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specific gravity below 9 g/01(and'a reasonably' low oxidation' rate.i(less

thani 10' 8 /am -sac at 1150 C).
Their properties are summarized below:

Oxida~tion, ram,/ RButectic Eutectic
Ally' " ti~atkrature composition

W'~ y~,system '(deg. -C) (wt %)

N i-Cr-Ti 1220 54.2 4.6 412

Co-Al-Nb 1240 73.7 3.2 23.1 0
Co-Si-Zr 1240 82.5 4,5 13 10?

Co-Cr-Nb 1280 70.5 18.5 11 6.5 x 10"

Co-or-Mo 1340 59.9 12.2 27.9 1.3 x10

Them propu'rties are comparable to those of the presently most advanced

autectic ouperalloys, such as Ni-2.5A1-19.7Nb-bCr or Co-2O0M-M5r-8.5i-
6W. Their oxidation rates, already comparable to that of Co-TaC, measured

in the prevent study,'could be further improved by compositional adjust-

These results were obtained on the basis of a screening of
available phase diagrams for 107 alloy systems based on Ni, Co and Fe,

from which 52 alloy systems were retained for further study. Twenty-aimiht

simple ternary systems, either not previously evaluated or not doscribed

in sufficient detail, were 'examined experimentally by preparing several

samples of compositions close to that determined by a semi-empirical

graphical method asi closest to the expected eutectic. As a result., 22

autectics were identified and characterized in toerm of malting temperature,

microstructure and estimated density. Of these) 10 eutectice were found to

meet the objectives of a melting point above 1200 C, a "regular" micro-

structure presumably amenable to directional solidification and a density

below 9 g/4K. They were therefore subjected to a systematic investigation

of their oxidation resistance, leading to the identification of the 5
promising autectics previously mentioned~

The remaining 24 alloy systems were not screened because of time

* and funding constraints.
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The aim of the present alloy screening program was to identify

new eutectic superalloys suitable for the manufacture of directionally

S isolidified turbiue blades operating at up to 1150 C, In the course of

this program, five eutectics not previously investigated have been found
Sto meet the corresponding objectives of a molting point above 1200 C, a

specific gravity bulow 9 g/cm and a reasonably low oxidation rate (less

than 10"7 2/004.sec at 1150 C),

Their properties are summarised belowt

Lieti utci Oxidation rate
KuteticEuteticat 1150 C in

Alloy temperature composition a 10Ci
system (dog. C) (W' %) ... ig oxysecg

ItNi-Cr-Ti 1220 54.2 4.6 41.2 W

1 Co-Al-Nb 1240 73.7 3.2 23.1 107

, Co-Si-Zr 1240 82.5 4.5 13 107

i Co-Cr-Nb 1280 70.5 18.5 11 6.5 x 108

Co-Cr-Mo 1340 59.9 12.2 27.9 1.3 x 10"8

S i.. These properties are comparable to those of the presently most advanced

3 . eutectic superalloys, such as Ni-2.5Al-19.7Nb-6Cr or Co-20TaC-l5Cr-8.5Ni-
6W. Their oxidation rates, already comparable to that of Co-TaC, measured

in the present study, could be further improved by compositional adjust-

"monts.

These results were obtained on the basis of a screening of

available phase diagrams for 107 alloy systems based on Ni, Co and It,

from which 52 all, systems were retained for further study. Twenty-eight

simple ternary systems, either not previously evaluated or not described

in sufficient detail, were examined experimentally by preparing several

samples of compositions close to that determined by a semi-empirical

grnphical method as closest to the expected outectic. As a result, 22

U
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eutectice were identified and charactorized in terms of melting temperature,

microstructure and estimated density. Of these, 10 eutectics were found to

meet the objectives of a melting point above 1200 C, a "regular" micro-

structure presumably amenable to directional solidification and a density

below 9 g/cm3. They were therefore subjected to a systematic investigation

of their oxidation resistance, leading to the identification of the 5

promising euteotics previously mentioned.

The remaining 24 alloy systems are being screened in a

continuation of this research effort which will be subsequently reported.

As a result of this study further work' io recrmended in the

following areas:

i investigation of the 24 alloy systeatloselected but not
I,'I experimentally studied in the reported study

, improvement of the oxidation resistance of the already

identified eutectice by increasing their content in

chromium and/or alumtirum.
0 evaluation of the tensile and creep strength of the five

identified eutectics on the basis of directionally solidi-

fied samples.

s investigatiork, using the rapid screeiting procedure developed

in this study,of quasi-ternary systems containing refractory

reinforcing phases such as carbides, nitrides and'silicides.
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DIRECTIONALLY SOLIDIFIED IN SITU
METAL MATRIX COMPOSITES

by

I G. Haour, F. Mollard, B. Lux, A. H. Clauer, and I. G. Wright

I. INTRODUCTION

Directional solidification allows the fabrication of gas turbine

blades with no grain boundaries perpendicular to the major stress direction,

which therefore exhibit superior creep and tensile strength. Furthermore,

in11cinlyeldfin uetcsprlos the aligned phases are
finely divided, with no lover melting point components in between. This

r .. I results !.n a particularly high bond strength at temperatures close to the
eutectic melting point.

V The state of the art in the field of directionally solidified

eutectics has been reviewed recently at two Conferences on In-Situ Composites
held in 1972(l) and 1975(2) respectively. Review papers have also'been

(3) (4)
published by Hogan, et al. as well as Thompion and Lemkey). Only a

sm.1I1 number of eutectic systems show promise for use as gas turbine blade

materials. Among these systems are: Ni-Al-Nb( 5' 6 ), Co-TaC (718,9), andi lNi'TaC (7,8, 10)
T n the development of these very selectively chosen alloy systems,

other eutectics might have been overlooked. For this reason, the present

study was aimed at rapidly screening as many alloy systems as possible in

an attempt to identify those having potential for use as gas turbine blade

materials.

SIt. SCOPE OF THE PROGRAM

The present program consisted in a wide scremning of alloy

systems limited to those based on Ni, Co or Fe and containing two

reinforcing phases.

U
1... 1 e• • •• • . ...., • •• ' • • •.. .. '| " ! .... '" "'• •• •........ .. ...
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a microstructure making them readily amenable to directional solidification.

11t. APPROACH FOR SCREENINGi THE ALLOY
COMPOSITIONS TD BE PREPARED

The approach includes (1) selecting the alloy systems and (2)

determining the compositions to be prepared for the experimental

screening.

111-1. SELECTION OF ALLOY SYSTEMS BASED ON AVAILABLE DATA

The ternary alloys effectively considered within the scope of

the program are schematically illustrated in Fig. 1. Fig. la represents
3 matrix elements (Ni, Co, Fe) x 4 non-transitional elements (B, Al, C, Si)
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•.,. ii x 7 transitions], elements (Ti, Zr, Hf, V, Nb, Ta, Cr) * 84 alloy systems,

i. if these elements are taken one by one in each group.

In the course of the evaluation of available data it was found
L that the Ni-B, Co-B and Fe-B binary eutectics had a melting point too low

(about 1100 C) to meet the objectives of this program. The possibility

S...of raising the melting point of the B-containing alloys was explored by

!I' •introducing that element as a borocarbide. Since compounds such as
.0 o2 BC have a melting temperature the order of 1800 C, a pseudo-binary

•I' eutectic between these compounds and the matrix element could present

,,..", a desirably high melting point, Two such systems, Ni-Nb-B-C and Ni-Mo-B-C

{: •have been retained for experimental investigation in the present study.

Additional alloys having as matrix Ni, Co or Fe with Cr in

"1 solution were considered because such a matrix was expected to

present an oxidation resistance better than that of a pure metal matrix.

These include 21 systema. composed of a Ni(Cr), Co(Cr) or F*(Cr) matrix and
one of the following transitional elements: Ti, Zr, Hf, V, Nb, Ta and Mo.

They are schematically represented in Fig. lb.

These simple systems, not containing B, C, Al or Si, were given

priority in the investigatW.on. The objectives of the present program would,

however, justify further work to investigate more complex (four constituents)

Salloy systems composed of a matrix, one element chosen among B, C, Al, Bi

and one among the groupi Ti, Zr, Hf, V, Nb, Ta, Mo... The oxidation

behavior of the matrix could also be enhanced by using Al; alloys including

"four constituents (Ni, Co or Fe, Al, + 2 alloying elements) could similarly

be considered for investigation. A total of 107 alloy systems have thus

been evaluated in the present study. Out of these, alloy systems showing

promisa and worthy of further experimental investigation have been

selected on the basis of the following criteria: (1) the expected eutectic

has not been the object of a previous experimental study and (2) only com-

binations of constituents preNrnting binary eutectic temperatures higher

than about 1250 C wtre considered in order for the resulting ternary
eutectic temperature to be likely to mee. the 1200 C objective.

Among the alloy systems meeting these criteria, those having the

highest binary eutectic temperatures have, in general, been investigated

Ill first. Other considerations, such as expected density and oxidation resis.

LI
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M A'

8, Al, C, Si Tit Zr, lit. Vs Nb, T&, Cr

(a)

Ni (Cr)

j.4

co F(Cw)

Ti

Mo

(b)

U!.FIG. 1.* SCHEMATIC REPRESENTATION OF TklE THREE CONSTITUENT ALLOY
SYSTEMS SCREENED IN THE PRESENT PROGRAM.

(a) Ni, Co, Fe matrix

(b) Ni(Cr), Co(Cr), Ee(Cr) matrix

4,p
-- - --- -
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tones, hav alio inLUfl'uene h order inwich t~~a he alloysytmhaebn
experimentally-examined. Tables I to 4 summartse the selection process

by indicating the alloy systems niot retained after screening and those

experimentally investigated in the present study.

In these tables, alloy systems are indicated that had been also A

retained after the theoretical scteening but were not experimentally

LIinvestigated within the present study for lock of time.

U ~~111-2a SRIUCTION 2ZAL~ COMIBITI1tA TO-BE RIPAkID
12B THE ECPURMHUTA UCREUNO

After having been selec ted in terms of its expected malting

temperature, density and oxidation resistance) each alloy system was
~"~ "experimentally investigated in order to identify a possible eutectic. The

paucity of information existing on ternary phase diagrams made it im-

possiblo to obtain the exact composition of the ternary eutectic. A rapid4
semi-empirical method was therefore utilized to determine the approximate

U composition of the expected eutectic.

B * Several approaches have been designed in the past in order to
provide data on unknown multi-component systems. An empirical approach to

.flthe problem has been suggested by Vanak 18  to produce multi-component

materials by co-sputtering of their constituents onto a substrate. Computer

calculations based on consideration of the structure and the Gibbs free
A energy of the known binary phases have been made to predict those in the

H ~ternary phase diagram 1 ' 0' 1 . Characteristics of unknown phase diagrams

have also been predicted by applying to them patterns evolved from iA

statistical analysis of thermodynamic data on known systems~2 ~ A recent

review article discusses theese methods~2~

I Thewe tools have been designed to provide knowledge on new phase

diagrams and are not advantageously applicable to the present work, because

they are either too time consuming or limited by the availability of thermo-

dynamic data, or both.

Since the objective of this program is to rapidly screen as

many alloy systems and compositions as possible, an empirical approach

making use of the general knowledge of ternary phase diagrams~2 ~adcn

H4
4-

~-i~~. -6q.

ý.57I li t. 
I.



TABLE 1.* SCREENING OF Iii-BASS ALLOYS

Ti

B Z

v X Nt-B eutectic temperature (11.40) less than 1250 C
(Ni-Nb-B-C and Vi-Mo-B-C experimentally investigated

A ý .k 't'l in present study)

Ta

Cr~

Al
Xf x Al-H haa diagram unkono~

V x no bnary Al-V eu~teotic

Nb x previously investigated (1, 2, ho, $, 6)
Ta x previously inveatigatod (11)

Cr 0

NiC Ti x previously invcutigateul (1.4)

Zr 0

Hr x previously investigated (1)4)

VO0

Nb x previously investigated (1)4)

Ts, x previously invustigated (1)4)

Cr x

81 Ti + ternomry eutectic very rich in Cr (15) expected to be
too brittle

Zr 0

Hr x

RbO0

Cr 0

+ j alloy selected and experimentally investigated in the present study

x a not retainod for experimental ilven~tig(Ltiot

0 1 selected1 alloy not experimentally investignted in the

present study

r I,:.,
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TALIS 2. SCRBENING 01 Co-BASH ALLOYS

~ U uteoia tmperture(1. 106 C) less thsan 1 250 C

~ U Ta
Or

UAl Ti-

Ir *
Mt x Al-Ht phue diqgrm unkanon

V x o A-V eutetio
Nb +

OCr 
,0,'L

LI
cc Ti x previously investigated (12,t)

mr xi K Previously investigated (1i.)

V 3 x previously investigated (1•)
Rb x previously investigated (14)
Ta x prvosyivsiae(1,3

OI Cr x previously investigated (12,13)
8i Ti +

Mr o +

Or 4,.]

+ alloy selected and experimentally investigated in the present
U .study

x not retained for experimental investigation

0 1 selected alloy not experimentally investigated in the present
study '
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+ alloy selected and eXper&imentally investigeated in

the prevent study

x n cot retained for experimental investigation
o : selected alloy not experimentally investigated in

present study

. x 1-e eutectic temperature (1060 C) less
wthan 1250 C

Al x VernAl euteotio temperature (1160 C) lose
~:.than 1250 C

,r , x 76-C eutectic temperature (1153 C) lose
than 1250 C
[Fe-C-Cr previously investigated(1' 16)) 1

i Ti + 1,'
Zr +

V +
Nb o L
Ta o

Sii

!•- I ~the precinoal:.udy I!+ t aloysleted ally de experimentally investigated In
the present study

NI(Cr) Ti + Co(Cr) Ti o We(Ov) Ti +

'I, o It 0 If+

', "' + . o of. o1
V *so Cr-V eutectic V X no Cr-V eutectic V X no @CiV autectia

ob + Vb + Vb x pi. * 'l

.' ..o .o .o ... ..

•: I , Iii l ,Li
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&N:Litaining acertain amount of trial and error has been preferred. The choice
Uof a composition likely to be close to the eutectic was made based on a

treatment evolved by Hubert 25  for a number of model tertiery systems ofLi Co, Sn, Zn, In, and Pb.

H According to this treatment, the regioa most likely to contain

V a ternary eutectic ts the triangle dlitneat*4 by the thrfe, straight lines.
H joining the cornets of the concentration diagrea to the eutectic compo-

eition on the opposite side. Tihis~contt~uation is illustrated in Figure 2

for7 theCor-Mo alloy system. Zn the present ouperitlental streaming, the
~ a ifirat alloy composition to be prepared was that represented by the center

c-lof gravity of such a triangle, on the ternary phase diagrep, This point$
~ Ucorresponding in the above example to 39 Co-45 Cr-16,Mo (in vt 7.,provided

Han empirical starting composition in the preparation of samples.

111-3. KYAlAm OF 0 THE VALUhVY OrTH

LiQ
U The validity of the treatment 25  U", d to predict. the ternary

eutec tic composition was evaluated by comparing the ingot composition1.1initially prepared (represented by the center of gravity of the triangle
most likely to contain the eutectic) and the actual eutectic composition,

?( Li as measured by -electron-probe microanalysis of the samples. :

From such a compafrison, it was found that, out of the 10 measured
eutectic compositions, 7 of them did lie in the triangle of highest expec-

tancy, as shown below in Table 5.

TABLE 5. COMPARISON BETWEEN TIIEORITICALL'Y PREDICTED AND MEASURED) EUTECTIC
COMPOSITIONS (*INDICATES A MEASURED EUTIlCTIC COMPOSITION4 LYING

Li WITHIN THE TRIANGLE 0F HIGHEST EXPECTANCY)

H Initial alloy Composition
Utheorsd;ically close to the Measured eutectic

Alloy system .utsctic (wt %.) coomposition (Vt %.)

Ni-Al-Ti 80.5 6.0 13.,5 74.0 6.0 20.0
Ni-Cr-Ti 51.0 3'..5 14.5 54.2 4.6 41,2*
Ni-Cr-Nb 44.1 42.0 Iý3.9 55.0 25.0 20.0
Co-Al-Nb 75.8 2.5 21.7 73.7 3.2 23.1*
Co-Al-Ta 64.2 4.8 31.0 67.0 0.5 32.5* j
Co-Uit-r 78.1 4.6 17.3 82.5 4.5 13.0e*
Co-Cr-Nb 55.1 19.4 25.5 70.5 18.5 11.0
Co-Cr-Mo 39.0 45.1 159 5. 22 2.9*
Ye-Si-Ti 68.1 10.1 21.8 77.0 7.0 16.0*

*-iZ7455.1 20.4 77.9 7.9 14.2,*

Jtq

____ _____ ___ .ajTFidtý
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YIGURR 2. S ELECTION4 OF ALLOY COMPOSITIONS FOR EXPERIMENTAL SCREENINtG.*
The shaded triangle indicoates the area where a ternary
eutectic is likely to be found



TV. EXPRIMNTAL SCRAENING

The process of identifying and characterizing a eutectic included

til te following steps: (1) preparation of alloy compositions, (2) measurement

of the eutectic temperature and (3) measurement of the eutectic composition.

"P, M Each of theme steps is described below.

V-1. P AR Z OX AM COPO5T

4. The initial alloy composition to be prepared was derived from the

eemiuampirical treatment deecribed above.
U Iples for screening were prepared using metals of purity 99.97%

or better. Appropriate amounts of charge materials were melted in a water-

cooled silver boat arrangement shown schematically in Fig. 3. This

technique is best suited to produce small ingots from high purity materials

LI without contamination from the crucible. In the set-up utilized, the

charge materials were melted and kept melted for a few minutes by induction

heating (22 1v at 500 kHz) under a protective argon atmosphere. Residual

oxygen contained in the argon was trapped by a heated titanium sponge to

further protect the sample from oxidation. The resulting ingot (50 to 80 g,

about 6 cm long) was cut into pieces that were placed asgii in the silver

boat and remelted to improve alloying. An average of four successive

melting operations was found necessary to achieve sufficient alloying of the

U charge materials.

The sample of the initial composition was metallographically

examined for the presence of a eutectic. If none was observed, additional

ingots were prepared to cover a range of compositions within a few percent

U1 of the initial composition. This was done in an attempt to detect a

eutectic that might have been missed in the initial sample. If, however,

none of these samples was shown by metallographic observation to present

a eutectic, the investigation of the relevant alloy system was halted. If,

on the other hand, the sample initially prepared was observed to contain

some eutectic between islands of a primary phase, a second alloy compo-

sition was prepared in an attempt to increase the proportion of eutectic.

In this new sample, the composition was shifted away from the constituent

[I

U~
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FIG. 3. SILVER BOAT EQUIPHENT USED TO PREPARE SAMPLES FOR TRE
EXPERIMENTAL SCREENING
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oI of the primary phase. Indications as to the nature of the primary phase

were provided by its appearance upon chemical etching8. The procedure was

repeated until the eutectic represented 20 to 40% of the metallographic

section, a proportion sufficient to allow convenient measurement of the

t Leutectic temperature by differential thermal analysis and of the compo-

sition by microprobs.

zV-2I HHAHURZM=T 01 THE AUTECTXC.T3I3EATttI

In each sample thus obtained, the eutectic temperatute was

[1~l measured by differential thermal analysis using a "Linsais" apparatus

and Pt/Pt-10 Rh thermocouples. For this, a specimen of about 0.1 cm3

H in volume was placed in a recrystallized alumina crucible.

Heating and cooling of the specimen was carried out under argon

U at a rate of 6 C/min. The cycle was repeated for each specimen. Temper-

atures were measured within ± 2C. A eutectic was retained for analysis

of its composition if its melting temperature was measured as being not

less than 1200 C.

IV-3, MEI•UREHE!4T O THE EUTECTIC COMPOSITIONS

The composition of a eutectic meeting the melting temperature

criterion was then measured by means of an X-ray microprobe attached to a

Cambridge Kent BStareoscsn" Scanning Electron Microscope. Measurements were

carried out on a wafer about 1 cm x 1 cm cut from the silver boat ingot.

On such a specimen, several point counts could be averaged which were ob-

1. tained by displacing the electron beam within the eutectic. As the site of

the beam, about 5 g, was larger than the thickness of each phase in the

U] eutectic, this technique permitted the overall eutactic composition to be

obtained by averaging each composite measurement. The precision thus

LI obtained was such that ingots later prepared on the basis of this determi-

nation presented a pure eutectic structure.

fl This indicated that the accuracy in the analysis was of the same

order as that with which the alloy compositions can be prepared in the

J nsilver boat, i.e., within 0.2 to 0.5 wt % of the composition sought for,

depending on the alloy.

j 14U=
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The experimental screening warn found to require the preparation

of an average of three alloy compositions for each alloy system. The

direct analysis ou the silver boat sample rendered unecceasary the inter-

mediate step of zone malting to isolate multi-componeut eutectics (2)on-

visaged at the beginning of the present program.

IV-4. DMSITYL 126ABDUMEN

The eutectio samples cast for the oxidation studios (see below)

were also used for density measurements. The latter was derived from the

volume of water displaced by a cylinder of known weight, 1/2 cm in diameter,

I as long, machined from the cost ingot.

IV-5. 0XID4'IZO STUDIRS

The oxidation studies were carried out on 1 cm x I em ooupoi~s cut.

from the silver-boat ingots. Somle such ingots were found inappropriate for

the measurements, due to the preseace of porosity cracks or to their small

vstas. In these cases, additional castings of the alloys were made In an alumina

crucible under argon in a Balsers induction furnace of 40 kw power. From the

resulting ingot (cylinders ohout 4 cm high, 3 cm in diameter), 1 cm x 1 cm
coupons were cut for the oxidat ion tests.

The specimens were oxidized isothermally at 1150 C in slowly
flowing oxygen under 100 mmn Hg pressure in a thermobalance. All specimens

ware polished through 600 sic grit paperm, 1 jAm diamond and 0.03 gm A120,
paste, and degreased before oxidation. Characterization of the oxidation

behavior was by measurement of oxidation kinetics (calculation of the

parabolic rate constant, k p where applicable), and by optical metallo-

graphy. The oxidation rates thus measured were compared to three reference

alloyst Co-35 Cr (9.75 x 10"11 92/cM4 .mec.) and Co-10OCr (1.11 x 10"?g 2

Cm .sac) for Co-base alloys and to Ni-3OCr (2.68 x 10-11 S2/cm4.sec.).)

for Ni-base alloys, as well as to two of tile eutectic alloys most developed
to datei Ni-2.5 Al-19.7 Nb-6 Cr (not parabolic, similar to Ni-300r) arld
Co"20 TaC-15 Cr-S.5 Ni-6 W(l.63 x 10"8 92/cvi4.sac). Thes* five referoance
ulloy systems were tested in the present study on specimens prepared as
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indicated above, and representative kinetic curves and metallographic
cross sections of the scale formed are presented as appropriate in theU follo•t ing sections. A tabulated summary of the oxidation behavior of all

alloys tested is presented in Appendix B.
In addition to these detailed oxidation studies, quick preliminary

tests of oxidation resistance were performed on Ni-Cr-Nb. Co-Cr-Mo and the

three following systems: Ni-Si-V, Co-Si-V and Fe-bi-V, to which the presence
[] of vanadium was expected to confer a poor oxidation beha,,ior. Irk theme

tests, the specimens were held at 1150 C in static air for 25 hours. The

three V-containing sample. were found to have a catastrophic oxidation rate
Li(0 rgc 2  2(900 Mg/cm2) compared to Ni-Cr-Nb and Co-Cr-Mo (20 mg/cm ), reference alloys

also studied in the detailed oxidation tests described above.

H V. OSPERIMENTAL RESULTS

[1~i 22hae alloys experimentally investigated in the presenti study,
22 eutectics have been identified. Out of these, 10 eutectics have been
investigated to determine their melting temperature, composition, density

in some cases, end oxidation resistance. The remaining 12 identified

eutectics havenot been retained for further consideration because the

measured eutectic temperature was below the 1200 C objective (Ni-Al-Zr,

LI Ni-Nb-B-C, Ni-Mo-B-C, Ni(Cu) Mo-B-C, Co-Al-Zr and Co-Si-Ti), or their

oxidation behavior proved to be very poor early in the investigation

(Ni-Si-V, Co-Si-V and Fe-Si-V); in addition, two eutectics (NL-Cr-!{f and

Fe-Cr-Ta) were expected to have a very high density, estimated to be

largev than 10; one eutectic (Co-Cr-Si) was not fully investigated because

its divorced microstructure would not be amenable to directional solidi-

fication. The alloy compositions prepared are listed in Appendix A of this

report. The results obtained in the experimental screening are summarized
in Table 6. In the following sections, data are presented for each alloy

within the three categories: nickel, cobalt and iron-base alloys.

DN
' I
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V-1. NICKEL-BAS, ALLOYS

i2J In this alloy system, a three-phase NL 3 Al-.I 2 AI 2 iA Ni3Ti"

eutectic of composition 73.9Ni-5.7A1-19,4Ti (in wt %) had beena' study6)
investigated iu some detail in a previouO study . In the present
experimental screening, samples were prepared In an/attempt to identify

[ a pseudo-binary eutectic expected to occur at 81.6Ni-5,lAl-l3.3Ti

(in wt %), according to a preliminary study of the Ni3 Ali"i 3 Ti phase
(27)diagram

Such samples were, however, found to present a eutectic which,

by its microstructure (shown in Fig. 4a) and its measured composition
74 Ni- 6 At Al-20 Ti (in wt %), turned out to be the three-phase eutectic

studied previously.

This eutectic was found to have an oxidation rate of

H 3,9 x 10O g /cm4,sec,' considerably fast~e' than that of the standard
Cr203-forming alloy Ni-3OCr (Pig. 5). The mode of the oxidation attack

i] is compared to that of Ni-3OCr and the developed eutectic Ni-2.5Ab-19.7Nb-6Cr

in Figs. 6a to 6c. The simple binary alloy Ni-3OCr forms a uniform, mainlyH adherent scale of "r 203, with some grain boundary penetration. Some voids

are also visible in the alloy in Fig. 6a, which are possibly Kirkendall voids

resulting from the diffusion of chrnmium from the alloy to the scale. The

Ni-Al-Nb-Cr eutectic forms a protective scale which spalls extensively on1. cooling. Fig. 6b shows only remnants of the external scale, and some

preferential internal oxidation of the aligned phase. The oxidation of the

SN i-6A1-20Ti alloy was more rapid than that of these other two alloys, but

the mode of attack was quite uniform, and therefore predictable, with one

phase of the eutectic being preferentially oxidized, as shown in Fig. 6c.

U B. Ni-Al-gr

SIn a previous investigation (6), a pseudo-binary eutectic

Ni3Al-NiZr 2 of composition 75.3Ni-7.4 Al-17.3 Zr had been identified in

this alloy system. Some work on this system has been carried out in the

I _
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present study in an attempt to detect a three-phase eutectic. Alloy

compositions prepared showed, however, the eutectic (Fig, 4b) mentioned

above, between Ni-rich-dendrites.

"Its meltiig point (1190 C), was found to be below the 1200 C

objective. No further experimental screening was therefore carried out

on this alloy system..O,. 2' / ::..O

A perabolit rate of 4.65 x 10"952/as .8e* Vis, however,

i detarrmnid in oxidation teat of a simple of composition M-12 Al-6 Zr.

This appears to correspond to promising oxidation behavior, Fig. 5, .bkt

examination of the microstructure after oxidation showed preferential

attack of the eutectic phase with complete penetration of the specimen

thickness (0.2 cm) in places after 16.5 hrs. (Fig. 6d).

0. Ni-Si-Ti

In this alloy, the Ni-Si binary phase diagram presents tour

U different autectics. Only that having the highest Ni Content (88.5 wt%)

was considered for the construction on the ternary phase diagram. An

initial alloy composition of 16 WN.-6Si-18 Ti and two furthor compositions

were prepared. No sutectic -as identified in these samples. in the micro-

I structure of the 76 Ni-6 Si-18 Ti (in wt %) alloy, shown in Vig. 4c, an
L intermetallic phase appears to undergo a peritectic reaction in the nickel

I rich matrix.

D.Ni-i-V
p1r

I The eutectic identified in this system is shown in Fig. 4d, with

some Ni-rich primary phase. As it was expected that the vanadium would cause

this system to have poor oxidation resistance, a sample of this alloy was

1 screened in a preliminary oxidation test. It was found that after exposing

I the sample at 1150 C in static air for 25 hours, the measured weight gain
2

was 900 mg/cm making this eutectic inappropriate for the application

envisaged. As a consequence, no further work was performed on this system.

A similar approach was utilized for the autectica identified in the Co-Si=V

(J and Fe-Si-V systems (see the following). These systems were also found to

have m low oxidation performance.

,I_,
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No eutectic was observed in the samples of different compositions

prepared for the screening of this alloy. A two-phase wicrostructures

probably •i 3 i in a Ni (Cr) matrixp, war obtained in those samples, an show%

'xidatP.o'n testing Of. a Ni-37 Cr-8 h'i lloy A

'Oxidation rate (PIg. 5) o~f 6.904'91 ,C iol~ii4 b ýt A Viiy'aev 6ta t~tsok.
A6 sho in Pig. 6., neither;phase wi- atticked'orkfarin'ially: " and io,.sub"

surface atack was noted. The cusp-like irregularities In the' oxidi'ed

surface were suggestive of attack by a voolten phase.

In the construction to predict a eutectic in the ternary phase

otiairn, only the Ni rich (62.5 wt% Ni) eutectic was considered among the

3 eutectics existing in the Ni-Ti binary system.

A eutectic has been thus identified in the course of the experi-

mental screening. Itm melting temperature has boon measured as being

L220 C. The panured eutectic composition Vas found to be 54.2 Ni-4.6

Cr-41.2 Ti (in vt %~). A sample of that composition was prepared to experi-f
mentally confirm this analysis. The resulting microatructure was observed

to be composed only of eutectic as shown in Fig. 7b. In this pseudo-binary

eutectic, the minor phase, likely to be NL3Ti, occupies about 30 of the

total volume, in a matrix of Ni (Cr). The melting point (1220 C) is

significantly lower than that of N 3Al-Ni 3Ti (about 1300 C, as reported in

Refarence 27) or that of Ni-3A1-NL3Nb (1270 C, Reference 6).
Oxidation tests were carried out on a sample of composition 54.2

Ni-4.6Cr-41.2Ti presenting a primary ,L(Cr) phase. Preferential [
attack of the eutactic phase was noted, at a non-parabolic, rapid rate as

I, shown in Fig. 5. However, the rate of attack tends to slow down and

become more uniform in character with time, which may be associated with

the development of a zone depleted in eutectic (white zone in fig. 6f). L
benoath the band of internal oxide. The Ni-Cr-Ti eutectic appears to

*, offer promising properties in teama of its melting temperature, micro-

structure, and density, if its oxidation resistance can be improved.

I
![- i" ... 'i • ,.___,'____,,____ ', _, _____ I, • , ' , +• • o ,• • ,, '...
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(28)Based on calculations made in a previous study ,a quasi-
binary autectic reaction has been anticipated in this system to take
placeat 132,7 for a. coispotition 60.8 Ni-30.3 Cir-B.9 Hf (10ý.). A sample

having" that cmpgosiio V a ova m ' idh ver observed to Otiksent tý;liy & small
Iportion ofevtoo~htic bewo' iC primary phs,'sso n Wi.

Zn obruer to apptoximate 'Mors, closely the eutectic compos*.t.on'$'f contents
h$Sher than 13-to 20 wt% Rf weie fouhd necessary, Such IHf-levels woqld
raise the alloy specific gravity to calculated values of the order of 10 to

~a11a hg/cm. This'was thought to beea serious handicap in'view of the

aeronautical application envisaged so that no further identification of the
eutictic was carried out, The ox~idation resistance o~f a 60.8 N'i-30,3 Cr-8.9

V ~ I* f '(in %i% was, however, tested indicating a relatively slow rats Pg )
but an extensive internal oxidation of the Hf-rich 'phase, (rigl. S

H. Ni-I .e2b

The Ni-Cr-Nb phase diagram has been repoited(29,30 as pre'senting

a psudobinry i3N-Nbr 2 eutactic at a composition of about 55 Ni-3

Nb-lQ Cr (wt7%). A sample of that composition presented the microstructure
shown in Fig. 7d, which shows eutectic between Ni(Cr) dendrites. further

a compositions allowed the euteotic to be approximated more closely, so that

I its chemical composition (55 Ni-25 Cr-20 Nb) and its melting temperature

(1190 C) could be measured.
Oxidation tests of a sample very close to the eutectic composition

-9 24.
indicated a non-parabolic rats of the order of 10 g AcN s. with extensive

I internal attack, which appeared as holes rather than internal oxide, which
were cusped aso if a molten phase had been present (Fig. Sb).

1 . Nf-NbmB,@g goo Mi-Mo-B-C

The Ni-Nb-8-C system was found to present a eutectic phase, shown
between islands of Ni-rich primary phase in Fig. 9a, The euteotic temper-

ature was determined aso being 1100 Co too low compared to the objective of

1200 C. No further work was carried out on this system as a result.
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(31,32)
The Ni-o-B-C phase diagram has been studied previously

Samples of that system prepared for the present investigation were observed

to present a eutectic phase. A micrograph illuitrating the multiphase
structure with needles of borocarbide is shown in Fig. 9b. Small cracks

r can be seen running through a three-phase structure. The eutectic temper-

ature was measured (1040 C) as being too low for the system to be considered

further in the present study. This low melting point is probably due to the

higher-affinity of boron for nickel than for molybdenum, resulting in the

Sformation of a low melting point ti-B eutectict A similar problem would be

encountered with analogous systems based on cobalt or iron. Small amounts

of copper were added to the Ni-=o-S-C alloy system, because it considerably

decreases the affinity between nickel and boron. This resulted in raising

the measured eutectic temperature from 1040 to 1130 C. This still too

low temperature, together with the necessity for the copper addition render

this system unattractive in view of the application envisaged in the present

study. As a consequence no further work was performed on this system.

LI V-2. COBALT-BASft ALLOYS

A. CoAIZ

In this alloy system a eutectic has been identified with the

lamellar structure, shown with some Co-rich primary phase in Fig. lOa. The
- measured autectic temperature, 1170 C, was, however, too low for this system

to be considered any further. A specimen of the Co-12.1Al-5.7Zr alloy
oxidised at a relatively fast, almost parabolic rate (, 2 x 108g2 /cm4 s,

U Fig. 11). Two types of scales were formed, apparently dependent on local

variation in the Al or Zr contents. Over most of the specimen, the scale

0l was thin, and blue/purple in color while in a few areas, especially near the

specimen edges, the scale was thick, grey, but adherent. Extensive internal

oxidation occurred beneath the areas of thin scale, nnd to a lesser extent

below the thick scale (Fig. 8s), Indicating very poor oxidation behavior.

[IlLA_ _ _U-
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A outectic with the lamellar morphology, shown in Fig. lOb with

dendrides of a Co-rich phase haIs been identified In this system. The

"eutectic temperature, 1240 C, and the compositLon, 73,7 CO-3.2 Al-23.l Nb,

have been measured. This result was confirmod by preparing asample of

that composition, which presented an exclusively eutectic structure, as

~* :,;'' shown in FLg. 12s. The volume fraction of the laMellar phase appears to

be 35 to 40%. The density of the eutectic was measured to be
3

(8.6±-0_5)g/cM . The eutectf.c temperature is comparable to that, 1270 C,

of the eutactic Ni1.t 3 A -Ni 3Nb( 6 . The oxidation behavior of a eutectic

sample was found acceptable with a uniform attack at a rate comparable to

t .hat of a Co-10 Cr alloy (Fig. 11). By oxidizing at a reduced oxygen

Spressure of 8 mm Hg, the oxidation rate was j3reatly reduced, to become almost

i dentical to that of the stnudard Cr 2 03 'forming alloy, Co-35 Or. The corre-

sponding scale morphologies for oxidation in 100 am Hg 02 and 8 mm Hg 02 are

shown in Figs. 13a and 13b, It appears that a small adjustment in composi-

tion (probably an increased ,i[uminum content) could significantly improve the

oxidation resistance of this alloy. The am yet unknown Co-Al-Nb euteutic

thus identified appears prom sing from the i,)itit of view of its microntructure,

melting temperature, denseitý and oxidation t,.nisetance.

S~C. go.-AlT~

A eutectic identified in this system was found to present the

microstructure illustrated in Fig. 12b. Its melting temperature was

measured as being 1290 C and its composition as being 67 Co-O.5 AI-32.5 Ta.

In the eutectic structure, lamellse are visible between cobalt-rich (TaCo 2 )

dendrites, The high Ta-content of this alloy accounts for the relatively

high melting-point measured, (1290 C), which should be compared to that

' (1350 C) of the ternary Ni-Ni 3 Al-Ni3Ta T uteotic(11)

D. Cit

No eutectic could be identified in this alloy system by experi-

mental screening of 3 samples of compositionsi 85 Co-3U-12Zr, 8lCo-9C-12Zr

and 73Co-9C-lBZr (wt %.).
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E.CoSiT
The construction to predict a eutectic on the ternary phase

diagram was made relativr to the Co-rich (87.5 wt% Co) eutecti: among the

4 eutectics existing in the Co-Si binary system. A similar choice was

made for the alloys containing Co and Si, i.e.: Co-Si-Zr, Co-Si-V, Co-Cr-Si

ii (see below).

A eutectic has thus been identified. Its structure is shown in
HFig. 12c. The measured eutectic temperature, 1135 C, is below the 1200 C

objective, so that no further work was carried out in the screening of this
alloy system. The oxidation rate of a sample close to the eutectic compo-I.'-8 2 4
sition was measured as being 2.4 x 10 g /cm , sac (Fig. 11). Selective

Hoxidation of one phase and internal. porosity led to a very complex oxide
,.."Jstructure, shown in Fig. 8f, which would seem to make the alloy unsuitable.

F. Co-Si-Zr

In the course of the present experimentalý screening, a eutectic

wsidentified in this system with a measured melting temperature of 1240 C.

Teeutectic composition was analyzed as being 82.5Co-4.56i-l3r. A sample

prpae with this composition showed the regular lamellar tuteotic structure '

illustrated in Fig. 12d. The density of the eutectic was measured as being

LI ~8.lO+O.05g/cm3
oxidation tests were carried out using a specially cast autectic

Iingot. The rate moasuritd for that sample was 1.2 x 10 g /cm .9. Prefer-

enitial oxidation of otie of the eutectic phases took place, leading to a

H ~relatively uniform layer of internal oxide as shown int Fig. 13c. In con-
trast, a Co-4.6Si-17.4Zr alloy oxidized at a slower rate of 7.74 x 10-9 g

Ii Cm4.sec (Fig.l11). Areas free of eutectic were present in this alloy, and

these formed uniformly thick, adherent CoO-type scale with no subscale,

whereas the eutectic-containinB areas formed a thin, grey scale, and a

subscale of internal oxide resulting from preferential attack of the

eutectic (Fig. 130). The apparentl.y beneficial effect of an increase in

zirconium content from 13 to 17.4% is therefore thought to be related to

7`[7777rI, 777 7]ýýý
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FIIi1G. 12a. Co-3.2Al-23.1Nb X500 FIG. '12b.. CQ-O.5A41-'2.5T* X500

ISaCTROETCHED, 3% OXALXC ACID BLECTROETOH$ED, 3% OXALIC ACIDI

II 4 ,

II ~lq',

Al /104

DFIG 12c. Co-'58i-15Ti X1000 VIG. 12d. Co-4.58i13Zr X500
ILSICTROSTCHED, 3% UXALIC ACID STCHED, 96li 20-2HP-2HN0 3 BY VOL.
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lid. 13&, Co-3.2A1-23.Uft, OXIDIZED) 0I. 6. o3.IA1'241N'b, XDI
y'pAT 100 ma 'Ig &2'X1200 `2 hrob AT 8- .m.Hg 02, 1200

FIG. 13c. Co-4*5S-M3ro OXIDIZED FIG. 13d . Co-4.681-17.4Zrl OXIDIZED
3.5 hre., X(250 3 hrt., X200
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FIG. 13e. Co-4OCr-58i, OXIDIZED 18 FIG, 13f. Co-18.5Crll1Nb, OXIDIZED
brs., X(200 5.5 hr., MOO0
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. . ...... .. these differences in alloy mic restructure rather then to increased zirconium

content per me. This as yet unknown eutectic identified in Co~i-Zr appears

promising from6 the point of view of its microstructure, metting temperature,

density and oxidation resistance.

The euptictic identified in:, th*4 Oqreeits If ths l sy shown
in Fig. 14a, with tome Cc-ridh primary phase. It" microsItructurs is similar
to that of Ni-ýSi-V. A preliminary test, estAb~lished that-the o#ddatian

1ff ~(800 mcmwegtaiate25raat 1150 0 in 'static air) ot this alloy
v. ai catastrophic, as was the case for Ni.-Si6V, due .to ~the. preoence of.

jjVanadium;- No further work was therefore performed on'this edystelm.

HThe eutectic identified in this system appears to hove a divorced

mtLcrostrqcturq shprn.betvesn~,Co(Cr) dendrites in Fig., 14b,'making this
euteotic not amenable to directional solidification. No experimental

screening was therefore, carried out as a result.

'~~ [IThe oxidation rate of a sample close to the eutectic composition
~Owas found to be slow, 2.47 x 10"11 a2 /cm4.sac (Fig. 11) with grain boundary

penetration which warn very limited after 18 hrs exposure, Fig. 13., but

which was extensive after 77 hre. The scale on this alloy spalled almost

completely on cooling.

II. CorN

A. A eutectic phase has been identified in this alloy system in the

course of the present investigation. Its lamellar microstructuro is shown

in Fig. 14c, between dIandritee of a Co-rich primary phase. The eutectic

I melting temperature, 1280 0, and composition, 70.5 Co-l8.5 Cr-li Nb, have

been measured. Compared to the eutectic identified in Ni-Cr-Nb (see Above),

the present eutectic has a much higher melting temperature (1280 against

H 1190) and is richer in the matrix element (70.5 Co against 54 Ki). The
* t~Jspecific gravity of the Co-Cr-Nb eutectic was measured as being 8.50±0.05

.... ............
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iiIn Oxidatiop -ý t~l ~c- *Ut e*tctL# was observed to
undergo a uriform attadk*wki oidton a nly @light preforen'tial oxdtin a

Hparabolic rate of 6.47 x 10,'g' 4cinsee. (sea It&' 11). The form of the
Lioxidation atack is very 'similar to that of the developed alloy CoTaC

(Fig. 13f). The reasoa fair ýha dif ferano4'.in oxidation,r~tai between this
alloy and CoTaC are dot evident without furthew i444itilation.

~<' UThis identified .44teptio *s'therefore promising by its micro-
.estrueature, melting temperatute, density. and oxid~ltiont reslistance.

SLI J, Q2.Ct7MQ

m Ieasurements of maltit.8 temperatture, 1340 C, and composition,

HCo-12.2 Cr-27.9 Mw have boon made on the outectic identified.in this
iisystem by the present study. A apecial casting prepared on the knsis of

Uthe measured sutectic composition presented 'the lamellar microstruciure
shown in Fig. 14d. it appears to be characteristic of a pseudo-binary

eutectic, composed of a Mo3CO phava in 4 Co(Cr) matrix. The deig.sity 0~

the outectio,,as '*fund as being rs,ZstL~qly,,high, S*4~ ue,. to the high
content to molyb4aeuL.. 'A samplu 'of oute~tic compohition ftos how 'to

Uhave a good qxidata 1ýehsvior with a uni~form attack it the relativily fast

parabolic rate, oif1.2"9 x 100 a 2/cw eec, (Fig. 11). The dark green-blue

scale formed on this alloy *palled extensively in cooling, but eppeared too

be single-layered (Fig. l5a) unlike that formed on a Co-IOU~ alloy.

The outectic idrntified in the Co-Cr-Mo alloy system appears

therefore very promisintg by its structuve1 melting temperature and oxidation

behavior,

A outeotic identified in thia system was found to have a melting

temperature of 1320 C and a composition of 76,9 Fe-7.2 3i-15.9 Ti. The

outectic microstructure, shown in Fit. 16a, probably includes asilicide

such ats F03Si3 -
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LiOxidation tests have been performed on a sample of composition
7e.10 81-22 Ti. fairly far removed from the sutectic. A relatively fast

but acceptable parabolic rate of about 1.4 x 10o8 92/cm4 #secs Was Measured

go; this sample (Fig. 17). The external scale completely spallod on

'~o~1 ~ 15i .lbshows the ivoijolooy" rmin o aske, bd ~

cracU'. *$*h dqvelpoed in the 6M ts-ap04artidg Si - and T1044nudqd sa~ne ýat: the

LI**C ~ lo~au fAe .,,I

The preaent experimental sW~eaning hoe permitted the identification
L)of a eutectia in thi.s alloy. The euteiti.c composition has beein'measured4 to

beý 77.9 Ue-7.*Si-14. Zr(wtI). Its mic'rootructure, together withl1ri-Ach..........

dendrities, Ia shown in rig. 16b, Both composttion and stuctiure 'are,
comparable to those of the Ie-Si-Ti outectic dascribed above. The meltingLItemperstu-.m has been measured in the Is-Si-fr eutectic a. being 1310 C.

The investigation of the oxidation behavior of a'F*-S5t-202r

sample indicated, that catastrophic oxidation (fig. 17) initiated-after

only about 20 minutes of exposures The rapid attack appeared to be

associated with the oxidation of inhomogeneitieso possibly Zr-rich, in the

H alloy (Fig. 15c). The oxidation behavior of the eutectic areas of the

~ Li specimens appoared uniform and not excessively rapid.

~ l IThe present work revealed the existence of a eutectic in this

system. In view of the presence of vanadium in this alloy, its oxidation

behavior was expected to be very poor. As a consequence, a rapid oxidation
test was performed on a sample close to the eutectic composition, to was

K. iidone for NimSi-V and Co-Si-V. A comparably low oxidation resistance
2(800 mg/cm weight &ain after 25 hrs at 1150 C in static air) was found.

No further work was performed on this system as a result.

D. fe-CGr-Ti and We--Cr-Zr,

N~o eutectic has been found in eithor of these systems after

experimental screening of a range of compositions.
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A eutectic phase in Fe-Cr-Ta has been identified in the course

of the present inveetigatiun. A sample of composition 60 Fe-25Cr-15Ta

(in Vt'%) is shown in Fig. 1€c. It appeare to be composed of an iron-righ

primary'phose separated- by auaectic. As 'this outictic was, ho0qevsr

expected to contain over 30 vt % Ta aid thu, have a high density (10 to 11),
no further ueaserement was undertaken on the eutoctic.

The oxidation retiotanci of a., ample in this 'system having the

coupouition (F&-2l.7-Cr-13.3Te) has been ihvestigated, The specimens used

were not homogeneout, and the rapid oxidation rate indic.ated in Fig. 17

resulted from either the rapid# complete. oxidatiori, or the melting, of a

large inclusion of uhknown cdmposition, No obvious low melting phase$ are

apparent in the available Fe-Ta or Cr-Ta phase diagram,..

V1. BIMKAYifi AZ4 9NCLUSIONS$11

, In this program, 107 alloy systems containing Ni' Co or Fe as

matrix and twn other constituents, have been evaluated on'the basis of
the available data. 52 of those have been selected for experimental

screening, out of which 28 alloy nysteems could be investigated experi-

mentally. Twenty-two eutectics were then identified, out oi which 5 as

yet not investigated eutectics were found to have potential for use in

gas turbine blades,
These eutectics are:•'.I

Alloy Eutectic Buteatic composition Oxidation rate
temperature (Vt %.) at 1150 C inA 100 mm

- (C)H8 02 (g2/cm4.0.)

Ni-Cr-Ti 1220 54.2-4.6-4l.2 108

Co-Al-Nb 1240 73.7-3.2-23.1 107

Co'Si-Zr 1240 82.5-4.5-13 10"7

Co-Cr-Nb 1280 70.5-18.5-11 6.5 x 1*

Co-Cr-Mo 1340 39,9-12.2-27.9 1.3 x 1008

(ii
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These outer-tics were found to present a microstructure amenable

to directional solidification. Their melting point meats the 1200 C

objectives, am they are in fact all above 1220 C. Their measured oxi-

dation behavior, already comparable to the advanced alloy Co-20T&C-15Cr-

ii 8.5NL-6W (wt%), could still be significan4ly improved by compositional

adjustment, such as higher Al contents in the Co-Al-Nb alloy and by

iY' ioptimised Cr levels in the other alloys.

Further work, using the same experimental approach, should be

H carried out to complete the present research program within' its initial

scope and objectives in order to identify additional new systems. The

screening should be focused on the 24 alloy systems selected but not

experimentally investigated in the present study for lack of time.

SFurther systems should also be screened, based on a Ni or Co matrix re-
inforced by a hardening phase, such as Ni3AI, and a refractory c'ompou~d,

ri such as carbides (Ta-C, Ti-C, b4o-C, Zr-C...), nitrides (Ta-Vi Ti-N, te),
silicides (Ta-Si, NbSI, Ti-Si ,.) and mixed compounds, such as carba-

silicides for example. Recent work in this area has shown that such

systems have mer.ts for the application considered.
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LZIiT O ALLOY COMPOIITION# PREPARED IN THS PRESEXT ALLOY SCRKENIHd STUDY

A1loy CoXposiotioa obuteos. o ebsrved

79. - --15 yam

7S- -19

NigJ-2l-.r -12 - 6 Yea
V 7S -16 - 9 yoa

Ni-Bi-•i. 76 - 6 -10 no
70 - 6 -24 no

y i70 -12 -18 no

Si-Si-V 70 -26 - 4 ya"
N1,-Cr-S' 59 -32 - 9 no

vi55 -37 -8 no
53 -38 -15 no

NJ.-Cr'--Ti 60 -20 -20 yes

53.7-ý29 -17s3 yes
54.2 14.6-41 .2 outectic compositionIi Ni-Cr-Hf 60.8-30.3- 8.9 yes
65 -25 -10 YON
ss -30 -15 yes

=Wi-Cr-Nb 4441-42 -13.9 you
60 -26 -14 yea
55 -15 -10 ye.

Mi-Nb-B-C 85 -13 - i.l-c.9 yet
80 -18 - 1.2-0.8 yes

MNI-Mo-D-c 65 -31 - 2.1-1.9 yes
68 -28 ",.,3-1,9 yes

HI(Cu)-Mo-b-C 63 - 5 -28441-1,9 you

Co-Al-Ex 60.5-11 - 8.5 yet,
62.2-12 - 5.8 yeo

Co-Al-Nb 74.8- 2.7-22,5 Ye.
75.8- 2.5-21.7 Yom
73.7-- 3.2-23.1 elotetio• omposition

Co-A1-Ta 64,2-31 - 4.8 y:1S67.8-20T7- 3.5 Yea

Cu-C-Zr 65 - 3 -12 no
81 - 9 -12 noI73 -9-18 A

CO-Ei-Ti 60 -10 -30 yes

'70 - 7.!-22.r, yo
75 - 7 -18 yos
80 - 5 -15 you

Co-Si-kr 78 - 4.6-17.4 yes
80 - 5 -15 yes
62.5- 4.5-3.3 autoaoic ompolljtior

Co-Si-V 66 - 4 -30 you

170 -4d -26 yes
• Co-Cr-Si 55 -35 -10 yos

70 -25 - 5 yea
55 -40 - 5 you

Co-Cr-?Nb 55 -19.5-25,5 yea
. 65 -17 -28 yom

Co-Cr-Ho 65 - 7 -28 you F

"r ,3 -7 -30 yeo
II 0 -12 -28 outectto coloposition



Alloy coffpoa..iion Cutecti.v obser~ved

6 -2 2 ye a

6070-10 -25 Yes

1sr r73-59 -20 Yoe

4, ~65-25 - 6ye

60- 9 -26 no

60.25 -15 yes

TN6



~ lUIIAX 0f OXIDATION BEHAVIOR AT 1150*0 M~ 100 mm it g a

1,1 Oxidation Rate
IjAlloy Allo 2E,4ark

VO 1oplk, (s r aoec ) - -rk

A COo-SCr 1610100~lon contillApua. Protectiv or 0 file.
I CowO~r ~ lto 7  tooit nonprotoottvai Cq-rtoh ..solla.
a V-)~r2.68Xl011l forms continuous, protictivil''ri,23 i.

POL-1 Co-2ft-l2Cri 1.29 10"6 Maptly uniform attack but' some evi dance
of aceelertvtd 10*al. Mt~k owwadhetott

SCL42 Clo-MWk~-JI.U M a Ne 14b* paa ic, srate Uniform attack, lit#Is'prifeitatial

a tmilaw to Al1;Oy B. penatratin.66
~LJIO*: H-250r..2b ' Not parabolit' rate Atotuuivo interta i ttack, e~.ggestive

similar to Alloy of molten Phall..

HbI2L-I Ni-,42.l1%4*6ft Not Parabolic, Alloy not hailiaganeous.. whore single
s laver than WL-I. phase (ar'~ricM?), protectivm beabVior.

Waere outectio presents rapid, uneven
attack.

BQ- i-l-7.474-4. 681 11.74x10" Alloy not homogeneous inhere single phase--V.U uniform but rapid atack. Where::utoc tic

attack of autect1.o. All scale adharod.[}DL-6 Co-3Oni-l00L -2.44l0'a Ralatively uniforms but rapid attack,
Alloy containe.0broeity. complex Oki-
dation products.

11 BL-7 Co-40Cr-59i 2
947xl10l Uniform, thin scale, not adherent, locally

extensive Amount of grain boundary
penetration.

M~L-8 Ni-37r-S8i 8.94x101  fteaptionally nonuniform attack,.daep Bratn
boundary penetration. Possibly surface
liquid phase formed?

SL9 Co-l85C3r-lINb 6,47,c10 V. uniform attack, ng preferenttiak
.7 oxidation

DOL-10 Co-lltr-4.55i -1l,2xl0 Relatively uniform attack.113L-11 NL-6Al-l9Ti -..9XIV8 Uai orm but extensive internal oxidation
1GL-12 Ni-12A1-6Zr 4.65x10"g 'Internal oxidations Severe 4n places

SQL"13 Mi-30.0Cv-8.9VIf S.71xlO104  Bcata not adherent. Interntl oxidation
of hI-rich phase leading to deep pan*-

DOL-4 C-l2.~l-.7Zr~2xO*8 tration.
DG-4(-lI~-.7r ýI' Alloy not homogeneous. Over moat of

Alloy scale appe ar to be Al 0 "rich.
Weid3ht gain due to rapiA oxtio ~on ofHrrc phas¶30t'IS Val10822Ti ý-...4xll0 4  uternal scale, spelled, Relatively uni-
form inturnal oxidation with foL'uatioo
of a unifu~rm, brittle denuded laygr inU Alloy.

DOL-16 IP#2OZr-58i C atawtrophic oxidiation, locais~ted rapid
penetration of oxide, posmibly sasoclated
with, Alloy inhomogeneitie.aLI OL-17 Ia-'2),.7Cr-l3.3Ta Alloy not tomogenscus. One phase oxidimed
slowly (Fr-Cr), other oxidized rapidly and
Completely, Or Possibly malted.

BO1L-18 KL-2.3A-19.MNb6r Not parabolic, slower than Nti3Oft (which
LI forms protective Cri0'i scale), extensive

scala opAllaAtioll An liited preferential.
attack of aligned phase.

HGL-19 Co-2O0M-130r-
G~i .SmL-6W 1'.03x10 0  Uniform but nonadherent scale, very little

preferential attack of alloy.

[LI
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