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S U M M A R Y

INTRODUCTION

Today one of the most promising approaches to increasing the strength
of structural materials, particularly at elevated temperatures, is in
composite strengthening wherein exceptionally high strength microdimensional
materials of controlled orientation are incorporated in a suitable metal
matrix. Unidirectional solidification of alloys of eutectic composition can
produce “in—situ” composite materials having one or more high strength
reinforcing phases in a metal matrix. These materials have the advantage
of excellent thermal stability and the absence of fiber matrix interaction
problems during fabrication. They are strong candidates for both the compressor
stage (titanium base) and/or turbine stage blades and vanes of the jet engine.
In the latter case directionally solidified eutectic alloys based on nickel
and cobalt have already demonstrated a potential for increasing average metal
operating temperature of 150°F to 200°F. These results have warranted
leading aircraft engine firms to launch major research and development programs
to develop these alloys as cost effective materials to improve engine performance.
The alloys currently being developed, however, are limited by melting points
below that of pure cobalt and nickel and by poor oxidation resistance.

This report covers the work over the four year period from November
1971 to November 1975 on Task WR02204001 Research on Metal Matrix Composites
for Naval Aircraft Eflgines. The purpose of this work unit is to identify,
produce , and characterize new high melting point directionally solidified
eutectic alloys which show promise for utilization in a 2100 — 2500°F engine
environment. During the first year the emphasis was on titanium base
eutecrics for application at 1000°F in the compressor stage of the engine.
The effort was shifted to the current objective when this area was seen to
have a more signifitant pay—off.

Su)eIARY OF RES Ul TS

Eut.ctit - binary alloys of titanium with iron, cobalt and nickel
werc direcri~na1I y solidified on an electron beam zone melter. Metallographic
examination revealed In the TI—Fe system a matrix reinforced with 40 vol. Z
liFe rods. The Ti -Co eute tic has a 48 vol. 2 (4 titanium dispersed phase in
a FCC carbide type Tt2Co matrix and the Ti—Ni eutectic structure consists of
30 vol. % (4 titanium fibers in a carbide type Ti2Ni matrix . All the alloys
were brittle when tested in tension. The Ti--Fe eutectic failed at 105.000
psi at 1000°? In a brittle Eanner due to the presence of a previously
unobserved third phase.

Screening the microstru tures of 22 different binary , ternary and
quaternary columbiusi base systems has resulted in the identification of
several eutectic systems whose morphology indicates possibilities as a
structural material. These systems include Cb—Cr-Si, Cb—Cr—Ti , Cb—Si—Al ,
Cb—Si—Hf , Cb—Co—Ti , and Cb—Fe—Ti .
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Cr—25Cb—34Al (wt. 2) computer predicted eutectic alloy ingots have
been directionally solidified at 0.25, 1, and 3 in/hr. Preliminary tests
at 2200°F indicate that this alloy has an oxidiation resistance superior
to 75C, y/y-6 , and COTAC 3, first generation directionally solidified
eutectic alloys. Metallographic and spectrographic analysis of
directionally solidified ingots of this alloy indicate that with a low
temperature gradient at the solidifying interface (200°F/in) and a
1 in/hr. growth rate, there are large dendrites, misalignment of the fibers,
changes in microstructure over the length of the ingot, and a decrease in
chromium content from the first portion of the ingot to freeze to the final
part. Apparently , the Cr—25Cb—34A1 eutectic composition is located on a
mon~variant eutectic trough sloping downward in temperature toward a quasi--
binary Cr2Al3—CbAl3 eutectic at the aluminum rich end of the system.

At a higher gradient (500°F/in) and the same growth rate (1 in/hr.),
the structure stabilizes producing well aligned CbAl3 fibers (50 v/o) in a
Cr—Cr2A13 matrix. The larger ~bAl3 fibers in the center of finer CbA13
fiber colonies initiate brittle cracks which propagate eaoily through the
surrounding fibers and Cr—Cr2AI3 matrix. Changes in growth rate and
composition did not suppress this brittle behavior.

CON CLUS IONS

1. Of the three different titanium base binary eutectic alloys studied
the Ti—TiFe eutectic offers the best potential as a structural material
for applications up to 1000°F. More research is needed , however , to
identify and eliminate the cause of brittleness in the titanium matrix.

2. A technique has been developed for screening many multicomponent
alloys for potentially useful directionally solidified eutectic alloys.

3. The computer analysis used to identify the Cr—25Cb—34A1 eutectic
alloy appears to be successful as far as yielding a prediction of eutectic
composition . Although the oxidation resistance of this alloy looks
promising, Its strength appears unsuitable for structural applications.

RECOMMENDATIONS

The Davison and Rice model has demonstrated its usefulness in predicting
the monovariant eutectic trough in the Cb—Cr—Si system and can be easily
utilized with a programmable calculator. However., the more highly sophisticated
Kaufman and 

~~~~~ 
model has been demonstrated on the Cr—Cb—Al eutectic as

being fairly accurate in its prediction in this system and since it is now
available on a time—sharing basis at a relatively low cost, it should be
used to assist in identifying other potential ternary eutectic systems. This
model would be particularly valuable if expanded to quaternary systems.

The screening techniques developed in this program should be continued
and applied to other potential high temperature eutectic systems.

2
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FUTURE PLAN S

More study will be made of the columbium base eutectic systems
identified as having possibly useful microstructures. Studies of columbium
ternary and quaternary systems having boron and carbon additions will also
be made. Other refractory metal base systems will be screened in a manner
similar to the columbiurn base alloys. Nickel, cobalt and iron base
eutectics having a composition based on the results of a Battelle study
sponsored by NAVAIR will be melted in buttons and made into ingots to be
used for directional solidification.
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L I S T 0 F F I C U R E S (cont’d)

Figure No. Title 
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18 Cr—25Cb—34A1 Alloy Directionally Solidified at
1 in/hr. with a Gradient of 200°F/in 55

19 Cr—25Cb—34Al Alloy Directionally Solidified at
1 in/hr. with a Gradient of 500°F/in 56

20 Cr—25Cb—34Al Alloy Directionally Solidified at
0.25 in/hr. with a Gradient of 900°F/in 

21 Alloys Oxidized at 2200°F for 5 hrs 58

22 Cr—25Cb—34Al Alloy Fractured at Room Temperature . 59
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B A C K G R O U N D

In recen t years , there has been considerable interest In the development
of composite materials for aircraft structural applIcation . Graphite/epoxy
and metal matrix composites are well developed and have been applied to a
variety of aircraft structures. High strength filaments embedded in the matrix
give these materials high modulus and/or strength to weight ratios in the
direct ion of the reinforcement. Metal matrix composites offer possible
advantages over the organic matrix composites because of their potential for
increased ductility and higher temperature capability. Considerable effort
has gone into the development of aluminum and titanium matrix composites.
The titanium matrix offers the potential of higher strength , modulus and
temperature capability than the aluminum . The metal matrix composites have
been much more difficult to fabricate than those with an organic matrix.

Unidirectional eutectic solidification offers several advantages as a
method of preparing titanium matrix composites . Since the reinforcement is
grown with the matrix there are no lay—up problems or fiber matrix interactions .
Also , bec ause the in terface be tween the re inforc ing  phase and the ma tr ix phase
is usually formed at close to equilibrium conditions , it is very stable and
micr ostructu res have been prod uced tha t do not change at tempera tu res clo se to
their melting point , reference (a). Eutectics have been grown with ductile
met al matrices and reinforcing whiskers having strengths in excess of one
million psi , reference (b).

Although limited to the eutectic systems that mature provides , it is
still possible to vary the volume percent , size , and even morphology of the
reinforcing phase by control of solidification parameters , purity and alloy
content. Conventional heat—treating techniques and mechanical working,
references (a), (b), (c), (d), and (e) , are also available to enhance the
properties of the matrix and the reinforcing phase.

Only a limited amount of work has been reported on titanium matrix eutectics.
The systems studied have Included Ti—TiB , Ti—TI5Ge3 and Ti—Ti5Si3 all reported by
Crossman and Yue , references (f) and (g). They reported that the TiE formed as a
mixture of whiskers and blades In an ~ titanium matrix. Due to the low volume
percen t of this phase there was no significant reinforcement . On the other hand ,
they found that the T15SI3 and Ti5Ge3 formed a eutectic having 31 and 34 volume
percent , respec t ivel y, reinforcing fibrous phase in an a titanium matrix. They
concluded that the eutectic with the Ti5Si 3 f ibers  showed a considerable improvemen t
over existing commercial alloys in Young ’s modulus , compressive yield streng th , and
creep strength.

Based on a survey of published phase diag rams , refe rences (h) , ( i ) ,  and
(j), it was decided that binary eutectics of titanium with iron , cobal t and
n ickel would be d i rec t ionally sol id i f i e d , morphology and composi tion of phases
idem t i fi ed , and their strength characteristics determined. Calculations
indicated tha t  the volume f rac t ion  of the in te rmeta ll ic  phase could vary f rom
40% for Ti—Fe to 75% for Ti—Ni with Ti—Co intermediate at 50%. There is also a
possibility of alloying between the iron , cobalt and nickel to vary morphology

8
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and volume f r ac t i on  of the intermetaLjc in the titanium matrix since liFe ,
TiCo and TINI have the same crystal structure and TiFe2, T iCo2 and T iNi 2 also
have the same structure.

The titanium base eutectics were seen to have a possibility for
application as structural members in aircraft or as the compressor blades in
the jet engine. However , work at Uni ted Technologi es and General Elec tric in the
Un ited States and O.N.E.R.A. in France has indicated the potential of
directionally solidified eutectics for use as turbine blades in the hot
stage of the jet engine. These “in—situ” composites have already demons tra ted
a capab ility for increasing metal temperatures by 150 to 200°F in comparison
w ith the bes t commerciall y available alloys today , reference (k). The payoff
has been seen to be sufficient to warrant major development efforts by both
United Technologies and General Electric. The alloys currently being developed ,
however , have poor oxidation resistance and melting points below that of
pure nickel and cobalt. Therefore , there is a need for new eutectic systems
whici will overcome these limitations .

Acco rdingly ,  the e f f o r t  in this program was shifted from exploring
titanium base eutectics to one involving screening and evaluation of high
temperature multicomponent eutectic systems having higher melting points
and/or superior oxidation resistance. The screening program has focused
ini tially on coluinbium base ternary and quaternary alloys systems but other
refractory metal base systems will be studied . It is recognized that a coating
sys tem would probobl y be required for refractory metals , but that suitable
alloying may slow down oxidation of the base metal if there should be a coating
failure. T fl addition to screening of the refrac tory metal base eu tec tic sys tems,
other high temperature eutect ic  compositions are being evaluated for  morp hology ,
oxidation resistance , and mechanical p roperties . Specifically ,  a Cr-25Cb—34Al
(wt. %) eutectic , predic ted wi th computer analysis by Kaufman and H. Nesor,
refe r ence (1) , has bee n directionally solidif ied and evaluated . They predicted
this alloy having a melting point of 2400°F, would be a good “in—situ” composi te
since a hard CbA!3 phase would reinforce a Cr—lOCb—25Al (wt. %) matrix .

The wo rk on the t i t a n i u m  alloys was reported at the Conference on In—Situ
Composites he ld in Lakeville , Connecticut  in September , 1972 and published In
a Na t ional Ma terials Advisory Board Publication on the conference , reference (m),
and is incorporated in this report. Subsequent work on these alloys was reported
in a Wo rk Unit  Quarterly S ta tus  Report , April , 1973, reference (n) and the
First and Second Quarterly Progress Reports for FY—74 , references (o) and (p).
The screening of the columb ium base eu tectics has been repor ted in the Wo rk Unit
Quarterly Status Report , the Quarterl y Progr ess Repor ts for  FY—74, and Quarter l y
Progress Reports for  FY—75 , references (n), (a), (p), (q), (r), (s), ( t ) ,  and (u ) .
This report summarizes this work as well .  The above mentioned quarte rly progr ess
r epo r ts , sta r t i ng  with  the second one also describes the work on the Cr—2 SCb—34A 1
alloy and is incorporated in this report. A memorandum from April 1973 also
desc ribes work on I b i s  alloy , reference  (v) . Most of the stud y of the C r— 25Cb —
34A1 eutec t ic  is summarized in a paper presented at the Conference on In—Situ
Composites — II and is included in this  report , reference (w) .
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E X P E R I M E N T A L  P R O C E D U R E

MATERIALS

All the materials were in the form of solid chunks , f l akes , shot , wire or
rod . Table I is a list of the elements used in this study and their supp liers.

~:(~U IPMENT

Several different furnaces were utilized during the course of this study.
A Burr ell H i gh Temperature Electric Furnace (maximum temperature 2650°F), with
a hori~ cjntal alumina tube and silicon carbid. resistance elements , was operated
with a continuous flow of argon for the initial melting of the titanium base
eutectic rods for directional solidification . The initial alloying of the
titanium buttons and slow cooling of some of the columbium alloy bu ttons was in
a p latinum wound resistance element , vert ical tube furnace. It is fully desc r ibed
in references (x) and (y). The argon atmosphere was introduced through a water cooled ,
gas tight cap at the top which had a small (1/4 inch diameter) glass por t for
observa tion of the melt. The melt itself was contained in a 3/4 inch diameter
alumina crucible which rested on an alumina thermocouple protection tube. This
t ube extended through the open bottom of the furnace and was clamped to a Syntron
vibrator , the vibrations of which helped to stir the melt.

Aft er the initial titanium studies all of the melting and some of the slow
cooling studies were done in a “Sys t em VII ” General Purpose Me tallurgical  Vacu um
Facility, produced by Vacuum Industries , Inc. In this equipmen t , power is app lied
to the melt through a non—consumable electrode in a positive pressure argon
atmosphere. Buttons were melted in a water cooled hearth having circular depressions
1/2 inch diameter by 1/4 inch deep. Rods were prepared by melting buttons in
another water cooled hearth having a trough 3/8 inch wide by 4 inches long . Slow
cooling experiments are done in this facility by removing the electrode assemb ly
and water cooled hearth and replacing them with graphite resistance elements which
can provide temperatures up to 4000°F. A mechanical pump , oil d i f f u s i o n  pump
vacuum pumping systems has maintained pressures of 1 to 5 x torr when melting
alloys at temperatures of 3400°F. Temperatures are controlled and monitored with
two W/5 Re — W/26 Re thermocoup les she athed in bery llia , tubes .

Directiona l solid ification was accomplished in an electron beam zone melting
unit and a resistance furnace directional solidification unit. All of the
titanium alloys and some of the Cr—Cb—A1 alloy rods were directionall y solidif ied
on the electron beam unit as described In reference (m). A vacuum of 2 x l0—~ to
2 x l0 6 torr was maintained for the titanium alloys using an ion pumping system.

The or i g i n a l  d i r e c t ion a l  s o l i d i f i c a t i o n  uni t  has been described in reference
(z) and was first used for the directional solidification of aluminum base
eutec tics. After several modifications the furnace is now a Model PCA— 10 ,
mol ybdenum wound , resistance furnace manufactured by IMANCO , and capable of
temperatures up to 3200°F. The booster coil described in reference (z) which
helped to control and maintain a steeper temperature gradient was replaced with
a molybdenum wound element for direction al solidification of the higher gradient ,
Cr—Ch-A l eute ctic alloys described in this report. Also , a n ickel pedes tal was

10
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added to the drive system to provide a steeper morc constant temperature gradient
as compared to the previous system , where the crucible was pulled by a wire into
the chill zone. A recent calibration run indi ited that the temperature gradient
was increasing as the ingot entered the chill zone.

ALLOY SELECTION

The compositions for the binary titanium and columbium base eutectic alloys
were selected on the basis of published phase d iagrams , r~’ferences (h), (i), ( j ) ,
and (ab). In cases where the buttons did not show a complete eutectic structure ,
additional alloys of varying compositions were melted and the i r  microstructures
exam ined to pinpoint  the exact eu tec t i c  composition. The elements to be added
to the columb ium base ternary and quaternary eutectic alloys include ; Fe, Co, B
and C ( fo rm eutectics wi th  Cb) , Cr and Si (form eutectics with Cb and may improve
oxidation resistance) and Al , Ti , Hf and Ni (may imp rove oxidation resistance and/or
imp rove morphology of eutec t ic  phase. The in i t ia l  compositions in a system have
been se]ected on the basis of intuitive projections from the component binary
systems. Also used was a relatively s imple compu ter techni que developed by
Davison and Rice , refe rence (aa) , which they have shown to produce data in good
ag reement with  experimental  resul ts  in the Al—Cu—Mg systen’. This model has been
prog rammed for  the Wang calculator .  The composition of the Cr—Cb —Al eutect ic  being
studied as pa rt of this program was selected on the basis of a more sophisticated
compute r analysis done by Kaufman and Nesor , reference (1) .

ALLOY INC

The ingredien ts for the alloys were weighed to an accuracy of 0.001 grams
resulting in an accuracy of at least 0.01% depending on the total weight of the
melt .  Alloy but tons  fo r the in i t i a l  t i t an ium base eutectic study were melted
in the pla t inum wound resis tance furnace , previously descr ibed in this  report ,
under an argon atmosphere.  During this in i t i a l  study, ingo ts for  direc t ional
solid ification of Ti—(Fe , Ni and Co) alloys were melted in the silicon carbide
resistance furnace  as deecribed in reference (in) . All the melts of the titanium
alloys in both the p l a t i n u m  resistance furnace and the silicon carbide furnace
we re contained in alumina crucibles at temperatures of 2 ’~0O to 2600 °F at least
900°F below the melt ing points of the consti tuent  elements. This is probab ly
why the re was no s i g n i f i c a n t  crucible reactions even though conventional t i tanium
alloys are highly r eac t i ve  wi th  all the conventional refractories , reference (ac ) .

I t  was necessary to m a i n t a i n good physical contact with the alloy ing
ingredients since the contact points between the titanium and the iron , cobalt
or nickel were where the eu tec t ic  me l t ing  reaction would originate.  In order
to minimize  crucib le react ions the a l loys  were kept in the molten state for
t imes ranging f rom 10 to 20 minutes .

Initially t i t a nium rods ( 1/8 inch diameter by 4 inches long) for directional
so l id i f i ca t ion were alloyed in aluminum oxide boats under an argon atmosphere.
The charge consisted of 1/8 inch diameter titanium rods with a strip or strips
of iron , coba l t , or n icke l  d i s t r ibuted along the length of the rods so that  the
ratio of alloying elements was roughly constant. This was done to maintain a
uniform composition the length of the ingot. There appeared to be very little
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interaction between the melt and crucible as evidenced by the relative ease
with  which the rod was separated from the boat and the only slightly gray ish
appearance of the aluminum oxide that had been In ccntact with the molten metal.
In addi t ion , there was no meta l lographic  evidence of con ta m inat i~ n from the
cruc ib le .  Oxide caused by exposure of the solid ified ingot to the atmosphere ,
while being removed from the f urnace , and possible s u r f a c e  contamination from
the boat was removed by grinding with a rubber wheel.

The arc melting facility was used for the melting of all subsequent
titanium base eutectics , the columbium screening program alloys and the Cr—Cb—Al
eutectic alloys. Special techniques were developed for alloying high melting
(columbium) constituents with low melting ones such as aluminum without excessive
loss of low melting constituent.

Once alloyed on the f i r s t mel t , the buttons were turned over and remelted at
least four times to ensure complete homogeneity. If the buttons were to be
used fo r metallographic studies , on the last melt , the power to the arc was
gradually cut back so as to reduce the cooling rate and prepare a coarser
micros tructure. Rods were turned over and remelted at least two times in the
arc furnace , and provided the charge for the electron beam zone melter or the
directional solidification unit.

SLOW COOLING STUDIES

A procedure was developed for slow cooling previously arc mel ted buttons
of promising eutectic alloys to form coarser microst ructures  and determine
mel ting points. The coarser microstructure was useful In identifying the
morp hology of the phases in the eutectic. The melting point determinations aided
in evaluating the potential usefulness of the alloy as a high temperature material
and were used in the calibration of the directional solidification unit.
In it ially samoles were slow cooled in the platinum resistance furnace, bu t af ter
acq uisition of the graphi te res istance hea t ing elemen ts , the buttons were cooled
in the General Purpose Metallurgical Vacuum Facility which is capable of higher
temperatures . Melting point calibrations were done by heating pure metals
having known melting points and observing at what apparent temperature liquid
f i rst appeared . Copper , sil icon , and nickel se rved as standards in the platinum
resis tance furnace and copper , nickel , Iron , titanium and zirconium were melted
as standards in the graphite resistance furnace. The melting points were measured
at a hea t ing  ra te  of 3 — 5°F/mm . Cooling ratcs of 3°F/mm . were utilized to
prepare the coarse microstructure. This procedure made it possible to mainta in
very good control of the heating and cooling rates.

DIRECTIONAL SOLIDIFICATION

An electron beam zone melting unit was used to directionall y solidify all
of the titanium base eutectic rods. The floating zone technique insured no
problem with crucible contamination and the high vacuum provided a very pure if
not purifying environment. The stainless steel chamber of the system was pumped
with a 1200 I/s ion pump and roughed down wi th l iquid nitrogen sorption pumps ,
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thus p roviding a clean vacuum , free f rom contamination caused by back gtrea ming
oil vapors. The vacuum dur ing mel t ing  ranged from 2 x lO—~ to 2 x 10 to r r .
A beam voltage from 1.2 to 1.8 KV and a beam current from 23 to 50 ma , depending
on the alloy of the rod and the vacuum in the chamber , was necessary to create a
stable molten zone. Initiall y, passes were made from the bottom to the top of
the rod at a speed of 1 in . /h r .  for  the f i r s t  half of the traverse and 15 in . /h r .
for the remainder of the distance. To maintain the liquid zone at the highest
speed it was necessary to increase the beam voltage by approximately 0.3 Ky.
In the subsequent phase of the titanium study arc melted rods of the Ti—32Fe
eutectic were given two passes at 1 in./hr. in the electron beam zone melter.
As described in reference (r), three rods of the computer predicted , Cr—2SCb—34Al
eutectic alloy were directionally solidified on the electron beam zone melter at
1 in ./hr . and 3 in . /hr . Argon was bled In to  the chamber lowering the normally
high vacuum from i0~~ torr  to 1 04  to rr  to minimize  vola t i l iza t ion  of Al f rom
the molten zone.

Cr—25Cb—34A 1 rods were prepared in the d i rect ional  sol idif icat ion unit  as
described in reference (s). Arc melted rods of the correct composition were
melted in an alumina crucible under an argon atmosphere. Growth rates of
0.25 , 1, and 3 in ./h r .  were used to produce rods 3/8 in. in diameter and up
to 4—1/4 inches long. Superheats from 100 to 330°F were applied to the melt
resulting in a maximum temperature  of 2900° F.

METALLOCRAPHY

All direct ionally sol idified rods were etched , given a mac roscopic
examination and photographed for future reference. This was done so that
correlations could be made with microstructure and gross inhomogeneites such as
growth fluctuations , undissolved ingredients and changes in macrostructure.
Sections were cut from these rods in the longitudinal and transverse directions ,
and also from buttons , tensile specimens and oxidation specimens. They were
prepared for microscopic examination by conventional metallographic techniques.
The t i t anium base alloys were etched by immer sion in a so lu tion of 10% HF , 5%
HNO3 and 85% water. All the c~ther eutectics were etched in the same manner ina 10% HF , 40% HNO 3 50% water  solution . The t i t an ium etchant was such that the
titanium rich phase was attacked in preference to the interinetallic constituents.
The n phase of t i t a n i u m  was d i f f e r en t i a t ed  from the B phase by its birefringence
under polarized light , reference (ad). Quite often , columbium base eutectics
would have some undissolved columbium in them making it possible to differentiate
the columbium rich phases from the intermetall ic phases by their appearance
under the microscope. Phase volume fraction was determined by applying a point
count method to phomicrographs of transverse sections of directionally solidified
samples.

Some of the metallographic samples were also examined with the electron
microprobe analyzer. The t i tan ium base eutectics were scanned for  titanium ,
iron, cobalt , and nickel; and the Cr—25Cb—34Al alloy was scanned for chromium ,
columb ium and aluminum. Both fixed beam—specimen translation , resulting in a
trace of elemental intensity versus distance , and fixed time counting (scalar),
where the counts relative to elemental intensity were recorded at a fixed
position on the surface. Where possible, specimens were examined which had
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regions of undissolved t i t a n i u m  and columbium and gradually inc reasing
concentrations of the other element or elements. These titanium rich or
columbium rich regions served as internal standards for purposes of concentra-
tion comparison .

The other halves of the brok n tensile specimens not used for metallographic
studies we re mounted and examined in a 30KV Scanning Electron Microscope . The
resulting fractographs were evaluated on the basis of evidence of ductility or
brittleness and other topographical features. Also , a Scanning Electron
Microscope — Energy Dispersive X—ray Analysis (SEM — EDAX) was made of the
phases present in one of the Cr—25Cb-34Al (wt. %) eutectic alloy ingots
direct ional ly solidified at 1 in./hr . in a gradient of 200°F/in. This same
rod was analyzed by emission spectrography at 1 in. intervals along its length.

OXIDATION TESTING

Samp les of the Cr—2j Cb—34A 1 eutect ic  alloy were given an isothermal weight
gain oxidation test at 2200°F for periods of 5 hours and 60 hours. Flat pieces
(approxi mately 1/ 2 in. x 1/4 in. x .05 in . )  were cut from the arc melted rods
and directionall y, solidified on the electron beam zone melter. Samples were
taken from both the zone melted portion and the un—melted portion of the rod
fo r purposes of comparison . Pieces of Hastelloy X, which i8 noted for its good
oxidation resistance , were also included in the test to provide baseline data.
The surfaces of all the samples were polished on 600 grit emery paper , cleaned
in acetone , weighed and p laced in previously dried alumina crucibles and tested
as described in reference (ae) . During the 50 hour test , an overnight power
f a i l u re resulted in a temperature drop—off to 1450° F bef or e it was discovered
the next morning and brought back up to temperature. To compensate for this
perturbation the test was extended to the next day resulting in a total exposure
to 2200°F of 60 hours along wi th  the 8—1/2 hour period of cool down to 1450°F and
a 2—1/2 hour t ime to return to 2200°F. After exposure, all the samples were again
weighed in their crucibles and transverse sections were cut from them for
met al lographic examination .

MECHANICAL TESTING

After directional solidification , the rods were etched to determine any
macro fea tu res such as evidence of d i rect ional  reinforcement and to aid in
selecting the sections for mechanical testing . Reduced sections, 1/8 in.
in diameter by 3/4 in. long were ground in the slowly solidified and the quickly
solidified portions of the rods directionally solidified during the first
phase of the titanium base eutectic study as reported in reference (in) .

Because of their brittle nature , the rods were held gently against a
rubber base grinding wheel and slowly turned to reduce their gage sections.
After grinding , the portions of the rod containing the reduced section were
cut apart and pulled in tension in an m atron testing machine. Self—aligning ,
split collet grips supported the shoulders of the specimens for testing. The
specimens were pulled at a croeshead speed of .01 in./min. and the load recorded
as a function of time with a strip chart recorder. Tensile specimens were
ground in the shop from the Tt—32Fe eutectic rods solidified during the second
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phase of the titanium study and tested as described above but at 1000°F in air.
Due to their extreme brittleness only a few of the Cr—25Cb—34Al eutectic samples
were successfully ground for tensile testing and these samples broke on setting
up in the testing machine.

V
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R E S U L T S

Ti-Ti2Co EUTECTIC

In the f i rst  phase of the t i t an ium p rogram i t  had appeared that  when
28 wt .  % of cobalt was added to t i t an ium to form a eutectic as indicated
in published phase diagrams , refe rence (h) and ti), very little if ary
eutectic could be detected in the micros t ruc ture .  A f t e r  examining a series
of buttons it seemed that the eutectic composition was somewhere between
32 and 33 wt. % cobalt. These buttons had been melted in the platinum
resistance furnace.  A series of buttons were melted in the arc furnace and
metallographic examination of these indicated the eutectic was less than
31 wt. %. Figure 1 shows pho tom icr ographs of sec tions from a por t ion of a
33.5 wt. % cobalt rod grown at the slow speed (1 in./hr.) in the electron
beam zone melter .

There were dendrites in this rod and sections were selected that were
most f ree of dendrites to t ry  to produce the s t ruc tures  most character is t ic
of the eu tec t i c , not perturbed by dendrites.  The t ransverse section ,
Figure 1(a), shows a mixed structure of rods and lamellae. The lamellae
appear to curve around the rods in some places and appear in straight parallel
arrays in other areas. This seems to be a transition between a lamellar and
a rod like morphology. The average diameter of the rods and thickness of the
lamellae is 2 microns and there appears to be ~48 volume % of this phase.
Microprobe analysis, consideration of the phase diagram and etching behavior
indicates that the dark dispersed phase is V Ti and the white matrix phase is
Ti 2Co . The longitudinal  section of this port ion as shown in Figure 1(b) .
indicates  some d i rec t iona l i ty  in this , st ruc Lure .

A t ransverse section as shown in Fi gu re 2 ( a)  at the higher growth
speed (15 in./hr.) shows basically the same type of structure , but the
pa r t icles  are f iner , on the order of 0.5 micron . Figure 2(b), a longitudinal
section through a portion of another Ti—Ti2Co rod grown at 15 in./hr., has
regions where the eutectic forms a complex lamellar structure similar to that
seen in Al—Si and Al—Ge d i rec t ional ly  sol idif ied eutectics , references ( z ) ,
(af), (ag), and (ab). Samples from the Ti—TI2C0 rods broke in a br ittle
manner at stresses from 10,000 to 20,000 psi.

T1—T i2NI EUTECTIC

As in the case of the Ti—Ti2Co eutectic , when an ingot of Ti—Ni was
alloyed with 28.5 wt. % Ni as indicated In published phase diagrams, references
(h) and (i), only a little eutectic could be found in the microstructure. Also ,
as with the Ti—Ti2Co eutectic , a series of buttons were melted at various
compositions. As a result of this initial phase of the titanium study , the
eutectic composition was reported in reference (in) as between 33 and 35 wt. 2
nickel. After this report as with the Ti—Ti2Co alloy8, a series of buttons were
melted in the arc furnace and metallographic examination of sections from these
buttons indicated the eutectic was between 29 and 30 wt. 2 nickel. There were
many highly dendritic areas so sections for metallographic analysis were selected
as free from dendrites as possible to try to avoid perturbation from the dendrites.
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Both Figures 3(a) and 3(b) are photomicrographs of sections from the
portion of the Ti—TI2Ni rod zone melted at I in./hr. Although Figure 3(a)
is a longtudinal section , it does have a portion which appears to be transverse
to the growth direction of the rods and is characteristic of rods seen in
transverse section. The average diameter of the rods is 2 microns and they
are 30 vol. 2 of the alloy . Their fibrous nature is quite apparent in
Figure 3(b). The intersecting white spines of the matrix are similar to the
Ti—TI2Co eutectic grown at fast speeds as shown in Figure 2(b) In this
case, however, there is no evidence of platelets or a lamellar structure.
Similar to Ti—Ti2Co, the dark phase appears to be B titanium in a matrix of
Ti2Ni. This conclusion is based on microprobe analysis, the phase diagram,
and etching behavior. The B titanium itself appears to be a two or three
phase structure. Examination under polarized light reveals small grains,
barely resolved at l200X, having the birefringence characteristic of a
titanium , reference (ad). A portion of a Ti—Ti2Ni eutectic rod which had been
heated above the eutectoid temperature and rapidly cooled did not have this
characteristic indicating that the a had transformed back to B and the
cooling was fast enough to prevent a titanium from reforming. There also
appears to be some dark spots in the B titanium which may be Ti2Ni precipitate.

Figure 4 is a section from a portion of the Ti—Ti2Ni eutectic rod
solidified at 15 in./hr. The magnification here is twice that of the other
photographs (l200X) so it represents rods having a very small diameter probably
less than .5 microns. In this photograph the tendency to form platelets is
quite apparent, also, other areas of the specimen showed the rods forming
regular patterns as in Figure 3.

Samples from these Ti—Ti2Ni rods also failed in a brittle manner at
stresses between 10,000 and 20,000 psi.

Ti-TiFe EUTECT IC

Examination of the microstructure of the Ti—Fe eutectic revealed a few
small dendrites but a predominately eutectic structure at a composition of
32 V t .  2 Fe as indicated in published phase diagrams , reference ( j ) .  Rods
grown at 1 in./hr. had some relatively large eutectic grains. The regular
rod like nature of the discontinuous phase can be quite clearly seen in the
transverse and longitudinal sections of the rod shown in Figure 5. Figure
5(c) is a photomicrograph of a transverse section at the intersection of
three of these grains. The grain having the regular rods is the most charac-
teristic and covered the largest region. The average diameter of these rods
is 4 microns. A few grains had a more irregular rod structure or a rod and
platelet structure as seen in the other two grains in Figure 5(c). The platelets
appear to be thinner than the rods having a 2 micron thickness on the average.
The transition between rods and platelets is quite apparent in this figure as
rods appear to coalesce into platelets. Clime , et al, observed this type of
structure in directionally solidified eutectics having molybdenum rods in a
NiAl matrix and tungsten rods in a nickel matri:c, reference (ai). They found
that webs formed between faceted rods at branching faults giving rise to the
platelets which is apparently the cane here. Based on the conclusions from
this work, the differen t orientation of the grain in Figure 5(c) caused the
platelet structure to form.
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Examination of the rods directionally solidified at 15 in./hr.
reveals a colony type of structure as shown in Figure 6. This structure
is much finer than that of the slowly solidified rods. The very fine
fibers at the center of the colonies appear to have a diameter of 0.5 microns.
Lamellae or platelets can be seen radiating outward from the center of the
colonies. The colonies themselves appear to have a diameter of .05 mm. It
h~ s been well established that the higher growth rate will increase the
tendency toward colony fo rmation. Cline , et al , obse rved this type of s t ruc ture
in a NjAl—Cr 6.0 Mo eutectic and concluded that the faceted rod could not
bend and grow normal to the solid—liquid Interface , so it is forced to grow
in platelets radiating out from the center with  increasing thickness toward
the edges of the cell , reference (ai).

A sample from a Tl—32Fe rod directional ly solidified at 1 in./hr.,
tested in tension at room temperature failed at 45,000 psi wi th a b ri tt le
fracture. A photomicrograph , Figure 7(a), of a metallographic section per-
pendicular to the f racture surface shows the brittle nature of both the matrix
and the fiber. This was brought out more clearly in the scanning electron
photomicrograp h in Figure 7(b). The faceted nature of the fibers can also be
seen quite clearly. A sample from a Ti—32Fe rod solidified at 15 in./hr. had a
brittle failure at 90,000 psi when tested in tension at room temperature. The
scanning electron photomicrograph of Figure 6(c) shows not only tI’.e colony
structure of the higher growth rate but some possibile ductility in the dimpling
of the v titanium phase between the cleavage faceted liFe radiating outward
from the center of a eutectic colony.

Additional rods of Ti—32Fe were arc melted , instead of melting in the
Burrel furnace and directionall y solidified as before at 1 in./hr. As
previously reported in reference (p), a specimen tested in air at 1000°F failed
without ductility at 105,000 psi. Metallographic examination of these samples
revealed that the premature brittle failure was caused by an unidentified third
phase previously not observed in these alloys. Figures 7(c) and (7)d are
photomicrographa of a longitudinal section near the fracture surface of a
sample broken at 1000°F showing the brittle nature of this phase and its role
in initiating failure of the sample.

COLUMBIIJM BASE EUTECTICS

An extensive number of binary , ternary and quaternary columbium base
eutect ic alloys were arc melted as 10 gram buttons and evaluated metallographically
as previous ly reported in references (n), (a), (p) , (q), (r), (s), (t), and (u).
The amoun t of eutectic present in the microstructure , its morphology and based on
morphology , its potential as a structural material was evaluated and is listed
in Table II. A desirable morphology is considered to be either lamellar or the
columbium metallic phase as the continuous phase. A more complex microatructure
where there might be more than two phases present , was also considered worthy
of future evaluation . Those alloys which had been slow cooled are also indicated
In Table II. As a desirable morphology , the microstructure of the Cb— lOCr—
5Si—35T 1 (wt. 7.) alloy is a good example of a columbium matrix with an inter—
metallic dispersed phase. Figure 8 is a photomicrograph of a section from an
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arc melted button of this alloy . The undissolved columbium is seen blending into
a columbium solid solution which surrounds the intermetallic discontinuous
phase. The lamella r type of structure which should also be indicative of a
promising structural material  is exemp lif ied by the Cb—35Fe— 22Ti wt . 7. alloy
shown in Figure 9. Slow cooling a bu t to n  of th i s  alloy resulted in a more
comp l icated st ructure . The columbium appears as f ibers  in the center  of the
eutectic region but becomes lamellar adjacent to the columbium rich dendrite.
Mo re s tud y is needed in th i s  p a r t i c u l a r  system .

Another alloy having this structure , the Cb—l4Cr—57Hf (wt. ¼) did not
seem as promi sing on slow cooli ng , because it then appeared as fibrous
columb ium in an intermetallic matrix and is shown in Figure 10. In a few
alloys , there was an indication of a third phase or a more comp lex micro—
st ructure . Figure 11 is a photomic rograph of one of these alloys having
a composition of Cb—38Cr—7Ti (wt . ¼) .

The least promising alloys , mosr of which had an in terinetallic
cont inuous phase are also listed in Table II. The Cb—22Fe—4A1 (wt. ¼)
all oy has this type of structuri~ and is shown in Figure 12. The brittle
natu re of the ma t r ix  phase is indica ted  by the cracks which stop at the
metallic phase and then continue on the other side.

There were problems in melting the Cb—Cr—Ti alloy in the platinum
furnace. The Cb—Cr—Ti—A1 alloy was successfully melted bu t onl y the
intermeta l l ic  phase could be resolved in the microstructure .

Compositions of ternary and qua ternary columbium base eu tec ti c alloys
fo r arc melted but tons were selected on the basis of infe r r ed  pr ojec t ions of
monovariant eutect ic  t roughs  from the component b inary systems . The Davison
and Rice model for  p red ic t ing  monovariant eutect ic  troughs in ternary systems
was app lied to the Gb—C r—Si  system , reference (s). Monovariant eutectic lines
we re projected from the columb ium rich end of the Cb—Si and Cb—Cr binary
systems . The ternary interaction parameters were initiall y assumed to be “0”
but at the intersection of the two projected monovariant eutectics , there was
a disc repancy of almos t 200°F in temperature . By an iterative technique the
interac tion parameters of both the Gb—Si and Ch—Cr based monovariant eutectics
were varied u n t i l  an In te rac t ion  parameter  was found tha t  resul ted  in an
intersection of both temperature and composition .

Cr-2 5Cb—34A 1 ALLOY

Progress on the Cr—25Cb—34A1 alloy has been reported in references (p),
(q) , ( r ) , (a) , (t), (u ) , (v) , and (w) , and [s summari zed here . To arc mel t
button s of these alloys , it was found necessary to first alloy the columbium
and chromium before adding the aluminum. Otherwise , not all the coluinbium
entered into solution . Upon examination of the arc melted buttons , the
composition appeared to be 100¼ eute~ tic as predicted (reference (1)), and
to have a lame l lar morphology as shown in Figure 13(a). Halves of the buttons
we re remelted in both the p lat i num resistance furnace  and graph i te  fu rnace  and
slow cooled at 3° F pe r minu te  to develop a coarser micros t ruc ture .
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Examination of the platinum resistance melted , sl ow cooled samp le
rev ealed a mix ture of CbAl3 lamellae and f iber s wi th larg e bl ock l ike CbAl3
crystals in the centers of some of the grains , Fi gure 13(b). A needle—like
prec i pitate , Figure 13(c), can be seen in the chromium rich matrix. The
melting point of this alloy was observed to be between 2444 and 2490°F, as
compared to the melting point minimum of 2400°F, predicted by Kaufman and
tiesor, reference (1).

Nine buttons at various compositions around the predicted eutectic
point were arc melted and examined under the microscope. This was done to
def ine more accuratel y the phases present in the microstructure , the range
at  compositions resulting in a eutect~ c structure , variations in microstructure
caused by changes in composi t ion , and as a basis f o r  i d e n t i f y ing s h i f t s  in
composition due to directional solidification of the rods. The location of
these alloys on the ternary phase diagram and the computer predicted mono—
var iant eute (’tic troughs and minimum melting point are shown in Figure 14.
The identificat ion of the alloys is listed in Table III along with the
characteristic microstructure. Figures showing representative photomicrographs
are also listed in Table III. The partial binary Cr—Al phase diagram with
the computer predicted phase bounda rie s , reference (1), and those reported
in the literature , reference (ab) , is also depicted in this figure.

Examination of these buttons indicates a range of compositions from
Cr—25Cb— 34,’tl (wt. ¼) to Cr—48Cb—37A1 (wt. ¼) where a lamellar eutectic
structure may be retained without detrimental dendrite formation . The micro—
structures of the alloys richest in chromium , Samples #3 and H, indicate that
prinary a (Cr) solidified first then as solidification progressed the compos i-
tion of the liquidus shifted toward the a— i (CbA13) eutectic at a composition
near  Samp le !~l. This solidified with the eutectic structure similar to
Sample /tl. Due to the decreasing solubility of chromium for aluminum , y
(Cr2A l 3 having a -y brass crystal structure) precip itated out of solution . There
is a strong similarity in the appearance of the precipitate in Samp l es #3 and
#7 of this stud y and the prec ip itate identified as y by Koster , et al ,
reference (aj), in their stud y. An occasional needle like lamellar phase also
appears in the i grains. Studies of the binary Cr—Al system indicate a solid
state ordering reaction of transforming to a B body centered tetragonal MoSi2
type of structure at 1670°F , references (al) and (ah). The needles seen in
this stud y could be this B phase , because of similarity to the lame1lar form
sh own by Koster , et al , reference (aj).

Exam ination of the microstructure s of Samp les #9 and 1/10 indicates that
solidification could have occurred in a manner similar to Samples #3 and #7
but with the primary reaction being the per itectic between a Cr and the
melt to form Cr2Al3. A small amount of CbAI 3 appears at the Cr2Al 3 grain boundaries ,
probab ly caused by the q u a s i — b i n a r y  e u t e c t l c  r eac t ion  between Cr2Al 3 and CbA 13.
This  i n t e r p r e t a t i o n  is supported by the  observat ion of Bradley  and Lu , re ference
(ak), and Koster , et al , reference (aj), who ’ both indi cated a p e r it e c t i c  reaction
for the formulation of Cr2A13 as opposed to the computer predicted eutectic
reac t ion  of Kaufman  and Nesor, reference (1).
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Samp les #2 and #8 appear to show the formation of Cr2A1 3 and CbA 13 only,
while  Samples #4 and #Shave dendrites of A which is reported by Hunt and Ramon ,
re fe rence  (al), and also indicate through computer calculations of Kaufman
and Nesor , reference (1) , to be C b ( C r A l ) 2  (hexagonal MgZn2) capable of
disolving up to 45 atomic percent aluminum. Samp le #5 has a low concentration
of \ dendrites but Sample #4 has significantly higher concentration of A.

Two rods of the computer pred icted , Cr—25Cb—34A1 eutectic alloy were
d irec tionally solidified on the electron beam zone melter at 1 in ./hr. and
3 in./hr. Argon was bled into the chamber lowering the normally h igh va cuum
f rom lO— ~ torr  to i~—4 torr to minimize volatilization of aluminum from the
molten zone. However , it was found impossible to mainta in  a li quid zone at
a 1 in./hr. solidification rate due to excessive evaporation of the aluminum .
Two rods of this alloy were grown successfully at 3 in./hr .

Metallographic examination of sections from these rods reveals that
enough aluminum was los t to produce a predomina tely dendritic structure as
seen in Figure 16(a). There is good alignment in the eutectic regions not
disturbed by dendrites as shown in Figure 16(b) . Cracking appears associated
wi th  the dendri t ic  phase and f ine cracks appear to propaga te thr ough the
bri tt le phase in aligned eutec t ic regions but are in terru pt ed by an apparen t ly
more duct i le  m a t r i x  phase as seen in Figure 16(b).

Six more ingots of Cr—25Cb—34Al were prepared with the directional
so l id i f i ca t ion  un i t  at a grad ient of 200° F/in . Arc melted rods of the correct
composition were melted in an a lumina crucible under an argon a tmosphere .
No loss of aluminum occurred during melting as was the case with the previously
d i rec t iona l ly so l id i f ied  rods processed in the vacuum of the e lec t ron  beam zone
mel te r .  Growth rates of 1, and 3 in . / h r .  were used to produce rods 3/8 in.
diamete r and up to 4—1/4 in. long. Maximum temperatures (based on calibration
runs)  of the melt  varied from 2570 ° F to 2900 °F r e s u l t i n g  in sup~~ hea ts  f rom
100° F to 330°F above the melting point of the Cr—Cb—A1 alloy . Even after
exposure to melts at 2900°F at a growth rate of 1 in./hr., there was no
sign ificant crucible reaction . However , a mel t tempera ture of 2800 °F seemed
opt imal  since lower t empera tu re s  resul ted in more misa l ignment  and hi gher
temperatures than 2800° F did not improve the alignment.

The micros t ruc tures  of sections f rom these ingots were in te rp re ted  w i t h
the assistanc e of published b inary  phase d iagrams , the computer predicted
te rnary phase diag ram , exami na t ion  of previously melted buttons of known
composition , and SEM—EDAX. The d i re c t i o n a l ly s o l i d i f i e d  ingot s  appear to
have seve ral d is t inc t  regions each having its own characteristics. Figure
17 is a photomicrograph of an etched ingot showing these reg ions and
pho tomicrographs of t ransverse  s ec t i ons  c h a r a c t e r i s t i c  of these regions .
Figure 18 consists of photomicrographs and SEM’s of sections from this
ingot and table IV lists the SEM—EDAX data  from these sect ions . S tar t ing  at
the bo t tom of the ingot which  s o l i di f i e d  f i r s t , there  is :

The Initial Region — Segregation of the  h ighes t  me l t ing  c o n s t i t u e n t s
such as undissolved — Cb , A — C b ( C r A I ) 2  and a—Cr creates dendritic structures
which disrupt alignment of Cr—CbAl3 inter—dendritic eutectic. As the melt
progresses only Cb(CrA1)2 dendrites and eutectic are observed. A photomierograph
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*1
and SEN of ~ ‘is reg ion can be seen in Figures 18(a) and 18(b). EDAX confirms
the presence of Cb(CrA12) dendrites and a eutectic having CbAl3 fibers , blades ,
and lamellae in a chromium rich matrix. The analysis also indicates that the
needle like phase may be Cr2A l. Individual particles of Cr2A13 in the eutectic
matr ix and/or chromium dendrites could not be resolved . EDAX indicates the
composition 1 the c h r o m i u m  rich dendrites presen t in the intial reg ion to
solidi :v as being at a location A in the Cr—Ch--Al ternary diagram , F igure 14 ,
and the matrix of the eutectic , having a volume fraction of 80 percent CbAI3
bl ades and lamell ac , as being close to this composition .

The Lamell ar Region — The Ch (CrA1)2 dendrites diminish both in quantity
and size. The eutectic appears as a mixture of ChA I3 lamellae , blad es and
fibers having a very high volume fraction in a Cr—Cr2A13 matrix. There is good
al ignment within the eutectic phase.

The Compj~ex Lamel lar  R~~ ion — No more Cb(CrA 1)2  d e n d r i t e s  are present  but
the  he r r ingbone  p a t t e r n  of the  ChA 13 phase does not resul t  in good a l i gnment ,
F igure  17.

The Fibrous  Region — Large f a c e t e d  CbA 13 c rys ta l s  f o r m  and tend to be
elongated in the growth direction but many form with their axis perpendicular
t o  the growth direction . As can he seen in Figure 18, they seem to form from
a coalescence of lameliar CbA13. Many smaller CbA13 faceted fibers are seen
around the large dendrites . As the end of the ingot is approached , these large
dendrites seem t o  diminish and approach the size of the surrounding f ibers. The
CbA13 fibers appear to occupy a smaller volume fraction of the matrix (50 percent)
th an the lamellar CbA13. SEM—EDAX places the composition of the Cr—Cr2A13 matrix
of the eutec tic having a 50 percent volume fraction ot CbAl3 fibers at location B ,
Figure 14, within 5 atomic percent of the composition of the predicted eutectic
matrix. Anal ys is of the matrix of the last to solidif y eutectic with a 16 percen t
volume fraction of CbAl3 fibers indicates its composition t o  be at pos i t ion  C in
F i g u r e  14 , onl y a few atomic percent from the Cr2A1~ composition .

At the  end of the  f i b r o u s  region , at  the  last p o r t i o n  to  s ol i d i f y ,  there is
d istinct transition f rom the eutectic having a volume fraction of 50 percent CbAl3
in a Cr—Cr2Al 3 matrix to one having a volume fraction of 16 percent CbA13 in a
cr2Al 3 matrix as shown in Figures 18(c) and 18(d). The photomicrograph , Figure
18(d) , brings out clearly this transition . The SEN . Figure 18(e), sh~~.~s the
si ng le phase nature of the matrix of the final portion to solidif y and EDAX
indicate s that It is entirely Cr2 A 1 3 phase. The matrix of the high fr~ ction CbA1 3
eute cti adjacent to the last region to freeze , appear s to be a Cr—Cr2Al 3 mixture ,
but energy disp ersive x—ray anal ys i.; could not determine if Cr2AI was also present
in the matr ix. Extensive cracking In the comp le tel y Cr2AI3 matrix eutectic but not
pr~~.ent In the Cr-—Cr2A13 matrix eutect t c , indic ates that the Cr— Cr2A l 3 is the more
d e s i ra b h  s t r u c t u r e .

A s p ect r o g r a p h ic  anal ysis was also made of one of the ingots , the resul ts of
w h i c h  are l i s t e d  in  Table  V. Due to a lack of i n t e r n a l  s tandards  onl y a
qualita tive analysis could he made . These r e su l t s  i n d i c a t e  a decrease of chromium
as the Ingot solidified and either a constant Cb/Al ratio or a constant
co lumbium or a l u m i n u m  con ten t  the  length of the  i n g o t .
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Addit ional ingots of the Cr—25Cb—34Al eutecti c were prepared with the
improved directional solidification unit having the higher 500°r/in. temperature
gr adient provided by the pedestal support for the crucible. These ingots had
a uniform structure of well aligned CbA13 fiber in a Cr—Cr 2Al 3 matrix their
ent ire length , portions of which can be seen in Figure 19. The large Cb~ 13
dendrites appear to align themselves in oriented arrays as can be seen in
Figure 19(a). Within these arrays , the fine faceted fibers form a cellular
s t r u c t u r e  w i t h  many of the  colonies having a large faceted CbA13 dendrite in the
center , surrounded by very f i n e  CbAl3 f i b e r s  having square or r e c t a n g u l a r  cross—
s e c t i o n s . In Figure 1 9 ( b ) ,  the elongated e u t e c ti c  grains  can be seen in po lar ized
light. It was also apparent from their birefringence in polarized light , that
all  the  massive dendrites and fine fibers within one grain had the same crystallo-
graphic orientation . The CbA13 f ibers occupy a vol ume f rac tion of 50 percen t , as
shown in Figure 19(e). A two phase matrix is also apparent , probab ly consis ting
of czCr with a Cr2A13 precipitate.

The t empera tu re  p r o f i l e  of the d i rec t iona l  so l i d i f i c a t i on  un i t  was opt imized
by v a r y i n g  the  power inputs  to the main winding and booster coil resulting in a
t e m p e r a t u r e  g r a d i e n t  of 900° F/ i n .  The growth rate  fo r  the computer predic ted
Cr—2SCb—34Al eutectic was reduced from 1.00 to .25 in./hr. resulting in a lainellar
ins tead of f i b rous  m i c r o s t r u c t u r e , as can be seen in Figure  20. The composition
of one ingot was s h i f t e d  to Cr—3 OCb—30A 1 to suppress Cr2A 13 f o r m a t i o n  in the Cr
matrix , but metallographic examination and microhardness measurements indicate
t h a t  the  m a t r i x  is s t i l l  b r i t t l e .

Oxidation

For the oxidat ion s tud ies , the r e su l t s  of the weigh t  gain t e s t s  a long
wi th comparable da ta f r om other inves t iga tors f or 73C , reference (am), COTAC 3,
re fe r ence (an ) , ‘y ’—~ , ref erence (an) , and y/y ’— 6 , references (ae), (ao), and
(an), in situ composites and Hastelloy X , reference  (ae) , as an oxidation
res i s tan t  standard , are l i s ted  in Table V I .

The pho tomicr ograp hs , Figu re 21 , of transverse sections taken from
samp les exposed for 5 hours at 2200°F show the  d i f f e r e n c e  in the oxidation
mechanisms of the three samples. After exposure at 2200°F for 60 hours , the
Hastelloy X appeared black and the inside of the crucible in which it rested
was black also. The Cr-25Cb— 34Al alloy was grayish white and the inside of
the crucible was clean . The oxide appeared as fine powder from the Hastelloy
X but  as large f l akes  f r o m  the  Cr—25Cb—34A l  (as cas t )  and fewer  f i n e r  f l a k e s
from the Cr— 2SCb— 34Al (directionall y solidified at 3 in./hr.).

Mechanical Properties

A t t e m p t s  were  made to p e r f o r m  2000 ° F t en s i l e  tes ts  on samples of Cr—25Cb—
34A1 eutec tic al loy ingots directionall y solidified in a temperature gradient
of 500°F/in, at a rate of 1 in./hr. No tensile data was obtained , however ,
due to failure of the samp les dur ing mach ining and handl ing or fa i lure of the
grips  d u r i n g  t e s t ing .  M e t a llo g r a p h i ’ examina t ion  of these samples revealed
tha t  c r ack ing  o r ig i n a t e d  In the  l a rge  CbA13 dendr i t e s  and then  propagated
t h r o u g h  the  rest of the  m a t e r i a l .  This is ind ica t ed  in the  photomicrographs ,
Figure 22.
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D I S C U S S  I O N

TITANIUM BASE EUTECTICS

Dependen t on whether iron , cobalt or nickel is alloyed with titanium at
its eutectic composition on the titanium rich side of the phase diagram , a
range of structures is formed as a result of directional solidification . When
i ron is the al loy ing ingredient , titanium is the matrix phase with a 40 volume
percent reinforcing intermetallic TiFe in rod or platelet form. At the other
extreme is the Ti—Ni system having the intermetallic Ti2Ni occupying 70 volume
percen t of the alloy becoming the matrix phase and the metallic titanium becoming
the rod like dispersed phase. The Ti—Co eutectic represents a structure in between
these two extremes , where at 52 volume percent , intermetallic Ti2Co appears to
he the matrix phase. However , the titanium discontinuous phase , al though it is
fo und as rods , also forms an interconnecting lamellar for m almost bec oming a
continuous phase itself. This type of microstructure has been observed by
others , reference (ap), and in work at NADC on other eutectic systems .

The intermetallic phase in the Ti—Fe system is the cubic TiFe which is
homologeous wi th TiCo and T iNI , reference (aq). This means there is a potential
f or alloy ing cobalt and/or nickel with TiFe chang ing its pr oper ties includ ing
volume percent. The FCC Ti2Fe did not form in the eutectics becase at least 6
atomic percen t oxygen Is needed to stabilize this phase , reference (ar),and
the high vacuum of the electron beam zone refiner prevented this from happening.
On the other hand , Ti2Co and Ti2Ni did form in the eutectic with cobalt and
nickel. This is true no doubt because these Intermetallics do not need oxygen
to stabil ize them , reference (at). Since Ti2Fe, and Ti2Co are isomorphous
compounds , re ference  (ar ) ,  it may be possible to change the eutectic morphology
by rep lac ing  some of the cobalt In Ti 2Co with iron .

The lack of d u c t i l i t y  and low s t resses  fo r  f a i l u r e  In the test ing of the
Ti—Ti 2 C o  and T i — T I 2N I  e ut e c t i c s  was caused by br ittle failure in predominately
intermeta llic dendritic regions and is probably no indication of the strength
of the eutectjc. The Ti—TiFe eutectic also failed in a brittle manner and
a crack near the fracture face can be seen in Figure 7(a). The manner in which
the (‘rack grows straight through the l~ titanium matrix as well as the TiFe fiber
w ith only a slight deflection at the interface between the phases indicates a
br ittle matrix . The fractograph , Figure 6(c), of the fast grown Ti—TiFe indicates
some ductility by the dimp ling of the B titanium phase between the cleavage
faceted liFe radiating outward from the center of a eutectic colony . Tensile
spec imens more ca ref u l l y machined woud probably have better strength proper ties.

Of the three systems , the Ti—liFe appears the most promising for strength
pr operties because of a metallic matrix whose properties could possibly be
improved by suitable heat treatment and/or alloying. The 40 volume percent TiFe
rod l i ke phase having a cubic crystal structure may make a good reinforcing phase.
Other studies have shcwn that alloy ing of this phase with cobalt or nicke l would
tend to make it a more ductile Inter-metallic by increasing the electron to
at om ratio and decreasing the directionalit y of its bonds making it more metallic ,
reference (at). Theref ore , there is a potential for strengthening this alloy .
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The br ittle failure of the Ti—32Fe samples tested at 1000°F ra ises
more questions about the potential of this alloy . More research would be
necessary to identif y the cause of the embr itt ling th ird phase and also to
improve the ductility of the B titanium matrix. However , coupling of results
of current work on conventional B titanium alloys with more research on the
Ti—TiFe eutectic of this work could well result in a structurally useful alloy
up to 1000°F.

COLUMBIIJM BASE EUTECTICS

During the course of this program , several methods have been developed
for  iden t if ying prom ising eutectic alloys. Examination of arc melted buttons
has been shown to be useful in determining whether a system contains a eutectic ,
giving a qualitative picture of how close the composition is to eutectic composi-
tion , and conveying some information about eutectic morphology . Slow cooling of
buttons provides even more information in terms of melting point determination
and better resolution of eutectic morphology . This appears to be a good backup
technique for  the stud y of more promising alloys selec ted from the arc mel ted
buttons. Many columb ium base eutectic systems have been rejected in this study
and a few promising ones identified . The Cb—Cr—Si base alloy with the TI and Fe
as quaternary additions appear worthy of more study. Also , the Cb—Cr—Ti , Cb—Cr—
Ti—Al , Cb—Si—Al , Cb—Si—Hf , Cb—Co—Ti and Cb—Ti-Fe systems should be investiga ted
more . Columbium base systems having boron and carbon additions need to be
screened . The Davison and Rice model for predicting monovariant eutectic troughs
appears to have been successful in predicting the compositions of Cb—Cr—Si
eutec t ics  at the Cb corner of the ternary system.

Cr—25Cb--34A1 EUTECTIC ALLOY

The results  of the examinat ion  of the mic ros t ruc tu re  of the nine bu ttons
at various compositions around the  predic ted eutectic point , coup led with the
microscop ic , SEM—EDAX , and spectrograph ic analysis of ingo ts direc tionally
solidified a t 200° F/in, has verified the presence of a eutectic at the
composition predic ted by the computer model of Kaufman and Nesor. Also , the
composition of the matrix phase of this in situ composite was within 5 AT Z of
the predic ted compos it ion , position B in Figure 14. This alloy and a Hf—Cr—Ni
eutec tic investigated by Kim and Ashbrook , reference (as) , are the f i r st eutectics
to be studied as a result of computer analy sis and gen era l ly  ver i fy  the predic tions
of Kaufman and Nesor , aff irming their technique.

From observations made on these ingots , it appears that the solidification
process for the Cr—25Cb—34A1 eutectic alloy is not stable at a growth rate of
1 in./hr. and a low temperature gradient of 200°F/in . The alloy that first
solidifies in the ingot is close to the composition of Sample #7 in Figure 14.
As solidification progresses the composition of the remaining liquid moves through
the eutectic composition near Sample #6 and the final por t ion to solidif y is at
a composition close to Samp le #2 , the quasi—binary eutectic between Cr2A13 and
CbAl 3.

Eviden t ly,  there is a monovariant eutectic trough slop ing downward from a
composi t ion in the region of Samp le #1 toward the quas i—binary eutectic at
Sample #2. Since it has been demonstrated that the steeper the slope of the
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monovariant eutectic trough , the more difficult It is to maintain stab le biphase
pla in front growth , reference (at) , and the predicted eutectic composition is not
st able during solidification at low gradients , there must be no minimum in the
monovariant eutectic trough at the postulated eutectic composition , reference (1).

Directional solidification at the highest temperature gradient has
considerably improved the alignment of the fibers and has stabilized the
rnicrestructure so that It is uniform the length of the ingot . Other workers
have shown , in both the 73C , (Co ,Cr) — (C ,Cr ,Co) 7C3 system having a downward
sloping monovariant eutectic trough , re fe rence  (a u) ,  and ~/y ’~ which sol id if ies
on a slop ing bivariant eutectic surface , reference (av), tha t coupled biphase
growth over a range of compositions and temperatures , is possible.

The colony stru cture with the massive CbA13 dend rites similar to those
observed in other sys tems such as the (A1 ,Cu) — A 13Ni eu tec ti c , reference (aw),
Indicates that a higher temperature gradient and/or lower growth rate is needed
to pr oduce a f u l l y composite structure . The high volume fraction of the CbAl3
phase in the fibrous rather than lamellar form is caused by the decreasing
solubility of chromium for both aluminum , reference (a) , and columbium , reference —

(j). This type of behavior has been observed in other systems , refer ences (m) ,
( f ),  and (g) , and is caused by diffusion of the excess constituents to the fiber
dur ing cool ing.  The high concentration of CbA13 fibers should help to increase
the strength of this alloy and the decreasing solubility of a Cr for both
columbium and aluminum should suppress the formation of brittle Cr2Al3 in favor
of enlarg ing the diameter of the CbAl3 fibers.

I t  is clear from the data  t h a t  the oxidation res is tance of the  Cr—25Cb—34A 1
eutectic in the directionall y solid ified condition is superior to 73C, ~‘—ó ,
r / Y ’ — A , and COTAC— 3 , but not  as good as Has telloy X or sput ter—coated 73C. It
Is interest ing to note tha t , s imi la r  to  a report of the results of oxidation
st udies on 73C, reference (am), the Cr—25Cb—34A1 In the directionally solidified
condition did not oxidize as much as in the arc melted condition . The
preferential attack of the chromium matrix phase in the arc melted sample in
contrast to the uniform rate of oxidation in the directionally solidified alloy
as seen in Figure 21 may explain this difference In behavior. These tests are
very limited but do Indicate a potential for good oxidation resistance in this alloy .

A s tudy of deformation mechanisms in massive CbA13 indicates that it is
bri ttle at room temperature due to the fact that its only deform ation mode is by
the formation of twins which are very difficult to generate , reference (ax). The
Cr-(,r2A l 3 matrix of the Cr—25Ch—34Al , al though not as brittle as the all Cr2A1 3
matrix , still does not appear to have a good crack propagation resistance .
Therefore , the elimination of the large CbA13 dendr ites by higher temperature
gradients or lower solidification rates may not result in an alloy with adequate
duct ility.

Large bri ttle dendrites of A13NI in a (A1 ,Cu) matrix of a monovariant
d irectionally solidified eutectic , have also been observed to be responsible for
pr emature brittle failure , reference (ax). There is some evidence of plastic
shear deformation or twinning In the fine fibers (Figure 22). The Cr—Cr2A13
matrix of the Cr-25Cb—34A1 does not appear to have good crack propagation
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resistance. Therefore , the elimination of the large CbA13 dendrites by higher
temperature gra.iients or lower solidificat ion rates may not result in an alloy
with adequate ductility.

Variation in growth parameters and changes in composition based on the
results of this study do not appear to eliminate the formation of brittle
Cr2A13 in the chromium matrix of this in situ composite or improve its toughness.
No additional study of this eutectic , therefore, appears warranted .
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TABLE I

PURITY OF STARTING ELEMENTS

Material Source

99.95 % U Bram Metallurgical Chemical Co.

99.995 % Co Bram Metallurgical Chemical Co.

99.999 Z Cr Bran Metallurgical  Chemical Co.

99.5 2 Hf Bram Meta l lurgica l  Chemical Co.

99.999 2 Si Bram Metallurgical Chemical Co.

99.95 2 Ti Bran Metallurgical Chemical Co. 
—

99.8 2 Cb Fansteel Metallurgical Corp.

99.90 2 Fe Plastic Metals Div. of Crane Corp.

99.9 2 Ni International Nickel Co.

33

is



NADC—7 62 l7-3 0

TABLE II

COLUNBIU1I BASE EUTECTIC ALLOYS EXAMINED

y j %  Morphology Po tent ial

Cb—3OCr Intermetallic Matrix —

38Cr
38. 5Cr
39.0
40Cr

Cb—33Cr—9Si Third Phase +
2lCr—4Si

5Cr—l OSi

Cb—lOCr—SSi—35Ti Cb Matrix +

Cb— 2 O Cr—5Si —lO Al Two Intermetallic Phases —

3Cr— S Si—2A l

Cb—3Cr—lSi—4Fe Third Phase +

Cb— 2OCr— 3OCo Intermetallic Matrix —

Cb—2OCr-3OCo—5A1 Intermetallic Matrix —

Cb—5OCr—STi Third Phase +
38Cr— 7Ti

Cb—4 5Cr—S Ti— lOA l Lamellar +

Cb— 3OCr— l6Fe In termetal l ic  Matr ix  —
2lCr—l5Fe

Cb—l 6Cr-54Hf Lamellar +
l4Cr- S7Hf Fibrous —

46Cr— 381ff

Cb—2Si Intermetallic Matrix —
4Si
TS i
6S i

6.5Si
7S i
lOSi
l5SI
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TABLE I I  (cont ’d)

COLUMBIIJM BASE EUTECTIC ALLOYS EXAMINED

Alloy — Wt. 2 Morphology Potential

Cb—l8Si—l8Fe Intermetallic Matrix —

8Si—l5Fe

Cb—lOSi—lOFe—3OTi Intermetallic Matrix —

5S i—2OFe—lOTi
llSi—22Fe—33Ti

Cb—8Si—l5Fe—lOAl Intermetallic Matrix —

l5Si—l5Fe— lOAl

Cb—351—7Co Intermetallic Matrix —

Cb—5Si—lOTi Two Intermetallic Phases —

4S I—28Ti

Cb—8S1—8Al Columbiuni Matrix +

4Si—5Al

Cb— 4S 1—36Hf Lamellar +

Cb—24Co—l3Ti Complex +

Cb— 2OTi—l 5Fe Lamellar +

22Ti—35Fe Complex Fibrous
l5Ti—43Fe

Cb—26Fe Int ermetal lic  Matr ix  —

27 Fe
2 9Fe

Cb— 3lFe— 4Al In te rmetal lic  Matr ix  —
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TABLE I I I

Cr—Cb-A1 ARC MELTED BUTTONS

Composition Representative
Sa~p~ e N o . j~)t._ %)_ Photomicrograph Pha ses Observed

1 Cr—2SCh—34A 1 Figure 13 Eutectic (n .8,y, t)
6 Cr—l8Ch—37Al

9 Cr—5Cb—40A1 Figure 15(a) h ,~~ + Eutectic (y+r)
10 Cr—9Cb--42A1

2 Cr—l7Cb— 43Al Figure 15(b) Primary y + Eutectic (y+i)
8 Cr—26Cb—37A l

3 Cr—l2Cb—34A1 Figure 15(c) Pr imary cL ( 8 ,y )  + Eutectic
7 Cr—25Cb—30A1

4 Cr—39Cb—28A l Figure 15(d) Dendritic A + E u t e c t i c  ( i ,~~~ , + )
5 Cr—32Cb—3 lAl

Formu lae Of Phases

— Cr Sol id Solut ion
— Cr2A 1

y — Cr2A 13
- Cb(Cr ,A l) 2

1 - CbA13
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TABLE V

QUALITATIVE EMISSION SPECTROGRAPHIC ANALYSIS OF Cr-25Cb—34Al INGOT

Location on Ingot Ratio Transmittance
(Distance From Bottom cm) All Cb/Cr Cr

Bot tom .51 .66

1 .42 .57

2 .40 .60

3 .38 .52

4 .36 .54

5 .38 .50

6 .33 .52

7 (Top) .33 .49

Reverse Side Top .32 .64 q

Button Top .41 .57

Button Bottom .50 .77

Li nes Read Al 2575.10 A ° 80 weight l ine

Cr 2381.48 A ° 25 weigh t line

Cb 2376.40 A ° 60 weigh t line

39
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TABLE VI

SPECIFIC WEIGHT GAIN OF SEVE RAL DIRECTIONALLY
SOLIDIFIED EUTECT IC ALLOYS AND HASTELLOY X

Weight Gain — mg/cm 2
Alloy Ref. Temp-°F 5 Hr. 50 Hr. 60 Hr.

Y — ~ (Ni—23 .lcb—4.4A1) (an) 2012 3.0 20.0 22.0

COTAC—3 (Co—2OCr—lON i-12.7Ta—0.75C) (an) 2012 1.0 5.0 5.5

~/-Y ’ — ’. (Ni—19.7Cb—6 Cr—2 .5Al) (an) 2012 1.0 6.0 7.0
(ae) 2192 3.5 7.0 7.5

73C ( Co — 4 l Cr—2 .4C )
Conventional Cast (an) 2145 2.8 6.4 6.9
Di rectionally Sol idi f ied (an) 2145 1.6 3.8 4 .3
Sputte red Co , A1+Y (an ) 2050 0.6 1.7 1.8

Cr—25Cb—34A1
As Cast NADC 2200 0.8 - 5.9
Directionally Solidified NADC 2200 0.3 — 3.1

Hastelloy X (Ni—22Cr—l8.5Fe—Mo—l.5Co , (ae) 2192 — 1.5 1.6
0.6 W—SSi—O.5Mn—0 .lC) NADC 2200 0.5 — 2.1
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(a) Transverse Section (b) Lon qitudinal Section

FIgure 1. Ti-33 .5 Co Rod Directionally Solidified at 1 in/hr.
Magnification 640X

-‘ , t - —
~~~

(a) 11-33.5 Co Transverse Section (b) Ti-34 Co Longitudina l Section

Figure 2. Ti-Co Rods Directionally Solidified at 15 in/hr.
Magnification €40X
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-
-

(a) Longitudinal Section (b) Transverse Section

Figure 3. Ti-32N1 Rod Directionally Solidified at 1 in/hr.
Magnification 640X

~~~~~~~~~~~~~~~~~~

FIgure 4. Ti-32N1 Rod Directionally Solidified at 15 in/hr.
Magnification 1200X
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Figure 20. Cr-25Cb-34Al Directionall y Solidified
at 0.25 in/hr. in a Temperature Gradient
of 9000F/ln . Transverse Section
Magnification SOOX
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Figure 21. Transverse Sections from All oy s Oxid ized at
2200°F for S hrs .
Maonificat ion 1 000X
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