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Heat treatment effects on SiC fiber
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The Wright Laboratory Materials Directorate at Wright-Patterson AFB has been
spearheading the development and evaluation of a new class of metal matrix composites
based upon continuous SiC fiber reinforcement of orthorhombic phase containing titanium
aluminide matrices. These composites (O TMCs) will be subjected to thermal exposures
during primary and secondary component processing, and possibly also during heat
treatments to optimize matrix-dominated mechanical performance. Such thermal
excursions must not degrade the SiC fiber reinforcement, hence compromising resulting
composite properties. Therefore, the effects of heat treatment on the room temperature
tensile strength of continuous SiC fibers were studied. The fibers examined included:
Trimarc 1®, SCS-6, Ultra SCS and an experimental large diameter version of Ultra SCS. The
fibers were heat treated below and above the beta solvus temperature of the orthorhombic
matrix alloy utilized for this study, Ti-22AIl-23Nb (at %). The fibers were evaluated for
ambient temperature tensile strength in the following conditions: (1) as-received: (2) heat
treated in vacuum; and (3) consolidated into Ti-22AI-23Nb, heat treated in vacuum, and
chemically extracted. Fiber microstructure and fracture analysis was accomplished via
secondary scanning electron microscopy (SEM). Chemical reactions between fiber core and
the SiC, and between the SiC fiber and the Ti-22Al-23Nb matrix, were also studied by SEM.
© 1998 Kluwer Academic Publishers

1. Introduction 2. Experimental

Since 1992, the Materials Directorate has been investiFour continuous SiC fibers were selected for the subject
gating a class of titanium aluminide matrix compositesstudy: Trimarc £, SCS-6, Ultra SCS and large diam-
(i.e. O TMCs) based upon the ordered orthorhombiceter Ultra SCS. The first of these fibers, Trimaftig
phase, TiAINb. These orthorhombic titanium matrices a ~127um diameter fiber deposited by chemical va-
have as their main attributes: improved chemical compor deposition (CVD) onto a 12/om tungsten core and
patibility with SiC reinforcing fibers, increased room was manufactured by Amercom Inc. (Chatsworth, CA).
and elevated temperature tensile strength, improvedhe remaining three fibers were all manufactured by
fracture resistance and enhanced elevated temperatufextron Specialty Materials (Lowell, MA) using CVD
creep performance when compared to their alpha-processing. The SCS-6 fiberisl42um in diameter
based predecessors [1-3]. However, upon fabricatioand is produced via single-stage CVD deposition onto a
into structural components, it is expected that thes®3m diameter carbon monfilament (CMF). The Ultra
O TMCs will undergo multiple thermal exposures dur- SCS fiber was developed as a higher strength alterna-
ing primary and secondary processing. In addition, it istive to the SCS-6 fiber. It is roughly the same diameter
possible that these composite matrices may require heas the SCS-6 fiber{140..m) and it too is deposited in
treatment in order to maximize matrix-dominated me-a single stage CVD process upon a.38 CMF. The
chanical performance. It is imperative that the thermalast fiber, the large diameter Ultra SCS was at the time
excursions associated with either heat treatment and/af this study in the preliminary stages of experimental
the component processing cycles do not degrade theevelopment. This fiber is on the order-e184um in

load carrying capabilities of the reinforcing SiC fibers. diameter and has been CVD deposited again in a single
The objective of the subject study is to examine thestage reactor on a 42n CMF. Microstructural details
effect of thermal treatments on the residual room temfor each fiber are provided later.

perature tensile strength of a variety of continuous SiC The matrix selected for evaluation is the orthorhom-
fibers being considered as potential reinforcements fobic composition, Ti-22Al-23Nb (at %) which the Ma-

O TMCs. terials Directorate has been examining as a baseline
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representative of this class of titanium aluminides. Thiscomputer control was used to acquire data during test-
alloy was obtained in thin foil{125,m) form from  ing, as well as to control test conditions. Displacement
Texas Instruments via conventional ingot reductionwas measured with a commercial scanning laser system
practices incorporating as a final step, unidirectionaby using platinum wire “flags” that were hung 15-20
cold rolling. The details of the ingot to foil processing mm apart in the gage length. The load was measured
can be found elsewhere [4]. These cold rolled foils wereusing a 100 kg load cell, while the fibers were held
stacked in an alternating fashion with SiC fiber mats andn place by a compressive force applied through the
hot isostatically press consolidated into four-ply, uni-use of aluminum foil-lined grips. The aluminum foil
directional composites at temperatures well below thevas used to prevent damage to the fiber surface dur-
beta solvus of the Ti-22Al-23Nb foil, which was deter- ing testing. This rigid grip system also acted to mini-
mined to be~1125°C. Recent studies [5] on “neat” (i.e. mize bending stresses during testing. In order to obtain
unreinforced consolidated foils) Ti-22Al-23Nb had in- statistically meaningful results, approximately 50 tests
dicated that this alloy could be heat treated to increasedere run per condition for each fiber type. (Note: only
levels of room temperature strength, creep resistance 25 tests/condition could be run on the large diame-
and in some cases improved room temperature ductiker Ultra SCS due to limited fiber availability). Tests
ity. These heat treatments were modified in the presentere conducted on each fiber type under the five afore-
study to account for increases in the beta solvus temmentioned conditions (i.e. as-received, 1085Solu-
perature due to carbon dissolution from the SiC fibertion HT, 1085°C Solution HT+ Extracted, 1160C
during composite fabrication [6]. The two heat treat- Solution HT and 1160C Solution HT+ Extracted).
ments selected include solutionizing just below the betdiber tensile strength was calculated from the maxi-
solvus (subtransus) and just above the beta solvus (smsaum measured load and the cross-sectional area deter-
pertransus) of the Ti-22AI-23Nb matrix, followed by mined from a mean fiber diameter assuming that the
slow cooling directly to an isothermal aging condi- fibers were cylindrical. The mean fiber diameter for
tion. The subtransus heat treatment had been showgach fiber type and condition was measured using a
to provide the best balance of “neat” mechanical prophon-contact digital micrometer at a magnification of
erties, while the supertransus treatment yielded the be200x. Only failures which occurred in the gage length
high temperature creep performance. It should be notedere used in the data analysis.

that the heat treatments were selected to be compati- When possible, one or both of the fracture surfaces
ble with (and possibly incorporated into) the compos-were preserved and inventoried for examination by
ite/component fabrication cycle. The fibers were encapscanning electron microscopy (SEM) using secondary
sulated in tantalum foil to act as an oxygen getter, put irelectron imaging to assess fracture type and initiation
aglasstube, evacuated witha mechanical puri®E-  site. However, in some instances the fibers would shat-
03 torr) which was backfilled with high purity helium ter, particularly for the high strength tests, and in these
(99.9999%) and sealed, and were then heat treated. Thestances, no information regarding the origin of frac-

specific heat treatments utilized were: ture could be obtained. (Fracture site identification was
considerably easier for the weaker Trimaf¢ fiber,
1085°C/2 h+ cool@28°C/m to 815 C/8 h/FC than for the higher strength SCS-6, Ultra SCS and

large diameter Ultra SCS fibers. As such, correspond-
ingly more fractographic analysis is provided for the
1160°C/2 h+ cool@28°C/m to 815 C/8 h/FC Trimarc 1® fiber during the discussion which follows.)
Transverse cross-sections for each of the fibers were
mounted, polished, etched and examined by SEM to
. characterize their microstructural features and assess
*Furnace cooled-25°C/min . their thermal stability. Sample preparation for the fibers
~ Each type of SIC fiber examined was producedinciyded: etching in boiling NaOH : KN§for 2 min-
in a single reactor run. In order to assess the efytes, washing in boiling water for 5 minutes, and im-
fects of fiber/matrix chemical interaction during com- mersing in ethanol. In addition, the Ti-22AI-23Nb ma-
posite consolidation and subsequent heat treatmengix microstructure and fiber/matrix interface were also

small specimens (12.5 mm510 mm) were cut from  examined for effects of heat treatment using backscat-
SIiC/Ti-22Al-23Nb panels and were subjected to heatereq electron imaging (BSE) SEM.

treatment. Fibers from these composite samples were

chemically extracted using 10% bromine in methanol

saturated with tartaric acid. This solution had previ-

ously been shown to be successful in extracting SiG3. Results and discussion

fibers from a titanium matrix without any change in 3.1. Matrix characterization

tensile strength distribution [7]. Fig. 1 displays the microstructure of the Ti-22Al-23Nb
The four types of SiC fibers were tensile tested atmatrix in the as-consolidated and as-consolidated

room temperature using 25 mm gage section at a corlieat treated conditions. The as-consolidated mi-

stant cross-head speed of 20 mm/min. The tests wergrostructure (Fig. 1a) consists of three ordered phases

conducted on a compact horizontal test machine whicl8]: alpha-2 (dark equiaxed); orthorhombic (gray lentic-

was developed by the University of Dayton Researctular); and beta/B2 (light). The microstructure is in a

Institute under USAF Contract No. F33615-94-C-5200metastable state in that the orthorhombic phase is very

at Wright-Patterson Air Force Base, Ohio. Closed-loopfine and has not fully precipitated from the B2. The

(subtransus)

(supertransus)
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Figure 1 Ti-22Al-23Nb neat matrix in: (a) as-consolidated, (b) 1085solution HT and (c) 1160C solution HT conditions.

relatively high volume fraction of the alpha-2 is due consists of three alternating layers of “hard” and “soft”
in part to the high levels of oxygemL700 wppm) in  carbon with individual layer thicknesses ranging from
the starting foil [9], and possibly due to carbon disso-0.5 to 2.0um. The degree of hardness associated with
lution from the SiC fiber into the matrix during con- each of these layers has been suggested to be dictated
solidation. The subtranus heat treatment also results iby the level of and size of the dopent SiC patrticles. De-
a three phase microstructure (Fig. 1b). In this case th&ils concerning the development and production of the
orthorhombic phase has more fully precipitated fromTrimarc 1® fiber can be found elsewhere [10].

the B2 and has undergone grain growth. As previ-

ously noted, this microstructure resulted in the best bal-

ance of mechanical properties for neat Ti-22AI-23Nb.

The supertransus heat treatment produces a fully trang:- 5 Tensile properties, microstructure and
formed two-phase microstructure (Fig. 1c). The large fracture analysis

lenticular gray phase is orthorhombic, while the light 4 5 1 As_received

continuous phase is B2. This microstructure resulteqzig_ 2a shows an SEM image of teSiC portion of the

in the best creep resistance for neat matrix studies ig_received Trimarc®fiber wherein it can be seen that

Ti-22A1-23Nb. the microstructure grows radially outward in a colum-
nar fashion from the tungsten core. Fry [10] has shown
that during fiber production, typicallyl 11} close-

4. Trimarc 1% packed planes of the cul#cSiC orient normal to the ra-

4.1. Fiber structure dial direction. An as-received fracture surface (Fig. 3a)

This ~127um fiber was produced by CVD process- shows that a chemical reaction takes place between

ing in a multi-stage “flexible” reactor at Amercom Inc. the tungsten core and the SiC during fiber manufactur-

The salient features of the fiber architecture include ang, forming a layer of tungsten carbide-Q.38u.m).

12.5um tungsten core upon which stoichiometfic  The outer portion of this reaction layer also contains

SiC is deposited. The SiC grows in a columnar fashKirkendall porosity formed as the result of the diffusion

ion and is protected at the surface by the applicatiorof carbon into and reaction with the tungsten core. Pre-

of a triplex coating system~4 um), which is applied vious studies [11] have indicated this porosity within
in-line at the end of the CVD process. This coatingthe tungsten carbide layer acts as a source for crack

@

Figure 2 BSE SEM photos of Trimarc® B SiC region in: (a) as-consolidated, (b) 1085solution HT and (c) 1160C solution HT conditions.
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Figure 3 Tungsten core/SiC reaction in Trimar@1fiber for: (a) as-received, (b) 108& solution HT, (c) 1085C solution HT + extracted,
(d) 1160°C solution HT and (e) 1160C solution HT+ extracted conditions.

@) (b) (©

Figure 4 Trimarc 1®/Ti-22A1-23Nb reaction for: (a) as-consolidated, (b) as-consolidatd®85°C solution HT and (c) as-consolidated1160°C
solution HT conditions.

initiation and fiber strength degradation. In addi- property degradation. It is therefore desirable to limit
tion to this internal reaction zone, a chemical reacthe size of this reaction layer from the standpoint of
tion also takes place at the SiC fiber/matrix interfacecomposite mechanical performance. The room temper-
(~0.51um) as shown in Fig. 4a, upon consolidation ature tensile strength of the as-received fiber is depicted
of the Trimarc # fiber into the Ti-22AI-23Nb matrix. inFig. 5as afunction of probability of survival ata given
The fiber/matrix reaction products have previously beerstress level. It can be seen that the distribution is very
shown to consist primarily of a complex combination tight with 98% of failures at strengths between 2800
of titanium and aluminum carbides, as well as titaniumand 3200 MPa. The mean strength for the as-received
silicides[12, 13]. These reaction products are extremelgondition is on the order of 3080 MPa with most failures
brittle in nature and are prone to cracking when loadednitiating in or near the tungsten core region of the fiber
either by internally generated residual stresses or by ex¥ig. 6a). Indeed;86% of the failures which could be
ternally applied forces leading to composite mechanicaldentified initiated in or near the fiber core. There were
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Figure 5 As-received Trimarc ® strength.

(@ (b)

Figure 6 Secondary SEM images of Trimar@1fracture surface for as-received condition illustrating (a) core initiation and (b) mid-radius initiation.

a few failures (13.5%) identified near the mid-radius ofthe tungsten core and SiC has essentially doubled
the fiber (Fig. 6b), however, the failure strengths asso{~0.74um) compared to the as-received condition.
ciated with this location (3053 MPa) were very similar There was only one failure identified with the surface
to those attributed to core failure (3050 MPa). of the fiber and its strength value (2707 MPa) was
very similar to that observed for core initiations (2741
MPa). Since the primary failure site appears to be at
4.2.2. Subtransus heat treated or near the tungsten core, it can be concluded that
The tensile strength for the 1086 solution HT increased reaction at the core/SiC interface is the
condition for Trimarc ¥ fiber is shown in Fig. 7. The controlling factor in the observed strength reduction.
mean strength has dropped relative to the as-received
condition (to 2766 MPa), with the percentage of core
failures actually increasing t8696%. The width of the  4.2.3. Subtransus heat treated + extracted
B SiC columnar grain structure has increased slightlyThe Trimarc ® fiber tensile strength in the 1086
(Fig. 2b), suggesting that the structure of the fiber maySolution HT + extracted condition is shown in Fig. 8.
not be totally stable at this heat treatment temperaturén this case the fiber was consolidated into a Ti-22Al-
(i.e. 1085°C). Fig. 3b shows that the reaction between23Nb matrix, heat treated and chemically extracted for
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Figure 8 Trimarc ® fiber strength in 1085C solution HT+ extracted condition.

testing. The mean fiber strength has dropped to 2278es associated with the mid-radius failures (2006 MPa)
MPa. Furthermore, the fiber appears to fail both at rewas noticeably less than for core failures (2334 MPa).
gions near and around the core (47%), and also near thhe core/SiC reaction zone has increased to A5
mid-radius of the fiber (46%). The average strength val{Fig. 3c) when compared to the subtransus heat treated
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condition (0.74.m) due to the additional thermal expo- the SiC microstructure is not stable at 12€0) how-
sure required for composite fabrication. Furthermore gver there were no failures identified at the mid-radius
the reaction zone at the fiber/matrix interface (Fig. 4b)egion of the SiC layer. The core/SiC reaction zone has
has increased by a factor o&3(to 1.15um) when increasedto 1.24m (Fig. 3d), and s likely the control-
compared to the as-fabricated condition. There werding mechanism for the additional strength degradation
two failures identified at the surface of the fiber whosewhich is observed. There was only a single failure iden-
strength values were very low (1476 MPa). However tified with the surface of the Trimar®ifiber, however,
the most prominent failure site for low strength failureslike most failures of this type, it occurred at a relatively
appears to be near or at the mid-radius of the SiC fibetow strength level (1939 MPa).

The propensity for increased number of low strength

failures at the mid-radius may be related to manufac-

turing defects in the fiber in combination with residual 4 5 5 Supertransus heat treated +

stresses arising during composite fabrication. The CTE extracted

of the matrix is roughly ¥ that of the fiber at room  1ne Trimarc £ fiber tensile strength for the 116G
temperature. As such, during cool-down from the com-sq|ytion HT+ extracted condition is shown in Fig. 10.
posite consolidation temperature the fiber is subjecteqne mean fiber strength has dropped to 1639 MPa,
to a large radial compressive residual stress. It is hyghich represents a 45% decrease when compared to
pothesized that this stress tends to exacerbate the effegle 55-received strength condition. Furthermore, it is
of defects near the mid-radius location of the SiC fiber.,qticed that the fiber appears to fail primarily at regions
near and around the core (81%). In addition, there were
a few low strength failures (10%) in locations found
4.2.4. Supertransus heat treatment near the mid-radius of the SiC layer of the fiber, and
The fiber strength data for Trimar@Bubjected to asu- also at the surface the fiber surface (9%). The highest
pertransus heat treatment in vacuum is shown in Fig. Strength failures are associated with the core/SiC reac-
The mean fiber strength continues to be degraded (ttlon zone (1782 MPa). This reaction zone has increased
2175 MPa). Almost all identifiable failures-@7%) oc-  in size to 1.92um (Fig. 3e) when compared to the su-
curred at or near the tungsten core with strength levelpertransus condition (1.24m) due to the additional
(2098 MPa) correspondingly close to the mean strengtrthermal exposure required for composite consolidation.
In addition, there was very little scatter in the data setThe failures associated with the mid-radius (1410 MPa)
with 97% of the failures occurring within a 475 MPa suggest once again that compressive residual stresses
band (1850-2325 MPa). TheSiC grains experience arising from CTE mismatch due to composite fabri-
additional growth (Fig. 2c) continuing to suggest thatcation may play a role as they had for the subtransus
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Figure 10 Trimarc 1® fiber strength in 1160C solution HT+ extracted condition.

heat treated and extracted condition. Furthermore, thexposure. This strength degradation is attributable to
lowest strength failures (1255 MPa) occurred at thethe increased reaction between the tungsten core and the
fiber surface, and may be associated with growth ofSiC during composite consolidation and/or heat treat-
the fiber/matrix reaction zone (Fig. 4¢), which has in-ment. With respect to tungsten core/SiC reaction effects
creased by a factor ofd(to 1.98.m) when compared on fiber tensile strength, the Griffith criterion for cracks
to the as-fabricated condition. in brittle materials is thought to apply [i.e.=C/\/X;
whereine = fiber strength (GPak = crack length (re-
action zone thicknesg:fn) andC is a constant deter-
4.2.6. Summary Trimarc 1% mined for the as-processed condition]. Table Il contains
Fig. 11 displays a summary of the effect of heat treat-core/SiC reaction zone data along with experimentally
ment on the tensile strength of the Trimaf fiber  determined and calculated valuesdfor core failures)
for all conditions, while Table | contains a summary of using the Griffith criterion. Although this criterion does
the fracture analysis data. All heat treatments are segpredict a strength debit, it would appear it consistently
to degrade the fiber strength below as-received valuesver-estimates the magnitude of the debit by 15-20%.
(up to 45% for the 1160C solution HT + extracted Similarly, Gambone and Gundel [14] performed a
condition). In each case a significant number of corekinetic analysis for Trimarc® fiber wherein they
initiations are observed with the average strength valugvere able to determine regions of time at tempera-
for those initiations decreasing with increased thermature wherein degradation of the fiber tensile strength is

TABLE | Fracture summary for Trimard®

As-received 1085C 1085°C + Ext 1160°C 1160°C + Ext
No. of fractures identified 26/50 30/50 38/52 35/50 45/50
Mean strength (MPa) 3079 2766 2272 2175 1639
% Core mean 86.5 96.6 47.4 97.1 81.1
strength (MPa) 3059 2741 2334 2098 1782
% Mid radius mean 13.5 0 46.1 0 10
strength (MPa) 3053 — 2006 — 1410
% Surface mean 0 3.4 6.5 2.9 8.9
strength (MPa) — 2707 1476 1937 1255
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TABLE Il Effect of core/SiC reaction on Trimar®ifiber strength 5. SCS-6

Reaction

5.1. Fiber structure

St dey _ CrCOore (GPa) A schematic of the SCS-6 fiber is displayed in Fig. 12.
Condition zonegm) (um) Experimental Calculated Microstructural and chemistry details for this fiber have
_ been described elsewhere [15—-18] and are summarized
fgé';f}g”cated 007-28 0062,3 237-229 231-820 here. This 142.m diameter fiber is produced by CVD
) ) : ' ' ' processing in a single-stage reactor. The salient fea-

1085°C+Extd  1.05 0.06 2272 1.840 , .

1160°C 121 007 2175 1714 tures of the fiber architecture are that the core con-
1160°C+Extd  1.92 011 1639 1.361

sists of a 33:m diameter carbon monofilament (CMF)
originally spun from a pitch-based material, which is
then sealed by a 1/om thick overcoat of pyrolytic car-
expected to occur. The solution heat treatment condibon. Theg SiC grows in columnar fashion outward
tions used in the current study fall in a region very nearfrom the CMF core forming two distinct zones. The
to where strength degradation would be expected.  zones consists of subgrains®6iC with close-packed

In addition, high compressive radial residual stresse$1 1 1} planes oriented radially. These subgrains have
due to CTE mismatch between the fiber and matrix acé large aspect ratio with their length in the radial di-
to catalyze mid-radius failures for the heat treated

rection. The first zone which extends approximately

extracted conditions. There also appears to be a thermabum is relatively fine grained (10—60 nm) and from a

instability of theg SiC microstructure which might be compositional standpoint, is slightly carbon rich [19].
an issue to consider for future development of this fiberAlthough not depicted in Fig. 12, Ning [15] has de-
Finally, the increased fiber/matrix reaction associatedermined that the inner zone actually consists of three
with the heat treatments within the Ti-22AI-23Nb, may subzones with thicknesses starting at the pyrolytic coat-
be responsible for the few very low strength failuresing of 6um, 4.5um and 4.5.m, respectively. The sec-
occurring atthe surface of the fiber forthe heattreated ond zone is approximately 36m wide and exhibits a
extracted conditions.

coarser grain structure (70-140 nm) and is essentially
In conclusion, the degradation observed for thestoichiometricin composition. The change in grain size
Trimarc 1® fiber suggests this fiber as currently pro- is attributed to this change in chemistry. The interface
duced is unsuitable for use as a reinforcement in atvetween the two growth layers forms what is referred to
orthorhombic titanium aluminide matrix for metal ma- as the mid-radius of the SiC. Unlike the tungsten core
trix composite applications wherein processing and/ofor the Trimarc £ fiber, the CMF and the SiC are in
heat treatment temperatures are comparable to, or eghemical equilibrium, and as such, there is no observ-
ceed those examined in the subject study.

able reaction between the two. The external surface of
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Figure 12 Schematic of SCS-6 fiber.

the fiber is coated with three carbonaceous layers tdaighest strength failures were located internally near
taling ~3 um in thickness, which is used to protect the the core of the fiber (Fig. 14a). There were total of 18
fiber during handling and to reduce its susceptibility tofailures which occurred at strength value3000 MPa.
strength degradation due to chemical reaction withinOf these, 16 initiation sites were identified, and 15 of
titanium matrices. The first coating layer is amorphoughose occurred at the surface of the fiber (Fig. 14b).
carbon which is approximately Ogm thick and which ~ (Note: the remaining low strength failure appeared to
acts to “seal” the ends of the columr@aBiC. The fiber  be associated with a mid-radius initiation.) The fact that
is then coated with two carbon layers (i.e. double passbhe low strength fibers had initiations near the fiber sur-
which are doped withg SiC crystallites. The thick- face might seem to suggest that chemical reaction at
nesses of the inner and outer C-rich layersateDum  the fiber/matrix interface played a role in the strength
and 1.5um, respectively. The SCS-6 fiber has essendegradation. Fig. 15 shows the SCS-6/matrix reactions
tially been adopted as the industry standard for reinfor the as-consolidated, consolidated 085°C solu-
forcement of titanium over the last ¥5 years, particu- tion HT, and consolidate@ 1160°C solution HT condi-
larly for those instances wherein elevated temperaturetsons. Although the reaction zone increases as the ther-
(application or processing) preclude the use of tungstemal conditions become more extreme, the protective
core fibers due to SiC/core reactions. carbon coating system remains essentially intact (i.e.
>2.0um of coating remains). In fact, half of the surface
failures occurred for conditions wherein the fiber was
5.2. Tensile properties, microstructure and notexposed tothe matrix atall (i.e. as-received, @85
fracture analysis solution HT and 1160C solution HT conditions). It
Fig. 13 contains a summary of the heat treatment effecappears then, that the low strengths associated with the
on the tensile strength of SCS-6. The mean strengtlurface failures are a result of manufacturing defects, as
for the as-received fiber is 4403 MPa, which representspposed to chemical reaction with the matrix. Fry [10]
a >40% increase when compared to the as-receivetias identified several classes of manufacturing surface
Trimarc 1®. Previous results [20] for SCS-6 fiber had defects which tend to reduce SiC fiber strength: CVD
indicated isothermal exposures in an inert environmengrowth cones, surface nodules, SiC grains protruding
at 1000°C for up to 700 hours resulted in no strength from the fiber surface, surface damage from electrode
loss, and no signs of thermal instability in either thearcing, and abrasive surface damage during handling.
fiber coating o8 SiC. In the present study, there also One or more of these defects may have contributed to
appears to be little or no discernible effect of any ofthe low strength values found for the surface failures.
the heat treatment conditions on the strength reten- With respect to SiC microstructural stability, Fig. 16
tion of the SCS-6 fiber, including those within the Ti- shows the structure of theSiC as a function of thermal
22Al1-23Nb matrix. In fact, 93% of all failures occurred exposure for the SCS-6 fiber. There appears to be only
at strength levels in excess of 3000 MPa. Unlike thea very slight grain growth even after the supertransus
Trimarc T® fiber, identification of the primary initia- heat treatment.
tion site via fracture analysis was difficult, in that most  In conclusion, the SCS-6 fiber retains essentially all
of the higher strength fractures tended to be secondayf its as-received strength under the heat treatment con-
in nature. However, for those fracture surfaces that wereitions evaluated, and as such, is suitable for use as a
retained, the following observations could be made. Theeinforcement in an orthorhombic titanium aluminide
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Figure 13 Summary of effect of heat treatment on SCS-6 fiber strength.

(@) b

Figure 14 Fracture surface of SCS-6 fiber illustrating: (a) core and (b) surface initiations.

matrix for metal matrix composite applications whereinvia single stage CVD processing. The architecture of
processing and/or heat treatment temperatures are cortite Ultra SCS fiber is in some ways similar to that of
parable to those used in the subject study. the SCS-6 fiber. Like the SCS-6 fiber, the deposition
of Ultra SCS takes place upon a @8 CMF, which
again is over-coated with a 1.8n thick pyrolytic car-
bon layer. However, aside from the diameter of the fiber,
6. Ultra SCS this is where the similarities end. The microstructure of
6.1. Fiber structure the SiC portion of the fiber is significantly different in
A schematic of the Ultra SCS fiber is displayed inthat the grain size is relatively equiaxed and extremely
Fig. 17. This 14Qum fiber was developed to replace fine in scale (Fig. 18). Furthermore, since the fiber is
SCS-6 for those applications requiring increased fibeproduced in a single stage reactor, the growth process
strength. Unlike the Trimarc® which is produced in is continuous with this fine grain structure observed
a multi-stage reactor, the Ultra SCS fiber is producedranscending the entire fiber diameter, (i.e. from the
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Figure 15 SCS-6/Ti-22Al-23Nb interface reactions for: (a) as-consolidated, (b) consoligdat®85°C solution HT and (c) consolidateg 1160°C
solution HT conditions.

Very Fine Grain
g B SiC
_ (No Mid Radius)

1.5 um
Pyrolytic
Carbon

3.3 um Multi-layered
Coating

- 140 pm >

Figure 17 Schematic and secondary SEM image of Ultra SCS fiber.

pyrolytic carbon coating on the core to the externalmulti-layered coating. Not only is this coating layer
surface coating). As such, there is no mid-radius grairthicker than for SCS-6, but there may also be some
size increase as was observed for the SCS-6 fiber. Theghemistry and structural differences as well. However,
surface of the fiber is protected for handlability andthese and other details were not available from Textron
chemical reaction with the matrix by-a3.3um thick  at the time of this writing.

5866



@) (b) ©

Figure 18 Secondary SEM image ¢f SiC portion of Ultra SCS fiber in: (a) as-received, (b) 1085solution HT and (c) 1160C solution HT
conditions.

6.2. Tensile properties, microstructure and of fracture make it very difficult to retain and identify
fracture analysis fracture surfaces and primary initiation. Most of the
Fig. 19 contains a summary of the heat treatment effediailures were secondary in nature (Fig. 20a), however,
on the tensile strength of Ultra SCS for all conditions.of the 10 failures occurring at strength levet€000
The mean strength for the as-received condition is 56 181Pa, 8 were identifiable, and all originated at the sur-
MPa, which representsa25% increase over SCS-6, face of the fiber (Fig. 20b). As for the SCS-6, these
and >80% over the Trimarcd fiber. The source of surface failures do not appear to be related to chemical
this high strength is thought to be the fine grained mi-reaction with the matrix, as 5 of the 8 were for con-
crostructure, and perhaps a modification to the surfacditions for which the fiber was not in contact with the
coating system. There appears there might be a vemnatrix. With regard to fiber/matrix chemical reaction,
modest effect of heat treatment on strength retentiorthe effect of thermal exposure of reaction zone growth
however, 80% of the failures occurred at strengths ins depicted in Fig. 21. Here it can be seen that the re-
excess of 4800 MPa, and 96% in excess of 4000 MPaaction zone is somewhat less uniform and grows at a
Much like the SCS-6 fiber, the high strength associ-slightly more rapid rate than for the SCS-6 fiber, lending
ated with this fiber and the corresponding high energycredence to the possibility that the chemical make-up
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Figure 19 Summary of effect of heat treatment on Ultra SCS strength.
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Figure 20 Secondary SEM image of fracture surface for Ultra SCS fiber depicting: (a) secondary and (b) surface initiations.

(b) (©)

Figure 21 SCS-6/Ti-22Al-23Nb interface reactions for: (a) as-consolidated, (b) consolidat®85°C solution HT and (c) consolidated 1160°C
solution HT conditions.

of the coating may have been modified for the Ultra7. Large diameter Ultra SCS
SCS fiber. It was observed that a significant thicknes#t the time of this study, this 184m diameter fiber
of coating remains~2.75um) even after the super- was in the very preliminary stages of development at
tranus heat treatment. Therefore, it is not surprisingrextron Systems Division (formerly, Textron Specialty
that the fiber is not significantly degraded by chemi-Materials). Indeed, only a single batch of fiber (totaling
cal reaction with the matrix during thermal treatment. <500 g) had been made at the time of this study. The
The SiC microstructure appears to be relatively stablgrimary benefits associated with a larger diameter fiber
(within the limits of detectability) during thermal ex- include the following: (1) an increased foil thickness
posure. There were no failures identified that appearedan be used for the same fiber volume loading with
to initiate within the SiC (i.e. mid-radius). potential of decreasing foil processing costs and hence
In conclusion, the Ultra SCS fiber exhibits the high- composite costs; (2) increased inter-fiber spacing can
est post-heat treatment strength of all fibers examinetle realized which may enable higher off-axis strengths
in the present study, and as such, is considered the besi be obtained; and (3) since the CMF does not carry
candidate for use as a reinforcementin an orthorhombisignificant load, higher volume fractions of the SiC por-
titanium aluminide matrix for metal matrix composite tion of the fiber may result in even higher fiber tensile
applications wherein processing and/or heat treatmerstrength values. A schematic of the large diameter Ul-
temperatures are comparable to those used in the sulya SCS fiber is shown in Fig. 22. As for the Ultra SCS
ject study. fiber, this fiber is manufactured using a single stage
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Figure 22 Schematic and secondary SEM image of large diameter Ultra SCS.

CVD reactor. The architecture of the fiber is in many7.1. Tensile properties, microstructure and
ways analogous to the Ultra SCS fiber. The primary

fracture analysis

differences between the two fibers include the fiber diFig. 23 contains a summary of the heat treatment effect
ameter, a larger diameter CMF (d2n vs. 33um), and  on the tensile strength of large diameter Ultra SCS for
a thinner external coating system (2.#h vs. 3.3um).

all conditions. The mean strength for the as-received
Note: this coating system has not been optimized andondition is 6313 MPa, which was by far the highest

its thickness and chemistry may eventually be modifiedstrength observed for any of the fibers studied. In fact,
Details concerning the chemistry and structure of coat100% of all as-received failures occurred at strength
ing system were not available from Textron at the timelevels >5700 MPa. (Note: once again, these results
of this writing. The most important similarity to Ultra need to be viewed in the context of this being a sin-
SCS is a very fingg SiC grain size that extends from gle, in fact, first batch of an experimental fiber). This
the CMF to the external coating (with no mid-radius strength value represents an increase of 12.5%, 43%
present), and which is thought to provide the very highand 103% when compared to the as-received values for
tensile strengths associated with these fibers. Ultra SCS, SCS-6 and Trimar®1respectively. As in
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Figure 23 Summary of effect of heat treatment on large diameter Ultra SCS strength.
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Figure 24 BSE SEM image of8 SiC portion of large diameter Ultra SCS fiber for: (a) as-received, (b) 108&btransus HT and (c) 116G
supertransus HT conditions.

-
(@

Figure 25 Large diameter Ultra SCS/Ti-22Al-23Nb reaction zone for: (a) as-consolidated, (b) consolide®88° C solution HT and (c) consolidated
+ 1160°C solution HT conditions.

(b) (©)

the case of the Ultra SCS fiber, the source of the highmight logically conclude that the reaction with the ti-
strength is thought to be the fine grain size of ®IC  tanium aluminide matrix may have played a significant
(Fig. 24a) and perhaps a modification to the externatole in the degradation observed. Fig. 25 shows the
coating system. The increase in strength over the Ultréiber/matrix reaction for this system. The rate of re-
SCS is thought to be due in part to the higher volumeaction proceeds in a fashion very similar to the Ultra
ratio of the 8 SiC/CMF core. There appears to be aSCS system, but since the initial coating thickness was
measurable effect of heat treatment on the fiber itselthinner, the amount of protective coating remaining af-
in vacuum. The subtransus heat treated mean strengtar exposure is correspondingly less. It is thought that
drops to 5450 MPa-{13%), while the supertransus the coating thickness for this experimental fiber may
heat treated strength drops to 5071 MP&2Q%), and  be too thin to provide adequate protection from chemi-
for both heat treatments, and there are a fair numbecal reaction with the Ti-22Al-23Nb matrix during heat
of failures (~20%) at strength levels 5000 MPa. Un- treatment.
fortunately, due to the very high strength and associ- In conclusion, the large diameter fiber shows great
ated energies of fracture, none of the primary fractureotential in terms of as-produced strengths, but in its
surfaces were retained. Ti#eSiC grain structure ap- present experimental form, is unsuitable for use as a
pears within the detection limits of SEM imaging to reinforcement in an orthorhombic titanium aluminide
be relatively stable with respect to thermal exposuranatrix for metal matrix composite applications wherein
(Fig. 24), and thus, it cannot be conclusively identifiedprocessing and/or heat treatment temperatures meet or
as the source of this debit. In addition, since the fibeexceed those used in the subject study.
is deposited upon a CMF, one would not expect reac-
tion between thg SiC and the CMF to have occurred.
Therefore, it was not possible to identify the source of8. Conclusions
weakening at this time. Trimarc 1°

The effect of both of the heat treatme#t extracted e Trimarc 1?2 exhibited the lowest as-produced ten-
conditions is extremely significant. In both conditions sile strength values for all the fibers evaluated
a large number of failures«80%) occurred at strength (mean strength- 3080 MPa).
levels <2000 MPa. Although as previously noted, the e Significant fiber strength degradation occurred
fracture initiation sites could not be identified, one for all heat treatments due primarily to tungsten
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SCS-6

Ultra SCS

core/SiC reaction and possibly fiber/matrix chem-
ical reaction.

e The g SiC microstructure appeared to be ther-
mally unstable upon subtransus and supertransus
heat treatment.

e This fiber should not be considered as a candidate
reinforcement in orthorhombic titanium aluminide
composites (O TMCs).

e Although offering tremendous potential in terms
of as-produced strength, the large diameter Ultra
SCS fiber should not be considered a candidate for
the reinforcement of O TMCs in its present form.
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1

e The Ultra SCS fiber exhibits excellent as-produced
room temperature tensile strength (mean strength
= 5610 MPa).

There was only a very modest effect of heat treat-
ment on the tensile strength of the Ultra SCS fiber
(96% of failures> 4000 MPa).

Almost all low strength failures were associated
surface flaws which were likely not a result of
fiber/matrix chemical reaction, but due to manu-
facturing/handling.

Single stage CVD processing in combination with
possibly a slight chemistry modification resultin a
very fine equiaxe@ SiC structure, which is most
likely responsible for the very high tensile strength
for this fiber.

The Ultra SCS fiber should be considered as an ex-9
cellent candidate for the reinforcement of O TMCs.

Large diameter Ultra SCS

e The large diameter (184m) Ultra SCS fiber ex-
hibits outstanding as-produced room temperature
tensile strength (mean strengtf6313 MPa; 100% 11
of failures> 5700 MPa).

This fiber exhibits significant reductions in tensile
strength when heat treated, particularly within the
orthorhombic matrix alloy (0.5 Probability of Sur-
vival < 1500 MPa).

The strength debits are suspected to be the result &f
an unoptimized fiber surface coating, which may be

12

too thin to protect the fiber from chemical reaction 14,

with the orthorhombic matrix alloy.
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