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The influence of flber/matrIx interface mlcrostructure
and interfaclal
shear strength bn the mechanical properties of a flber-reinforced
ceramic composlte has been evaluated.
The composite consisted of ~30 vol % unlaxIally
aligned 142 pm diameter SIC fibers (Textron SCS-6) in a reaction-bonded
S1314_
matrix (SIC/RBSN).
The Interface mlcrostructure was varied by controlling the
composite fabrication conditions and by heat treating the composite In an ox1dlzlng environment.
Interfaclal shear strength was determined by the matrix
crack spacing method.
The results of mIcrostructural
examination
Indicate that
the carbon-rich coating provided wlth the as-produced SIC fibers was stable in
composites fabricated at 1200 °C In a nitrogen or In a nitrogen plus 4 percent
hydrogen mixture for 40 hr.
However thls coating degraded in composites fabrlcated at 1350 °C In N2+4%H 2 for 40 and 72 hrand
also In composites heat
treated In an oxidizing environment at 600 °C for lOO hr after fabrlcation
at
1200 °C In a nitrogen.
It was determined that degradation occurred by carbon
removal which in turn had a strong Influence on Interfaclal shear strength and
other mechanical propertles.
Speclf_.cally, as the carbon coating was removed,
the composite Interfacla] shear strength, prlmary elastic modulus, first matrix
cracking stress, and ultimate tensile strength decreased, but the first matrix
cracking strain remained nearly the same.

INTRODUCTION
For advanced heat engine applications,
specifically for hot section components, there has been considerable Interest In recent years in developing
flber-relnforced
ceramic composites.
These materials offer the potential for
retaining the usefu] properties of monolithic ceramics such as low density,
high temperature
strength, and oxidation resistance while providing mlcrostructural mechanisms required for Improved material toughness and gracefu| failure
characteristics.
Several fiber-relnforced
ceramic composites are currently
being developed (refs. I to 3). One system which shows promise for advanced
propulsion components Is SIC flber-reinforced
reactlon-bonded
silicon nltrldeo
(ref. 3).
In the as-fabricated
condition, SIC/RBSN composites display a metallike stress-straln
behavior, graceful failure beyond matrix fracture, and
strength propertles superior to that of unrelnforced RBSN of comparable density.
These improvements in properties are obtained because of the use of high modulus, hlgh strength, hlgh purity, carbon-coated SIC fibers that dld not degrade
or react with the matrix to form a strong chemical bond in the thermal and
environmental
conditions associated with composite fabrication.

In general, the mechanlcal performance of a flber-relnforced ceramic composite depends on the properties of the constituents,
and on the nature and
strength of the flber/matrlx
interface (ref. 4).
If the interface bonding
between the fiber/matrix
is strong, the composite displays no strain capability
beyond matrix fracture because the stress Intensity ahead of a propagating
matrix crack is hlgh enough to fracture the fibers and the composite fails in a
brittle and catastrophic manner; a behavior similar to that of an unrelnforced
ceramic.
On the other hand, If the bonding Is too weak, the composite displays
poor mechanical performance because of poor load transfer between the fiber and
the matrix.
In contrast, If the interface bonding is optimum, It provides both
fiber-matrix
load transfer and mlcrostructural
mechanisms for matrix crack
defiectlon.
In other words, the matrix crack formed at the Instant the matrix
fractures are able to propagate around the fibers and not through them.
If the
flbers are strong, they can carry the load prevlously carrled by the matrix.
Wlth continued
1oadlng,
the matrix
block
on either
slde of the maln crack
can
load up until
they fracture.
Thls process
continues
and the resulting
composIte fracture
appears
as a serles
of macrocracks
that
are bridged
by the
reinforcing
fibers.
The ultimate
composite
failure
occurs
when the fiber
bundle sharing
load through
the interface
and matrix
fractures
at a strain
typically
much greater
than that
of the matrix
fracture
straln.
Therefore,
by
englneerlng
the mlcrostructure
and interface
strength,
it
is possible
to
develop
strong
and tough fiber
reinforced
ceramic
composltes.
The shear strengths of interfaces have been measured or estimated by at
least four different techniques:
matrix crack spacing (ref. 5), fiber push-ln
(ref. 6), fiber push-out (refs. 7 and 8), and slngle fiber pu11-out (ref. 8).
These technlques measure elther the Interfaclal debond strength, ab, which
reflects the.degree of chemlcal bonding between flber and matrix, or the interfaclal frictional strength, _f, which relates to sllppage of fibers In the
matrix, or both.
The theoretical basls for each technlque and its advantages
and dlsadvantages
are discussed elsewhere (ref. 4).
The objective of this study was to determine the Influence of interfaclal
mlcrostructure
and shear strength on the Important mechanical properties of
unldlrectlonally
reinforced SIC/RBSN composites.
Thls basic understanding
Is
necessary to develop and evaluate current mlcromechanlcs
models as well as to
optimize composite properties.
The Interfacla] microstructure
in the composlte
was varied by changing the fabrlcatlon conditions and by heat treating the composites In an oxidizing environment.
Th_ Interfacial shear strength was determined from the matrix crack spacing method.

EXPERIMENTAL
Composite

Fabrication

The SCS-6 SIC monofilaments
and hlgh purity silicon powder Were used as
starting materials for SIC/RBSN composite fabrIcatlon.
The SiC fibers of nomlnal diameter 142 Nm and the silicon powder of average particle slze 3 pm were
obtained from Textron Specialty products and Union Carbide, respectively.
A
detailed description of the composite fabrication method Is reported elsewhere
(ref. lO). Briefly, the composites were fabricated by a three step process.
In the first step, SIC fiber mats and slllcon cloth were prepared using polymer
fugitive binders.
In the second step, alternate layers of SiC fiber mats and

slllcon
cloths
were stackedIn
a metal
dte and pressed
In a vacuum hot press
under an applied stress From 27 to 200 MPa for up to I hr In the temperature
range from 600 to lO00 °C.
In the third step, the consolidated SIC/Si preforms
were then heat-treated
In a high purity (>99.99 percent) nitrogen environment
or In a N2+4%H 2 mixture In the temperature range from I000 to 1400 °C for up
to lO0 hr to convert them to SIC/RBSN composites.
The typical dimensions of
the as-nltrlded composite panels were 150 by 50 by 2.2 mm.

Specimen

Preparatlon

and Testing

Tensile test specimens from the composite panels nltrlded under the
table I condltlons were prepared by cutting and grinding them wlth a diamond
impregnated abrasive wheel.
Nomlnal dimensions of the specimens were 127 by
12.7 by 2.0 mm.
To evaluate oxidation effects on InterfacIal mlcrostructure,
tensile specimens from panels nltrlded In nitrogen only were heat treated In
flowing oxygen at 600 °C for I00 hr. To prepare all specimens for tensile
testing, glass fiber reinforced epoxy tabs were adhesively bonded at the specimen ends leaving 50 mm as the test gauge length.
A wlre wound strain gauge was
adhesively bonded to the specimen gauge section for monitoring axial strains.
The tensile stress-straln
behavior for each specimens was measured at room temperature In an Instron machine at a crosshead speed of 1.3 mm/min.
For each
treatment condition, at least five specimens were tested and the average values
of composite modulus, flrst matrix cracking stress, and ultlmate strength were
determined.
The fractured specimens were examined using optical and SEM microscopy to determine flber-matrlx Interfaclal shear strength from matrix crack
spacing method (ref. 5) and composlte failure behavior.

Mlcrostructural

Characterization

Polished cross sections of composites were prepared for mlcrostructural
analysis by grinding the specimens successlvely on 40-, 30-, 15-, lO-, 6-, and
3-pm diamond Impregnated metal dlsks and finally by polishing them In a vlbratory polisher on mlcrocloth using 0.03 pm diamond powder.
The polished speclmens were ultrasonlcally
cleaned in alcohol, drled, and sputter coated wlth
thin layer of pyrolytic carbon.
These specimens were examined In a scanning
electron microscope equipped with an energy dispersive x-ray spectrometer
(EDAX).

RESULTS
Microstructural

Analysis

A representative
photomlcrograph
of a polished cross-section
is shown In
flgure l(a) for a 30 fiber vol % SIC/RBSN composite specimen that was fabrlcared at 1200 °C in nitrogen for 40 hr.
The composlte matrix contalned
~30 vol % porosity and dlsplayed local density variations around the fibers.
The SCS-6 fiber itself can be considered as a mlcrocomposlte
and conslsts of a
pyrolytic carbon core, SIC sheath, and carbon-rich surface coating.
The SIC
sheath contains two zones; the inner zone, referred to as A In figure l(b),

contains carbon-rich
ure, Is essentially
SIC sheath contains

SiC and the outer zone, referred to as B In the same flgstoichlometrlc SIC (reF. ll). The outer surface of the
two layers of a carbon-rich
coating.

Representative
secondary electron, and carbon and oxygen elemental x-ray
Images of the cross sections of composites fabricated In nitrogen, In nitrogen
plus 4 percent hydrogen, and In nitrogen, but oxidized In oxygen at 600 °C for
100 hr are shown In figure 2. Due to cracking of the fibers during specimen
preparation, mlcrostructural
analysls was not performed on composites fabrlcated In N2+4%H 2 for 72 hr.
Figure 2 shows that the carbon-rlch surface coatIng Is stable in composites Fabricated In nitrogen but those fabricated In
N2+4%H 2 at 1350 °C for 40 hr or heat treated In oxygen at 600 °C for 100 hr
showed loss of carbon In the coating by reaction wlth hydrogen or with oxygen,
respectively.

Mechanical

Propertles

Typlcal room temperature tensile stress-straln curves are shown In flgure 3 for the various treatment conditions.
In general, the curves show either
two linear regions separated by a nonlinear region or a initial linear region
only.
In all cases the devlatlon from llnearlty in the stress-straln
curve
originated with the onset of a through thickness matrix macrocrack normal to
the fibers.
The stress corresponding
to the devlatlon From the flrst 11near
region Is considered as the first matrix cracking stress.
Wlth continued IoadIng, addltlonal matrix cracks were formed at regular intervals along the gauge
length.
Comparison of the stress-straln curves In flgure 3 shows that the
first matrix cracking stress value and the modulus or slope of the Initial llnear region for the composites fabricated at 1350 °C in a nitrogen plus 4 percent hydrogen and for the composites heat treated In oxygen were slgnlficantly
lower than the values measured for the composites fabricated at 1200 °C only.
Moreover, wlth contlnued loading beyond their maximum load carrylng capability,
these specimens showed continuous loss In load, resulting in a long descending
tall to the stress-straln
curve.
In contrast, the 1200 °C specimens demonstrated strain capability beyond matrix fracture and very high ultimate tensile
strength.
Examination of fractured tensile specimens by optlcal and scannlng electron microscopy showed that the composites fabricated at 1200 °C fractured in
a broom-llke manner wlth very Ilttle matrix around the fibers.
On the other
hand, composites fabricated at 1350 °C for 40 hr or heat treated In oxygen
failed wlth extensive fiber pull out and widely spaced matrix microcracks.
Those fabricated at 1350 °C for 72 hr fractured wlth slngle matrix crack and
fiber pull out from the grlp.
The optlcal photographs of representative
fractured specimens of composites are shown In figure 4.
To determine the influence of interface microstructure
on_flber/matrIx
bond integrity, the InterFacial shear strength, af, was calculated using the
Aveston, Cooper and Kelly (ACK) theory (ref. 5), the measured values of the
matrix crack spacing, the first matrix cracking stress, and the elastlc modulus
values of
E = 390 GPa (ref. 12) and
E = 110 GPa (reF. 3) for the SIC fibers
and RBSN matrix, respectlvely.
The average matrix crack spacing was determined
from direct optical measurement after the tensile specimens were loaded well
beyond the first matrix cracking stress--typlcally
to 75 percent of the average

ultlmate strength of the composltes--and
then unloaded.
The average values of
the first matrix cracking stress, matrix crack spacing, Interfaclal shear
strength, and other mechanical properties are shown In table I. Error Indlcatlons are for one standard deviation.
Using the table I data, the primary elastic modulus, and flrst matrix
cracking stress are plotted as a function of Interfaclal shear strength in
figures 5 and 6, respectively.
Both these figures show that as the interfacial shear strength Increases the primary elastic modulus and the first
matrix cracking stress Increases.
Also shown In flgure 6 Is the predicted varlatlon of first matrix cracking stress with Interfaclal shear strength based
on Marshall and Evan's theory (ref. 13) uslng a fracture toughness value range
between 2 and 2.5 measured for RBSN containing ~30 vol % porosity (ref. 14).

DISCUSSION
In general, Interfaclal shear strength In a ceramic composite depends on
the degree of chemical interaction between the fiber and matrix, the interfacial microstructure,
the nature and magnitude of radial residual stresses
acting on the Interface, and the elastic properties of the constituents.
Since
the SIC/RBSN composite preforms and fully nitrlded composite panels contain
interconnected
porosity, we were able to modify the Interface mIcrostructure
during fabrication or by post fabrication oxidation treatments without slgnlflcantly affectlng
Interface.

the matrix propertles

or the residual

stresses

acting

on the

Results of this study have clearly Indlcated that the Interface microstructure of SiC/RBSN composites, i.e, the mIcrostructure
of the carbon-rlch
coatlng on SCS-6 fiber, has slgnlficant influence on the interfacial shear
If
strength whlch In turn affects the mechanical properties of the composites.
this coating Is degraded during processing or during environmental
exposures,
the composite shows loss In properties.
The effect of Interfaclal shear
strength on the four key mechanical properties, namely, primary elastic modulus, first matrix cracklng stress and strain, and ultimate tensile strength
can be understood from composite mechanics and the Interfaclal microstructural
observatlons.

Elastic

Modulus

The primary elastic modulus of a unldlrectlonally
reinforced composlte
loaded along the reinforcement
direction depends on the elastic modull and volume fractions of the constituents, and the nature of bonding between the fiber
and matrix.
If we assume that adequate load transfer occurs between the fiber
and matrix, then the elastic modulus should be equivalent to that predicted
from the rule of mixtures, and
should be Independent of inter_aclal shear
strength.
The fact that the elastic modulus values of SIC/RBSN composites havIng interracial
shear strength values greater than lO MPa were similar to a
value of ]93 GPa predicted from the rule of mixtures indicates good load transfer between fiber and matrix (cf., flg. 5).
On the other hand, the elastic
modulus values of composites showing 4nterfaclal shear values lower than I0 MPa
were slgnlficantly
lower than the rule of mixtures value suggesting that the
physical contact or the bonding between the flber and the matrix is affected.

Mlcrostructural

results presented In figure 3 reveal that the loss of bonding
Is due to a loss of the carbon coating during fabrication In hydrogen or during
secondary heat treatment In oxygen.
First Matrix

Cracking

Stress

and Strain

The first matrix cracking stress Is affected by the interfaclal shear _
strength, the elastic properties of the matrix and the fiber, and the fracture
toughness of the matrix.
The fracture mechanics theories (refs. 4 and 12) predlct that the flrst matrix cracking and strain should Increase wlth Increasing
Interfaclal
shear strength.
For the SIC/RBSN composites showing Interfaclal
shear strength greater than lO MPa, the predicted values of first matrix crackIng stress were In reasonable agreement wlth the measured values (cf., fig. 6).
On the other hand, for the composites yielding Interfaclal shear strength values less than lO MPa, the predicted first matrix cracking stress values were
slgnlficantly
lower than the measured values.
These theories (ref. 12) also
predict that first matrix fracture strain should follow a behavior similar to
that of the first matrix cracking stress wlth Increasing Interfaclal shear
stress.
However, this behavior was not observed In SiC/RBSN where varying
Interfaclal
shear strength had no slgnlflcant effect on first matrix fracture
strain.
Explanatlons for these deviations between experiment and theory have
yet to be developed.

Ultimate

Tensile

Strength

The ultimate tensile strength of the composite Is primarily controlled by
the bundle strength of the fibers.
The bundle strength is also a function of
gauge length and decreases wlth increasing gauge length.
Any factors which
affect Indlvldual fiber propertles generally also affect fiber bundle strength.
Certainly, the loss of ultimate tensile strength of SiC/RBSN composites fabricated or heat treated under different condltlons might be attrlbuted to loss
of bundle strength of flbers due to hydrogen or oxygen reaction.
However, the
data shown In table I Indicate that ultimate tensile strength of SIC/RBSN composltes decreases significantly wlth decreasing Interfaclal shear strength,
suggesting that the loss In Interfaclal strength may be more Important than the
loss In Individual fiber strength.
Although the theoretical reasoning for such
a relatlonshlp
Is not fully understood as yet, one possible Interpretation
Is
that loss of InterfacIal shear strength Increases the effective gauge length of
the fiber bundle In the composite which In turn has a direct Influence on the
ultimate tensile strength of the composite.

SUMMARY

OF RESULTS

The effect of Interface mlcrostructure
and Interfaclal sh6ar strength on
the mechanical properties of SIC/RBSN composites have been determined.
The
major findings are as follows:
I. Interfaclal
shear strength of SICIRBSN composites Is controlled by the
Integrity of the carbon-rlch fiber surface coating.
Under fabrication and heat
treatment conditions where the carbon-rlch coating remains Intact, SIC/RBSN
composites display strong and tough composite behavior.

6

2. Fabrication of composites In hydrogen containing nitrogen or oxidation
of composltes at low temperature causes degradation of the carbon-rlch
surface
coating which In turn causes degradation
In Interfaclal shear strength and
other Important mechanlca] propertles, such as, composite n_dulus, first matrix
cracking strength, and uItlmate tenslle strength.
3. To malntaln strong and tough composite behavior In SIC/RBSN composite
after fabrlcatlon or after post-fabrlcatlon
heat treatments, an Interfaclal
shear strength value greater than 10 MPa Is desirable.

CONCLUSION
For the fabrication and maintenance of strong, tough SiC fiber relnforced
RBSN, a stable carbon-rich
Interface coating with an Interfacla] shear strength
of lO MPa minimum is requlred.
Because of potential envlronmental
degradation
of the current carbon based fiber surface coating during processing or use, an
alternatlve
coatlng system Is needed.
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(a) FABRICATED IN NITROGEN AT 1200 °C FOR qO HR, (b) FABRICATED IN A N2+qgH2 MIXTURE AT 1350 °C FOR 40 HR, (C) FABRICATED iN CONDiTiON (a) AND THEN HEAT TREATED
iN OXYGENAT GO0 °C FOR 100 HR.
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The interface microstructure
was varied by controlling
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conditions and by heat treating the
composite
in an oxidizing environment.
Interfacial
shear strength was determined
by the matrix crack spacing
method. The results of microstructural
examination
indicate that the carbon-rich
coating provided with the asproduced SiC fibers was stable in composites
fabricated at 1200 _C in a nitrogen or in a nitrogen plus 4 percent
hydrogen mixture for 40 hr. However this coating degraded in composites
fabricated at 1350 *C in N 2 + 4%H;
for 40 and 72 hr and also in composites
heat treated in an oxidizing environment
at 600 *C for 100 hr after
fabrication
at 1200 *C in a nitrogen. It was determined
that degradation
occurred by carbon r_which
in
turn had a strong

influence

on interfacial

carbon coating was removed,
cracking stress, and ultimate
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