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EFFECTS OF FIBER COATING COMPOSITION ON MECHANICAL
BEHAVIOR OF SILICON CARBIDE FIBER-REINFORCED
CELSIAN COMPOSITES

Narottam P. Bansal and Jeffrey I. Eldridge
National Aeronautics and Space Administration
Lewis Research Center

Cleveland, OH 44135

SUMMARY

Celsian matrixcompositegeinforced with Hi-Nicalon fibersprecoated with a dual layer of
BN/SIiC by chemical vapor deposition itwo separate batches, were fabricat&étechanical
properties of theomposites were measured timee-point flexure. Despiteupposedlyidentical
processing,the composite paneldabricated with fibers coated in two batches exhibited
substantially different mechanical behavior. Thest matrix crackingstresses ) of the
composites reinforced with fibers coated in batch 1 and batch ®ere 436 and
122 MPa,respectively. This large difference ar), . was attributed to differences in fiber sliding
stresses T, ,,), 121.248.7 and10.4t3.1 MPa, respectively, for the two composites as
determined by the fibgoush-in method. Suchlarge difference in values af,,, for the two
composites was found to loleie to the difference in theompositions ofthe interface coatings.
Scanning Auger microprobe analysis revealed the presence of carbon layers betwixen and
BN, and also betweethe BN andSiC coatings irthe composite showing lowert,,,,. This
resulted in lowero, . in agreement withthe ACK theory. The ultimatestrengths ofthe two
composites, 904 and 79@Pa, depended mainly onhe fiber volume fraction and were not
significantly effected by, values, as expected. Tip@or reproducibility of the fiber coating
composition between the two batches was judged to be the primary sotineelasfye differences
in performance of the two composites.

1. INTRODUCTION

Silicon carbide fiber reinforced celsiamatrix compositesre being investigate@efs. 1 to 6)
as high-temperature structural materis applications in the hosections of turbine engines.
Recently, weobserved darge difference in the values of tifiest matrix crackingstresses of
BN/SIiC coated Hi-Nicalon fiber-reinforced.75Ba0-0.25SrO-AD,-2SiO, (BSAS) celsian
composites made under identical processing conditions, but using fibers whictoatecd at two
different times by the same vend®he primary objective of the currergtudy was tanvestigate
the reasons for thidarge difference in the behavior of th&o compositesThe mechanical
properties were measured in three-point flexure. The fiber/matrix interface was characterized by the
fiber push-intechniqgue and the chemicabmpositions ofthe fiber coatingswvere analyzed by
scanning Auger microprobe analysis.
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2. MATERIALS AND EXPERIMENTAL METHODS

Polymer derived Hi-Nicalon fibertows (1800denier,500 filaments/tow) with low oxygen
content from Nippon Carbon Co. were usedhasreinforcement. A dual layer of BN overcoated
with SiC was applied on the fibers surfaces by 3M in two separate batebds,l and 2using a
continuous chemical vapor depositi@@VD) reactor. The polyvinyl alcoh@dPVA) sizing on the
as-received fibers was burned off in air by passing through a tube furnace before coating the fibers.
The BN coatingvas deposited at-1050°C utilizing a proprietanprecursor andvas amorphous
to partly turbostratic in nature. A thin overcoatingSe€ wasdeposited to the BN-coatdibers.
The SiC layer was crystalline. The nominal coating thicknesses wepamD#r BN, and 0.3um
for SiC.

The elemental compositions of the fiber near the surface and of thedibece coatings were
analyzed with a scanninguger microprobe (Fisons Instrumenicrolab Model 310-F). The
fibers for this analysis were mounted on a staindésslsample mount byacking theends with
colloidal graphiteDepth profiingwas performed byequentialion-beam sputtering and Auger
analysis. The ion etching was done with 3 keV Argon ions rastered over an*dreamThestch
rate in TgO, under these conditionsas 0.05 nm/s. AugeglectronspectroscopYAES) analysis
of the coated Hi-Nicalofiibers was performed using &tectronbeamcurrent of~1.5 nA. The
beam was rastered over @2 um area of the fiber with the long axis tbke area alignedith the
long axis of the fiber. Spectra were acquired in integral mode at a beam energy of 2 lagptand
profiles were generated by plotting elemental peak areas againgtcortime. The atomic
concentrations werealculated bydividing the peak areas by th&pectrometer transmission
function and the sensitivity factors feach peak, then scaling thesults tototal 100 percent. The
sensitivity factors were derivddom spectra of ion etche8i, B, SiC, BN,and TiQ standards.
The depth scale is from the ,0a calibration and no attempt has been made to adjustdarctual
etch rate for each material. Only the fibers wittnaoothsurface coating, rather than those having
thick and rough coating morphologies, were used for Auger analysis.

The fiber-reinforceccomposites werdabricated by impregnation dhe fibertows with the
matrix slurry as describedarlier (ref. 7). The precursor tothe celsianmatrix of 0.75BaO-
0.25Sr0O-AlO,-2Si0, composition was synthesized by a sdidte reactioomethod asreported
elsewhere (ref. 8). The precursor powder consisted (ref. 8) of mainjy(&i§uartz) and BaAD,
phases with small amounts of 8&O,, a-Al,O,, and BaSr, Al,O, also present. This powder was
made into a slurry by dispersing in an organic solventbatidnilling along with various organic
additives whichacted asinder, surfactant, deflocculant and plasticiZesws of BN-SiC coated
Hi-Nicalon fibers were spread using rollers acmhtedwith the matrix precursor by passing
throughthe slurry. Excess slurry wasqueezed out of the fibéow before winding it (2€iber
tows/in.) on a rotatinglrum. The prepredapewas allowed todry andthen cut to size. Unidirec-
tional fiber-reinforcedcomposites were prepared by preptage lay up(12 plies) andwarm
pressing which resulted in a “green” compositee fugitiveorganics were slowly burned out of
the sample inair, followed by hotpressing under vacuum in graphite die. The resulting
composites were almost fully dense. The hot pressed fiber-reinforced composite pasiaffaces
polished and sliced into test bars (~5®4!x1.9 mm) for mechanical testing.

X-ray diffraction (XRD) patterns were recorded abom temperature using a step scan
procedurg(0.02/26 step, time/step 0.5 or 1 s) on a PhiljdP-3600automated diffractometer
equipped with a crystahono-chromator employing coppet, Kadiation. Densityvas measured
from dimensions and mass as well as by the Archimedes method. Microstructtiregolished
cross-sections and fracture surfaces were observed in an optical microseaeaasby alEOL
JSM-840A scanning electromicroscope (SEM). Prior tanalysis, a thin carbon coating was
evaporated onto the SEM specimens for electrical conductivity.
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Mechanical properties were determinedm stress-strain curveecorded in three-point
flexure using an Instron machine at a crosshead speed of 0.127 cm/min (0.05 in./min) and support
span (L) of 40mm. Strain gauges were gluedttee tensilesurfaces othe flexure tesbars. The
first matrix crackingstress,o,,., was calculatedfrom the stress-strain curves whetke curve
deviatesfrom linearity. The elastianodulus ofthe composite was determinddom the linear
portion of the stress-strain curve.

Cyclic fiber push-in tests were performed using a desktop apparatus previously described
(ref. 9), but with the addition of asymmetrically placed pair of capacitancgauges for
displacement measurementin sections othe compositescut normal tothe fiberaxis with a
diamond sawand polishedlown to a 0.Jum finish on both top and bottofaces were tested.

Final specimen thickness was typically abom®. Fiberswere pushed in using a *hcluded-
angle conical diamond indenter with a|ifd diameter flat base. To prevent the sides ottrecal
indenter from impacting the matrix, push-in distances wes#icted to just a couple aficrons.
Unless otherwisenoted, each testonsisted of five cycles of loading and unloading between a
selectedmaximum load and aminimum load of 0.01 N at roomtemperature in ambient
atmosphere.

3. RESULTS
3.1. Microstructure

SEM micrographgakenfrom the polished cross-sections diie two composites (fig. 1)
indicateuniform fiber distribution andyood matrixinfiltration within the fibertows resulting in
high composite density. Occasional pores within the fibers are present.The outerSiC coating
has debonded from some tbE fibers in both composites. Howevéine BN/SIC duplexcoating
was completely detached from some of the fibers in the CMC reinforced with batch 2 coated fibers
as seen in figure 1(d) which represetiits worst case (atypical)XRD patterns takerirom the
polished surface othe CMC panels indicated the presence afly monoclinic celsian. This
implies that thedesired monoclinic celsiaphase is formedn situ, from the oxide precursor
during hot pressing. No hexacelsian was detected from XRD.

3.2. Mechanical Properties

Typical stress-strain curves recorded in three-point flexiare the two composites are
presented in figure 2. The stress-strain cdorea hot pressedelsianmonolith is alscshown for
comparison. The monolith shows a modulus of 96 GPa, flexural strength of 13ardPails in
a brittlemode asexpected. BottCMCs showinitial linear elasticbehavior followed by deviation
from linearity. This indicates load transfer ttee fibers beyondhe proportional limit indicating a
true composite behavior. SEM micrographs of fracture surfaces after the flexure tests are shown in
figure 3. Extensive long lengths of fiber pulloate observed for both compositasdicating
toughening behavior. Values of density, fibeslume fraction, elasticmodulus and various
mechanical properties are giventable |. Both the composites shovhigh ultimate strength in
accordance with the value of the fibalumefraction. However, darge difference i®bserved in
the values ob, . for thetwo composites. This iguite surprisingbecause botbomposites were
processed undeexactly similar conditions.The only differencewas that the duplex BN/SiC
coating on thdibers used forfabrication of thawo composites were deposited in twifferent
batches, but by theame vendorThe difference in fibewvolume fractions irthe two composites
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will have someeffect on the residual thermatressesbut not enough t@ccountfor the large
difference seen in the, .values.

3.3. Fiber-Matrix Interface

In order to determine whether differencesinterfacial behaviorwere the source of the
disparity ing,,. for the two composites witlisimilar” BN/SiC interphase coatings, fib@ush-in
tests were carried out. A number of fibers were pushed in for each composite. Gygicgdush-
in curves at room temperature for the two composites with BN/SIiC interface coatings are shown in
figure 4. The data were analyzed byfirst subtractingthe appropriate load-train compliance
correctionfrom the measured displacements. An estimatériofional sliding stress,t;,;,,,» Was
determined using the constagt,,, model of Marshall and Oliver (ref. 10) which includsffects
of residual stresses, but does not consider fibeghness or Poisson expansion. Values,gf ,
were determined by fittinghe compliance corrected dét@m the first reloading curve to the
relationship:

u=ug+

FZ/ (8T[2rf3Ef Tfriction)] (1)

where u isthe fiber end displacement, is the residual fiber end displacement aftergrevious
unloading, F is the applied loadig the fiber radius, and i the fibermodulus. Whileneglecting
Poisson expansion of the fibers leads to an overestimatp, nfvalues, theelative comparison
of 1,...on fOr different coatings should be valid. In addition, a dehaitition stress,g,, could be
calculated from the debond initiation loag, ffoad at which fiber end begins neove during first
loading cycle) by the relation

04 = Fd/nr%. (2)

The results of fiber push-in data are summarizedbiell. For thetwo composites with BN/SiC
interface coatings, values of, are 1.95-0.87 and0.31+0.14 GPaandt,,,,, are121.248.7 and

10.4t3.1 MPa, for batch 1 and 2, respectively. Thhe, values oflebonding stresand frictional

sliding stress are much higher for composites Wwétch 1 coated fiber thamith batch 2.Such a
large difference in the values of, andt,,,,, for the two compositesfabricatedunder same

conditions and havingsimilar” interface coatings, is quitsurprising. Tohelp explain this
difference, elemental compositions of the duplex BN/SIiC coatingkedibers wereanalyzed by
scanning Auger microprobe.

3.4. Scanning Auger Analysis

Elemental composition depth profiles obtairiemm scanning Auger microprobe analysis for
the two batches ofBN/SIC coatings on Hi-Nicalon fiberare shown infigure 5. The batch 1
coating consists of ~0@m thick outer layer of slightly silicon-ricBiC followed by a boron-rich
BN layer ~1.5um thick. The BNlayer also contains15 at % ofcarbon and ~2 percenkygen.
The thickness ofthe dual coating orthis filament ismuch higher than thenominal coating
thickness of 0.44m BN and 0.3um SiC. The batch 2oatingconsists of ~0.1fum thick Si-rich
SiC followed by ~0.6um of carbon ricHBN.” A carbon layer is also present betwées SiC
and“BN” coatings. Another predominantly carblayer isobserved betweethe “BN” and the
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fiber surfaceThusthe coatings deposited on thiers inthe two batches differ in composition
and structure.

4. DISCUSSION

Microscopic examination (figs. 6 and 7) tbe fiberpushed-in samplesdicated the presence
of wear debris athe interface. Thevear debris consists diick sections of coating inomposite
#1 (fig. 6) but only of thirsublayers otoating incomposite #2 (fig. 7)The debonding occurs
primarily between the innermost coating and the fiber for both composites. Therefore, according to
the Auger results, interfacial sliding occurgta fiber(SiC)/BN interfacefor composite #1 and at
the fiber(SiC)/carbon interfader composite #2. Comparison of, andt,,,, values forthe two
composites indicate that the interfacemere strongly bondednd the frictional slidindorces are
higher between fiber/BN in composite #1 than the fiber/carbon interfauemposite #2. Brennan
et al. (ref. 11) obtained a value of 835 MPa fort,,, for the Nicalon/LAS compositesfrom a
similar fiber push-in method using the analysis of Marshall and Oliver (ref. 10). This is consistent
with the observation ah situ formation of athin carbon layer at the fiber/matrix interfadering
processing of this composite,,.,, values of 13995 and 12471 MPahave been reported
(refs. 11 and 12) for Nicalon/BN/SIC/BMAS and Nicalon/BN/SIC/LAS glass-ceramic matrix
composites fronthe fiber push-intechnique asused inthe currentstudy. The BN/SIC fiber
coatings in theseomposites were alsapplied by 3M and thescanning Auger microprobe
analysisindicated these coatings to bemilar to batch 1 coatings of the presembrk. Several
factors such as residual thermal clamping stresses, fiber roughnesspduidsand thickness of
the fiber coatingvhich can control thdormer factorscontribute to the value of,.., However,
values oft, ., differing by a factor of about 12 in the two composites of the present study may be
attributed primarily tahe much lower slidingfriction between C/SiGrersus BN/SiCinterfaces
and also to the difference in the size of the wear debris at the interface.

By using a simple enerdyalance approach, theterminingthe stress necessary pyopagate
cracks inbrittle solids, the following equationhasbeen derivedrefs. 13 and 14) fothe matrix
cracking stressy,,, in a composite consisting of a Idwilure strainmatrix reinforced with high
failure strain continuous fibers:

1/3
Omc = [(12Tfrictionrmvf2Ef Eg)/{ It (1_ Vi )E%w}] 3

whererl , is the matrix fracture surface energy,id/the fibervolumefraction, E, E,, and Eare

the elastic moduli of theomposite, matrix and fiberespectively and othéermshave thesame
meaning as above. It is apparérdm this equationthat thefirst matrix crackingstresscan be
enhanced by increasing fiber-matrix interfacial sliding stress, by using fibers of smaller radius, and
by increasing thevolume fraction of fibers. Itmight also beincreased byusing low modulus
matrix and high modulus fibers. The matrix microcracking may also be supprespétihy the

matrix in compression through choosiag> a_,, although for isotropic fibers thisill result in
contraction of thdibers awayfrom the matrix and apotential decrease ifiber-matrix shear
strength. It is important to optimize the fiber-matrix bond strength as too strong avilaedult

in a brittle composite with low toughness. By using values of various parameters, as given above,
the ratio of €, ), acn 1@Nd 6,,0aich O the two composites was calculated frequation(3) to be

3.29. This is in very good agreement with a value of 3.57 for the ratio of measuxedues.
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5. SUMMARY OF RESULTS

A large difference irfirst matrix crackingstressesand fiber/matrix interface characteristics
were observed focelsianmatrix compositeseinforced with Hi-Nicalon fibers which haldeen
pre-coated with a dual layer of BN/SiC coating in two different batches tsathe vendor=rom
scanning Auger analysis, this difference in mechanical behavior efvtheomposites wasaced
back to the differences in tlm®mpositions othe interface coating€arbon layers were present
between the fiber and tH8N, and also betweethe BN andSiC coatings inthe composite
showing lowervalues of first matrix crackingtressand frictional slidingstress. Duringfiber
push-in andnechanical testing, debonding and fiber sliding occurredeainterface between the
fiber and the innermost coating.

6. CONCLUSIONS

The composition of the fiber surface coating plays an important role in controllingtetface
at whichthe debonding occurs. This determinie fiber/matrixinterfacial shear andfictional
sliding behavior which in turn controlthe first matrix crackingstress ofthe composites, in
gualitativeagreement witlthe micromechanicahodels. This study alsmdicates that obtaining
reproducible and consistent fiber coatings from commercial sources is a problem.
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TABLE |.—MECHANICAL PROPERTIES OF Hi-NICALON/BSAS COMPOSITES

[Unidirectional; 12 Plies.]

Interface| CMC panel number [ Densify V, E, O o € e o, €
coating (g/cn?) GPa| MPa | percent| MPa percent
BN/SIiC | HI-NIC-BSAS-1-29-96/ 3.05| 0.48 164 436:32(0.20.01] 90454 | 0.73+ 0.07
(Batch 1)
BN/SIiC | HI-NIC-BSAS-6-24-97| 3.09| 0.32 1371 122 0.091 759 1.04
(Batch 2)
®Measured at room temperature in 3-point flexure.
TABLE Il.—FIBER PUSH-IN DATA FOR Hi-NICALON/BSAS
COMPOSITES
[Unidirectional; 12 Plies.]

Interface | CMC panel number |Number V, Oy Thriction

coating of tests GPa MPa

BN/SiC HI-NIC-BSAS-6-6-96 50 0.39 1.99.87 |121.248.7

(Batch 1)

BN/SiC HI-NIC-BSAS-6-24-97] 19 0.32 0.3D.14 10.43.1

(Batch 2)
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Figure 1.—SEM micrographs of polished cross-sections of unidirectional HiNicalon/BN/ SiC/
Celsian composites: (a, b) batch 1 composite and(c, d) batch 2 composite.
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Figure 2.—Apparent stress-strain curves recorded
in three-point flexure for celsian matrix composites
reinforced with Hi-Nicalon fibers coated with BN/SIiC
in two separate batches. Also shown for comparison
are the results for a hot pressed BSAS monolith.
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(b) 100 pum

Figure 3.—SEM micrographs showing fracture sur-
faces of celsian matrix composites reinforced with
Hi-Nicalon fibers coated with BN/SIiC in two separate
batches: (a) batch 1 coating, (b) batch 2 coating.
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- Debond —
04 Debond
02| \ |
0.0 I

Fiber Displacement (1 um/div)

Figure 4.—Load versus fiber displacement curves recorded during
fiber push-in testing of celsian matrix composites reinforced with
Hi-Nicalon fibers coated with BN/SiC in two separate batches.
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Figure 5.—Scanning Auger microprobe depth profiles of various elements for Hi-Nicalon fibers having a
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duplex BN/SIC surface coating deposited by CVD: (a) coating batch #1, and (b) coating batch #2.
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Figure 6.—SEM micrographs showing interface failure during fiber push-in for celsian matrix composites
reinforced with Hi-Nicalon fibers coated with BN/SiC in batch 1.
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Figure 7.—SEM micrographs showing interface failure during fiber push-in for celsian matrix composites
reinforced with Hi-Nicalon fibers coated with BN/SiC in batch 2.
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