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. Summary

Continuous silicon carbide (SiC) reinforced titanium matrix composites
(TMCs) utilizing matrices based upon the intermetallic orthorhombic (O) phase,
Ti,AINb, have been the subject of a significant development activity over the past
several years. These O TMCs are considered enabling materials for rotating
engine components in order to meet the requisite increased thrust/weight ratios
and decreased specific fuel consumption targets for the next generation of
advanced propulsion systems being developed under the Air Force IHPTET
(Integrated High Performance Turbine Engine Technology) initiative. The O-
based class of titanium aluminides has demonstrated significant advantages as a
matrix for continuous reinforcement for use at temperatures up to 700°C
compared to their alpha-2 (o,) Ti,Al and conventional titanium matrix
predecessors. Amongst these advantages are increased elevated temperature
strength and creep resistance, improved ambient temperature fracture
resistance, and decreased reactivity with SiC reinforcing fibers. Additionally, O
TMCs have met or exceeded most generic performance requirements for hoop
wound engine hardware such as bladed rings (blings) or bladed disks (blisks).
The subject review summarizes significant findings for the numerous research

activities undertaken in the development and evaluation of this important class of
TMCs.



Il. Introduction

The Materials and Manufacturing Directorate of the Air Force Research
Laboratory has been spearheading the development of a new class of
continuously reinforced high temperature metal matrix composites based upon
the orthorhombic (O) titanium aluminide phase, Ti,AINb. The approach used for
this material system development was multi-disciplinary in nature and was
conducted through the use of external contract studies, in-house research and
cooperative programs with industry, academia and other government
laboratories.

The O phase was initially discovered by Banerjee et al. [1] who found that
it formed for high levels of Nb (16-30at%) in the Ti,Al+Nb system. The crystal
structures of the Ti,AINb and Ti,Al (a,) systems are similar, in that the Ti,AINb
structure has a common Cmcm symmetry and is only a slight distortion of the
DO, structure found in Ti;Al. The primary difference between the two structures
is that one of the titanium subsites in the DO,q structure is preferentially occupied
by Nb in Ti,AINb and randomly occupied by Nb in Ti,Al [2,3]. Despite its ternary
ordered structure and lower symmetry than a,, the O phase deforms by at least
as many slip systems and exhibits a more extensive “c” component of slip [4].
This latter characteristic results in increased levels of ambient temperature
fracture resistance, while maintaining higher levels of elevated temperature
strength and creep resistance. Studies by Rowe [5] on monolithic O alloys
yielded a ternary composition, Ti-22Al-26Nb (at%), which exhibited the best
balance of mechanical performance for all ternaries evaluated. This latter alloy
has been the subject of detailed research studies examining microstructure/
processing/ property relationships sponsored primarily under external contract by
the Navy [6]. Additional studies conducted under Air Force in-house [7] and
contractual [8] sponsorship have since identified higher order O alloy systems
incorporating Mo and Si additions that afford improved levels of elevated
temperature strength and creep resistance compared to the baseline ternary.

A number of commercially available continuous SiC fibers have been
evaluated as candidate reinforcements for orthorhombic titanium aluminide
composites (O TMCs) [9]. Amongst these is the Trimarc 1° fiber produced by
Amercom/Atlantic Research Corporation (ARC). This fiber is manufactured by
chemical vapor deposition (CVD) on a tungsten (W) core. Unfortunately, due to
deleterious chemical reactions between the W and the SiC, this fiber was found
not suitable for reinforcement of O TMCs, which undergo high temperature
exposures for consolidation and secondary component processing [10]. CVD
processed fibers manufactured by Textron including the SCS-6™ and Ultra
SCS™, are deposited on a carbon monofilament (CMF), which is stable with
respect to SiC at elevated temperatures. Therefore, these fibers have
demonstrated the best chemical stability and strength retention within an O
matrix, with the Ultra SCS™ exhibiting much higher strength [9,11]. More
recently, ARC in a joint venture with 3M have developed a SiC fiber, Trimarc 2°
[12] deposited on a CMF substrate which should exhibit good high temperature
stability and possesses tensile properties similar to the SCS-6™ fiber. All of the
aforementioned fibers have a mutilple-layer carbon-rich coating applied to their



surface to increase their handleablility and to increase their resistance to
degradation by chemical reaction within titanium matrices.

Like all TMCs utilizing continuous SiC reinforcement, O TMCs exhibit a
chemical reaction between the SiC and the O matrix during high temperature
excursions for composite consolidation and secondary processing. This
chemical reaction produces a continuous series of complex intermetallic
compounds (i.e. a reaction zone) at the interface between the SiC fiber surface
and the O matrix. The size and composition of this reaction zone depends not
only upon the thermal excursion time and temperature, but the fiber and matrix
chemistries as well. Indeed, Smith et al. [13] found that the SCS-6™ /Ti-22Al-
23Nb composite exhibited a significantly reduced reaction rate constant
compared to the SCS-6™ /Ti-24Al-11Nb system. Rhodes [14] has examined in
detail via transmission electron microscopy the reaction zone which forms for the
SCS-6™ /Ti-22AI-23Nb composite system. He found the as-consolidated zone
width to be on the order of 0.3um thick and to consist of three distinct layers of
complex titanium carbides and silicides. The effect of this reaction zone (in
combination with the fiber carbon-rich coatings) on off-axis properties such as
tensile strength and creep resistance is significant, as the interface can support
only very modest transverse loads [15,16]. Conversely, the same weak interface
allows for good crack growth resistance [17,18] due to interface debonding and
crack deflection around the fibers (i.e. crack bridging). Studies have been
conducted to examine means of increasing this off-axis load-carrying capability
by modification of the interface via fiber coatings. Most recently, Maruyama and
Gundel [19] demonstrated for conventional TMCs that increased interfacial
strengths can be obtained through the application of spatially varied interfacial
coatings to SiC fibers without the loss of crack deflection capability. In addition
to intermetallic compound formation, outward diffusion of carbon from the fiber
surface into the O matrix has been found to stabilize titanium carbides at
substantial distances from the fiber/matrix interface [20]. The effects of these
carbides on composite mechanical performance is not totally understood at this
time.

Processing techniques for the fabrication of O TMC composites have
included matrices produced by both rolled foil and powder metallurgy (P/M)-
based methods. O foil production incorporates multiple thermomechanical
processing steps including: ingot melting, forging, hot rolling, and cold rolling,
with the latter two steps requiring numerous intermediate stress relief anneals
[21]. Not surprisingly, foil processing can be very time consuming and costly,
with Ti-22Al-26Nb foil costs approaching $700/Ib [22]. However, a recent Air
Force sponsored program produced Ti-22AI-24.5Nb-1.5Mo-0.5Si sheet (0.22
mm) consistent with a cost model that predicted foil costs on the order of
~$300/Ib by incorporating several process improvement practices [23]. In
addition to the raw material costs (both matrix and fiber), costs associated with
the component fabrication (i.e. bling) can be significant. P/M processing has the
potential to be significantly more cost effective with demonstrated Ti-22AI-26Nb
powder costs on the order of $70/lb [24]. However, studies are currently in
progress to assess the effects of direct consolidation of powders to green tapes



(i.e. without significant mechanical working) on the mechanical properties of O
alloys and thus, their viability to function as matrices for O TMCs [25]. More
recently, fine wires (0.13 mm dia.) of Ti-22Al-26Nb have been produced from
consolidated powders by hot extrusion and cold drawing. These wires have
exhibited very attractive combinations of tensile strength and ductility [26].
Although raw material costs for wire are expected to be on the order of those for
foil, component processing costs are expected to be reduced due to lower
material losses and ease of fabrication.

In parallel with the aforementioned research studies involving monolithic
alloy development, fiber studies, and process development, the Propulsion
Directorate of the Air Force Research Laboratory has been conducting an
initiative to double the thrust/weight ratio of future gas turbine engines within the
first few years of the new millennium [27]. One essential element of this
Integrated High Performance Turbine Engine Technology (IHPTET) initiative is
the development of high strength, light-weight materials. Rotating components
including the compressor rotor have targeted titanium metal matrix composites
as an enabling material system to meet the associated thrust/weight and specific
fuel consumption goals established for the IHPTET program. Early phases of
IHPTET have successfully utilized SCS-6™ reinforced conventional titanium
matrices such as Ti-6Al-4V and Ti-1100 to meet intermediate thrust/weight
targets. However, full realization of the 2x thrust-to-weight increase will require
TMCs with higher temperature matrix capability and higher strength
reinforcements. As such, titanium aluminide MMCs based upon an O phase
matrix with Ultra SCS™ fibers are being evaluated for their ability to meet these
demanding performance requirements at temperatures up to 700°C. Early work
by Smith et al. [28] examined the SCS-6™ /Ti-22AI-23Nb system produced using
a foil-based matrix. This first generation O TMC system was found to have a
number of significant performance advantages compared to earlier results for the
SCS-6™ /Ti-24Al-11Nb (i.e. SiC/Ti,Al) system. These advantages included:
increased transverse tensile strength, improved transverse creep resistance, and
decreased reactivity with the SCS-6™ reinforcement. Subsequent studies by
Russ et al. [15] found that this early O TMC system met or exceeded most
generic performance requirements for a bling/blisk structure, and many of the
requirements for the more demanding impeller component. With the advent of a
higher strength Ultra SCS™ fiber, Ultra SCS™ /Ti-22AI-23Nb composites were
examined by Rosenberger et al. [29] who demonstrated improved mechanical
performance for those composite properties that were fiber-dominated. More
recently, an Air Force program [30] is conducting an extensive mechanical
property assessment of the Ultra SCS™ /Ti-22AI-26Nb system including tensile,
fatigue, fatigue crack growth and creep behavior. Finally, although all of the
aforementioned studies were conducted on composites using foil as the input
material for the “O” matrix, current studies are examining powder-based
processes (and wire) for fabricating ternary and higher order matrix systems [31].

In order for this new class of TMCs to function in a high temperature
environment (up to 700°C) for extended periods of time (1000’s of hours), matrix
oxidation and interstitial embrittlement of the O matrix needs to be addressed.



Studies by Cerchiara et al. [32] and Brindley et al. [33] suggest that this material
system will have to be protected by an environmental coating or functionally
graded layer to be considered for full life applications at temperatures > 600°C.
Preliminary efforts have been undertaken in an attempt to mitigate the oxidation
and embrittlement issue via matrix coating [34].

The following review will discuss in detail the development of this
important class of TMCs including: matrix development, fiber studies, fiber/matrix
interface research, processing studies and mechanical behavior. It will conclude
with a summary of the status of their development.



Ill. SiC Fiber Reinforcements

Microstructure and Properties
O TMCs studied to date have exclusively utilized continuous SiC fibers as

the reinforcement medium. The fibers which have been primarily investigated
include: 1) Textron's SCS-6™; 2) Textron’s Ultra SCS™; 3) Atlantic Research
Corp.’s (ARC) Trimarc 1® and more recently, 4) ARC’s Trimarc 2° fiber. Details
regarding each fiber will be presented in turn.

The SCS-6™ fiber is ~142 um in diameter and is produced via chemical
vapor deposition (CVD) in a single-stage reactor. A schematic of the fiber is
shown in Figure 1. The salient features of the fiber architecture include a 33 pm
diameter carbon monofilament (CMF) core (originally spun from a coal-pitch
based material) which is then sealed by a ~1.5 uym thick overcoat of pyrolytic
carbon. The pyrolytic coating is added to smooth the substrate surface and
enhance the electrical conductivity of the fiber. The CMF and pyrolytic coating
are in chemical equilibrium with the SiC such that there is no observable reaction
between the two. Das [35] has determined by TEM selected area diffraction
(SAD) that the SiC deposit has the p structure. This B SiC grows radially
outward in a columnar fashion during the CVD processing and forms two distinct
zones. The first zone which extends approximately 15 um is relatively fine-
grained (10-60 nm) and from a compositional standpoint is slightly carbon-rich
[36]. Although not depicted in the schematic, Ning [37] has determined that the
inner zone actually consists of three subzones with thicknesses starting at the
pyrolytic coating of 6 um, 4.5um and 4.5 ym, respectively. The second zone is
approximately 35 um wide and exhibits a coarser grain structure (70-140 nm)
and is essentially stoichiometric in composition (Figure 2). The change in grain
size is due to the change in chemistry of the SiC deposit. Casey et al. [36] had
used Auger spectroscopy to determine that the inner layer of SiC is non-
stoichiometric and is carbon-rich (565-60% C and 40-45% Si), while the outer
region is essentially stoichiometric SiC. The interface where the grain size and
chemistry changes occur, forms what is referred to as the fiber mid-radius. The
B SiC in both zones is close-packed (face centered cubic) with {111} planes
oriented radially. These subgrains have a large aspect ratio, with their length
oriented in the radial direction. The external surface of the SCS-6™ fiber is
coated with three carbonaceous layers which total ~3 uym in thickness. This
triplex coating system serves two primary purposes: 1) to blunt intrinsic surface
flaws resulting from the CVD of the SiC; and 2) to reduce susceptibility to
strength degradation due to chemical reaction with titanium matrices. The first
layer of the coating system (adjacent to the SiC) is amorphous carbon, ~0.5 pm
thick, and acts to “seal” the end of the columnar B SiC grains. The next two
layers (i.e. double pass) are carbon-rich and are doped with B SiC crystallites.
The approximate thicknesses of these inner and outer carbon layers are 1.0 ym
and 1.5 pm, respectively. Casey et al. [36] determined that the inner layer was
somewhat more C-rich (90 at% C, 10 at% Si) than the outer coating (80 at% C,
20 at% Si).
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Figure 1. Schematic Showing the Architecture of the SCS-6 Fiber
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The SCS-6™ fiber had essentially been established as the industry
standard over the past 15+ years due to its relatively high strength and strength
retention at elevated temperatures within TMCs. Figure 3 contains data from
Smith et al. [9] showing tensile strength (UTS) versus probability of survival
(POS) for SCS-6™, in both the as-received condition, and after heat treatment
(virgin fiber and extracted from a Ti-22AI-23Nb matrix). The heat treatment
conditions used in the study were:

1085°C/2hr cool @ 2.8°C/m to 815°C/8hr/FC (sub-matrix  transus)
1160°C/2hr cool @ 2.8°C/m to 815°C/8hr/FC (super-matrix  transus)



It can be noticed that the UTS at a 0.5 POS is on the order of 4400 MPa, with
93% of the fibers failing at strengths of > 3000 MPa. Furthermore, sub-solvus
and super-solvus thermal exposures had little effect of fiber UTS retention.
These results are consistent with those reported by Gambone [11] wherein SCS-
6™ fibers extracted from a Ti-22Al-23Nb matrix after 225 hours at 1000°C
exhibited no strength reduction. Textron is currently selling the SCS-6™ fiber at
$2500/Ib, and expects the price to drop to around $1000/Ib by the end of CY
2000 [38].
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Figure 3. POS versus UTS Data for SCS-6 Fiber

The Ultra SCS™ fiber is ~140 um in diameter and was produced by
Textron as an alternative to the SCS-6™ fiber for those applications requiring
higher strengths. The fiber is produced via CVD in a single stage reactor. The
architecture of Ultra SCS™ is in many ways similar to SCS-6™. In Figure 4 it can
be seen that, like the SCS-6™ fiber, Ultra SCS™ is deposited on a 33 um CMF,
which is overcoated with a 1.5 um thick pyrolytic carbon layer. The
microstructure of the SiC is equiaxed and much finer in scale than SCS-6™



(Figure 5). Furthermore, since the fiber is produced in a single stage reactor, the
growth process is continuous with the fine grain size transcending the entire fiber
radius (i.e. from the pyrolytic coating on the CMF to the external surface coating).
As such, there is no mid-radius observable for this fiber. Like the SCS-6™ fiber,
the Ultra SCS™ utilizes a multi-layer coating system designed for improved
handling characteristics and strength retention in titanium matrices. The coating
system applied to the Ultra SCS™ is not only slightly thicker than the SCS-6™
fiber (~3.3 pm versus 3.0 ym), but there may be some chemistry and structural
differences as well. However, these details have not yet been made available.
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Figure 4. Schematic Showing Architecture of Ultra SCS™ Fiber
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Figure 5. Fine-Grained Microstructure of SiC Portion of Ultra SCS™ Fiber

As was previously mentioned, the primary benefit of the Ultra SCS™ fiber
compared to the SCS-6™ fiber is that of increased as-produced strength. Figure



6 shows the UTS versus POS data for the Ultra SCS™ fiber in the as-received
and thermally exposed (virgin fiber and extracted from a Ti-22AI-23Nb matrix)
conditions [9]. It can be noticed that the 0.5 POS as-produced strength is on the
order of 5700 MPa. (Gambone found even higher as-produced 0.5 POS values
(~6200 MPa) for a different batch of Ultra SCS™ fiber [39]). This strength is
considerably higher than was previously measured for the SCS-6™ fiber (i.e.
4400 MPa). There appears to be a very modest effect of heat treatment on
strength retention, with > 80% of the failures occurring at 4800 MPa, and > 96%
at 4000 MPa. The increase in fiber strength is thought to be due to the very fine
grain size present in the Ultra SCS™ system. In addition, it is possible that
modifications to the external fiber coating system could also have contributed to
this strength increase.
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Figure 6. POS versus UTS Data for Ultra SCS™ Fiber

Textron has also made a very modest quantity (< 500 g) of an
experimental large diameter (184 um) Ultra SCS fiber. A schematic of the LD
Ultra SCS fiber is shown in Figure 7, where it can be seen that the SiC is CVD
deposited in a single stage reactor on a 42 ym CMF. In addition, the B SiC
microstructure has a very fine grain structure (Figure 8) similar to that previously
discussed for the Ultra SCS™ fiber which provided for the high strengths
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observed for that monofilament. The external coating is multi-layered and is
~2.4 ym in total thickness. Among the potential benefits of this larger diameter
fiber are: 1) increased foil thicknesses can be used for the same fiber volume
loading with the potential to decrease foil processing costs, and hence,
composite costs; 2) increased inter-fiber spacings can be obtained for the same
fiber volume loading, which may enable higher off-axis properties (strength and
creep) to be realized; and 3) since the CMF does not carry any substantial load,
higher volume fractions of the SiC portion of the fiber may lead to improved
tensile strengths.
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Figure 7. Schematic Showing Architecture of Large Diameter Ultra SCS Fiber

Figure 8. Microstructure of Large Diameter Ultra SCS Fiber
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UTS versus POS data for the large diameter Ultra SCS fiber in the as-
received condition and after thermal exposure (virgin fiber and extracted from Ti-
22AI-23Nb matrix) is shown in Figure 9. The as-received fiber strengths (0.5
POS = 6300 MPa) are the highest of any of the SiC fibers discussed. This
strength increase is thought to be the result of the fine SiC microstructure and
the relatively higher volume fractions of the SiC portion of the fiber. Thermally
exposed virgin fiber seems to show a modest, but finite decrease in strength,
13% after 1085°C exposure and 20% after 1160°C exposure. The B SiC grain
structure appeared stable and no reaction between the CMF and SiC was

observed or would be expected. Therefore, the cause of this strength reduction

was not conclusively identified. Further strength debits to very low UTS values,

80% < 2000 MPa, were found for the thermally exposed and extracted fibers.

This debit appeared to be associated with the non-optimized external coating

thickness. Due to insufficient markets, the large diameter fiber is not being

commercially produced at the present time, but should needs arise; Textron is

willing to continue the development and production of this promising fiber [38].
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Figure 9. POS versus UTS Data for Large Diameter Ultra SCS

The Trimarc® 1 fiber is a first generation continuous SiC filament

developed by Amercom, Inc., (formerly a subsidiary of Atlantic Research Corp) in
a multi-stage “flexible” reactor via CVD.

The fiber structure is shown
schematically in Figure 10. The salient features of the ~127 um diameter
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Trimarc® 1 fiber include its deposition upon a 12.5 um tungsten core. The p SiC
deposit grows radially outward in a columnar fashion (Figure 11), and is
protected at the surface by a triplex coating system. The cubic B SiC {111}
close-packed planes orient normal to the radial direction. The external fiber
coating is applied in-line and consists of three alternating layers of “hard” and
“soft” carbon, with individual layers ranging in thickness between 0.5 ym and 2.0
um. The degree of hardness associated with the individual layers is dictated by
the level and size of the dopant SiC particles. Details regarding the development
and production of the Trimarc® 1 fiber can be found elsewhere [40].

Triplex Carbon Coating

< 127 pm P'

Figure 11. Columnar Growth of B SiC Portion of Trimarc®1 Fiber
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Unlike the SCS-6™ and Ultra SCS™ fibers which use a CMF that is
chemically compatible with the SiC deposit, the Trimarc® 1 fiber tungsten
substrate reacts with the SiC to form a layer of tungsten carbide, on the order of
0.38 um thick in the as-deposited condition [9]. The outer portion of this
chemical reaction layer contains Kirkendall porosity formed as the result of
higher diffusivity rates of carbon relative to tungsten (Figure 12). Gambone and
Gundel [10] previously demonstrated that this porosity could act as a stress
concentration site and result in degradation of the fiber tensile strength.

g

Figure 12. Kirkendall Pc&rosxt in W/SiC Reaction Zone of Trimarc®1 Fiber

Ambient temperature UTS versus POS data for the Trimarc® 1 fiber in the
as-received and thermally exposed (virgin fiber and extracted from a Ti-22Al-
23Nb matrix) conditions is shown in Figure 13. The 0.5 POS as-received
strength is on the order of 3050 MPa, which is significantly lower than previously
noted values for the SCS-6™ (4400 MPa) and Ultra SCS™ (5700 MPa) fibers. In
addition, thermal exposure of the fiber at 1085°C and 1160°C (i.e. sub- p solvus
and super- 3 solvus heat treatment temperatures for the Ti-22AI-23Nb matrix)
resulted in 0.5 POS strength losses to 2700 MPa and 2150 MPa, respectively.
Furthermore, similar thermal exposures within a Ti-22AI-23Nb matrix resulted in
extracted 0.5 POS strength levels of 2200 MPa and 1650 MPa, for the 1085°C
and 1160°C solutionizing temperatures, respectively. These reductions in UTS
were due to continued reaction between the SiC and W-core and the associated
porosity, with most of the failures occurring at, or near, the core region of the
fiber [9]. Gambone and Gundel [10] concluded the W/SIiC reaction was parabolic
with time, which is consistent with a diffusion-controlled reaction. Furthermore,
they concluded there was a range of exposure times and temperatures below
which the Trimarc®1 fiber would not experience strength degradation. These
values were 1100°C/2hr for composite consolidation, and 750°C for composite
use temperature. They also noted that the modulus of W-core/SiC fibers (410-
430 GPa) is generally greater than for C-core/SiC fibers (370-400 GPa), which
may provide an advantage in stiffness critical applications.
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Figure 13. POS versus UTS Data for Trimarc®1 Fiber

More recently ARC in a joint venture with the 3M Corporation has
developed a second generation continuous SiC fiber referred to as Trimarc® 2.
Although little information was available at the time of this writing regarding the
microstructure of the SiC portion of the fiber, as well as the external coating
system, the primary difference between it and the first generation Trimarc® 1
fiber is that the second generation fiber is CVD deposited upon a 33 pm
diameter carbon monofilament (CMF) which is coated with a 1-2 ym amorphous

carbon layer. This ~140 uym diameter fiber is currently being manufactured by
ARC at their newly acquired facility in Middleway, W. Va. UTS mean values for
this fiber have been reported of between 4020-4450 MPa [42]. In addition, with
the deposition on a carbon monofilament core, strength reductions observed in
the W-core Trimarc® 1 fiber due to core/SiC reactions, should not occur in this
second generation fiber.

ARC indicated the price of both the Trimarc® 1 and
Trimarc®2 fibers [41] are similar to that of the Textron SCS-6™ fiber.
Fiber/Matrix Reactions
The aforementioned fibers react with all titanium matrices, including
orthorhombic-based titanium aluminides. However, due to the higher levels of
refractory additions (i.e. Nb) present in O-based matrices, chemical reaction
rates are considerably slower in O TMCs than for their predecessors based upon
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the Ti;Al phase [13], as can be seen in Figure 14. Rhodes [14] has performed
the most extensive study of the fiber/matrix interface reaction in a
SiC/orthorhombic composite. The system he studied via transmission electron
microscopy incorporating electron diffraction and x-ray energy dispersive
analysis was SCS-6™/Ti-22Al-23Nb.  The as-consolidated reaction zone
consisted of at least three distinct layers with a total thickness of 0.3 um (shown
later in Figure 43). The zone adjacent to the fiber consisted of very fine
equiaxed grains (~20-50 nm) containing titanium carbides (TiC,,) and titanium
silicides (TisSi;). The intermediate layer also was made up of equiaxed grains
larger in size (~150 nm) which were identified as a complex titanium carbide
containing Al and Nb (Ti,Nb,Si)C,,. The outer layer consisted of slightly
elongated grains about 100nm wide, which were identified as complex titanium
silicides containing Nb and Al: (Ti,Nb,Al)s(Si,Al);. More details regarding the
formation of these reaction compounds and the controlling mechanisms for the
rate of their growth is discussed by Rhodes [14].
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Figure 14. Reaction Zone Growth versus Time at 982°C for Ti-24Al-11Nb and Ti-
22Al-23Nb

Since the outer coatings of all the SiC fibers discussed are similar in
chemistry, one might expect similar types of reaction products to form for each in
an “O”-based matrix. Smith et al. [9] has examined the formation of fiber/matrix
interface reaction products for Trimarc® 1, SCS-6™, Ultra SCS™ and large
diameter Ultra SCS in a Ti-22AI-23Nb matrix. The Trimarc® 1 reinforced
composite had seen a 1025°C/3hr exposure cycle during its consolidation, while
the remaining fiber composites had been consolidated at 1100°C/3hr. The as-
consolidated composites were subjected to post-consolidation solutionizing
treatments of 1085°C/2hr (sub- B solvus) and 1160°C (super- B solvus), each of
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which was followed by a direct aging treatment of 815°C/8hr. These heat
treatments had been examined for potentially improving matrix-dominated
mechanical performance in a parallel study [42]. Table | contains the fiber/matrix
reaction zone and remaining external fiber coating thickness data for each fiber
type in the as-consolidated and heat treated conditions. As would be expected,
the lower consolidation temperature used for the Trimarc® 1 fiber composite
resulted in the narrowest as-consolidated fiber/matrix reaction zone.
Furthermore, it remained the thinnest with thermal exposure. One important
observation is that the initial coating thickness for the LD Ultra SCS fiber (2.41
um) was significantly smaliler than any of the other fibers studied (= 2.88 uym). As
was previously noted the LD Ultra SCS fiber experienced a significant debit in
tensile strength with heat treatment and extraction from the Ti-22AI-23Nb matrix.
This debit is most likely the result of the non-optimized thickness (and perhaps,
chemistry) of the external carbon coating for this fiber. An example of the as-
consolidated fiber/matrix reaction zones for each fiber reinforcement in Ti-22Al-
23Nb is shown in Figure 15.

Table 1: Fiber/Matrix Reaction Zone Size for SiC Fibers in Ti-22AI-23Nb

Condition Trimarc® 1 scs-6™ Ultra SCS™ | LD Ultra SCS
(pm) (Hm) (um) (Hm)
As-Consol'd
Rxn Zone 0.51 0.93 0.65 0.72
Coating 2.88 2.90 3.30 2.41
1085°C
Rxn Zone 1.15 2.02 2.30 2.17
Coating 2.98 2.68 2.93 2.31
1160°C
Rxn Zone 1.98 2.48 2.78 2.69
Coating 2.35 2.02 2.75 1.93

Figure 15. As-Consolidated Fiber/Matrix Reaction Zones for Trimarc®1, SCS-6™
and Ultra SCS™ Fibers in Ti-22AI-23Nb
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IV. Matrix Development

Early Work
The development of orthorhombic titanium aluminide alloys for use as a

matrix in a continuous fiber reinforced composite has followed from composite
requirements. That is, alloys have been developed specifically for composite
use, which is unique from earlier composite research in which alloys developed
for monolithic applications were used in composites. The orthorhombic alloys
now designed for use as composite matrices evolved from considerable research
on basic ternary, Ti-Al-Nb, alloys.

As previously noted, the orthorhombic phase, Ti,AINb, was first detected
in an ‘alpha-two’ alloy (TizAl + Nb) by Banerjee and co-workers in 1988 [1]. It
was then Rowe and co-workers who followed up Banerjee’s work with studies of
alloys based on the orthorhombic phase [43,44]. Mechanical property testing
quickly showed that a single-phase orthorhombic alloy lacked room-temperature
ductility and toughness, but that two-phase structures, B2 + O, were much more
promising [44]. For instance, Ti-22AI-27Nb (all compositions by at. pct.) had
room temperature fracture toughness values around 24 MPaVm while those with
higher Nb or higher Al showed values that were considerably lower [44]. Even
more encouraging were the tensile yield strengths for which Ti-22AI-27Nb was
far superior to existing o, alloys, Ti-24Al-11Nb, Ti-25AI-10Nb-3V-1Mo, and Ti-
24AIl-17Nb-1Mo, even on a density corrected basis, Figure 16.

-o~-Ti-22Al1-27Nb
3.0 —o—Ti-24.5Al-25Nb

: ) —{-Ti-25Al-10Nb-3V-1Mo
--Ti-24Al-11Nb
—o—Ti-24Al-17Nb-1Mo

2.0+

1.04

YS/Density, 10° m?/sec?

0.0 T T T T T T Y T
0 200 400 600 800

Temperature, °C
Figure 16. Density corrected tensile yield strengths (m?/sec?) as a function of

test temperature for selected titanium aluminide alloys (from R.G. Rowe, Ref.
44).

18



Phase Equilibria

Phase diagram studies were carried out by several workers [45,46,47] in
parallel with alloy development efforts. Kester-Weykamp et al. [48] summarized
the results for a 900°C isotherm, Figure 17. The salient features in the area of
interest are the existence of ay+B2, a,+O+B2, and O-phase fields. Das et al.
showed that only the bcc phase exists at 1200°C over the composition range of
interest [45]. However, there are scant additional isotherm data. Banerjee and
co-workers [49] constructed a psuedo-binary phase diagram (isopleth) for Ti-
27.5Al-Nb, Figure 18, and Miracle et al. [50] published an isopleth for Ti-22Al,
Figure 19. Although the phase boundaries will shift to the left for lower aluminum
or oxygen levels and to the right for higher aluminum or oxygen, the diagrams in
Figures 18 and 19 show that the a, + B2 and a, + B2 + O phase fields are much
broader for an alloy such as Ti-22AI-23Nb than for an alloy such as Ti-22Al-
27Nb. Consequently, the volume fraction of as is typically higher in Ti-22AI-23Nb
than in Ti-22AI-27Nb.

The ordered bcc phase, designated B2, extends over a broad temperature
and composition range and varies by alloy composition range. For instance,
Kester-Weykamp et al. [48] demonstrated that Ti-24Al with 11 or 20 Nb is
disordered at 1200°C (single-phase bcc field), but that Ti-24AI-30Nb is ordered at
that temperature. Consistent with this observation, Muraleedham et al. [46]
reported the order/disorder temperature for the bcc phase in Ti-24Al-15 Nb to be
1130°C. Rhodes has recently shown that the order/disorder temperature in Ti-
21AI-26Nb is ~1070°C and that the order/disorder temperature tends to be ~20°C

above the B/(B+a,) transus temperature [51].

Figure 17. Proposed Ti-Al-Nb phase diagram at 900°C (from Kester-Weykamp
et al., Reference 48)
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Figure 18. Ti-27.5Al vertical section. (From Banerjee et al., Ref. 49)
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Additional Studies
The encouraging results published by Rowe led others to explore the B2 +

O ailoys by examining alternate compositions [5]. From these studies, Ti-22Al-
23Nb, with its lower density, emerged as equally promising as Ti-22AI-27Nb. For
instance, a nominal Ti-22Al-23Nb (actually Ti-21AI-22Nb) alloy exhibited density-
corrected tensile strengths superior to Ti-24Al-11Nb for ail temperatures tested
(up to 760°C), Figure 20. These encouraging early results spawned numerous
studies of alloy development, processing, and composite fabrication.
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Figure 20. Density corrected tensile strengths for Ti-21AI-22Nb and Ti-24Al-
11Nb (from Smith et al., Reference 13)

Applications of Composites and Property Requirements of Matrices

The use of Ti matrix composites (TMCs) is being evaluated for a variety of
turbine component applications, including exhaust nozzle actuation links, frame
struts, mounting links, fan blades, guide vanes, bladed rings (blings), bladed
disks (blisks), impellers, shafts, and ducts. For many of these applications,
operating temperatures do not exceed 540°C (1000°F), however, among those
that do exceed 540°C are compressor rotors [8], as designed for demonstration
within the Integrated High Performance Turbine Engine Technology (IHPTET)
program.
Compressor rotating components, such as blisks/blings, impellers and
remote rings, will need to operate at temperatures up to 760°C (1400°F) in an
oxidizing atmosphere and will undergo high circumferential and moderate radial
loading. Generic TMC property requirements for application of blisk/bling and
impeller components have been calculated (using finite element analyses), from
which matrix and matrix/reinforcement interface property requirements have
been derived, Table 2 [8]. The matrix requirements were based on the
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assumptions of 450 ksi (3103 MPa) fiber strength, a 35% volume fiber loading in
the composite, and rule-of-mixtures properties in the composite.

Amato and Pank [52] have shown that approximately 2.5% room
temperature ductility is required for the matrix to effectively load the SiC fiber and

to overcome matrix/fiber CTE mismatch,

composite tensile strength.

thus obtaining

rule-of-mixtures

Table 2: Matrix Property Requirements for Blisk/Bling and Impeller Applications

(From Ref. 8)

Property Blisk/Bling Impeller
Tensile Strength, 760 MPa / 650°C >82?>“1";§|£S?95°C
longitudinal (hoop) (110 ksi/ 1200°F) 1300°F)
Tensile Strength, 242 MPa / 705°C T ket
transverse (radial) (33 ksi / 1300°F) 1300°F)

Creep,
longitudinal

290 MPa / 650°C
(42 ksi / 1200°F)
10 hrs t0 0.24% ¢

290 MPa / 510°C
(42 ksi / 950°F)
900 hrs t0 0.24% ¢

240 MPa / 620°C
(35 ksi / 1150°F)
600 hrs t0 0.5% ¢

Creep, transverse

110 MPa / 705°C
(16 ksi / 1300°F)

110 MPa / 565°C
(16 ksi / 1050°F)

345 MPa / 620°C
(50 ksi / 1150°F)

10 hrs t0 0.24% ¢ | 900 hrs t0 0.24% ¢ | 600 hrs to 0.5% ¢

s55° oo

Low cycle fatigue ’ 15,000 cycles
415 1o 860 MPa 0.5% strain range

(60 to 95 ksi) 070 9

Ambient to 705°

Ambient to 815°C (Ambient to
h
Thermal Cycle (Ambient to 1500°F) 1300°F)
15,000 cycles

First Generation Alloys
Extensive studies on the ternary alloys that showed the most promise, Ti-

22A1-23Nb and Ti-22Al-26Nb, have been reported. There have been phase
equilibria, microstructure  processing, microstructure/ properties, and
environmental studies. This section will review the highlights of those research

efforts.

Phase Equilibria Studies
A 900°C isotherm and a Ti-22Al isopleth were presented in Figures 17 and
19. Additional isotherms [8] are presented in Figures 21-24 for 1038°C (1900°F),
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815°C (1500°F), 760°C (1400°F), and 650°C (1200°F). These diagrams are
consistent with the isopleth shown in Figure 19. They indicate that, in the
temperature range of 815°C - 650°C, the equilibrium phases in both Ti-22Al-
23Nb and Ti-22AI-27Nb are O + bcc. Furthermore, it is evident that the
equilibrium composition of the bcc phase is low in Al (<12%) and high in Nb
(>30%). This is significant because Kestner-Weykamp et al. [48], and, more
recently, Rhodes [8], have shown that the bcc phase will be disordered at this
composition.  Thus, whenever these alloys are processed at elevated
temperature in the B2 or B2 + a, phase fields, the resultant microstructure will
contain ordered bcc (B2) but that bcc phase will disorder on exposures at 815°C
and below.
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Figure 21. Portion of the Ti-Al-Nb ternary system at 1038°C (1900°F). (From
Ref. 8)

Figure 22. Portion of the Ti-Al-Nb ternary system at 815°C (1500°F). The three-
phase field is speculation. (From Ref. 8)
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Figure 23. Portion of the Ti-Al-Nb ternary system at 760°C (1400°F). The three-
phase field is speculation. (From Ref. 8)
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Figure 24. Portion of the Ti-Al-Nb ternary system at 650°C (1200°F). The three-

phase field is speculation. (From Ref. 8)

Examination of the Ti-22Al isopleth, Figure 19, provides insight as to the
development of microstructure during processing and subsequent heat
treatments. For instance, for Ti-22AI-27Nb, the a,+B2 phase field is quite narrow,
making it difficult (i.e., to heat into and remain in the field during processing) to
produce a large volume fraction of primary a; during hot working. On the other
hand, for an alloy like Ti-22AI-23Nb, the a,+B2 phase field is considerably
broader, making it much easier to develop a larger volume fraction of primary os.
(Remember that the lever law does not apply to the isopleth, so volume fractions
and compositions of the phases cannot be gleaned from the diagram. Also,
remember that the phase boundaries in the isopleth are all dashed, indicating
that their exact position is yet to be determined.)
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Continuing to follow the isopleth of Figure 19, we see that cooling from the
processing temperature puts the alloy through the three-phase field, a,+B2+0O,
and then, for an alloy like Ti-22Al-27Nb, quickly into the B2+O field. However, an
alloy like Ti-22Al-23Nb, as it is cooled, will remain in the three-phase field to a
much lower temperature, meaning that any primary a, formed at the higher
temperature will persist to a much lower temperature. Of course, we know from
the isotherms that Ti-22AI-23Nb will be in the two-phase field, B2+0, by the time
it reaches 815°C , Figure 22.

Although the equilibrium phases are known, it will be kinetics that
determines the actual microstructures in an alloy following any treatment.
Typically, these orthorhombic alloys are processed (forged or hot rolled) in the
two-phase, a,+B2, field to promote dynamic recrystallization without significant
grain growth. After air cooling, the resultant microstructure consists of primary o
particles in a retained B2 matrix if the product is thin enough to cool fairly rapidly,
Figure 25.

Figure 25. Ti-22AI-23Nb processed at 1025°C and rapidly cooled. Microstructure
consists of retained B2 phase.

If the cooling rate is slower, however, such as in a larger forging, the B2 matrix
will decompose into O-phase needles or platelets plus an enriched bcc phase.
Unfortunately, the easiest nucleation sites are grain boundaries, resulting in
large O-phase plates at these boundaries, Figure 26. These plates tend to act as
crack nucleation and propagation sites when the material is subsequently
stressed and are, therefore, undesirable features in the microstructure. Woodfield
et al. [6] developed continuous cooling/transformation curves for Ti-22AI-26NDb,
from which was extracted a processing procedure that includes a controlled cool
at 50°C/hr from the processing temperature to 815°C (just inside the B2+O
phase field) and a hold (for 4 hours) at 815°C to generate a more uniform
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nucleation of the O-phase, Figure 27. It is now typically used as the cooling path
during composite consolidation.

Figure 27. Ti-22AI-23Nb processed at 1025°C cooled at 50°C/hr to 815°C, heid 4
hrs and a.c. Microstructure consists of transformed B2 matrix.

Transformation Mechanisms
The transformation mechanisms in these orthorhombic alloys containing
ordered phases tend to be complex. For instance, when a metastable B2 phase
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(i.e., B2 phase retained from high temperature via rapid cooling) is held for a
period of time in the O+B2 phase field, it will decompose to the equilibrium O and
bcc phases through a somewhat devious transformation path. The
microstructure starts out as single-phase B2 and ends up as B2 (or B)
precipitates in a continuous O-phase matrix, Figure 28. The transformation
sequence has been described by Bendersky et al. as 1) complete transformation
of B2 to faulted O-phase, 2) recrystallization of faulted orthorhombic phase, and
3) precipitation of B2 platelets or discs [3]. The first step, transformation from B2
to O, takes place very quickly; Bendersky et al. [3] observed the completion after
only 15 minutes at 700°C. The second step, recrystallization of the O-phase,
requires more time, on the order of 100-200 hours at 700°C, after which the
precipitation of B2 phase follows rather quickly.

R S S A s e

= S

Figure 28. Ti-20AI-25Nb illustrating B2 — O+B2 transformation. (a) quenched
from 1038°C, 100% B2; (b) as in (a) plus aged for 1000 hours at 815°C, O + B2
phases.

Another of the complex phase transformations is that of primary a,-phase
— O-phase. When these alloys are hot worked in the B2 + «; phase field, large
equiaxed primary a, particles are formed within the B2 matrix. Subsequent
thermal exposures at lower temperatures typically do not alter the appearance of
these particles, Figure 29. However, Banerjee et al. [1] suggested that the a; —
O or a; —» O+a, transformation may take place in-situ as a phase separation
reaction in these large particles. Using transmission electron microscopy,
Rhodes has recently shown that this is indeed the mechanism for the
transformation [53], as illustrated in Figures 30 and 31. A transformation reaction
has clearly taken place during the exposure at 704°C, Figure 30, and tilting to a
basal zone reveals the structure of the transformation, Figure 31. The
overlapping basal zones in the electron diffraction patterns demonstrate that both

27



ap and O phases co-exist within the former a particie, similar to that observed at
the surfaces of a, particles in Ti-25Al-12.5Nb by Banerjee and co-workers [1].
The retention of some a, phase after 2000 hours at 704°C indicates that Ti-22Al-
23Nb is in the three-phase field, B2 + O +ap, at this temperature, which is
consistent with the isopleth shown in Figure 19.

Figure 29. Ti-22A-23Nb after hot working in B2 + ap phase field. {ajas hot
worked showing primary s particles in transformed matrix, (b) after 2000 hours
at 704°C showing apparent retention of primary a» particies.

(2)
Figure 30. Primary a; particles in Ti-22A-23Nb (a) hot worked plus slow cool,
showing untransformed structure; (b) after 2000 hours at 704°C, showing in-situ
transformation from o to a + O.
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Figure 31. Electron diffraction from primary o, particle in Ti-22AI-23Nb. Pattern
is analyzed as overlapping [0001] a2 and [001] O.

Cellular Coarsening

There are many observations of discontinuous coarsening during low-
temperature aging of orthorhombic alloys [8, 53, 54 55]. This phenomenon
occurs in long-time aged material. However, it appears to be limited to a
microstructure consisting of extremely fine O+bcc transformation product. For
instance, when an alloy is quenched from the B2 or a, + B2 phase field, retaining
the B2, and then aged in the temperature range of 815°C to 650°C, the resulting
transformation product is extremely fine. Continued aging will eventually result in
the formation of cellular coarsening nucleating at grain boundaries or inter-phase
boundaries, Figure 32a. However, when the material is slowly cooled from the
solution temperature, a much coarser transformation product is formed which
resists subsequent cellular coarsening, Figure 32b.
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Figure 32. The effect of transformation product size on discontinuous coarsening
in Ti-22AI-23Nb aged at 650°C. (a) Quenched from solution temperature and
aged 100 hrs. (b) Slowly cooled from solution temperature and aged 100 hrs.

It is generally accepted that the driving force for discontinuous coarsening
is a reduction in the chemical free energy of the system [56]. However, Yamabe
et al. [56] has shown that the finer the primary precipitate structure, the more
extended the discontinuous coarsening, suggesting a strong contribution of the
interfacial free energy to the driving force of reaction. The observations made on
orthorhombic titanium aluminide alloys also suggest that the O/B2 interface
makes a large contribution to the driving force. This mechanism has also been
put forth by Yi and Park [57] in their studies of discontinuous precipitation
growing into a matrix that already contains continuous precipitate structure.

So, irrespective of the precise driving force, chemical or interfacial free
energy, or both — the condition for discontinuous coarsening lies in the size of the
O+bcc transformation product. A rule-of-thumb, then, is that in the case of a slow
cool from the solution temperature, no discontinuous coarsening would be
expected, whereas when there is a more rapid cool, discontinuous coarsening
should occur after long-time aging. Thus, discontinuous coarsening should not
be an issue in an orthorhombic matrix composite in which cooling is always slow
following thermal exposures.

Oxygen Effects on Phase Equilibria
Being an alpha-phase stabilizer in titanium alloys, oxygen will have an
effect on the phase boundaries in the orthorhombic alloys. For instance, Rhodes
et al. [58] have shown the influence of oxygen on the B2 <> B2 + a, transus
temperatures of Ti-22AI-23Nb and Ti-22AI-27Nb, Figure 33. Clearly there is a
strong influence of oxygen on the transus temperature, especially for Ti-22Al-
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23Nb, where one might expect ~7°C increase in the transus temperature for
each increase of ~100 wppm (350 appm) oxygen.
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Figure 33. Influence of oxygen on the B2 <> B2 + ay transus temperatures in
Ti-22A1-23Nb and Ti-22AI-27Nb. [Ref. 58]

Heat treatments at 800°C and 900°C for 300-500 hours resulted in three
phases, B2 + o, + O, in those Ti-22AI-23Nb materials containing =220 wppm
oxygen, whereas no o, was detected in this alloy with 220 wppm oxygen [58],
Figure 33. However, no a, was present in Ti-22AI-27Nb containing up to 1120
wppm oxygen when given the same heat treatments; only B2 and O phases were
present [58], Figure 35. The observations for Ti-22AI-27Nb and the higher
oxygen containing Ti-22AI-23Nb are consistent with the Ti-22AI-Nb isopleth in
Figure 19. That is, at 800°C and 900°C, Ti-22AI-27Nb falls within the two-phase,
B2 + O, field; and varying the oxygen between 260 and 1120 wppm has not
moved the (B2+0)«<>(B2 + o, + O) phase boundary to the right of 27% Nb at
either 800°C or 900°C. On the other hand, reducing the oxygen level of Ti-22Al-
23Nb to 220 wppm has shifted the (B2+O)«>(B2 + a, + O) phase boundary
significantly to the left, such that this alloy now lies within the two phase, B2+0,
field at 900°C. Conversely, for oxygen levels >900 wppm, the Ti-22AI-23Nb alloy
falls in the three phase, B2 + o, + O, field at 900°C, as described by the isopleth
in Figure 19.
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Figure 34. Ti-22AI-23Nb, beta solutionized and aged 500 hours at 900°C. (a)
O+B2 in alloy containing 220 wppm oxygen; (b) , B2 + a, + O in alloy containing
980 wppm oxygen. [Ref. 58]

Figure 35. Ti-22Al- 27Nb beta solutlonlzed and aged 500 hours at 900°C 0+B2
in alloy containing 1120 wppm oxygen. [Ref. 58]

Processing-related Microstructures

The use of orthorhombic titanium aluminide alloys as matrices in a fiber
reinforced composite requires the production of foil ~0.13mm (5 mils) thick. Sheet
and foil rolling techniques are thus significant in the processing. Hot rolling to
some minimum thickness is followed by cold rolling to thin sheet and finished by
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cold rolling to foil. The microstructure is basically determined by the hot-rolling
parameters, although intermediate heat treatments in the cold-rolling stage can
modify that structure.

Depending on the alloy composition and the finish temperature of the hot
rolling procedure, a two-phase or a three-phase microstructure can develop.
Typically, hot-rolled sheet is rapidly cooled (the thin gauge is sensitive to roller
quenching and air cooling) and so the microstructure tends to be representative
of that developed at the rolling temperature. For example, a finish temperature in
the B2 + o, phase field will result in primary ay particles in a single-phase B2
matrix, as was shown in Figures 25 and 29. When the sheet is finished at a lower
temperature, in the B2 + a, + O phase field, the primary second phase may be
either a, or O phase, depending upon the starting temperature of rolling. In either
case, the matrix will be a fine mixture of B2 + O phases, as was shown in Figure
26.

Semiatin and Smith [59] have shown that the B2 phase does not
recrystallize during hot working of Ti-22AI-23Nb in the temperature range of
1100°C (reheat temperature) to 950°C (calculated finish temperature). In their
pack-rolling studies, they concluded that the rapid precipitation of either a, or O
phase at B2 grain boundaries inhibited recrystallization [59]. It has been
subsequently shown that post-rolling anneals can produce a recrystallized B2
matrix [23,60]. ‘

Microstructure/Property Effects

The microstructures developed during hot and cold rolling in the
production of foil will not necessarily be the microstructures in the composite.
That is, composite consolidation will alter the microstructure of the foil as it is
integrated into the fiber-reinforced composite. Thus, mechanical properties of
the foil prior to consolidation will be salient only to the extent that they influence
consolidation parameters.

Tensile and creep properties have been reported for many ternary, Ti-Al-
Nb, alloy compositions [1,5,42,54,61-63], but we will concentrate on Ti-22Al-
23Nb and Ti-22Al-26 (or 27) Nb in this section.

Tensile Properties

Like conventional titanium alloys, mechanical properties of the
orthorhombic alloys are sensitive to microstructure and to oxygen levels. When
processed in the a, + B2 phase field, equiaxed primary o, particles develop
within the microstructure, while the cooling rate from the processing temperature
controls the degree and size of the bcc decomposition product, O + bcc.
Examples of microstructural effects have been reported by Smith et al. [42,62]
and by Rowe et al. [61]. By changing the solution treatment temperature within,
and above, the o, + B2 phase field in Ti-22Al-23Nb, Smith et al. [42,62] found the
room temperature tensile properties could be improved over those of the initial
microstructural condition, Table 3. The best balance of properties was produced
by the 1075°C / 2 hr solution treatment (all conditions included a 28°C / min. cool
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to 815°C, followed by a hold at 815°C for 8 hrs and furnace cooling). Smith et al.
concluded that the improvement in tensile properties is associated with an
increase in the volume fraction of lenticular O-phase and a corresponding
decrease in primary a,. Their work demonstrated that Ti-22AI-23Nb can be heat
treated to improve tensile properties following composite consolidation.

Rowe and co-workers studied the effects of solution treatment and
subsequent aging on tensile properties in Ti-22AI-27Nb [61]. Their results,
shown in Figure 36, indicate that long-term aging leads to improved ductility and
reduced strength. They suggested that coarsening of the two-phase O + B2
microstructures may contribute, but composition shifts during low temperature
aging are more likely. This latter conclusion is most likely the proper one, as
there is little, to no, coarsening of the O+B2 laths at this low temperature
(760°C), and disordering of the B2 phase is associated with the composition shift.

Table 3: Effect of Solution Treatment on Tensile Properties in Ti-22AI-23Nb
(from Smith et al., Ref. 42)

Condition uTs YS Elong. Modulus
(MPa) (MPa) (%) (GPa)
As-fabricated* 972 805 8.4 105
1025°C/2hr** 1096 848 9.0 119
1050°C/2hr** 1111 836 14.8 121
1075°C/2hr** 1059 810 11.5 120
1100°C/2hr** 1053 926 4.0 135

* as-consolidated panel using non-reinforced 0.13mm (5 mil) foil.
**solution treatment followed by cooling at 28°C/min. to 815°C, held 8 hrs and
furnace cooled.
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Figure 36. Comparison of yield strength and elongation of three heat treatments
of Ti-22AI-27Nb. (From Rowe et al., Ref. 61) -

Gogia and co-workers summarized the microstructural factors that influence
tensile properties in the orthorhombic alloys [64]. They point out that the various
parameters influencing yield strength are (1) volume fractions of a/O and B2
phases, (2) strength of individual phases as affected by changes in composition
with cooling rate, (3) grain size of prior B2 phase, (4) colony size, (5) lath size,
and (6) dislocation substructure. The relative contributions will be different
depending upon whether the solution temperature is above or below the
B2/(a2+B2) transus [64]. For the former, the strength is controlled by the oy / O
phase and its geometrical features and ductility is controlled by cleavage facet
size [64].
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