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above 120 0 C , a specific gravity below 9 g~odr’ and a reasonably low
parabolic oxidation rate.(less than i0~~ g /cm

4 sec at 1150°C). They
are l is ted below in order of decreasing oxidation resistance:

Alloy Oxidation rate Eutectic temperat ur e Specific gravity
/ at 1150°C in flowing (°c) (g/cm3)

_____________ 

oxygen (g2/cmhi .sec )

Co-Al-Cr K lO~~~ 1310 7.6
Co—Si—Nb . 2.6 x 10~~~ 1230 8.1
N i—Cr-Ti io 8 1220 6.6
Co—Cr—Mo 1.3 x 10 

8 13~0 8.9

Co-Al-Nb 1.5 x i~~
8 12~0 8.6

Co—Cr—Zr 2.Ie x ~~
-8 1235 7.8

Co—Cr-Nb 6.5 x 10 8 1280 8.5

Co-Al-Ta 7.3 x 10 8 1290 8.9

Co—Si—Zr 10~~ 121i0 8.1

~ These eutectics thus have , before any develo~~ent , an oxidation
resistance comparable or superior to the chromium free y / y ’ -*S eutect i c
superalloy N i 2 .55 Al”21.75 Nb (Vt 7.). It is therefore expected that an
alloy optimization p~pgram would improve their oxidation behavior , as
compared to the y/-y”~~ alloy with 67. chromium , present ly  the most ad-
vanced eutectic of this class of materia1s.~ The overall alloy develop-
ment should be carried out in the order of p’N~ority given in the above
list; it should include :

o Improvement of the oxidation resistance of these eutectics
by adding or adjusting chromium and/or aluminum .

o Evaluation of the tensile and creep strength of these (
eutectics on the basis of directionally solidified samples.

o Alloy development to maximize tensile and creep strength .

Further work is also recommended to identify eutectics in more
complex systems , for example alloys containing reinforcing phases of
carbides , nitrides and silicides , as well as multi-constituent alloys.
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ABSTRACT

This work constitutes Part II of an alloy screening program to

iden ti fy new eutectics , based on Ni , Co and Fe , suitable for the manu-

fac ture of direc tionally solidified turbine blades operating at up to

1150° C. The resul ts of Part I are reported in Reference 1. During this

Par t II , thirteen alloy systems have been experimentally inve stiga ted ,

lead ing to the identification of three eutectics of potential interest:

Co-Al-Cr , Co-Si-Nb and Co-Cr-Zr.

As a resul t of the overall program , Part I and Part II, a

total of 9 eutectics have thus been found to meet the objectives of a

mel ting poin t above 1200° C , a specific gravity below 9 g/cm 3 and a

reasonably low parabolic oxida tion rate (less than 10 ~ g
2
/cm

4.sec at

1150° C). They are listed below in order of decreasing oxidation

resistance:

Alloy Oxidation rate Eutectic temperature Specific gravity
at 11500C in flowing (°c) (g/cm3)
oxygen (g2/cm hi sec )

Co-Al—Cr < io ll 1310 7.6

Co—Si—Nb . 2.6 x 10 10 1230 8.1

Ni—Cr-Ti 1220 6.6

Co—Cr-Mo 1.3 x i~~
8 131i0 8.9

Co-Al-Nb 1.5 x ~~~ 12110 8.6

Co—Cr—Zr 2.11 x i~~
8 1235 7.8

Co—Cr-Nb 6.5 x ~~~ 1280 8.5

Co-Al-Ta x 1O~~ 1290 8.9

Co—Si—Zr 10 1 121i0 8.1

These eutectics thus have , before any developmen t , an
oxidation resistance comparable or superior to the chrom ium free y/y~~’~
eutectic superalloy Ni-2.55 Al-2l.75 Nb (Vt 7,). It is therefore expected

(iii)

.I~~ I 
_________ _________



that an alloy optimization program would improve their oxidation behavior ,

as compared to the yIy ’ —~5 ~Illoy with 6/, chromium , presen tly the mos t
advanced eutectjc of this class of materials. The overall alloy develop-

ment should be carried out in the order of priorit y g iven in the above

list; it should include :

• Improvement of the oxidation resistance of these eutectics

by add ing or adjusting chromium and/or aluminum .

• Evaluation of the tensile and creep strength of these

eu tectics on the basis of d irec tionally sol id if ied samp les.

• Alloy development to maximize tensile and creep strength .

Fur ther work is also recommended to identify eutec tics in more
complex sys tems , for example alloys containing reinforcing phases of
carb ides , ni tr ides  and s ilic ides , as well as multi—constituent alloys.

(iv)
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DIRECTIONALLY SOLIDIFIED IN SITU
METAL MATRIX COMPOSITES

by

C. llaour , F . Mallard , B. Lux and I. G. Wright

l. INTRODUCTION

The program reported here was the continuation of work carried

out for Naval Air Systems Command under Contract N00019-74-C-0409 between

November 1, 1974 , and Sep tember 30 , 1975 (1). This work r ep resen t s  an

attempt to identify as yet unknown eutectics suitable as material for

d irec tiona l ly  sol idi f ied  gas turbine blades .

To date , onl y a sma l l  number of eutecti c sys tems show promise

for use as gas turbine blade materials. Among these sytems are :

Ni-Al-N b~
2’3~~, Co-TaC~

4 6)
, Ni-TaC~

4
~~. These alloy systems have been

the subjec ts of extensive development programs , and the poss ib il ity

exists that other eutectic systems might have been overlooked. For this

reason , the presen t progra m was desi gned to rap idl y screen as many a l l oy

sys tems as possible in an a ttemp t to iden t if y those having potential
for use as gas turbine blade materials.

Part I resulted in the identification of five ternary eutectics ,

Ni-Cr-Ti , Co-Al-N b , Co-Si-Zr , Co-Cr-Nb and Co-Cr-Mo,hav ing po ten tial for

use in gas turbine blades. Part II reported here included screening of 24

add it ional a l loy sys tems , which had been selected during Part I but not

exper imental l y investi gated because of time and funding constraints.

II, SCOPE OF THE PROGRAM

TI-i. OVERALL OBJECTIVE

The overall objective of the present program was to identify

eu tec t ics by scree ni ng a l loy sys tem s lim ited to thos e based on N i , Co

or Fe and containing two reinforcing phases. In these systems :

II
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• The m a t r i x  is composed of Ni , Co or Fe and contains in solid

solution si gni ficant amounts of transition metals , such as

Cr , and amounts of oon—tr ;Iasit ional elements such as 7~1 . Tb

ft nction of Cr or \l would be principally to improve the

oxidation characteristics and mechanical properties (by y ’-Ni
3
AI

str ingt Iie n in~ f r  examp le) of the matrix ;

• The second alloying element would form an intermetallic compound

with the matrix as a result of the eutectic reaction . These

elements include Ti , Zr , Hf , V , Nb , Ta , Cr...;

• The third constituent is a non—transitional element to form

strong covalen t compounds with the matrix. Such elements

include B , Al , C , Si , N and P. These elements have a r e l a t i v e ly

low solubility in the matrix phase and would ue expected to pro-

vide a strong ly-bonded compound phase  w ith h igh strength and

stiffness. Some of them (Al , and Si) would be expected to

have pote ntial for modif ying the scaling characteristics in a

)eneficial way.

The specific objective is to identif y eutectics not previousl y

investi gat ed , having a melting point higher than 1200 C , which should in

addition , exhibit good oxidation resistance consistent with their intended

use as directionally solidified blade s in gas turbines under operating

conditions of 1000 hours at 2100 F (1150 C). They should also exhibit a

density not in excess of 9 g/ cm 3 and a microstructure making them readil y

amenable to directional solidification .

11.2 . RESULTS OF PART I

These objectives were found to be met by five eutectics Ni-Cr-Ti ,

Co-Al-Nb , Co-Si-Cr , Co-Cr-N b and Co-Cr-Mo . These were identified and

charac te ri zed by their melting point , composition and oxidation behavior

during Part I. These results were obtained by screening systems based on

Ni , Co and Fe. Out of these , 52 were selected for experimental screening,

of whIch 28 were effectivel y investi gated during Part I, lead ing to the

five promising eutectics mentioned.
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11.3. OBJECTIVE OF PART II

The purpose of Part II of this program was to identif y eutectics ,

if any, in the 24 alloy systems which were selected but not experimentall y

investi gated in the previous phase. Among these were alloys such

as: Ni-Cr-Ta , Co-Cr-Hf , Fe-Cr-Mo , etc . with expected eutectic compo-

si tions so r ich in Hf and Ta tha t the ir calcula ted densit y reached val ues
of 9.5 to 10 g/cm 3, well  in excess of the 9 g/cm 3 objective . Also , the

Ni-C -V alloy was expected to exhibit very poor oxidation resistance , due

to the presence of vanadium . These alloys were therefore not retained for

exper imental screening. This left the following 13 alloy systems to be

investigated: Ni-C-Zr , Ni-Si-Zr , Ni-S i-N b , Ni-Cr-Zr , Ni-Cr-Mo , Co-Al-Ti ,

Co-Al-C r , Co-Si-N b , Co-C r-Ti , Co-Cr-Zr , Co-Cr-Ta , Fe-Si-Nb , and Fe-Cr-Si.

In addi t ion , attemp ts were made to prepare Al-rich off-eutectic composi-

tions of two eutectics , Co-Al-N b and Co—Al-Ta , identified in the previous

phase of this program . This was to be done wi th a view to enhancing

their oxidation resistance.

III . SELECTION OF ALLOY COMPOSITIONS TO BE PREPARED
FOR THE EXPERIMENTAL SCREENING

The initial compositions to be prepared for these 13 alloy systems

were selected during the first phase of the program~~~ . Briefl y, this was

done on the basis of a semi-empirical treatment , according to which the

region in the ternary phase diagram most like ly to contain a ternary

eutectic is the triang le delineated by the three strai gh t lines joining the

corners of the concentration diagram to the binary eutectic composition on

the opposite side~
7
~~. In the present e erimental screening , the first

a l l oy composit ion to be p repared was tha t represe nt ed by the center of

gravity of such a triang le in the ternary phase d iagram .

IV.  EXPERIMENTAL SCREENING

The process of identifying and charac ter iz ing  a eutec t ic inc luded

the following steps: (1) preparation of alloy compositions , (2) measur’~-

ment of the eutectic temperature , (3) measurement of the eutectic compo-

sition , (4) de termination of the density of the eutectic alloy , and ( 5 )

assessment of the oxidation behavior .



For  each a l l o y , the m i t  t ab compositi on , derived from the

semi—emp irical treatment described , was prepared using metals of 99.977,

purit y or better. A ppropri ate amounts of charge materials were melted

in a water -cooled silver boat arrangement. This technique is best suited

to the production of small ingots from hi gh purit y materials without

contamination from the crucible . The charge materials were melted and

kept molten for a few mi nutes , using induction heating (50 kW at 375 kllz)

under a protective argon atmosphere .

Any residua l oxygen contained in the argon was trapped by a

heated titanium sponge to further protect the samp le from oxidation. The

resulting ingot (50 to 80 g, about 6 cm long) was cut into pieces that

were rep laced in the silver boat and remelted to improve alloy ing. An

average of four successive meltin g operations was found necessary to

achieve s u f f i c i e n t  a l l o y i n g  of the charge m a t e r i a l s .

Samples prepared in t h i s  way were  m e t al l o g r a p h i c al l y examined

for the presence of a eutectic . In the cases where none was observed ,

add itional ingots were prepared to cover a range of composition within a

few percent of the initial composition .

Where the initial sample was observed to contain some eutectic

be twee n isla nd s of a pr imary phase , a second alloy composition was pre-

pared in an attempt to increase the ~roportion of eutectic. The pro-

cedure was then repeated until the eutectic represented 20 to 4O~/. of the

metal lograp hic section , a proportion sufficient to allow convenient

measurement of the eutectic temperature by Differen tial Therma l Analysis

(DTA) and of the composition , by X- ray microprobe analysis.

V . OXIDATION S1 UDIES

Screening of the oxidation behavior of these alloys was based

upon the measurement of their oxidation kinetics , and upon observations

of the morpho logy of the oxide  scale f ormed , as assessed by optical and

me ta l l ograp hic me thods. Since developed alloys will in practice receive (
a protective coating, the objective is to attain reasonable , inheren t

oxidation resistance to prevent catastrop h ic failure in the event of J
coating failures. The standards used for comparison are the oxidation

rates of alloys of Co-3SCr and Ni-3OCr , both Cr203
-formers , in the same

environmen t.
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Spec imens of d imensions approximately lxlxO.l cm were cut

from the end pieces of ingots from the silver boat , using carborundum

or diamond- tipped cut-off wheels , and no tches were cut in opposite sides

to accommodate the platinum suspension wire . All specimens were polished

through 200 , 400 and 600 grit silicon carbide papers , then on 6 urn and

1 jjm diamond wheels and finally on a wheel coated with 0.03 a alumina .

Af ter measur ing,  degreasing and weigh ing,  the spec imens were oxid ized in

a recording thermobalance at 1150°C in slowly-flow ing, dry oxygen at

100 mm Hg pressure . After oxidation for 50 hrs , or until approximately

half the metal thickness had been consumed if a rapid oxidation rate was

observed , the specimens were cooled to room temperature (tendencies for

scale spal lat ion being no t ed ) ,  rewei ghed , examined in a low-power stereo

m icroscope , then mounted in epoxy for metallographic examination .

VI. RESULTS AND DISCUSSION

In the 13 alloy systems experimentally screened in this study,

ten were found to present a eutectic. Out of these eutectics , three

(Ni-Si-Zr , Ni-Si-Nb and Co-Al-Ti) did not meet the 1200°C eutectic temper-

ature objective . The remaining seven eutectics had measured melting points

above 1200° C . Their compositions were therefore determined by means of an

X-ray micro-analyzer. These results are summarized in Table 1.

VT-i . NICKEL BASE ALLOYS

(a) Ni-C-Zr

In this system , a eutectic was observed in the three alloy

composit ions prepared : 75 Ni-5C-2OZr , 70 Ni-lOC-2OZr and 65 Ni-IOC-25Zr

(wt oh). Its structure , shown in Fig. la , consists of a Ni-ZrC eutectic

wi th dendrites of Ni and primary phases of C and ZrC . The flakes of

primary carbon apparently extend into the ZrC lamellae in the eutectic.

Its eutectic temperature was measured to be 1350°C and its composition

was ana lyzed as being : 72 Ni-4C-24Zr (wt ~) .  The specif ic  gravi ty  of

the eu tec tic  was determined to be 7.7 g/cm 3, well below the maximum level
3of 9 g/crfl

I
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TABLE 1. SUMMARY OF THE RESULTS OF THE PRESENT 4ORK

Measu red Mea sured Oxidation
Eutectic Eutectic 

2 Rate
Eutectic Temperature Composition (g /cm .sec)

A lloy System Found (° C) (wt  7~) (2)

(1) Ni-base

Ni-C -Zr  yes 1350 72 4 24 —4O~~ ~N i - S i — Z r yes 1080 (1) - - l.32xl0 (3)
Ni-Si-Nb yes 1100 (1) - - l .34x10 6
Ni—Cr-Zr yes 1255 64.9 19.1 16 1.2lxl0 8

Ni-Cr -Mo no - - - - -
Ni -3 OCr~

4
~ - - - - - 2.68xJ.O~

11

(2) Co-base

Co-Al-Ti yes 1135 (1) - - 4.48xl0 8

Co-Al-Cr yes 1310 72.5 6.7 20.8 <l0~~
0

Co-Si-Nb yes 1230 68.3 7.2 24.5 -..~2.6xl0~~°
Co-Cr-Ti no - - - - -
Co-Cr-Zr yes 1235 62.8 19 .8  17.4 -..-2.4x10 8
Co-Cr-Ta yes 1320 45.3 11.4 43.3 6.08x10 8
Co-Al—Ta~

5
~ yes 1290 67.0 0.5 32 .5 7 .3xl0 8

Co-Al-Nb~
5) yes 1240 73.7 3.2 23.1 not represen-

tative , see
text 

—1 1
Co-35Cr~

4
~ - - - - - 9.75xl0

(3) Fe-base

Fe—Si—N b yes 1360 83.5 12 4.5 -

Fe-Si-Cr no - - - - -

(1) Eutectic temperature not meeting the 1200°C objec t ive , therefore composition
not anal yzed .

(2) An oxidation rate less than 10 ~ g2 /cm 4 .sec is con sidered acceptable if no
preferential attack of one phase is noted in the sample.

(3) Linear oxidation behavior , units g/cm
2.sec .

(4) Alloys used to set oxidation rate standards.

( 5) Eu tec t i c s  i den t i f i ed  in Part I ;  A l -r i ch  o f f — e u t e c t i c s  tested in Part I I .
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A samp le of the eutectic-containiri g composition 75 Ni-5C-2 OZ r
oxidized at a rapid , parabolic rate of approximatel y l0~~ g

2
/cm4sec , which

is faster than the desirable oxidation rate of a Ni-3OCr alloy , as shown

in Fig. 2. The oxidation behavior of the alloy is interesting in that an

adherent scale of NiO was formed , the adherence apparently resulting from

the numerous penetrations of the scale into the alloy . Beneath the main

scale , a subscale of internally oxidized eutectic phase (the grey-appearing

phase in Fig . la) was formed . Whenever this subscale approached a ZrC

par ticle , the ZrC was rapidly oxidized with what appeared to be a very

sma l l increase in volume (no matrix cracking) , and encroachment of the
main sca le into the alloy then occurred by oxide growth along the oxidized
Z rC-matrix interface , and sometimes along adjacent carbon f lakes.  These

genera l features  are shown in Fi g. 3a , the depth of internal oxidation
being marked by short arrows, and an oxidized ZrC particle entering the

main scale being indicated by arrow A.
Since the depth of oxide penetration of this  alloy is considerable ,

300 urn in one hour , some modification of the oxidation behavior is obviously

necessary before the alloy can be given serious consideration . Directions

for such modif icat ions  are not obvious. It appears necessary to reduce the

ingress of oxygen into the matr ix , which could be achieved by al loy in g to

form a scale with a low dissociation pressure . However, thermodynamics

indica te that Zr02 has a dissociation pressure almost the same as A1203
at 1150°C , so that even alloying to produce an alumina scale migh t not com-

pletely suppress internal oxidation .

(b ) Ni-Si-Zr

A eutectic has been identified in this alloy system . Its lamellar
struc ture between Ni-rich dendrites is shown in Fig. lb. The eutectic

composition has been closely approximated by preparing further

composit ions:  82 Ni—5S i—l3Zr and , 85 Ni-7Si-8Zr and 74 Ni-8.5Si- 17 .5Zr

(wt 7). The eutectic temperature could thus be measured and was found to

be 1080°C , well  below the 1200° C objecti ve.
The oxidation kinetics of a specimen of the Ni-7Si 8Zr alloy were

within the range of being considered acceptable , as shown in Fig. 2, with

a parabolic ra te  cons tant  of 1.323 x l0~~ g2 /cm4 .sec , and th e green scale

formed was extremely adherent. However , the morphology of the oxidation
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at tack was such that oxide penetrated preferentially along the inter-

dendr itic eutectic (Fig. 3b) so that the comp lete thickness of the specimen

had been penetrated in 24 hrs . The microstructure of the oxidized specimen

appeared considerably d ifferent from that shown in Fig. lb , with a much

larger proportion of the alloy present as Ni-rich dendrites. This form of

oxidation behavior is clearly unacceptable .

(c) Ni-Si-N b

A eutectic has been identifed in this alloy system in a samp le

of nominal composition : 80 Ni-8Sj-l2Nb (wt 70) . It has been closel y

approx ima ted in a samp le of composition : 75 Ni-8Si-l7Nb (Vt 7.), wi th the

m icrostructure shown in Fig. lc , which , however , still includes Ni-rich

primary dendrites. Using this samp le , a eutectic temperature of 1100°C

was measured. As this is below the 1200°C objec tive , no anal ys is of the

eutectic composition was carried out .

The a l loy of compo sition N i -8Si- l2Nb exhibi ted l inear oxidat ion

kinetics (Fig. 2), wi th an initially acceptable oxidation rate chang ing

to a faster rate after approximatel y 20 hrs. Metallographic examination

suggested that the linear oxidation rates may have resulted from the con-

siderable internal porosity of the oxidation specimens becoming accessible

to the oxidizing environment. The dark green scale formed on this alloy

was adherent , and quite uniform (except in areas of open alloy porosity

Fi g. 3c). A thin subscale was observed , bu t surprising ly onl y a very

limited amoun t of localized penetration of the eutectic phase occurred .

(d) Ni-C r-Zr

A eutect ic , ident i f ied  in th is sys tem , was found to have a

melting point of 1255° C , above the 1200°C objec tive . This eutectic was

therefore fu’ther characterized by its composition , found to be: 64.9

Ni-19.lCr-l6Zr (Vt 7.). This result was confirmed by preparing a sample

of that composition , in which the resulting structure was indeed fully

eutectic , as shown in Fi g. ld. The specific gravity of that eutectic

sample wag measured to be 8.2 g/cm
3 , thus meeting the objective of a

density below 9.

0~
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The oxidation rate of this eutectic composition was rapid ,

as indicated in Fig. 2, with a parabolic rate constant of 1.214 x
-82 410 g /cm .sec. Although the scale formed did not spail and was in

general of a uniform thickness , extensive internal oxidation of the

Zr-r ich eutect ic  phase occurred wi th , in par t icular , r apid penet ra t ion
of long, accicular (apparently Zr-rich) precipitates , to depths of 200 urn

after 3 hrs. Fig. 3d shows of such an oxidized , accicular particle at the

allo y/oxide in te r face .  The remarks made on the possibi l i t ies  for modi-
f y ing the oxidation behavior of the Ni-5C-2OZr alloy also apply to this

alloy .

(e) Ni-Cr-Mo

N o eut ectic was ob served in this system in the alloy compositions

prepared. These were , in wt 7.: 65 Ni-2OCr-l5Mo , 50 Ni -4 OCr- lOMo and 60
Ni-3OCr-lOMo. The two-phase dendritic structure encountered in this range
of composition is shown in Fig. 4a.

VI-2. COBALT-BASE ALLOYS

(a) Co-Al-Ti

A eutectic phase was identified in this system in the

initial composition prepared : 80 Co-7A1-l3Ti (Vt 7.). Its struc ture is

shown in Fig. 4b , between islands of two different primary phases. Two
additional compositions , 67 Co-8A1-25Ti and 77.3 Co-l.4A1-2l .3Ti (wt 7.)

were prepared to approximate the eutectic . The eutectic temperature was

measured , in a samp le of composition 80 Co-7A1-l3Ti, to be 1.135°C , below
the 1200°C objective . No further characterization of the eutectic was

therefore carried out . Further , the measured melting temperature indicates

that , in fact, the eutectic identified in the present study is the Co-TiCo2
binary eutectic , reported as having a melting temperature of ll35°C~

8
~ .

A specimen of the Co-l.4A1-21.3Ti alloy oxidized at a rapid ,

parabolic rate (Fig. 5) with a rate constant of 2.3 to 6.6 x 10 8 
~~~~~~~~~

Althoug h the metal /oxide interface was undula t ing,  no obvious preferent ia l

I
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attack was observed , except where areas of porosity were open to the

surface (6a). Instead , a uniform , thi n layer (—7 ~.jm after 4h) of discrete

internal oxide particles (probably A1203
) was formed. The main scale was

of heterogeneous composition , reflecting the composition of the matrix , and

appa rent ly  porous and nonadherent.  This alloy is obviously too di lute  in

aluminum to form any sort of prot ect ive scale .

(b) Co-Al-Cr

The eutectic phase identified in this  alloy sys tem has been

charac terized by its melting temperature , 1310°C, and its composition :

72.5 Co-6 .7Al-20.8Cr (wt ‘I. ) .  The eutectic structure is shown in Fi g. 4c

in a samp le of nominal composition : 70 Co-lOAl-2OCr (wt 7.), therefore

very close to the analyzed eutectic composition . This struc ture is composed

of an array of very fine needles , with , however , some small islands of a

primary Co-rich phase . The specific gravity of this composition was

measured to be 7.6 g/cm3, thus meeting the objective of a value below
3

9 g/cm

The oxidation rate of the Co-6.7A1-20.SCr alloy was , as expec ted ,

extremely low (Fig. 5) with an oxidation rate slower than parabolic . The

ox idation behavior of alloys in this compositiona l range has been well

charac terized~
9
~ , and they are known to form protec t ive , Al 203-r ich  scales.

In the cross section shown in Fig. 6b, two layers of scale are evident , as

a result of movement of the loosened scale during metallographic mounting.

In fact the scale is single-layered , and spalls  in sheets on cooling. The

means of improving the adhesion of the scale is straightforward , but

incompletely understood , by the alloying addition of 0.1 to 0.27. of an

oxygen-active element such as yttrium , lanthanum or hafnium.

(c) Co-Si-Nb

In this  a lloy system , a eu tec t i c  was iden ti f ied in the

init ial  composition prepared . The preparation of two furt1~~r compositions

allowed the eutectic to be approximated closely enough so that i ts  mel t ing
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temperature , 1230° C , could be measured. This temperature is much hi gher

than  those o b t a i n e d  for  th~ Ni—Si-Nb eutectic (1100°C , see above) . I t s

comp osition was then determined to be : 68.3 Co-7.2Si-24 .5Nb (wt 7 ).  In

order to c o n f i r m  t h i s  r e s u l t , a samp le of t h a t  c o m p o s it i o n  was prepared .

As shown in F ig .  4d , t h i s  sample was , however , found to p resen t  a si gn i f i -

c an t  amount  of p r i m a r y  ph a s e .  This  is l ike ly due to a problem in the

analysis. The eutectic phase is illustrated in Fig. 7a at the higher

magnification made possible by the scanning electron microscope ; this shows

the very fine lamellae of the intermetal lic phase in a Co-rich matrix. The

specific gravity of the 68.3 Co-7.2Si-24.5Nb (wt 7,) composition was measured

to be 8.1 g/cm
3
, thus meeting the objective of a value below 9 g/cni

3
.

A specimen of composition Co-7Si-l8Nb exhibited protective oxi-

dation kinetics (Fig. 5), giving a parabolic rate constant of 2.6 x 1O~~~

g
2
/cm

4
.sec up to 8 hrs ., then oxidizing slower than parabolic . The scale

formed was two layered (Fig. 6c), with an outer layer rich in CoO and an

inner heterogenous layer apparently containing Nb and Si. Directl y beneath

the inner oxide layer was a layer of matrix (some 100-150 ~.im thick after

52 hrs.) a lmost completel y denuded in Si and Nb , then a layer beneath this

and of comparable thickness which consisted almost comp le tel y of eutectic

phase , with few if any Co rich dendrites. Scattered throughout these matrix

layers were what appeared to be Kirkendall voids , probabl y resulting from the

diffusion of silicon or niobium into the subscale , and back diffusion of

cobalt rejected at the metal/oxide interface. The formation of the eutectic-

denuded zone at the metal/oxide interface appears beneficial since it

effective ly prevents selective oxide penetration along the eutectic phase .

The reasons for the layer dep leted in primary cobalt dendrites are not clear.

However , the oxidation behavior of this alloy is sufficientl y protective to

warrant further investigation of the ah oy system .

(d) Co-Cr-Ti

Three compos i t i ons  had to bi~ prepared  in t h i s  sys tem in order  to

i n v e s t i g a t e  the Co-rich corner of tho Co-Cr-Ti ternary phase diagram . No

eutectic phase was , howeve r , identified in any of the samp les and therefore

no further work was done on this alloy . The two-phase stru cture typical of

the composition range explored is shown in Figure 7d.



(e)  C o - C r - Z r

A e u t o c t i c  was i d e n t i f i e d  in tlu i n i t i o l  c o m p o s it i o n  prepared

in t h i s  system , which was 81 Co—l5 (;r —4Zr (wt 7.). Three additional alloy

compositions were prepared , and .i ar~ o enough amount of the identified

eu t e c t i c  w a s  p r e s e n t  in .i samp le of c om p o s i t i o n : 67 C o — 2 l C r — l 2 Z r  (wt  7 )

to ~ l low f u r t h e r  c h a r a c t e r i z a t i o n . I t s  me i t i r i g p o i n t , 1235 ° C , simi la r  to

that measured in this s t u d y  for  N i — C r — Z r , 1255° C (see above) , and i t s

compos i t i on : 62 .8  ( o - l 9 . 8 C r - 1 7 . 4 Z r  (wt 7.) were thus determined.

In o rde r  to  expe r ime n t a l l y confirm the result of the analys is ,

a samp le h a v i n g  the measured composition was prepared . Althoug h its

m i c r o s t r u c t u r e , shown in Fig. 7b presents some primary phase , its compo-

s i t i o n  i s  ve ry  c lose to that of the e u t e c t i c .  A s p e c i f i c  gravit y of

7 .8  g/cm 3 was measured in this sample , t hus  m e e t i n g  the  o b j e c t i v e  of a

specific gravity loss Lhan 9 g/cm 3 .

The o x i d a t i o n  r a t e  of this eutectic was found to be rap id , as

shown in Fi g. 5 . with a parabolic rate constant of 2 . 4  x 10 8 
g
2
/cm

4
.sec .

The oxide scale f o r m i l was not v r v  adherent , and consisted of a thin

o u t e r  l a y e r  of CoO , with a thick , non-uniform i n n e r  l aye r  of CoO con-

t a m ing oxide s of chrom ium and zirconium , and  a subsca le  f ox id i zed

Z r — r i c h  p hase  of the  eu tec  t i c  (Fi g. b d)  . As d i s c u s s e d  e a r l i e r , for  the

o t h e r  z i r c o n i u m - c o n t a in i n g  a l l o y s , ~ b es t  chance  of i nc reas ing  the

oxidation resistance of this alloy is probabl y to  add sufficient aluminum

to form an external alumina scale. Althoug h the free energy of formation

of Zr0
2 

is simi lar to that of A 1
203 

a t 1150° C , the effective activities

of Al and Zr in these alloys may be sufficientl y differen t to suppress

Zr02 
formation .

(f) Co-Cr-Ta

For the eutectic identified in this alloy, a melting temper-

ature of 1320°C and a composition of 45.3 Co-ll.4Cr-43 .3Ta (wt ~ ) have

been measured . Its lamellar eutectic structure is illustrated in

Fi g. 7c for a samp le of composition : 72Co-lSCr-l3Ta (wtZ).
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The spec i f i c  g r a v i t y  of t h i s  a l loy  composit ion , c o n t a i n i n g  13wt7.Ta ,
was measured to be 10.5 g/cm 3. Due to i ts measu red h igher Ta con ten t

(43.4wt%Ta), the eutectic would be expected to have an even higher
s p e c i f i c  grav i ty , making  it inappropriate for the aeronautical appli-

cation envisaged .

A spec imen of composition Co-lSCr l3Ta was found to exhibit

two-stage , protective parabolic oxidation kinetics (Fig. 5). Up to  12

hrs. exposure , a parabol ic rate constant of 2.512 x 10
10 

g
2
/cm~ .sec was

obse rved , a f t e r  which a f a s t e r  ra te  of 9 . 639 x 10 10 g 2 / cm 4 .sec . was

es tabl i shed . The reason for t h i s  change appears to r e s u l t  from the break-

down of i n i t i a l ly-formed p ro t ec t i ve  scale at the corners  and ed ges of the
spec imen , and the production of more voluminous , Co-r ich scales in these

areas. Over the rest  of the specime n , a t h in , p ro t ec t i ve  scale was
maintained (Fig. 8a), al though this did not appear particularl y adheren t

on cooling from the test tempera ture . In te rna l  p e n e t r a t i o n  was obse rved ,
which fo llowed the ne twork  of second phase (Cr- , Ta-r ich)  p a r t i c l e s  in

t h i s  a l loy , reaching  80 ~pn af t e r 52 h r s .  The form of t h i s  pene t r a t i on  was
not easy to d i scern .  In F ig .  8a there appears  a network of voids in the

location of the second phase par ticles , but these migh t equall y have been

the sites of internal oxide particles mechanicall y removed during metal-

log r aphic prepa ra t ion . Al thoug h the samp le tested was not  the f u l l y
eu tec t i c  composi t ion , the oxida t ion  behavior appears very promis ing .

V I-3. IRON-BASE ALLOYS

(a) Fe-Si-Nb

A eutectic was identified in this alloy , in the initial

composition prepared in this system : 73 Fe-11.5Si-15.5Nb (wt 7.).

By prepar ing samples p resen t ing  larger amounts of eutectic , a

melting temperature of 1360°C and a composition of 83.5 Fe-l2Si-4 .5Nb

(wt 7.) have been measured for th i s  eu tec t ic . Fi g. 9a i l l u s t r a t e s  i t s
structure in a sample having a composition 73 Fe-ll .5Si-l5.SN b (wt 7.)

close to the measured composition . This alloy composition was measured

to have a specific gravity of 8.3 g/cm 3, be low the 9 g/cm 3 acceptable

maximum.
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Specimens of an Fe-6.5Si-8.5Nb alloy oxidized at a catastro-

phically fast rate , gaining 33.2 mg/cia
2 

in 15 minutes. The scale formed

appeared to have been molten at temperature , indeed a dendritic structure

could be detected in parts of it (Fig. 8b). Surprising ly, the alloy/oxide

interface was perfectly uniform so that the rate of metal thinning should

be accurate ly calculable . This composition is obviously unsuitable for

the intended application . However , it is somewhat removed from the

eutectic composition , so that this system should not be exc luded from

further evaluation until the oxidation behavior of the eutectic composition

has been determined.

(b) Fe-Si-Cr

No eutectic has been observed in any of the three alloy

compositions prepared to investigate a range of Fe-rich compositions in

this alloy system . The microstructure typical of this range of composition

is illustrated in Figure 10.

VI-4. OFF -EUTECTIC COMPOSITIONS

During Part I of this screening program , two systems, Co-Al-Nb

and Co-Al-Ta , have been found to present ternary eutectics with the low

levels of aluminum of 3.2 and 0.5 Vt 7., respectively . In order to improve

the oxidation behavior of these systemsU), attempts were made to prepare

them with Al-rich off-eutectic compositions.

(a ) Co-Al-N b

An alloy composition was prepared with a nominal composition
of 72Co-5Al-23Nb (cheinical analysis gave 76 Co-6Al-l8Nb (Vt 7.)). This

represents a significant increase in the Al. content over that of the
73.7 Co-3.2A 1—23 .lN b eutectic identified in Part I of this program . This
Al-rich composition was found to exhibit a eutectic structure , as ehown
in Fig. 9b.

I
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The aluminum-modified composition oxidized to give apparen tly

nonprotective kinetics in Fig. 5, but in fac t formed a h igh ly

protective scale over most of the specimen surface. Rapid oxidation

occurred over small  ar eas of apparen t ly s ing le phase , indica ted in Fig. 8c ,

to produce a very voluminous , yell ow oxide , apparen t ly Nb 205. Because of

the weight gain resulting f r om the forma tion of the Nb 2O5, the over a l l

oxidation kinetics are obviously d istorted and do not reflect the overall

good oxidation resistance of the two-phase  reg ions of the alloy .

Neg lecting the oxidation behavior of the sing le-phase areas ,

this eutectic alloy now meets the oxidation criteria of this program .

(b) Co-Al-Ta

An attempt was made to prepare a pseudo-binary eutectic with a

hig her Al content than analyzed in the eutectic identified in the present

phase : 67 Co-0.5A1-32.5Ta (wt 7.). For t h i s , a samp le of composi t ion

65 Co-6Al-29Ta (wt 7.) was prepared in the silver-boat. The microstructure

of t h i s  samp le is shown in Fi g. 9c. As it includes an important fraction

of Co-rich pr imary phase , another alloy composition was prepared in an

a t tempt  to approximate mo re c losel y the pseudo-binary eutectic. This

second a l loy  compos it ion , 68 Co-7Al-25Ta (wt 7.), had a structure shown

in Fi g. 9d , close to being f u l l y eutectic . The difference in structure

between these two samp les illustrates the relativel y large influence of

a small change (a few wt 7.) in composition .

A sample of composition 68 Co-7A1-25Ta oxidized at a

parabolic ra te of 7.3 x l0 8g
2/cm4 sec , which Is slightly slower than

t ha t  of Co- lOC r , the upper boundary of acceptable oxidation rate . The

scale morp hology of a specimen which was comp letely oxidized in 3 1/2

h r s . ,  8hown i n Fig. 8d , is essent ia l ly simil ar to that  of Co-lOCr , with

an outer layer of CoO and inner layer of CoO containing oxides of

aluminum and t an t a lum . The oxidation behavior of this alloy could

probably be improved by increasing the leve l of aluminum until an

A1 203 -rich sca le could be formed ; however , the amount of increase is

unknown , and could be sufficiently large to move the composition out of

any eutectic field.
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‘r h  SUMMARY AND CONCLUSIONS

In this continuatio n of an alloy screening program , 13 alloy

systems , based on N i , Co or Fe , have been experimenta lly investi gated.

These alloys had beefl selected for sc reen ing  during Part I of the program

h u t  had not been studied for lack of time .

Out of the 13 systems , Ni-Cr-Mo , Co-Cr-Ti and Fe-Si-Cr  were

found  no t  to p r e s e n t  a eutectic in the range of compositions exp lored.

Among the ten identified eutectics , three were found to have potential

for  use in gas t u r b i n e  b l a d e s .  They are :

Ox ida t i on  ra te
at  1150 C in

Measured Eutectic Measured Eutectic 100 mm Il~ 02
Alloy System Temperature (°C) Composition (wt 7.) (g2/cm .s.)

Co-Al-Cr 1 310 72.5 6.7 20.8 < lO u

Co—S i-Nb 1230 68.3 7.2 24.5 2.6 x 1o 1°

Co-Cr-Zr 1235 62.8 19.8 17.4 2 .4 x

These pr oper ties , particularly the good oxidation behavior

alread y obta ined for Co-Al-Cr and Co—Si-Nb , justif y furth er evaluation .

It is recommended that this should be done by preparing direc t iona ll y S

solidified samples of these eutectics in order to measure the resulting

mechanical properties in tensile and creep tests , and the oxidation

b e h a v i o r  of the  a l i gned s t r u c t u r e s .
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APPENDIX A

LIST OF ALLOY COMPOSITIONS PREPARED (NOMIN5\L COMPOSITION S)

Alloy compo s it iOn s  T~rnary eu tec t ic
Alloy prepared  (wt ~i) fou nd

Nickel Base

N i — C — Z r  75 5 20 (1) yes
70 tO 20 (2) yes
65 10 25 (2) yes

Ni-S t-Zr 82 5 13 (1) yes
74 8.5 17 .5 (2) yes
85 7 8 (2) close to eu tectic

Nt-Si-Nb 80 8 12 (1) yes
75 8 17 (2) close to eutectic

Ni—Cr-Zr 70 20 10 (1) yes
85 12 3 (2) yes
649 19.1 16 (3) eutectic composition

Ni—Cr—Mo 65 20 15 (1) no
50 40 10 (2) no
60 30 10 (2) no

Cobalt -base

Co-Al-Ti 80 7 13 (1) yes
67 8 25 (2) ye s
77.3 1.4 21.3 (2) yes

Co-Al-C r 81 5 14 (1) yea
70 10 20 (2) very close to eutectic

Co-Si-Nb 75 7 18 (1) yes
71 9 20 (2) yes
68.3 7.2 24.5 (3) measured eutecti c composition

Co-Cr-Ti 55 40 5 (1) no
68 28 4 (2) no
75 21 4 (2) no

Co-Cr-Zr 81 15 4 (1) yes
60 29 11 (2)  yes
67 21 12 (2) yes
62.8 19.8 17.4 (3) very close to eutecti c

Co—C r-Ta 72 15 13 (1) yes

Iron Base
Fe —Si— N b 73 11.5 15.5 (1) yes

80 10 10 (2) yea
85 6.5 8.5 (2) close to eutectic

Fe-Si-Cr 79 7 14 (1) no
85 10 5 (2) no
80 15 5 (2) 00

(1) Initial alloy composition derived from the semi -empirical selection
method .

(2) All oy composit ion prepared to approximate more closely the eute cttc
composition or , in systems not found to present a eutect ic , to check
further on the absence of eutec tsc .

(3) Alloy composit ion prepared on the ba ste of the analysis by X-ray
mic roprobe .

Compo sition s de s ignated b y (1) have been prepared during the prev ious period.
Those marked (2) or (3) have been prep ared during the present period .
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