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ABSTRACT 

The present study was undertaken in order to elucidate the 

role of fiber-matrix interactions on the oxidation response 

of A^Ti-based metal matrix composites.  The fibers examined 

in this work were SCS-6, TiB2, and Saphikon.  Since these 

trialuminides have very high melting points, a solid state 

powder processing fabrication route was chosen in order to 

minimize fiber degradation.  The matrix alloy was rapidly 

solidified by melt spinning in order to insure compositional 

homogeneity.  A hammer mill was used to comminute the alloy 

ribbon into -40 mesh powder.  The powder and fibers were 

then encapsulated in titanium cans, hot vacuum degassed, and 

hot isostatically pressed.  Preliminary investigations 

indicated that AlßTi's narrow range of compositional 

stability could present difficulties: excess aluminum could 

melt and vigorously attack fibers at the HIP consolidation 

temperatures, viz., 1100 °C and 1200 °C.  Niobium additions 

were used to expand the phase field of Al3Ti and reduce the 

alloy's propensity to partition aluminum during melt 

processing.  HIP consolidated composites all exhibited some 

matrix cracking making them unsuitable for oxidation 

studies.  However, the oxidation response of the monolithic 

matrix alloys was investigated.  The extent of fiber-matrix 

reaction owing to the HIP consolidation procedure was also 

pursued.  The SCS-6 fibers reacted severely with the matrix 

materials.  The TiB2 fibers did not experience significant 

chemical degradation although significant diffusion and 

cracking was observed.  Saphikon was the least affected by 

the consolidation process.  The fiber does not react 

chemically with the matrix materials; however, differences 

in the thermal expansivities of the fiber and matrix 

materials is believed responsible for extensive cracking. 
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INTRODUCTION 

The Trialuminide Matrix 

Alloys based on the titanium rich portion of the aluminum- 
titanium phase diagram have been the subject of intense 
scientific and developmental work [1].  The benefits of the 
substantial engineering investment in the alpha, the super- 
alpha- two, and the gamma titanium aluminide materials are 
now beginning to be realized: improvements have been made in 
ductility, toughness, elevated temperature strength, and 
deformation processing [2] .  However, the exploration of the 
aluminum rich portion of the aluminum-titanium phase diagram 
is still in its infancy. 

As illustrated by the aluminum-titanium phase diagram, AlßTi 
is an aluminum rich, thermodynamically stable intermetallic 
existing both at ambient and elevated temperatures, Figure 
1 [3].  The exploitation of titanium trialuminide based 
alloys as aircraft materials is of significant interest 
because of their high melting point (1350 °C), high elastic 
moduli (170 GPa), low density (3.35 gem-3), and elevated 
temperature strength [4,5].  In addition, because the 
trialuminides are approximately 75 atom percent aluminum 
their oxidation resistance is expected to be superior to 
that of the alpha-two and gamma titanium aluminides. 

The use of titanium trialuminides has been seriously impeded 
by their lack of tensile ductility and their poor fracture 
toughness.  A^Ti has a D022 crystal structure; and 
therefore, may lack the slip systems necessary to satisfy 
von Mises criterion for slip deformation in polycrystals. 
Thus, at ambient temperatures the preferred deformation mode 
of Al3Ti is by twinning of the {111}<112> type [5].  Based, 
in part, on Pettifor's "Structure Map" [6], attempts have 
been made to improve ductility by alloying with various 
transition elements, e.g., Fe, Cu, Mn, Cr, and Ni [7, 8, 9]. 
Alloying with these transition elements can convert the 
crystal structure of Al3Ti from DO22 to LI2, Figure 2.  The 
LI2 structure is closely related to the DO22 structure, 
i.e., a 1/2[110] shift on every DO22 (001) plane results in 
the LI2 [10].  Other alloys with the LI2 crystal structure, 
such as CU3AU and IS^Al, are ductile in the single crystal 
form [11, 12].  Unfortunately, even though some (Al,  X) 3Ti 
compounds have an LI2 crystal structure, they too fail in a 
brittle manner: transgranular cleavage predominates on the 
(110) and (111) planes [10, 11, 12]. 

Attempts have been made to establish why these alloys fail 
by transgranular cleavage.  Auger analysis of the fracture 
surfaces has not been able to attribute failure to the 
presence of second phase particles or solute segregation on 
the cleavage planes[12].  Full-potential linearized 

1 
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augmented plane wave (FLAPW) analysis indicates cleavage 
results because of the highly directional," p-d", aluminum- 
titanium bonds [13].  Fu [13] suggests that alloying to 
enhance dislocation dissociation may be possible and result 
in improved ductility.  Unfortunately, macro alloying with 
various transition elements and micro alloying with boron 
have not significantly improved ductility [8, 9]. J 
Fiber Toughening in brittle matrix 

The toughening of brittle materials with fibers, particles, 
etc., is the subject of intense research [14, 15, 16].  Some 
of the energy absorbing processes which enhance fracture 
toughness in fiber reinforced composites include (1) fiber- 
matrix debonding, (2) matrix or fiber deformation, (3) fiber 
pull-out, and (4) crack deflection at weak interfaces. 

Continuous fiber reinforced intermetallic matrix composites 
are being investigated as a means of improving the strength 
and enhancing the toughness of brittle aluminum-rich 
intermetallic alloys. The presence of fibers may slow down 
or arrest crack growth by deflecting and bridging 
cracks [17]; the strength of the composite is enhanced by 
the transference of load to the higher strength fibers._ In 
order for the crack bridging mechanism of fiber toughening 
to be operative, fiber-matrix debonding must occur prior to 
fiber failure at the crack front. Once debonding has 
occurred, the sliding resistance along the interface governs 
the load transfer. This is exemplified by fiber pull-out. 
The toughness of the material is increased by a high rate of 
debonding and a low sliding resistance along the debonded 
interface. 

Critical in the development of these composites is the 
thermodynamic and mechanical compatibility of the fiber, 
matrix, and fiber-matrix interphase region [18].  The 
properties of the interphase dictates how much fiber-matrix 
debonding occurs. 

Fiber Properties 

There are a large number of mono-filament and tow fibers 
commercially available.  Table 1 list some of the fibers 
which are either currently employed in metal matrix 
composites (MMC) or which exhibit potential for applications | 
in MMC.  Selection of a fiber for incorporation into a metal j 
matrix involves more than choosing a fiber based upon its ' 
strength, modulus, and density.  The cost and availability 
of the fiber as well as its chemical compatibility and 
thermal expansivity match with the matrix must be 
considered. 



NAWCADWAR-93083-60 

Three fibers exhibiting potential for incorporation into 
Al2Ti include (i) Saphikon, (ii) SCS-6, and (iii) TiB2. 
Saphikon is a single crystal sapphire (AI2O3) fiber with a 
non circular cross section that varies along its length. 
Saphikon has high temperature potential, but it is very- 
costly.  Textron Specialty Materials produce both SCS-6 and 
TiB2 fibers.  The SCS-6 fiber is a 140 urn diameter 
monofilament and is produced by chemical vapor deposition 
(CVD).  It consists of a 33um diameter carbon core and 
radially oriented ß-SiC.  The surface of the fiber has a 
carbon rich layer used to inhibit degradation.  The high 
strength (72.5 MPa), high modulus (415 GPa), and low density 
(3.0 gem-3) of SCS-6 fibers make them attractive for use as 
reinforcing fibers.  This fiber is also the most 
commercialized and thus one of the most cost effective. 
Textron has also made research quantities of 80 urn diameter 
TiB2 fiber.  The fiber is made by CVD TiB2 onto a 27 urn 
diameter Mo core. 

Fiber-Matrix Compatibility 

A thermodynamic rationale for predicting the chemical 
stability of fiber-matrix systems has been explored by Misra 
[18,20].  Because of the lack of reliable thermodynamic data 
for ternary phases he confined his work to binary systems. 
Basically he examined four types of reactions: (i) formation 
of reaction products that have unit activity, (ii) the 
formation of reaction products at less than unit activity, 
(iii) the formation of gaseous reaction products, and 
(iv) the effect of non-stoichiometry of the reinforcement 
material on chemical compatibility.  Reactions can proceed 
at less than unit activity by dissolving in the matrix or in 
the reinforcement material.  For an iron aluminide matrix, 
AI2O3 was found to be the best type of reinforcement; other 
acceptable reinforcement included TiB2 and TiC[18].  In 
another study, the compatibility of various reinforcement 
with Niobium aluminides was investigated[20].  Nb3Al and 
Nb2Al were found to be compatible with AI2O3 but 
incompatible with TiB2, SiC, TiC. 

Jones et al. have examined the interphase of SCS-6/Ti-6Al-4V 
metal matrix composites.  TiC particles were observed to 
form at the fiber-matrix interface along with a concurrent 
reduction in the pyrocarbon layer.  The authors observed 
carbon-rich hexagonal phase TixSiy(C) present in the as- 
received composite with its (0001) axis preferentially 
oriented perpendicular to the fiber's surface.  This carbon- 
rich silicide was reported to transform to the more 
thermodynamically stable Ti5Si3 phase. 
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Table 1 Typical Fiber Properties [19] 

Fiber Diameter 

(um) 

Density 

(g/cm3) 

CTE, 

(10-6/°C) 

UTS, 
(GPa) 

Modulus( 
GPa) 

React- 
ivity 

with Ti 

Sapphire 76-152 4.0 8.8 2.1-3.4 448 M 

SCS-6 142 3.0 4.8 3.4-4.1 428 L 

Sigma 102 3.4 4.8 2.8-3.4 407 M 

TiB2 76 4.5 8.0 2.1-3.4 448 L 

TiC 76 4.8 8.6 2.1-3.4 428 L 

Carbon 25.4 2.1 0.0 2.8-3.4 414- 
1,030 

M 

Boron 152 2.5 8.2 3.1-3.8 345 M 

Ti-6Al-4V alloys reinforced with TiC and SiC particles have 
been examined by Loretto and Konitzer [21] .  TiC was found 
to react with the matrix forming Ti2C.  SiC was found to 
react with the matrix and form Ti5Si3 and TiC. 

Fiber-matrix interactions were investigated for the 
Ti3Al + Nb/SCS-6 MMC by Baumamn et al.[22].  Concentric 
reaction zones were observed to form between the Ti-25Al- 
13Nb matrix and the SiC fiber.  The zone closest to the 
fiber contained two types of particles: (Ti, Nb)C]__x based 
upon TiC, and (Ti, Nb, Al)5Si3 based on TisSiß.  The outer 
zone was reported to contain two phases: (Ti, Nb^AlC based 
upon Ti3AlC and (Ti, Nb, Al)5Si3.  This complex silicide was 
reported to have a hexagonal crystal structure with 
a = 7.74A and c = 5.45A. 

The properties of DuPont' s PRD-166 (a 20(Xm diameter, 
polycrystalline AI2O3 + 20 wt% ZrC>2) fiber reinforced, 
pressure cast TiAl have been investigated by Naurbakhsh 
et al.  Extensive reaction was reported.  ZrC>2 particles 
decorate the fiber-matrix interface.  ZrC>2 free, AI2O3 
grains are observed in the fiber interior. 
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Prior HIP Work at the NAWC 

The powder processing route was chosen early on in this work 
in order to eliminate liquid metal-fiber reactions.  Rapidly 

» solidified alloy powders were produced by a process of melt 
spinning and comminution.  Melt spinning was expected to ■• 

"\ produce high purity material which was chemically 
J homogeneous with a very fine microstructure.  The powders 

were then consolidated by hot isostatic pressing (HIP) and 
the HIP parameters were varied in order to identify the 
processing which yields dense material with maximum 
ductility.  Thus, the approach taken was to enhance the 
toughness of the A^Ti matrix by use of rapid solidification 
technology and to augment the toughness of the composite by 
use of SCS-6 filaments. 
Prior efforts were successful in generating the first HIP 
map for the consolidation of monolithic AI3H, Figure 3 [23]. 
Although the HIP map should be considered preliminary, it 
unambiguously illustrates that the HIP consolidation of 
Al3Ti must be conducted at high pressures and at 
temperatures above 0.85 of homologous temperature.  The same 
work examined the HIP consolidation of an AI3H matrix SCS-6 
fiber reinforced composite.  However, HIP consolidation of 
IMCs is far more complicated than the consolidation of 
monolithic alloy powders.  Careful consideration must be 
given as to.how to achieve full (or optimal) density without 
degrading the properties of the intermetallic matrix or the 
ceramic reinforcement.  In general, the temperature and 
pressure must be sufficiently great to consolidate the 
matrix, but low enough to minimize fiber-matrix reactions 
and inhibit fiber plasticity.  In addition, in order to 
avoid deleterious residual stresses, careful consideration 
must be given to differences in thermal expansivities of the 
composites constituent phases.  Temperature-pressure-time 
processing profiles must be employed minimizing thermally 
induced stresses. 
In addition, AlßTi is a line compound that is stable over a 
narrow range of compositions.  Excess aluminum was found to 
be extremely detrimental.  Typically, the HIP consolidation 
temperature for AlßTi is approximately 400 °C above the 
melting temperature of pure aluminum.  Any residual aluminum 
melts and wicks along the fiber, where it reacts with both 
the fiber and the matrix. 

I In order to curtail the possibility of this type of 
1 reaction, alloying additions were considered which expand 
! the range of compositional stability.  Figure 4 , is an 

isothermal section of the Al-Ti-Nb equilibrium phase diagram 
at 1273K.  Niobium forms AlßNb which is isostructural with 
DO22 Al3Ti; consequently, Nb readily substitutes for Ti 
forming Al3 (Tix Nbx_]_) .  In addition, the compositional 
range over wnich it is stable is dramatically increased. 
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Oxidation 

The environmental oxidation of titanium aluminides at high 
temperatures is dominated by reaction kinetics rather than 
equilibrium thermodynamics.  This is because the activity of 
oxygen in air is fixed, the supply of oxygen is virtually 
unlimited, and metal oxides are typically thermodynamically 
more stable than metals.  Oxidation kinetics are related to 
a large number of variables.  The diffusion rates of oxygen, 
metal, electrons, and vacancies are significant.  Scale 
chemistry, crystal structure, morphology, and scale 
adherence are also important. 

The rate of oxidation is typically classified as 
logarithmic, linear, or parabolic [24, 25].  Logarithmic 
oxidation is generally observed at temperatures below 
400 °C.  Oxidation is initially very rapid but drops off to 
negligibly small values.  AI2O3 growth on aluminum at room 
temperature is an example of logarithmic oxidation.  Linear 
oxidation behavior is constant with time and thus 
independent of the quantity of gas or metal previously 
consumed in the reaction.  Linear oxidation is dominated by 
surface or phase boundary processes.  Parabolic oxidation is 
typically observed at high temperatures and indicates that a 
thermal diffusion processes is rate-determining. 

Mass transport in polycrystalline materials may also be 
dominated by diffusion along grain boundaries and other 
short-circuit paths of low diffusion resistance.  The 
activation energy for grain boundary diffusion is 
approximately 0.5 to 0.67 that for lattice diffusion, and 
Dgb/°1 approaches 105.  However, since the grain boundary 
area amounts to only 5-10% of the total oxide area, these 
diffusion mechanisms only become significant at homologous 
temperatures below 0.6Tmp [25]. Application of this rule-of- 
thumb to polycrystalline AI2O3 and Ti02 scales suggests that 
short-circuit mechanisms may become significant below 
1120 °C and 920 °C respectively. 

Oxidation of Titanium:  Thermodynamically, the oxidation of 
titanium should result in layers of different titanium 
oxides scales, viz., TiO, ^203, ^305, and Ti02.  However, 
in investigations of the oxidation behavior of titanium 
below 1000 °C, only Ti02 has been observed [25].  The rate 
at which titanium oxidizes also follows different rate 
equations depending on temperature.  Below 400 °C, Ti 
oxidizes logarithmically; cubic oxidation is observed 
between 400 and 600 °C.  Parabolic oxidation dominates at 
temperatures between 600 °C and 1000 °C, while linear 
oxidation is observed above 1000 °C. 

( 
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nv^fclon of Aluminum:  Although elemental aluminum melts at 
660 oc  a temperature well below where the oxidation of 
titanium aluminides occurs, it is instructive to examine 
aluminum's oxidation response.  Aluminum is known to form a 
tenacious, protective oxide layer.  At room temperature 
aWnum oxidizes logarithmically and an amorphous oxide 
layer 2 nm to 3 nm thick forms after about an hour[24] 
Further oxidation at room temperature is negligible  Kim 
et al  [2 6] found that the amorphous oxide was triple 
hvdrated  i e , Al203 * 3H20.  Heating the aluminum at 
textures belowVoO oc,

2
cauSed the decomposition of this 

romoound into Alo03 * H20 and the release of H20.  At 
temperatures above'sOO °C, the adsorbed moisture reacts with 
aluminum forming additional Al203 and ^ogen.  At 
temperatures above 300 °C, aluminum oxidizes parabolicairy, 
however at 500 °C to 550 oc a linear plot fits experimental ■ 
data better.  At still higher temperatures, the amorphous 
oxide crystallizes forming polycrystallme gamma-Al203. 

n.^an<„m Alrnninides: In addition to their excellent specific 
mechanical properties, some titanium aluminides also possess 
good oxidation resistance.  A number of studies have been 
conducted to determine the oxidation properties_of titanium 
aluminides[27-37].  The oxidation behavior of titanium 
aluminides has been shown to be composition dependent 
Protective' Al203 oxide scales are reported to form only when 
the Al content of TiAl exceeds 57% [35]   Mckee and Huang 
[27] also examined the cyclic oxidation behavior of Ti-Al-X- 
Y alloys at temperatures between 850-900 °C.  Oxidation 
resistance was found to increase with aluminum content and 
with the additions of Nb and W.  Additions of less than 4% 
Cr deceased oxidation resistance; however, Cr additions of 
greater than 8% improved oxidation resistance.  This 
oxidation response was explained in terms of reduced Ti 
activity.  As %Ti/(%Al+%X+%Y) decreases, oxidation 
resistance increases. 

iMt-.anium Trialuminides:  The oxidation response of cast 
Al3Ti has been examined by Smialek and Humphrey [31 .  They 
observed parabolic oxidation, controlled by alpha Al203 
formation, at temperatures greater than 1000 C. 
Anomalously high oxidation rates were observed at short 
times at temperatures below 1000 °C.  This was explained m 
terms of the internal oxidation of aluminum which had 
partitioned during solidification. 

The efficacy of titanium trialuminide coatings for gamma and 
alpha two titanium aluminides was studied by Subrahmanyam 
T29  30]   Al3Ti coatings on Ti-14Al-24Nb decreased cyclic 
oxidation weight gains by at least a factor of 10.  Work by 
Umakoshi, et al [28], and Hirukawa, et al, [34]showed that 
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the oxidation rate of bulk A^Ti is lower than that of bulk 
TiAl by at least a factor of 30 at 1000°C. 

The greater oxidation resistance of A^Ti compared to the 
lower aluminides is due in part to the tendency for aluminum 
to oxidize internally in the lower aluminides.  This results 
from an insufficient flow of aluminum atoms toward the 
surface, and the rapid diffusion of oxygen through the 
aluminide[37].  Wagner has theorized that the aluminum 
content of the aluminide must exceed a certain critical 
value, NA]_crit, in order to prevent this internal oxidation, 
Eq 1 [37, 36, 38]. 

K,= 
r*gNoD0VMT 

Al        2oDMVox 
(1) 

Where N0 is the solubility of oxygen in the alloy, D0 and 
DAl are t^ie  diffusivities of oxygen and aluminum in the 
alloy, Vm and Vox are the molar volumes of the alloy and 
oxide, v is the oxygen/metal ratio of the oxide, and g is 
the critical volume fraction of oxide to form a healing 
layer.  Perkins, et al, [37]have found this value to be 
about 59% for TiAl. 

The excellent oxidation resistance of Al3Ti is also 
attributable in part to the nature of the Ti02/Al2C>3 oxide 
layer which forms.  AI2O3 forms a dense, protective layer, 
which serves as a diffusion barrier against further 
oxidation.  TiC>2, on the other hand, forms a porous layer of 
crystals which is only partially protective, and tends to 
spall.  Thus the higher the aluminum content of the 
aluminide is, the higher the AI2O3 content of the oxide will 
be, and the more protective the oxide layer will be against 
continued oxidation. 

EXPERIMENTAL PROCEDURE 

Materials Processing 

Composite Processing:  The four aluminum rich intermetallic 
alloys listed in Table 2 were considered for use as 
composite matrix materials.  High purity elemental aluminum, 
niobium, and titanium were used in sample preparation.  The 
preparation of cast and melt spun ribbon were both 
accomplished using a Marko Materials Model 2T Melt Spinner, 
Figure 5.  Before melt-spinning, the entire chamber was 
cleaned by vacuuming then wiping clean with acetone.  The 
chamber was then evacuated to 100 millitorrs by a mechanical 
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pump.  A diffusion pump was then used to obtain a pressure 
of 1X10-5 torr.  Laboratory grade Argon was then fed into 
the chamber until a pressure of 5 psia was obtained.  This 
purging process was repeated two times to minimize the 
amount of oxygen in the chamber.  After the final purge, an 
arc was struck to melt the materials. The castings, weighing 
0.25 to 0.35 Kg, were prepared in a water cooled copper 
hearth by arc melting.  The power was controlled from a DC 
power generator rated at 44 volts/1000 amps.  After the 
ingot was melted for the third time, the hearth was tilted 
allowing the molten metal to be extracted by a rapidly 
spinning molybdenum wheel.  The molybdenum wheel is 2 54 mm 
in diameter and rotated at a speed of 1500 rpm 
(approximately 27 ms_1).  The melt spun ribbon produced in 
this manner was comminuted into powder using a hammer mill. 

Table 2.  Allov Compositions, Wt.% 

AllOV Aluminum Titanium Niobium 

1. 62.8 37.2 0.0 

2. 60.7 32.3 7.0 

3. 58.7 27.8 13.5 

4. 55.1 19.6 25.3 

Three fibers were examined in this work, Table 3 

Table 3 Types of Fiber Investigated 

Designation Name Composition Diameter 

A Titanium 
Diboride 

CVD TiB2 on Mo 
Core 

120 urn 

B SCS-6 CVD ß-SiC on a 
Carbon Core 

140 urn 

C Saphikon Single Crystal 
sapphire (AI2O3) 

20 urn 
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The composite test matrix is presented in Table 4.  Alloys 
one and three were selected for fabrication into composites. 
The alloy powders and fibers were encapsulated in 
cylindrical titanium cans (approximately 25 mm in diameter 
by 12 0 mm long).  The canisters were then hot vacuum 
degassed (one hour at 400°C), sealed, and helium leak 
checked.  The materials were consolidated in a computer con- 
trolled Autoclave Manufacture Hot Isostatic Press (HIP) for 
six hours at a pressure of 172 MPa. 

Table 4 Composite Test Matrix 

Designation Matrix Fiber Consolidat- 
ion Temp. 

1A-001 Al3Ti TiB2 1100 °c 

1A-002 Al3Ti TiB2 1200 °C 

3A-001 Al3Ti + Nb TiB2 1100 °C 

3A-002 Al3Ti + Nb TiB2 1200 °C 

1B-001 Al3Ti SCS-6 1100 °C 

1B-002 Al3Ti SCS-6 1200 °C 

3B-001 Al3Ti + Nb SCS-6 1100 °C 

3B-002 Al3Ti + Nb SCS-6 1200 °C 

1C-001 Al3Ti Saphikon 1100 °C 

1C-002 Al3Ti Saphikon 1200 °C 

3C-001 Al3Ti + Nb Saphikon 1100 °C 

3C-002 Al3Ti + Nb Saphikon 1200 °C 

Microstructural Characterization 

Optical Microscopy;  The wrought alloys were mounted in 
dial-phthalate.  The mounted specimens were hand polished on 
successively finer grades of abrasive paper, i.e. 220, 320, 
500, and 1000 grit.  The samples were lapped using 0.3 and 
0.05 micron alumina slurries.  A Nikon metallograph was used 
to examine the microstructures of the alloys and composites 

10 
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Scanning Electron Microscopv/Enerov Dispersive Spectroscopy: 
Specimens were examined using an AMRAY 1000A or an AMRAY 
1000B scanning electron microscope (SEM) operated at 20kV. 
In order to prevent feature charging and enhance resolution, 
SEM and energy dispersive spectrometry (EDS) specimens were 
coated with carbon using a Denton DV502 Vacuum Evaporation 
System.  Compositional analysis was performed at 15-20kV 
using a Kevex Model 8000 EDS utilizing an ultra-thin window 
made of aluminum-coated parylene.  Compositional analysis 
was accomplished comparing spectra obtained from area 
analysis with point analysis of the matrix and second phase 
particles. 

X-rav Diffraction:  X-ray diffraction (XRD) was used to 
identify the phases present in the melt spun ribbon, cast 
alloys and HIPed materials.  X-ray analysis was performed on 
a Rigaku DMAX-B x-ray unit equipped with a 9/20 goniometer 
and a graphite monochromator.  X-rays were generated using a 
copper tube operating at 40KV and 3 0ma.  The scan rate was 
0.5 °/min and data was collected every 0.04 degrees. 

Differential Thermal Analysis;  A Du Pont 91Ö thermal 
analysis system equipped with a 1600°C Differential Thermal 
Analysis (DTA) cell was used to investigate phase changes 
occurring in the alloys.  The calorimeter was calibrated 
using pure aluminum, titanium and niobium.  Approximately 2g 
of each matrix alloy was heated from room temperature to 
1600oOC at 20°C per minute in a dry helium atmosphere. 

Oxidation 

The fiber reinforced intermetallic matrix composites 
exhibited a great deal of porosity and matrix cracking. 
This cracking prevented an accurate determination of the 
intrinsic oxidation response of the material.  Therefore, in 
order to obtain an indication of how the composite would 
respond, the Al3Ti matrix material was examined along with 
control specimens of TiAl and a L12 trialuminide, Al5CuTi2- 
The compositions of these alloys are shown in Table 5. 

Table 5 Alloy Compositions (wt,%)- Oxidation Evaluation 

Alloy       Titanium  Aluminum  Copper 

AlTi 64.0 36.0   

Al3Ti 37.2 62.8   

Al5CuTi2 32.6 45.9 21.6 

11 
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Cyclic Oxidation:  Cyclic oxidation tests were performed in 
order to determine the effects of rapid thermal cycling on 
the oxidation properties of potential matrix materials. 
Each test consisted of 144 or more thermal cycles. 
Oxidation tests were performed on all alloys in both the as- 
cast and the HIPed conditions at 900oOC and 1100oOC in air. 
Cycles consisted of a rapid heat-up (500 °C/min) to 
temperature; a 55 minute hold at temperature, and a rapid 
cool-down outside the furnace for 5 minutes.  An ATS 3310 
furnace was used for the tests; an apparatus designed and 
constructed by the authors was employed to move the specimen 
in and out of the furnace.  Weight gains were measured using 
a Sartorius microbalance having a precision of ±0.01 mg. 

Isothermal Oxidation:  Isothermal oxidation tests were 
performed to determine the oxidation kinetics associated 
with each of the alloys in Table 5 at a constant temperature 
in air.  Tests were performed on both the as-cast and the 
HIPed materials 900oOC, 1000oOC, and 1100oOC.  Isothermal 
oxidation experiments were conducted in a CM Rapid Temp 
furnace.  Specimen weight was measured with a precision of 
±0.01 mg every 24-hours for a period of 144 to 196 hours. 

Thermodynamics 

Thermodynamic evaluation of the chemical activity of 
titanium and aluminum in Al3Ti was performed.  In order to 
better understand the oxidation behavior of AI3H and A^Ti- 
fiber interactions, it was important to know the chemical 
activity of Ti and Al.  The activity of aluminum is readily 
estimated using Roult's Law and is for all practical 
purposes considered to be unity.  Swalin [39] provides a 
means of estimating the activity of an element in an 
intermediate phase, Eq 2. 

a^ = exp 
\l-x)AG°f 

(b-x)RT 
(2) 

where aT-j_ is the activity of titanium, X is the maximum 
solubility of titanium in elemental aluminum, b is 0.25 for 

Al3Ti, R is the gas constant, T is temperature in K, and 
AG°f is "the" free energy of formation of AI3TL  Nonlinear 
regression analyses was performed using the experimental 
solubility data obtained from (St. John, and 
Massalaski)[3,40] in order to obtain equations for the 
maximum solubility of titanium in liquid and solid aluminum. 

Phase stability diagrams were generated for the Ti-O-C, Al- 
O-C, and Si-O-C systems. This was accomplished by equating 
the free energies of formation for each of the possible 

12 
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phases and solving for the natural logs of carbon and 
oxygen. 

The standard free energy of formation for AlßTi (3) was 
calculated from known thermodynamic quanities of the 
products and reactants(e.g., specific heat, heats of 
formation, latent heats of formation) using equation 4. 

3Al+Ti=*Al3Ti (3) 

AG^8 = A^98+jAC^r-rA^98-rJro—
p-dT   <4> 

EXPERIMENTAL RESULTS 

Optical Metallography 

Optical micrographs of the composite materials are presented 
in Figures 6-10.  In general, the fibers were 
preferentially located in the ubiquitous matrix cracks.  The 
most severely attacked fibers were the SCS-6.  The TiB2 
fibers did not appear to react extensively; however, 
extensive fiber cracking was observed.  The Saphikon fibers 
withstood the HIP consolidation process best although heavy 
pitting was observed when consolidated at 12 00 °C. 

Composites with TiB2 fibers are presented in Figures 6 & 7. 
Circumferential cracks can be seen at the fiber-matrix 
interface and at the Mo core-CVD TiB2 interface.  Radial 
cracks passing through the fibers are also clearly visible. 
Alloying does not appear to affect the microstructure of the 
HIP processed fiber, compare Figures 6a & 6b and 7a & 7b. 
At 12 00 °C, fiber cracking appears somewhat more severe than 
at 1100 °C. 

SCS-6 fibers show extensive reaction with the matrix 
materials.  No SCS-6 fibers were found in the AlßTi matrix 
materials.  The remnants of SCS-6 fibers were found in the 
AlßTi + Nb matrix materials, Figure 8.  At 1100 °C, the 
fibers have an onion skin appearance.  The carbon core of 
the fiber is no longer visible.  Large cracks are observed 
passing through the fiber as well as around the fibers.  At 
1200 °C, the SCS-6 fiber ceases to have a spherical cross 
section.  A diffuse inner region is surrounded by a blocky 
interphase region. 

Optical micrographs of the saphikon fibers reinforced 
composites are presented in Figures 9 & 10.  The composition 
of the matrix material appears to have little impact on the 

13 
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microstructure.  Fibers are preferentially located in matrix 
cracks, but the cracks generally run around the fibers. 
Pitting is observed in the saphikon fibers processed at 
1100 °C; more severe pitting is observed in the fibers 
processed at 1200 °C.  The matrix near the fibers appears to 

be recrystallized with an average grain size of 7fim.  Holes 
in the matrix appear to have the same size and shape as do 
the grains. 

Scanning Electron Microscopv-Enerav Dispersive Spectroscopyt 

SEM micrographs and representative energy dispersive 
spectrographs (EDS)of the Al3Ti/TiB2 composites are 
presented in Figures 11 & 12.  Matrix cracks are observed 
near the TiB2 fibers, Figure 11a.  The cracks appear to 
emanate from the fibers.  There is a significant amount of 
porosity in the matrix and which seems to be concentrated 
near the fiber.  Radial cracks in the fiber are observed. 
The Mo core material has been partially extruded into the 
crack. 

EDS analysis of the material filling the cracks in the TiB2 
fibers shows the presence of both aluminum and molybdenum. 
The concentration of aluminum decreases approaching the 
fiber core.  The concentration of molybdenum decreases with 
distance from the core.  (Figure lib.)  The core of the TiB2 
fiber has a ringed appearance.  The concentration of 
molybdenum within the center of the fiber core is more 
intense that at the edges of the core, Figure lie. 

The composite HIPed at 12 00 °C, displayed more matrix 
/cracking and micro-porosity then the material HIPed at 
1100 °C.  The matrix also exhibited an unusual cross-hatched 
appearance.  Composites processed at the higher temperature 
exhibit more fiber and fiber-matrix damage, Figure 12.  The 
core of the TiB2 fibers HIPed at 1200 °C did not exhibit the 
ring structure observed in the TiB2 fibers HIPed at 1100 °C. 

The Al3(Ti, Nb)/TiB2 composites also exhibit extensive 
matrix and fiber cracking, Figure 13.  Matrix porosity and 
fiber splitting is observed.  The ringed structure of the 
TiB2 core is not observed at either processing temperature, 
Figure 14.  The matrix exhibits spherical regions having a 
dendritic type microstructure. 

Extensive fiber-matrix reaction is observed in the 
composites containing SCS-6 fibers, Figures 15 & 16. 
Remains of the fibers are surrounded by aluminum-rich 
regions, Figure 15b.  Evidence of aluminum infiltration into 
the fiber is also apparent.  Although the reacted fiber has 

14 
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retained the approximate size and shape of the original 
fiber, it has undergone extensive chemical disintegration. 

EDS results indicate that after HIPing the SiC fiber becomes 
titanium-rich, Figure 15c.  Nearly pure aluminum region are 
observed surrounding the fibers.  The matrix microstructure 
exhibits a finely distributed cross-hatched appearance.  The 
effect of increasing the HIP processing temperature is to 
cause even further fiber-matrix reaction, Figure 16. 

As seen in Figure 17, alloying caused reactions between the 
SCS-6 fibers and the matrix to decrease.  Fibers retained 
their circular shape but have deteriorated completely 
resulting in a porous appearance.  Increasing the HIPing 
temperature resulted in crystallographic reactions within 
the fibers, Figure 18. 

Neither the Al3Ti nor the Al3Ti + Nb matrix composites 
containing saphikon fibers exhibited optical or SEM evidence 
of fiber-matrix reactions, Figures 19.  EDS analysis of the 
fiber, matrix, and the fiber-matrix interface could not 
decern chemical variations from the nascent materials, 
Figures 20. 

Although the fiber and the matrix did not react chemically 
and remained intact at both consolidation temperatures, the 
matrix was cracked and the fiber sustained pitting damage. 
Increasing the HIPing temperature, was found to promote 
fiber pitting. 

Table 6 Summary of Fiber-Matrix Interactions 

Fiber 1. Al3Ti 3. Al3Ti + Nb 

TiB2 The fiber split radially. 
Al diffused inwardly.  Mo 

diffused outwardly. 

The fiber was severely 
cracked.  Evidence of a 

transient liquid phase was 
observed. 

SCS-6 Extensive fiber-matrix 
reaction.  The fiber reacts 
forming a silicide.  Nearly 

pure Al surrounded the 
fibers. 

Less fiber-matrix reaction 
occurs than with the A^Ti 
matrix.  The fiber-matrix 
interface is very porous 

Saphikon No evidence of fiber-matrix 
reactions. Matrix cracked 

and full of holes. 

No evidence of fiber-matrix 
reactions.  Matrix cracked 

and full of holes. 

X-Ray Diffraction 

Using the Joint Committee on Powder Diffraction Standards 
(JCPDS) published data as a control, the x-ray diffraction 
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patterns for the melt-spun powders were examined.  Figure 21 
represents the diffraction patterns for the melt-spun 
powders   Diffraction patterns for melt spun AI3T1 and JCPDS 
powders were identical.  All of the "d" distances were 
compatible, but intensity ratios varied.  The addition of _ 
niobium to the alloy gave the diffraction pattern as seen in 
Figure 21  This diffraction pattern was compared to JCPDS's 
patterns for  aluminum, Al3Ti and Al3Nb.  The patterns for 
AliTi and Al3Nb are almost identical with the exception of a 
few distances.  Notice the small amount of aluminum that is 
identifiable in the diffraction pattern. 

Differential Thermal Analysis 

From the DTA analysis, it was determined that the melting 
temperature of Al3Ti and Al3Ti + Nb was approximately 1475 C 
[see Figure 22]. As seen in the DTA analysis, at 660°C (the 
melting temperature of aluminum) there is a small 
endothermic peak.  Upon cooling and reheating the same 
sample, the aluminum peak disappeared.  This is evidence of 
inhomogeneity and the ability of aluminum to go into 
solution upon reheating. 

Oxidation 

rvr.lic  Oxidation;  The results of the cyclic oxidation tests 
of AlTi, Al3Ti, and Al5CuTi2 are presented in Figures 23-26. 

AlTi:  The oxidation weight gains for this alloy are shown 
in Figure 23.  Weight gain is linear at both 900° and 
1100°C.  At 900°C the weight gain is about 0.3 mg/cm /hr, 
while that at 1100°C is about 2.6 mg/cm2/hr.  At both 
temperatures, large volumes of yellow and white oxides were 
produced, and flaked off during_each cool-down cycle.  An 
oxidized specimen is shown in Figure 24a. 

Al3Ti:  Cyclic weight gains for this alloy are shown in_ 
Figure 25.  At 1100°C, weight gain is initially parabolic, 
but overall is in between linear and parabolic.  Average 
weight gain over 206 hours is 0.04 mg/cm2/hr, or about 1/60 
that for AlTi.  At both temperatures, the oxide product is 
pale gray and powdery, and non-uniformly distributed, 
Figure 24c. 

Al5CuTi2:  The oxidation weight gains for this alloy are 
shown in Figure 26.  At 900°C, weight gain is roughly 
oxidation averages about 0.02 mg/cm2/hr over 168 hours._ At 
1100°C, the behavior is quite different.  After an initial 
low weight gain, the specimen appeared to "ignite", turning 
black and releasing a considerable amount of gas.  The 
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weight increased by as much as 30 mg/cm^/hr as the entire 
specimen was consumed.  Figure 24b shows the appearance of 
the specimen after complete oxidation at 1100°C.  Initially, 
the oxide appearance is similar to that in the A^Ti alloy, 
but after "ignition" turns dark brown to black, crusty, and 
deeply cracked. 

Isothermal Oxidation; The results of the isothermal 
oxidation response of AlTi, A^Ti, and Al5CuTi2 are 
presented in Figures 27-29. 

AlTi:  Oxidation weight gain of this alloy under constant 
temperature conditions is shown in Figure 27.  At both 900° 
and 1100°C, the weight gain appears to be parabolic, in 
contrast to the alloy's linear oxidation under cyclic 
conditions.  The oxide product is thick, yellow, and 
adherent, and essentially free of visible cracks.  Some 
cracking and spalling did occur, however, upon cooling to 
ambient temperature. 

Al3Ti: Isothermal weight gains for this alloy are shown in 
Figure 28.  As in cyclic oxidation, weight gains are very 
low, averaging about 0.06 mg/cm^/hr over 168 hours, and are 
between linear and parabolic. >  The appearance of the oxide 
product is similar to that in the cyclic tests. 

AlsCuTi2:  Weight gains for this alloy are shown in Figure 
29. At 900°C, the isothermal oxidation behavior is very 
similar to the cyclic behavior, with similar weight gains 
and roughly parabolic behavior.  At 1100°C, as in the cyclic 
tests, weight gain was initially low, followed by a sudden 
"ignition", or rapid decomposition.  Unlike the cyclic 
tests, though, in the isothermal tests the "ignition" of the 
specimen also resulted in the release of molten copper, 
which turned the entire alumina crucible dark brown. 

Effects of HIPina on Oxidation;  The purpose of HIPing the 
cast alloys was to reduce the level of porosity and micro 
cracking present.  Both of these types of defects are 
believed to promote enhanced oxidation, and so HIPing was 
expected to decrease oxidation weight gains as compared to 
the as-cast condition.  However, the as-cast specimens 
revealed a wide variation in surface quality and porosity, 
and this appears to have affected the oxidation properties 
much more than the changes produced by subsequent HIPing. 
The effectiveness of HIPing to reduce surface oxidation is 
therefore unclear. 
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Thermodvnamic Evaluation 

Titanium Solubility:  The experimental solubility data of 
titanium in aluminum obtained from (St. John, and 
Massalaski)[40,3] is plotted in Figure 30.  The results of 
the nonlinear regression analyses of the data are given in 
Eq 5 & 6, and in Figure 30. 

2Ä)=192exi( 
-5,314A 

*V T 
(5; 

and 

X%sa« = 475ex 
< 

-11,976^ 
(6) 

Standard Free Energy of Formation for Al^Ti■ 
Equations 5,6,&7 were used to calculate the free energy of 
formation for Al3Ti using Cp, enthalpy, and entropy data 
gathered from the literature.  The free energy of formation 
for AlßTi was fit to equations having the form of 

AG° = A + BT 

where A and B  are  coefficients  and T   is   temperature  in K. 
These  quanities  are presented  in Table  7. 

Table 7  Thermodynamic Constants  for the Formation of Al3Ti. 

Temperature, K -A x 10-3 B 

298-933 41.7 -0.0082 

933-1155 49.9 8.83 

1155-1473 50.7 9.54 

Titanium Activity in Aluminum-Rich AlgTi:     The calculated 
activities  are presented  in Figure  31. 
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Figure 31 - The calculated activity of titanium in Al3Ti. 

The change in free energy associated with dissolving one 
mole of titanium into a dilute solution may be estimated by 
taking the log of Eq.5 & 6.  The quantity inside the 
exponential term is associated with the enthalpy and the 
coefficent is associated with the entropy term Eq. 7,;, 
Table 8. 

lD(*) = 
AS    Art 
R     RT 

(7) 

Table 8 The Estimated Enthalpy and Entropy Associated with 
the Dissolution of Titanium in a Dilute Solution. 

Temperature, K A//(cal/mol) A5(cal/mol) 

<933 -11,00 3.8 

>933 -24,00 943 

The phase stability diagrams are presented in Figures 32 & 
33. 
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DISCUSSION OF RESULTS 

Fiber-Matrix Thermal Expansion Mismatch 

Differences in the coefficients of thermal expansivities 
(CTE)of the matrix and fiber materials result in internal 
strains and stresses being generated during HIP processing. 
If the fiber and matrix are well bonded, the matrix and 
fiber strains may be assumed equivalent.  The strains in the 
matrix and fiber are due to thermal expansion and applied 
stress, Eq 8. 

amAT+^s- = afAT+^-       (8) 
K Ef 

Further, since the volume fraction of fiber is negligible in 
the composites investigated, the average stress in the 
matrix may be considered negligible and the equation 
simplifies to 

*f=Ef(am-af)AT       (9) 

Fiber stress is a function of fiber modulus, the difference 
in fiber-matrix CTE, and the change in temperature. 

Following HIP consolidation at either 1100 °C or 1200 °C, 
all the materials were cooled to room temperature.  During 
cooling, thermal stresses are induced in both the fiber and 
matrix.  At temperatures above 800 °C, the strength of the 
matrix drops precipitously and can not effectively transfer 
loads to the fiber.  Therefore, above 800 °C, thermally 
induced stresses may be safely ignored.  The calculated 
fiber stress (compressive) induced upon cooling after HIP 
consolidation are compared with handbook values of fiber 
strength in Table 9.  In all cases, the fiber stress 
approaches that of its theorectical UTS.  Although this may 
result in some fiber damage, it seems unlikely that the 
observed fiber cracking is due to fiber-matrix CTE mismatch. 
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Table 9 Estimated HIP Processing Induced Fiber Stress. 

Property Saphikon TiB2 SCS-6 

Matrix CTE 
(x 106/°C) 

15 15 15 

Fiber CTE 
(x 10b/°C) 

9 8 4.8 

Fiber Modulus (GPa) 448 448 428 

Fiber Stress (GPa) 2.1 2.5 3.4 

Fiber UTS (GPa) 2.1-3.4 2.1-3.4 3.4-4.1 

SCS-6/Matrix Interactions:  HIP processing results in 
extensive degradation of the SCS-6 fibers.  Chemical attack 
of the fiber is not confined to an interphase layer, but 
results in a total fiber metamorphosis.  SiC is replaced 
with titanium silicide and the fiber is enveloped in 
elemental aluminum.  A partial list of possible reaction 
products is provided in Table 10. 

Table 10 Possible Reaction Products for Al3Ti/SCS-6 

TiC Ti5Si3 Al 

Ti2C TiSi Si 

Ti3AlC TiSi2 Si 

A14C3 TixSiy C 

A chemical reaction consistent with the observed 
microstructure is provided in Eq 10. 

5Ti + 3SiC -> Ti5Si3 + 3C + 15Al(1iq)  (io) 

Examination of the Richardson diagrams for the formation of 
metal carbides reveals that SiC is a weak carbide former and 
readily reduced by Ti.  The free energy of formation of 
AI4C3 is comparable to that of SiC; and is therefore also^ 
unstable in the presence of Ti.  Ti5Si3 is a potent silicide 
former and is believed to form in preference to TiC.  Note 
too, that for each mole of silicide formed 15 moles of 
aluminum are liberated.  This accounts for the observed 
elemental aluminum surrounding the fibers. 
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TiB2/Matrix Interactions:  Optical and SEM/EDS examination 
of TiB2 reinforced composites did not reveal Al3Ti-TiB-2 
reaction products.  However, the core of the CVD fiber is 
molybdenum which can and does interact with the matrix. 
Matrix-molybdenum contact occurs as the result of radial 
splits in the CVD TiB2 fiber.  Splits in the fiber may be 
the result of differences in their CTE's: the CTE of TiB2 is 
8xlO~6/°C and that of molybdenum is 5xlO~6/°C. 

EDS indicates that aluminum has diffused into the molybdenum 
core and that molybdenum has diffused into the matrix, 
Figure 11.  This is most likely the result of molybdenum 
substituting for aluminum in Al3Ti and liberating aluminum. 

Al3Ti + Mo -> (Al,Mo)3Ti + Al(üq)  (11) 

Most transition element such as Cu, Ni, Fi, Cr, are believed 
to substitute for titanium in the Al3Ti lattice.  Molybdenum 
is believed to be the exception and capable of substituting 
on both lattice sites [4]. 

Saphikon/Matrix Interactions:  Optical and SEM/EDS 
examination of Saphikon reinforced composites revealed no 
chemical reaction products, Figures 19 & 20.  The only 
possible reaction, Eq 12, of saphikon with Ti in solution is 
to form a titanium oxide and elemental aluminum is not 
energetically favorable.  Therefore, the system may be 
considered thermodynamically stable. 

Ti + Al203 -> TixOy + Al  (12) 

Matrix cracking of this system is extensive.  Fibers 
invariably are located at matrix cracks.  Matrix cracking is 
most likely attributable to thermally induced stress as a 
result of differences in fiber-matrix thermal expansivities. 

Oxidation 

Cyclic and isothermal oxidation tests provide a qualitative 
comparison of the oxidation properties of Al3Ti-based 
materials and similarly processed 7-TiAl.  In this analysis, 
oxidation is assumed to proceed according to the equation: 

Wn = kt + C (13) 

where W is the weight gain per unit area after time t, and k 
is the rate constant.  The units for k are (mg/cm2)n/sec. 
The n-exponent depends upon the mechanism which controls the 
oxidation rate; n=l represents linear or interface- 
controlled oxidation, n=2 is parabolic or diffusion-limited 
oxidation, and 3 represents some form of exponential 
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behavior, such as oxidation controlled by grain-boundary 
diffusion. 

The oxidation of these materials was assumed to follow an 
Arrhenius-type temperature dependence, wherein 

k = A exp(-Q/RT) .(14) 

where A is a constant and Q is the activation energy for the 
rate-controlling process.  By plotting ln(k) as a function 
of 1/T , a straight line whose slope is (-Q/R) is obtained. 

AlTi. 

Experiments by Meier, Perkins, et al [36] indicate that Al- 
Ti compounds containing less than 59 atomic % (45 weight 
percent) aluminum do not form a continuous AI2O3 scale, but 
rather a mixed Al203/TiC>2 layer under an initial layer of 
almost pure TiC>2.  This was found to be the case in these 
experiments on near-stoichiometric AlTi, as well. 

Cyclic Oxidation:  As can be seen from Figure 23, the cyclic 
oxidation behavior of AlTi is linear.  During the hot 
portion of the cycle, the oxide formed is more or less 
adherent.  However, upon cooling, it becomes detached and 
peels away due to the thermal expansion coefficient mismatch 
between the oxide and the AlTi, exposing the underlying AlTi 
to the next hot cycle.  The SEM image in Figure 34 suggests 
that oxidation occurs through the selective oxidation of 
aluminum within the AlTi.  This alumina formation depletes 
the surrounding AlTi of aluminum, eventually raising the 
activity of titanium high enough that the formation of TiC>2 
becomes thermodynamically favorable. 

Table 11 shows the calculated linear rate constants for the 
cyclic specimens at 900° and 1100°C.  Although tests were 
conducted at only two temperatures, the ln(k) versus 1/T 
plot in Figure 35 suggests an activation energy of about 34 
cal/mol.K.  This is about 57% of the activation energy for 
bulk diffusion of oxygen through Ti02, and also very close 
to the activation energy for grain boundary diffusion in 
AI2O3 (32 kcal/mol), suggesting that short-circuit diffusion 
may control oxide formation during the hot portion of the 
cycle.  Parabolic behavior is not observed, however, due to 
the complete spallation of the oxide during each cooldown 
cycle. 

Isothermal Oxidation:  The isothermal oxidation behavior of 
AlTi differs from the cyclic behavior in that the oxide 
layer does not peel away, because no thermal cycling occurs. 
Therefore the oxide remains essentially adherent, and 
continues to grow in thickness as long as the specimen 
remains at temperature.  The outer oxide layer is shown in 
the SEM image in Figure 3 6 to consist of islands of AI2O3 in 
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a porous matrix of TiC>2 •  The outermost layer of the oxide 
is predominantly TiC>2, while thin layers within the oxide 
are either alumina-rich or titania-rich.  These regions are 
believed to correspond to transient oxidation which occurred 
during the heat-up and cool-down cycles when the specimen 
was removed from the furnace for weighing. 

Even with the adherent oxide, there is evidence of internal 
oxidation of aluminum at all test temperatures.  At 900° and 
1000°C, the internally oxidized zone consists of a two-phase 
outer region about 10 urn thick, consisting of plates of 
AI2O3 in aluminum-depleted AlTi, and a single-phase region 
underneath which was also found to be aluminum-deficient 
compared to the AlTi in unaffected areas.  This lower layer 
may be AlTi3 or a mixture of AlTi3 and AlTi.  At 1100°C, the 
internal oxidation zone consists of a two-phase outer layer 
containing AI2O3 and a severely Al-depleted phase, and an 
inner two-phase layer in which the aluminum is depleted to a 
lesser degree (see Figure 34).  The overall thickness of the 
zone is nearly 100 urn.  The AI2O3 in the outer layer appears 
to form on preferred crystallographic planes within each 
AlTi grain. 

It appears that the oxidation of AlTi begins with a brief 
initial transient period in which TiC>2 is the major product. 
Thereafter, oxidation proceeds via internal oxidation of 
aluminum, forming plates of AI2O3 in an increasingly 
aluminum-poor matrix.  Meanwhile, this matrix is consumed 
from the outer surface inward; this explains the observed 
oxide morphology.  The rate of titanium consumption is 
controlled by the rate of AI2O3 formation, in that the 
formation of alumina eventually raises the activity of 
titanium in the AlTi to the point where TiC>2 formation 
becomes favorable.  The exponential behavior observed over a 
range of test times, however, indicates that the overall 
oxidation rate is controlled not by AI2O3 formation, but by 
the inward diffusion of oxygen through the oxide.  This is 
supported by Figure 35, which shows the activation energy 
for oxidation to be about 28.8 kcal/mol.K, or just under 
half the activation energy for bulk diffusion of oxygen 
through TiC>2 •  It should be noted that Figure 35 is based on 
the assumption of linear kinetics.  Since the true behavior 
is roughly parabolic, the linear rate constants shown for 
isothermal oxidation are not strictly valid; however, since 
measuring the weight gains at successive intervals required 
the use of multiple specimens, parabolic rate constants 
could only be estimated by assuming C in Equation 13 to be 
zero.  Both linear and parabolic constants are shown in 
Table 11.  If the estimated parabolic constants are plotted 
in Figure. 35, an activation energy of 57 kcal/mol is 
obtained.  The rate of isothermal oxidation therefore 
appears to be controlled by some combination of short- 
circuit and bulk diffusion through TiC>2, with the latter 
expected to be dominant above 920°C. 
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Table 11 

AlTi Oxidation Kinetics 

Rate Constant k 

Temp. °C Condition Linear 
(mg/cm2hr) 

Parabolic 
(mg2/cm4hr) 

Cyclic 

900 Both 0.328 

1100 Both 2.674 

Isothermal 

900 As Cast 0.795* 16.5 

HIPed 0.852* 15.8 

1000 As Cast 2.225* 119 

HIPed 1.783* 76 

1100 As Cast 4.961* 625 

Hiped 5.032* 678 

Based upon the total weight gain after 24 hours 

Comparison of cyclic and isothermal oxidation rates reveals 
that initially, the isothermal condition gives a much higher 
oxidation rate (dW/dt).  While the linear cyclic rate 
remains constant with time, the parabolic isothermal 
oxidation slows down with time because of the build-up of 
the protective oxide.  Thus after about 24-48 hours, dW/dt 
is lower for the isothermal condition.  The initial high 
isothermal rate is probably a result of the difference in 
heat-up rates.  Whereas the cyclic specimens were heated 
from ambient temperature to the test temperature in about 
two minutes, the isothermal test furnace took about two 
hours to reach the test temperature.  The high cyclic heat- 
up rate allowed the early formation of a protective Al203 
scale before much Ti02 could form.  This scale, along with 
the Ti02, spalled off during each cool-down cycle, but the 
early formation of alumina kept the oxidation rate 
relatively low.  The slower isothermal heat-up rate, on the 
other hand, allowed more Ti02 to form along with the 
alumina, and thus the permeability of the oxide was greater. 
Thus the oxide which accumulated on the cyclic specimens 
after one hour was as protective as that formed on the 
isothermal specimens after 24-48 hours. 
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Al3Ti. 

Al3Ti has been noted by previous researchers for its ability 
to form a continuous AI2O3 coating, which acts as a barrier 
to the diffusion of oxygen and aluminum ions.  Oxidation 
weight gains are therefore typically assumed to follow the 
parabolic form of Equation 13.  The oxidation behavior of 
Al3Ti appears to be strongly influenced by both its 
chemistry and the surface quality of the specimens. 
Thermodynamically, AI2O3 is expected to form preferentially 
to TiC>2; however, since A^Ti is ideally a line compound, 
the preferrential formation of AI2O3 results in the 
formation of lower aluminides which are less oxidation 
resistant than AI3TL  The oxidation of A^Ti is therefore 
assumed to proceed according to the reaction: 

4 Al3Ti + 13 02 => 6 Al203 + 4 Ti02.      (15) 

SEM/EDS examination suggests that TiC>2 is not present in 
significant amounts in the AI2O3 coating, and therefore may 
not contribute to diffusion processes.  The lack of TiC>2 in 
the oxide may be a result of preferrential AI2O3 formation, 
due to the reduced oxygen partial pressure at the oxidizing 
surface, once an AI2O3 layer has formed. 

Cyclic Oxidation:  Figure 37 shows cyclic oxidation data for 
Al3Ti at 900 and 1100°C plotted as weight gain per unit area 
versus (time)1//2.  The slope of a straight line drawn 
through the data points is then equal to the parabolic rate 
constant kp.  Note in the figure that the slope is not 
constant in some cases, but rather decreases with increasing 
time.  This suggests that either the rate constant decreases 
with time or the n-exponent in Equation 13 is actually 
greater than 2.  The latter possibility will be discussed in 
a subsequent section.  For these calculations, the former 
case is assumed, and kp values are calculated based on the 
longer test times.  These values are shown in Table 12.  For 
cyclic oxidation, the activation energy Q was found to be 
about 35 kcal/mol (Figure 38), which is very close to the 
activation energy for short-circuit (grain boundary) 
diffusion of oxygen in AI2O3 or TiC>2.  However, the 
oxidation rate is much too high to be explained by 
diffusion, as can be seen from the following calculation. 

By differentiating Equation 13 with respect to time, the 
oxide growth rate can be determined at a particular instant: 

dW/dt = (k/n) W^1-11) (16) 

which reduces to dW/dt = kp/2W for the parabolic case. The 
W in the denominator is the total weight gain per unit area 
up to the time in question. The weight gain can be assumed 
to be entirely due to the pickup of oxygen, so dW/dt can be 
converted into a flux of reactive ions (either oxygen 
diffusing inward or metal ions diffusing outward). 
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Diffusion data[41] suggests that at 1100°C, the fastest 
diffusivity possible in the Al3Ti/Al203/Ti02 system is for 
bulk diffusion of oxygen through TiC>2 -  An upper limit for 
the diffusivity in the oxide coating can be obtained by 
assuming that the Ti02 which forms is distributed in such a 
way that all of the inward diffusion of oxygen occurs 
through that oxide.  From Fick's first law, J = -D(dC/dx), 
it was determined that to support the observed oxidation 
rates in Al3Ti in 1100°C cycling, the concentration of 
diffusing oxygen ions at the outer surface of the oxide 
would have to be on the order of 7 X 1024 atoms/cnW.  This 
is about two orders of magnitude greater than the total 
number of oxygen lattice sites per cm3 in TiC>2, which 
suggests that diffusion through the oxide layer is not the 
limiting factor in oxide growth. 

The above result can be duplicated by considering_oxygen 
transport from the standpoint of apparent permeability K. 
The flux can then be given by [42] 

j^^oJ_ (17) 

x 

where p02 is the atmospheric partial pressure of oxygen and 
m is 1.  K is equal to the product of diffusivity and 
solubility S.  Calculated values of K and S are listed in 
Table 12.  The apparent required solubilities at both 900 
and 1100°C are on the order of 1025 atoms/cm3, which agrees 
well with the previous calculation.  This further supports 
the theory that short-circuit diffusion through grain 
boundaries or cracks in the oxide, and not lattice 
diffusion, is the rate-controlling mechanism. 

Isothermal Oxidation:  Figure 3 9 shows weight gain per unit 
area versus (time)1/2 for AlßTi under isothermal conditions 
at 900, 1000, and 1100°C.  Parabolic rate constants were 
determined for these tests in the same manner as for the 
cyclic tests.  These kp values are shown in Table 12 along 
with calculated values of K and S.  The rate constants for 
isothermal oxidation are slightly lower at 900°C than in 
cyclic oxidation, but somewhat higher at 1100°C.  There is 
also a knee in the isothermal data at 1000°C, indicating a 
possible change in transport mechanism around that 
temperature.  Below 1000°C, the activation energy is close 
to the value expected for grain boundary diffusion in AI2O3, 
while above 1000 °C it is close to that for bulk diffusion 
in alumina (see Figure 38).  The observed oxidation rates, 
however, are still much higher than those predicted for 
diffusion control. 
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A partial explanation for the unusually high oxidation rates 
and rate constants can be found in the SEM micrograph in 
Figure 40.  This image shows the outer oxide scale formed 
after 168 hours at 1100°C.  Calculations from the weight 
gain data indicate that the thickness of the oxide should be 
37 urn.  However, the micrograph clearly shows that the outer 
oxide is only 4 urn thick.  The remaining 90% of the weight 
gain was found to be the result of the internal oxidation of 
a second, phase, which was identified previously as a-Al, 
and which constitutes 2.1 volume percent of the 
material.[43]  If it is assumed that this phase oxidizes 
completely, the remainder of the observed weight gain is 
just enough to form a surface layer 3.7 urn thick. 
Similarly, the oxide coating after 24 hours at 1000°C was 
about 2um thick, suggesting that about 22% of the second 
phase has oxidized. 

Based on the thinner oxide coating, the previous 
calculations for the necessary permeabilities and 
solubilities would be reduced by a factor of ten.  The 
resulting values for S are still a factor of ten higher than 
the overall concentration of oxygen lattice sites in TiC>2, 
however, indicating that the oxidation rate is still much 
too high to be bulk diffusion limited.  If the assumption of 
parabolic behavior is retained, the discrepancy might be due 
to the imperfect structure of the oxide.  The AI2O3 scale 
may contain numerous cracks, pores, or other imperfections 
which greatly increase its permeability to oxygen. 

It can be seen from Figure 3 7 that the data does not fit the 
parabolic assumption very well in many cases.  To better 
characterize the oxidation behavior, Equation 13 was solved 
simultaneously for three or more data points from a 
specimen.  This allowed approximate values for n, k, and C 
to be determined over the range of data used in the 
calculation.  The resulting n-values are summarized in Table 
13.  In general, the n-exponents at the start of the 
oxidation tests increased from near 2 at 1100°C to 4 or more 
at 900°C.  Furthermore, as the tests progressed, in most 
cases n increased.  This unusual behavior may be represents 
an extended period (at least 100 hours) of what would 
normally be called transient oxidation, resulting from a 
combination of physical and chemical factors. 
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Table 12 A^Ti Parabolic Oxidation Parameters 

Temp. °C 

Cyclic 

900 

1100 

Isothermal 

900 

Condition 

As Cast 

As Cast 

HIPed 

Rate 
Constant kp 
(mg2/cm4hr) 

0.0052 

0.3324 

0.0460 

Apparent 
Perameabil 

ity K 
(cm.sec] -1 

6.83 X101U 

4.37 XIO1^ 

6.04 X10XX 

Required 
Solubility 
S 
(cm"3) 

2.4 X10/D 

3.7 X10^5 

5.1 X10^ 

As Cast 

1000 

1100 

HIPed 

As Cast 

HIPed 

As Cast 

HIPed 

0.0031 

0.0014 

0.0095 

0.0086 

4.07 X101U 

1.84 X10XU 

1.24 X10XX 

1.13 X10XX 

0.826 

0.246 

1.08 X10XJ 

1.4 XlO^ 

6.4 X10^4 

6.8 Xl0/4i 

6.2 X10^4 

9.2 X10ZD 

3.23 X10XZ 2.8 X10ZD 

(Based on estimated effective diffusivities of 2.87 X10 
cm2/sec at 900°C, 1.83 X10~14 cm2/sec at 1000°C, and 1.18 
X10'13 cm2/sec at 1100°C.) 

The SEM micrograph in Figure 40 shows that the specimens 
contained considerable interconnected porosity, with a very 
rough and uneven surface.  The latter would tend to hinder 
the formation of a continuous, protective oxide_layer, while 
the former would allow molecular oxygen to get into the 
specimen, exposing to oxidation a total surface area which 
is probably much greater than the "ideal" surface area 
calculated from the dimensions of the specimen.  In 
addition, the porosity exposes  the 2.1% _ Al phase to rapid 
internal oxidation, particularly at the higher temperatures. 
The total weight gain is therefore the sum of the internal 
weight gain and external scale formation. 

29 



NAWCADWAR-93083-60 

Until a truly protective outer scale can form, the oxidation 
behavior of the specimens is dominated by the kinetics of 
internal oxidation.  These kinetics can not be characterized 
based on these experiments, but it is likely that they would 
include an exponential term to describe the influx of oxygen 
through the growing oxide products, and a logarithmic term 
to account for the continuous consumption of the cc-Al 
phase.  As the internal oxidation proceeds, the outer scale 
continues to grow, and becomes progressively more 
protective.  The combined effects of these processes may 
account for the unusually high apparent n-exponents. 
Presumably, once a continuous protective AI2O3 scale formed, 
or at least after the second phase was completely consumed, 
further oxidation would assume the expected parabolic 
behavior.  In fully dense specimens, the initial "transient" 
oxidation normally only lasts a few hours, but due to the 
above factors, the transient period in the specimens 
examined here was extended to times close to or beyond the 
duration of the tests. 

Table 13 A^Ti: Calculated n-Exponents 

Type of 
Test 

Temp. °C Condition Initial Average Final 

Cyclic 

900 As-Cast 3.6 

HIPed — 5.44 6.26 

1100 As-Cast   2.09   

HIPed   2.76   

Isothermal 

900 As-Cast 11.62 8.81 4.73 

HIPed 6.84 6.30 5.68 

1000 As-Cast 2.70   4.76 

HIPed 4.97   4.31 

1100 As-Cast 1.72 2.49 3.65 

■ 

HIPed 1.72 3.09 
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AI5CUTI2• 

The addition of copper to Al3Ti was expected to improve the 
deformation and fracture behavior by converting the DO22 
structure of Al3Ti to an Ll2 structure.  The effects of 
copper additions on oxidation properties were also 
investigated.  The addition of a third component to binary 
Al3Ti greatly complicates oxidation behavior, in that the 
selective oxidation of any element results in the creation 
of some number of new phases.  Copper, as the most noble of 
the three elements, was not expected to oxidize; rather, its 
main effect initially was to reduce the aluminum content, 
and thus the alloy's tendency to form a protective alumina 
scale.  The aluminum content (62.5 atom %) is still above 
the 59% threshold found by Meier et al [36] for AlTi at 
1100°C, so it was expected that alumina scales would still 
form.  This was found to be the case; however, above 1000°C, 
the copper was found to cause severe chemical instability in 
the material. 

Cyclic Oxidation:  As with Al3Ti. graphs of cyclic weight 
gain per unit area versus (time)1/2 are not linear (Figure 
41).  At 900°C, this effect can again be described as either 
a decreasing rate constant with time or an n-exponent 
greater than 2.  Assuming parabolic behavior and using data 
at longer times, the cyclic data at 900°C indicates a 
parabolic rate constant of about 0.025 in the As-Cast 
condition, and about 0.001 in the HIPed condition.  At 
1100°C, weight gain accelerated rapidly as the specimen 
became unstable, and so rate constants at extended times 
could not be calculated; however, the data suggests an 
initial kp of about 3.50 in the As-Cast condition.  These kD 
values are shown in Table 14. 

Isothermal Oxidation:  Figure 42 shows that the isothermal 
behavior was very nearly parabolic.  The rate constants 
calculated for 900° and 1000°C are approximately one order 
of magnitude higher than those for Al3Ti under similar 
conditions.  This may be attributed to the lower aluminum 
content of the copper-modified material, which makes the 
formation of an alumina scale less likely.  At 1100°C, 
however, the rate constant drops to the same level as at 
900°C, and to a much lower level than Al3Ti at the same 
temperature. 
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Table  14 

AlsCuTi2  Parabolic Rate Constants 

Cyclic 

Isothermal 

Temp. °C 

900 

1100 

Condition 

As Cast 

HIPed 

As Cast 

HIPed 

Rate Constant 
vr> 
(mg2/cm4hr) 

.025 

0.001 

3.5 (initial) 

900 

1000 

1100 

As Cast 

HIPed 

As Cast 

HIPed 

As Cast 

0.028 

0.010 

0.922 

0.236 

0.028 

High Temperature Instability:  The oxidative and Physical 
instability at 1100°C can be explained in terms of the 
kinetic path of oxidation.  From the Al-Cu and Ti-Cu binary 
phase diagrams [3] it can be seen that all of th^ Al-Cu and 
Ti-Cu compounds have melting temperatures below 1100°C with 
the exception of ß-Ti.  Complete oxidation of the compound 
at lluoo? based on phase stability diagrams [44] and on the 
phases identified by x-ray spectroscopy, proceeds according 
to the equation: 

4 Al5CuTi2 + 25 02 =* 6 Al203 + 4 CuAl204 + 8 Ti02.(18) 

The CUAI9O4 phase was expected to decompose into CuO and 
AloCH below 800°C.  However, EDS and X-ray spectroscopy 
indicated that no CuO and only a small amount of CuAl204 
were present in the oxide.  In addition elemental copper 
peaks were identified in the crucible, which had turned a 
deep brown color.  Thus, it appears that as oxidation 
occurs, AloCo and Ti02 form preferentially, while the alloy 
become; progressively more copper-rich.  As the copper 
content of the alloy increases, new, lower-melting-point 
phases would form.  Eventually a phase which is liquid at 
1100°C is formed, at which point rapid oxidation of the 
aluminum and titanium in the liquid occurs, thus accounting 
for the sudden rapid weight gain.  The remaining molten 

32 



NAWCADWAR-93083-60 

copper would oxidize more slowly, and could flow out into 
the crucible before oxidizing. 

CONCLUSIONS 

1. Saphikon is the most compatible fiber with the Al3(Ti,Nb) 
matrices. 

2. TiB2 appears to be chemically compatible with the 
Al3(Ti,Nb) matrices. 

3. SCS-6 fiber is incompatible with the Al3(Ti,Nb) matrices. 

4. The lack of matrix ductility results in significant 
matrix craking during HIP consolidation due to fiber-matrix 
CTE mismatch. 

5. The microstructure of Al3Ti + Nb powder is coarser than 
that of AI3TL  The as-solidified microstructure of Al3Ti + 
Nb powder is retained during HIP processing,i.e., prior 
partical boundaries are visible in the HIPed materials. 

6. AlTi oxidizes at a rate two orders of magnitude faster 
than AI3TL 

7. Partitioning of aluminum during solidification of A^Ti 
results in internal oxidation of Al3Ti.  The internal 
oxidation of free aluminum accounts for 90% of the total 
weight gain. 

8. Oxidation of Al5CuTi2 proceeds with the preferential 
consumption of Al and Ti.  As a result, low melting point 
copper rich phases form leading to rapid oxidation. 

9. The oxidation behavior of AlTi is linear.  The oxidation 
behavior of Al3Ti and Al5CuTi2 was fit to parabolic kinetic 
equations; however, the n exponents were generally greater 
than 2. 

10. The oxidation kinetcs of Al3Ti is controlled by the 
short circuit diffusion of molecular oxygen through cracks 
and imperfections in the oxide scale. 
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Figure 1 The Aluminum-Titanium Equilibrium Phase Diagram, 

(WDO22 

Figure 2 Crystal structure from LI2 to DO22 
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Figure 5    Marko Materials Melt Spinner. 
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(a) 

(b) 

Fiaure 6 Optical Micrographs at 400X of TiB2 Fiber 
Composites Consolidated at 1100 °C:(a) AI3T1 Matrix and 

(b) Al3Ti+Nb Matrix. 
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(a) 

(b) 

Figure 7 Optical Micrographs at 400X of TiB2 Fiber 
Composites Consolidated at 1200 °C: (a) Al3Ti Matrix, 

and (b) Al3Ti + Nb Matrix. 
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(a) 

(b) 

Figure 8 Optical Micrographs of SCS-6 Fiber Composites 
Consolidated in Al3Ti + Nb Matrix: (a)at 1100 °C (200X), and 

(b) at 1200 °C (220X). 
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(a) 

(b) 

Figure 9 Optical Micrographs at 400X of Saphikon Fiber 
Composites Consolidated at 1100 °C: (a) Al3Ti Matrix, 

and (b) Al3Ti + Nb Matrix. 
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(a) 

(b) 

Figure 10 Optical Micrographs of Saphikon Fiber Composites 
Consolidated at 1200°C: (a) Al3Ti Matrix (400X), and 

(b) Al3Ti + Nb Matrix (440X). 
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(a) 

(b) 

Figure 19 A SEM Micrograph of Al3Ti/Saphikon Composites HIPed at 
(a) 1100 °C and (b) 1200 °C. 
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Figure 34 SEM Image of AITi after Cyclic Oxidation, 
Showing Internal Oxidation of Aluminum. 

For bulk diffusion of oxygen thru Ti02, 0 ■ 60 kcal/mole. 
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Figure 36 SEM Image Showing the Oxide Layer on AITi 
after 48 hours Isothermal Oxidation at 1100°C. 
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NAWCADWAR-93083-60 

Figure 40 SEM Image of AI3TI Showing External Oxide 
Formation and Internal Oxidation after Isothermal 
Exposure at 1100°C. 
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