coatings were applied to the center
section of individual filaments using chemical vapor deposition techniques.
In an initial series of experiments, a 10.0-um coating of silicon carbide
was deposited on untreated large diameter (140-pm) AVCO SCS-6 filaments.*
The filaments were glued into graphite fixtures using a high-temperature
graphite cement and were hung in the hot zone of a resistively heated
furnace. The coating was applied to 15-cm lengths of the filaments by
decomposing MTS in the presence of excess hydrogen at 1475 K and a pressure
of 13.3 KPa. The reactant gases were introduced such that deposition
occurred only on the center sections of the fibers.

The coated fibers were removed and placed in a small tensile frame for
loading in tension. The load was applied by hand using a fine thread
micrometer head, and the fibers were observed during loading using a low
power stereoscopic microscope. Tension was increased until repeated
fragmentation of the coating was observed. The tension was held constant,
and the critical lengths of the fractured sections were measured from
photographs and by using the ocular scale of the microscope. It was
necessary to hold the fibers in tension while the fragments were examined,
because releasing the load resulted in closing of the cracks. 1In addition,
if the segments slipped during stressing, sections of the coating buckled
and spalled.

The procedure was repeated for filaments precoated with a <1.0-pm-

thick film of pyrolytic carbon. The pyrocarbon layer was deposited on the

*AVCO Specialty Materials Division, Lowell, MA.
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filaments from a mixture of 25 cm®/min propylene gas in 500 cm?®*/min argon
at 1375 K and a pressure of 3 KPa. A 10-um SiC coating was then applied
employing the previously described fixturing and procedures. The coated
filaments were tested, and critical lengths were recorded.

The same methods were applied to Nicalon fiber tows. Yarns wereplaced
in holders and coated first with SiC and then with pyrolytic carbon and
SiC. The 5iC deposition pressure was reduced to 3 KPa to produce uniform
coatings throughout the fiber bundles. The fiber tows were tested, and
segment lengths were measured from photographs at a magnification of 320X.
Uniform loading of each individual filament within the entangled yarns was
impossible, and fusion of filaments at contact points during coating
compounded the difficulty.

It was recognized that the procedure could be easily and routinely
implemented only by using individual filaments. Graphite mounting fixtures
similar to those described in ASTM standard for tensile testing brittle
fibers have been fabricated. The holders, designed to provide support for
fragile single filaments, have been miniaturized to fit into the chamber of
the JEOL 35CF scanning electron microscope. The stage of the microscope is
capable of applying a tensile load to small specimens. The sequential
fragmentation of thin films on individual Nicalon filaments will be

examined in the SEM in the future.
3. RESULTS

3.1 MECHANICAL BEHAVIOR

The four-point flexure strengths of the composite specimens are
summarized in Table 2. The data are listed by position in order to
correlate density variations in the composite samples due to nonuniform
infiltration. Density affects both flexure strength and fracture behavior.
The difficulties in applying flexure tests to composites are recognized,
and the results are reported for comparison rather than as actual tensile
strength values. Load-crosshead displacement curves were recorded and were

used to examine fracture phenomena.
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Table 2. Property summary for composites specimens
. Flexure
Sample Position ?322;§§ ?&?' strength
& " (MPa)

170 Top 2.43 £ 0.03 83.5 + 1.0 99.0 £ 4.1
Middle 2.35 £ 0.03 80.9 £ 1.0 82.2 + 15.5

Bottom 2.28 £+ 0.03 78.4 + 1.2 82.7 + 3.9

171 Top 2.48 + 0.03 85.3 + 0.9 109.5 + 9.7
Middle 2.36 £ 0.03 81.1 £ 1.0 88.3 + 13.3

Bottom 2.20 £ 0.04 75.6 £ 1.3 125.2 * 16.7

172 Top 2.41 £ 0.04 82.8 + 1.3 424.8 + 24.9
Middle 2.34 £ 0.04 80.5 £ 1.5 414.9 + 10.5

Bottom 2.22 + 0.04 76.1 + 1.3 326.7 + 8.3

173 Top 2.46 + 0.03 84.6 £+ 1.0 100.3 * 14.2
Middle 2.35 £ 0.01 80.8 + 0.3 77.8 + 8.9

Bottom 2.11 + 0.03 72.4 £ 1.0 61.8 + 7.8

174 Top 2.51 £ 0.03 86.2 + 0.9 419.3 + 24.4
Middle 2.44 £ 0.02 83.8 + 0.7 380.7 £+ 4.2

Bottom 2.31 + 0.04 79.2 + 1.4 369.2 + 11.6

175 Top 2.40 + 0.01 82.5 + 0.5 98.0 =+ 7.2
Middle 2.27 £ 0.06 78.0 £ 2.0 401.2 + 4.9

Bottom 2.09 £ 0.05 71.9 + 1.9 286.2 + 19.6

176 Top 2.50 + 0.03 85.9 £+ 0.9 91.0 + 2.8
Middle 2.48 + 0.05 85.3 + 1.7 91.1 + 5.1

Bottom 2.35 + 0.01 80.8 + 0.5 94.1 + 4.5

177 Top 2.42 + 0.03 83.1 £ 1.6 138.8 + 29.5
Middle 2.35 + 0.05 80.9 + 1.7 104.0 £+ 8.2

Bottom 2.13 + 0.07 73.3 + 2.6 99.0 £ 21.0

178 Top 2.47 £ 0.01 84.8 £ 0.3 89.1 + 9.5
Middle 2.37 £ 0.03 81.5 + 1.2 82.0 £ 12.4

Bottom 2.18 + 0.03 74.9 + 1.2 74.7 + 8.3
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3.2 INDENTATION TESTING

Indents at 50- and 100-g loads were placed in longitudinally polished
fibers and on fiber ends. These impressions were used to calculate fiber
hardness values. The average hardness value for the Nicalon fibers for all
samples tested was 22.0 * 0.7 GPa.

The indented areas of the samples were examined using the Hitachi
S-800 scanning electron microscope. It was mecessary to sputter carbon
onto the polished cross sections before SEM examination because of the
charging of epoxy mounting material. The dimensions of the impressions
were measured from the SEM photos. SEM photomicrographs of impressions are
shown in Fig. 6. Calculated interfacial frictional stresses ranged from

<1 MPa to >100 MPa; the average values are given in Table 3.

3.3 FRAGMENTED COATINGS ON INDIVIDUAL FILAMENTS

Initial tests were performed on AVCO SCS-6 filaments with only a
silicon carbide coating and with a modifying interlayer of pyrolytic
carbon. The critical lengths were measured to be 1.67 * 0.58 mm and 7.46 *
0.61 mm, respectively. Using a coating fracture strength of ~200 MPa,
extrapolated from matrix fracture results recorded during Elexure testing,
the interfacial shear strengths were calculated to be 3.98 + 0.37 MPa and
0.89 £ 0.04 MPa. Figure 7 shows fractures as observed through a
stereoscopic microscope at 70X.

Tensile testing of the Nicalon fibers was more complex and tedious,
Segmented fracturing was observed on a limited portion of the filaments in
each fiber bundle. The lengths of the fragments for uncoated tows were
14 + 2 pum; the coatings on the carbon-coated bundles flaked off and could
not be measured. The interfacial frictional stress for uncoated filaments

was calculated to be 39 * 6 MPa.



Big. '6.
from methylsilane. (b) CVI-178, uncoated Nicalon fibers.

RAL-176003

SEM micrographs showing indented Nicalon fibers.

RAL-102743

(a) CVI-176, Nicalon fibers coated with SiC

81
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Interfacial frictional stress
calculated using the indentation method

Average fiber Frictional
Sample Coating diameter stress
(um) (MPa)
170 Silicon 16.9 + 1.2 117.8 £ 60.
171 Pyrolytic 14.6 + 2.0 24.7 + 13.
carbon
172 Boron 16.3 = 1.3 6.3+ 1
173 Silicon 16.0 £+ 1.9 83.9 + 23.
carbide
174 Pyrolytic 15.4 * 2.2 0.6 £+ 0
carbon
175 Pyrolytic 13.3 £ 0.7 11.3 = 4,
carbon
176 Silicon 15.3 £+ 0.9 19.9 = 4.
carbide
177 Boron 15.3 £ 1.9 15.7 5
nitride
178 Uncoated 16.5 * 2.4 49.4 14,
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(a)

100
—

YP-4970

(D)

Fig. 7. Coating fracture observed dur-
ing testing of AVCO filaments. (@) With
pyrolytic carbon coating. (b) Without inter-
facial coating.
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4. DISCUSSION

4.1 PRECOATING AND FRACTURE BEHAVIOR

In evaluating the mechanical behavior of Nicalon/SiC composites
fabricated early in the development of the FCVI process, both brittle and
composite fractures were observed in specimens produced under similar
conditions. A more thorough analysis employing scanning and transmission
electron microscopy revealed the presence of a thin film on the surface of
Nicalon fibers in the samples exhibiting fiber pull-out. Initial results
and review of other research® indicated this layer to possibly be
carbonaceous--either a remnant of the sizing or surface enrichment from
processing. Auger spectroscopic analysis later showed that the film was
composed of silicon and oxygen, possibly as a result of converting the
silicon carbide to silicon dioxide during preheating of the fibers prior to
infiltration.?28

The interfacial film could not be detected in the specimens that
failed in a brittle manner, suggesting that an intermediate layer may be
necessary to obtain fiber pull-out and possibly to protect the fiber from
attack during processing. Pyrolytic carbon was chosen to be intentionally
applied as an intermediate layer for several reasons. The deposition
procedure is chlorine free and requires relatively low temperatures, thus
limiting fiber degradation that may be caused by environmental factors.
The diffusion rate of carbon into silicon carbide is extremely low, and
coating parameters can be adjusted to produce laminar structures in the
films that lie parallel to the fibers, enhancing slip.2°%:3° The use of a
pyrolytic carbon interface coating did result in enhanced mechanical
behavior and improved reproducibility,.!?

The influence of the thickness of the pyrocarbon layer on the
mechanical behavior of the composite sample was investigated. The
concentration of reactant propylene was varied to produce films that ranged
in thickness from 0.03 to 0.12 um. The thickness of the interfacial film
had a significant effect on the strength and fracture of the specimens.

The interfacial frictional stress was found to be inversely proportional to
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the coating thickness. Figure 8 displays the load displacement curves and
SEM photographs of fracture surfaces for the carbon-coated composites. The
thickest layers produced the most desirable results, a combination of
higher strength and large strain to failure.

The usefulness of pyrolytic carbon is limited by its low resistance to
oxidation. The carbon layer may also provide excessive slip, thus reducing
the usable strength. Other thin films with different bonding and oxidation
characteristics were used to modify the fiber-matrix interface and alter
the mechanical behavior of the resulting composite body.

Elemental silicon was used as an interface layer because it was
thought that diffusing silicon into the fiber would improve the stability
of Nicalon. Thermodynamic calculations have been used to show that
elemental silicon could react with the excess oxygen and carbon present in
the fiber,3! preventing the formation and subsequent degassing of carbon
monoxide upon heating of the fibers. A thin silicon film could also
oxidize at high temperatures to form a viscous glass that would heal cracks
in the composite structure and prevent further oxygen penetration.

However, silicon readily diffuses into silicon carbide and increases the
chemical interaction and bonding at the interface.

Another approach was to deposit a silicon carbide film from a
chlorine-free precursor to protect the fibers from chemical corrosion by
HC1l or chlorine during densification. Therefore, a thin protective layer
of SiC was deposited on the Nicalon preforms from a mixture of methylsilane
and argon.

Both the sample composed of uncoated fibers and the composites
prepared from preforms treated with thin films of elemental silicon and SiC
exhibited low flexure strength. Load-deflection curves and photo-
micrographs of the fracture surface of these composites are shown in
Fig. 9. The specimens displayed completely brittle failure, with no signs
of toughening. The lack of fiber pull-out and the flat smooth fracture of
the fibers suggest complete failure of the reinforcement and a high degree
of bonding. Indentation measurements confirmed the high interfacial
frictional stresses; in some cases, the loads were enough to cause

splitting of the fiber and extensive cracking of the surrounding matrix.
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The intense bonding and fiber property degradation appears to be a result
of silicon diffusion into the fiber from the interface coating or matrix
material. It becomes obvious that a chemically inert coating is needed to
modify the fiber-matrix bonding and simultaneously protect the fiber
reinforcement from processing environments.

Boron nitride has been employed as a modifying interlayer in various
composite systems.®:11 Submicron boron nitride coatings have been proved
to be valuable in controlling fiber-matrix bonding and interaction in
zircon and zirconium titanate composites, as well as in other glass matrix
systems. The graphite-like properties of boron nitride combined with its
chemical inertness make it an excellent alternative to carbon for use in
oxide-based systems in which carbon would react with oxide fiber or matrix
at elevated temperature. Like carbon, boron nitride lacks resistance to
oxidation at elevated temperatures. A sample precoated with boron nitride
from a diborane/ammonia mixture exhibited low strength and limited fiber
pull-out. The calculated frictional stress of 15.7 * 5.0 MPa is moderate
relative to the other composite samples.

Boron was deposited on a sample from a diborane/argon mixture at a
relatively low temperature, 775 K. Elemental boron, which closely
resembles silicon, has a melting point of 2575 K. Boron, however, does not
readily diffuse into the silicon carbide matrix or fibers.32? At higher
temperatures in air, a boron layer would oxidize to form a low melting
point glass that would act as a crack sealer. The composite containing the
boron-coated fibers had high flexure strengths and reasonable strain, as
depicted by the load-displacement curve in Fig. 10. Fiber pull-out is

evident in the SEM photograph in the figure.

4.2 INTERFACIAL FRICTION

The usefulness of the tensile test described in this report as a
semiquantitative method for determining interfacial frictional stresses was
demonstrated using a SiC coating on the relatively large diameter AVGO SiC
filaments. Interfacial frictional stresses were calculated from measured
critical lengths for systems with and without a modifying interlayer. The

low magnitude of the values is supported by the delamination of the
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composites and debonding of the individual filaments from the matrix
observed during four-point flexure testing of composites formed from these
fibers.

The tensile test is dependent upon producing a reproducible coating
with a known rupture stress. In this analysis, the strength of the coating
was extrapolated from mechanical property test results for over 50 CVI
SiC/Nicalon composites. A fiber modulus of 180 GPa was obtained from the
literature.33°36 The hardness of 22.0 * 0.7 GPa, calculated from indent
impressions, is high compared with a reported value of 13 GPa.!3
Crystallization of Nicalon, which occurs upon heating above 1475 K, would
explain the increase in the hardness value.33

The values for interfacial frictional stress were relatively high:

39 MPa, determined from fracture lengths, and 49.4 MPa, calculated from
indent measurements, for SiC on uncoated Nicalon. In comparison, reported
shear numbers for Nicalon/glass composites are ~2.0 MPa.!® Reported values
are consistent with observed behavior, because Nicalon/SiC composites with
no interface coating exhibited brittle, non-composite fracture. The
limitations of the indentation methods become apparent when high shear
strengths are measured. The application of large compressive loads on the

fiber ends as delivered by the indenter split or crushed the fiber.
5. CONCLUSIONS

The strength of the fiber-matrix bond in fiber-reinforced ceramic
composites controls the mechanical behavior of these materials.
Qualitative and quantitative analyses of the interfacial shear strength is
essential to develop composites with the necessary combinations of strength
and toughness for most applications. The tests described are relatively
simple and can be applied to almost any fiber-interlayer-matrix system.
They employ relatively uncomplicated instruments and analyses and are
easily implemented. Tensile loading is preferred to compression in testing
because failure of ceramics most often occurs in tension.

Coatings can be employed to protect the fibers from environmental
degradation and to modify interfacial bonding. The coatings must be inert

to the fibers because chemical interaction increases bonding and reduces
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fiber strength. The strongest composites with the largest displacement to
failure resulted from the thickest precoats. The fibers were well
protected from chemical attack, and the materials provided adequate bonding
and slip.

Continuing development will be aimed at employing a fixture to observe
smaller filaments in an SEM while applying the load. The method is
versatile and rather uncomplicated; it can be applied to a large number of
fiber-interlayer-matrix systems more easily than other techniques. After
quantitative analysis of interfacial frictional strengths is complete, the
fiber-matrix bond can be modified to achieve desired combinations of

strength and fracture toughness in composite materials.
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