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spacific gravity below 9 g/ama’and a reasonably low oxidation rate,(less

H than 1077g%/cn*.sec at 1150 C).
T Their properties are summarized below: T
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Ni-Cr=Ti 1220 54.2 4.6 41,2 10"
Co=Al"Nb 1240 73.7 3.2 23.1 10°
Co=84-2r 1240 B2.5 4.5 13 10°
Co=Cr*Nb 1280 70.5 18.5 1 6.5 x 10"
Co-CreMo 1340 59.9 12,2 27.9 1.3 x 1078
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™3 Thew properties are comparable to those of the presently most advanced )
sutectic asupaeralloys, such as Ni-2,5A1-19,7Nb«6Cr or Co=20TaC=-15Cr~8.5N1i~ >
6W., Their oxidation rates, already comparable to that of Co-TaC, measured J
in the pregent utudy.'could be further {mproved by compositional adjuste
ments,
These results were obtained on the basis of a scraening of

s available phase diagrams for 107 alloy systems basad on Ni, Co and Fe,

? V from which 52 alloy systems were retained for further study. Twenty-eight p
simple ternary systems, either not previously evaluated or not described !
in sufficient detail, were uxamined experimentally by praparing several %
samples of compositions close to that determined by a semi-empirical ﬂ
graphical method us closest to tha axpected eutectic. As a4 result, 22 j
eutectice were identified and characterized in terms of melting temperatura, B
microstructure and estimated dengity. Of these, 10 eutectics wers found to 2
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/éﬁ’f They were therefore subjected to a systematic investigation i
of their oxidation resistance, leading to the identification of the 5 f

promising eutectics previously montioned7<:
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 fdentify

new eutectic superalloys suitable for the manufacture of directionally

solidified turhine blades operating at up to 1150 C.

In the course of

this program, five sutectics not previously investigated have been found
to moet the corresponding objectives of a melting point above 1200 ¢, a
lpocttic gravicy bulow 9 z/cm3 #ad a reasonably low oxidation rate (less

than 10" gzlcu .aec at 1130 C).
Their propertieas are

sunmarized below:

Oxidation rate

Alloy cc::::::::c cuzgg:igign t:g ::300: 1:n
aystem (deg. C) (w. %) ( 81 34 yg}
Ni=Cr=Ti 1220 54.2 4.6 41,2 1078

. Co=Al-Nb 1240 737 3.2 231 10”7
Co=81-2r 1240 82.5 4.8 13 1077
Co=Cx=Nb 1280 70,5 18.5 11 6.5 x 1073
Co=Cr Mo 1340 59.9 12,2  27.9 1.3 x 1078

These properties are comparebls to those of the presently most advanced

eutactic suparalloys, such as Ni-2,.5A1-19,7Nb=6Cr or Co=20TaC~15Cr=~8.5Ni~-
6W. Their oxidation rates, already comparable to that of Co-Tall, measured
in the present study, could be further improved by compositional adjust-

menta,

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

from which 52 aller aystems were retained for further study.
simple ternary systems, either not previously evaluated or not described
were examined experimentally by preparing several

in sufficient detail,

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

graphical method as closest to the expected eutectic.

As a result, 22

Twenty=eight
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sutectics were identified and charactorized in terms of melting temperaturs,
microstructure and astimated denaity. 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 densitcy
below 9 g/cmj. They were therefore subjected to a systematic 1nvgst13ation
of their oxidation resistance, leading to tha ideatification of the 3
promising eutectics previously mentioned.

The remaining 24 alloy systems are bging screened in a

continuation of chio_rusoarch effort which will be subsuquantly reported.
Aa a result of this study furthar wors {s racnmmendod in the

following areas!

¢ investigation of the 24 alloy systems selected but not
exporimentally studied in the reported study

improvement of the oxidation resistance of the already
identified eutactics by increasing their content in
chromium and/or alumirum.

evaluation of the tensila and creep strangth of the five
identified eutactics on the basis of directionally solidi~
fied samplen.

{nvestigation, using the rapid screening procedure developed
in this study,of quasi=ternary systems containing refractory
reinforcing phases auch as carbides, nitrides and‘'silicides.
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DIRECTIONALLY SOLIDIFIED IN SITU
METAL MATIRIX COMPOSITES

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

I. INTRODUGTION

Divectional 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,
in directionally=-solidifying eutectic superalloys, the aligned phases are
finely divided, with no lower melting point components in between, This
reaults in a particularly high bond strength at temperatures cloge to the
eutectic maleing point.

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(1) and 1975(2), respectively. Review papers have also been
(3) as well as Thompson and Lemkey(é). Only a
sm.ll number of eutectic systems show promise for use as gas turbine blade
materials. Among these systems are: Ni-Al-Nb(5’6), Co-Tac(7’8’9), and
wi-1ac(7+8:10) |

published by Hogan, et al.

Jn the development of these very selectively chosen alloy asystems,
other eutectics might have been overlocked. For this reason, the present
study was aimed at rapldly screening as many alloy systems as possible in
an attempt to identify those having potential for use as gas turbine blade
materials.

II. SCOPE OF THE PRO

The present program consisted in a wide screening of alloy
systems limited to those based on Ni, Co or Fe and containing two

reinforcing phases.
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The matrix is composed of Ni, Co or Fe, containing in solid B
solution significant amounts of transition metals, such as Cr, and amounts k
of non~transitional elements such as Al, The function of Cr or Al would be
principally to improve the oxidation characteristics and mechanical proper-
ties (by y'-Ni3A1 atrengthening, for example) of the matrix. R(

The second alloying element would form sn intermetallic compound ?;
with the matrix as a result of the eutectic reaction, These eloments include
T4, Zr, HE, V, Nb, Ta, Cr, ... _ , b

A third constituent is a non-transitional element which forms “9
strong covalent compounds with the matrix. Such elements include, B, Al, g
C, 8i, N and P. These elements have a relatively emall ndlubility tn the §
matrix phase and would be expected to provide a atrongly bonded compound ?& :
phase with h##h strength and stiffness. Some of them (B, Al, and 8i) would

be expected to have potential for modifying the scaling characteristics in .
& beneficial way.

The specific objectives were to identify eutectics not previously 3
investigated having a melting polnt higher than 1200 € which should in
addition, by thair oxidatfon resistance, show pigmine for use as direction- )
ally solidified bindea in gas turbines under operating conditions of 1000 f@
hours at 1150 ¢ (2100°F).

They should also exhibit a density not in excees of 9 g/cm3 and p
a microstructure making them readily amenable to directional solidification. g

III. AFPROACH FOR 3 ' 3
COMPOSITIONS TO BE PREPARED

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

X . i -
5 determining the compositions to be prepared for the experimental &
4 screening. i;
. III-1. E A A A

The ternary alloyes effectively considered within the scope of 3
. the program are schematically illustrated in Fig. 1. Fig. la represents p.
¥ 3 matrix elements (Ni, Co, Fe) x 4 non=-transitional elements (B, Al, C, 8i)




x 7 transitional elemeants (Ti, Zr, HE, V, Nb, Ta, Cr) = 84 alloy systems,
if these elements are taken one by one in each group.

In the course of the evaluation of available data it was found
that the Ni-B, Co-B and Fe-B binary eutectics had & melting point too low
(about 1100 C) to meet the objectives of this program. The possibility
of raising the melting point of the B-containing slloys was explored by
introducing that element asm & borocarbide. Since compounds such as
Mo,BC have a melting temperatura the order of 1800 C, a pseudo-binary
eutectic betwaen 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 presant study,

Additional alloys having as matrix Ni, Co or Fe with Cr in
solution were considered because such a matrix was expected to @
presaent an oxidation resistance batter than that of a pure metal matrix. k
Thege include 21 egyatemu composed of a Ni(Cr), Co(Cr) or Fe(Cr) matrix and
ona of the following transitional alements: T4, Zr, Hf, V, Nb, Ta and Mo,
They are schematically resresented in Fig. 1b.

These simple aynfeml. not containing B, C, Al or 8i, were given
priority in the investigation, The objectives of ths present program would,

A i w b e

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

i G ST

alloy systems composed of a matrix, one alement chosen among B, C, Al, 8i
and one among the group: Ti, 2r, Hf, V, Nb, Ta, Mo... The oxidation
behavior of the matrix could also be enhanced by using Al; alloya including 5

PR

e 2 e

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

l be conaidered for Investigation. A total of 107 alloy systems have thus
been evaluated in the present study. Out of these, alloy systems showing
'l promisa and worthy of further experimental investigation have been i

i
J
it \‘;
, selacted on the basls of the following criteria: (1) the expectad eutectic §
has not been the ohbject of a pravious experimental study and (2) only com- B
binations of conatituents prewsnting bilnary eutectic temperatures higher i

-

than about 1250 C were considered in order for the resulting ternary

e O o
-
‘

autectic temperature to be likely te meer the 1200 C objective.
EI Among the alloy systems meeting these criteria, those having the
highest binary eutectic temperatures have, in general, been investigated
first. Other considerations, such as expecred density and oxidation resis=

T el s S ]




i, Co, Fe ' ' ' E

By AL, C, 8L i, 2r, Ef, V, Nb, Te, Cr

" : (a) - o N
: \

| M (er)

Co (Cr) ———o

Fe (Cr)

Mo

. , :
(b) i

FIG. 1. SCHEMATIC REPRESENTATION OF THE THREE CONSTITUENT ALLOY "g
SYSTEMS SCREENED IN THE PRESENT PROGRAM. N

(a) Ni, Co, Fe matrix i-

(b) Ni(Cr), Co(Cr), Fe(Cr) macrix
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tance, have lllo tnfluen~ed the order in which the alloy aystems have been -
expertmentally:examined. Tablaa 1 to 4 summarige the selaction process
by indicating the alloy systems not retained after screening and those
experimentally investigated in the present study. By,

In these tables, alloy systems are indicated that had been also g
retained after the theoretical screening but were not experimentally
investigated within the prasent study for lack of tima.

111'2-

After having been selected in terms of ite expected melting
temperature, density and oxidation resistance, each alloy system was .
oxparimentally'1nvcut1gnted in ordar to itdentify a possible sutectic. The ?Q
paucity of information existing on ternary phase diagrams made it {m- ™
possible to obtain the exact composition of the ternary sutectic. A rapid
semi-ampirical method was therefors utilized to determine the approximate
composition of the axpected eutectic,

Savaral approaches have been designed in the past in orvder to
provide data on unknown multi=component systems. An empirical approach to
the problem has been suggsstad by Hlnnk(le) to produce multi-component
materials by co-sputtering of their constitusnts onto a substrate. Computer
1 calculations based on consideration of the structure and the Gibbs free
|

enorgy of the known binary phases have been made to predict those in the i
ternary phase dingtnm(19’zo'21). Characteriatics of unknown phase diagrams
have algo baen predicted by applying to them patterns evolved from u 4
i statistical analysis of thermodynamic data on known OYItIﬂ‘(zz). A recent

| review article discussas these mcthodl(zs).

b l‘ Thewe tools have been designed to provide knowledge on new phase

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

i >’ they are either too time consuming or limited by the availability of thermo- ﬂ

f dynamic data, or both.
'$ ;1 Sinco the objective of this program is to rapidly screen as
4

A many alloy systeme and compositions us pussible, an empirical approach j
: ' '( making use of the general knowledge of ternary phase diagramo(za) and con= 3




TABLE 1. SCREENING OF Ni-BASE ALLOYS i
WW 1;"

PH
B 2r
Hr

v X Ni«B eutectic temperature (1140) less than 1250 C 1

(Ni-Nb-B~C and Ni~Mo=B«C experimentally investigated
Nb in present study)

Ta - if
. Cr ki -
?’1‘1.0
Al Zr ¢ 3:
"Hf x  Al-Hf phase diagram unknown - 8
V x no binary Al-V cutectic ’
o Nb x previcusly investigated (1, 2, 4, 5, 6)

S . Ta x previously investigated (11) :
1 \ or 0
. Ni ¢ ' T4 x proviously inveatigated (14 r
2r 0 :
ﬁr x previously investigated (1h)
v o

Nb x previously investigated (14)

e x previously investigated (14)

\ Or x

) 83 (D4 + ternary cutectic very riech in Cr (15) expected to be

too brittle

* 2r 0 ‘
| Hf x . .?
” Vv o+ - !
N O |
Tea O

 Cr O
- ke —

1 alloy selected and experimentally investigated in the present study

+
X ! not retained for experimentul investigation
0 : selected alloy not cxperimentally investigated in the

present study
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TABLE 2. BSCREENING OF Co-BASE ALLOYS 9
B f'u
‘ )
e
v . Co=D eutectic temporature (1 106 C) less then 1 230 O ki
. : X : . . ":‘ .
'.(
Ta '
Cr
oy
Al rri ° '
Ir ¢ .
HE x  Al~H phase diagram unknown
V x no Al-V eutectic .
M +
Ta ¢
e ©
€0 e srmmincermremne-C r'ﬂ x proviously investigated (14) 8
Zr + )
M Hf x previously investigatea (14) k.
: [ V x previously {nvostigated (14) 'E
¥ x proviously investigeted (14) -
; Ta x previously {nvestigated (12,13) ’
? . Cr x previously investigated (12,13) .
84 K \'.
g 1 o+
L i o |
L ¥
] vV A
“ Ta .y
S \, Cr « o
; . F'
‘ + : alloy selected and experimentally investigated in the present o
A atudy 3
% x ¢ not retuined for experimental investigation 1
: . O : selected alloy not experimentally investigatad in the present if
study 3
e e A.-ii...’u‘(.n_t::i\;':.‘._‘f?mu.wl; ‘-\-\-‘JLIN-‘--‘RMW




_ TABLE 3. SCREENING OF Fe-BASE ALLOYS
e T T e S ————

+ ¢ alloy selected and experimentally investigated in
the present study

X ¢! not vetainad for experimental investigation
o : selected alloy not experiuancllly investigated in |
prasent study . @
|
B 3 Fe-B eutectic f:enpoucufo (1060 C) less g
than 1250 © ‘
Al x Fa=Al eutectic tmponeuro (1160 C) less ok
than 1250 C : E
10‘40 X Pe=C esutectic temparature (1153 C) less ¥
than 1250 C _ lg

(1,16)

[Fa=C~Cr previcusly investigated ] "y
i1 T o+ , H
2r +
Ht o ‘]
v oo+
Nb o i
Ta o \

TAME A, SCRERNING OF Ni(Cr), Co(Cr), Fe(Cr) - BASE ALLOYS vl
INVESTIGATED IN THE PRESENT STUDY N
Wm ‘;‘
+ t alloy selected and experimentally invastigated in Rl

the present stcudy
%! oot retained for expurimental investigation

o 1 eelectad alloy not exparimentally investigited in

the prusent study ?_
Ri(cr) L + Co(Cr) TLo Pe(Ce) i+
ir o Iro Ir + ;
ne + nto o :\.'I‘
V x ne Cr<V eutectic V x 00 Cr«v eutectic V x no Or=V eutectic »
*h + " + Mb x peavicusly ip }
%a o Ta o 4 Vestigated( ) .
Mo o Mo + Mo o

b i e L s
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taining a certain amount of trial and error has been ptofori-d. The choice
of a composition 1ikely to be clome to the eutectic was mada bmsed on a
treatment svolved by Hubcrt(es) for a number of model tearuary systems of
Co, 8n, 2n, In, and Pb,
According to this treatment, the region most likely to contain

a ternary sutectic is the triangle delineated by the thrpo¥o:r|1¢ht linas
joining the corners of the concentration didgram to the eutectic compo*
sition on the opposite side. This construction is illustrated in Figure 2
‘ for the Co=Cr~Mo alloy system. In the proodue gxpogtunnent'ucrtonihg. the .
firat alloy composition to be preparad was that rcproichgpd by the center
of gravity of such a triangle on the ternary phase diagram. This ﬁotnt.
corresponding in the above sxample to 19 Co<45 Cr=16 Mo (in wt %), provided
an smpirical starting composition in the praparation of ilnplap.

(25)

ussd to predict the ternary
eutectic composition was ¢valuated by comparing the ingot composition
initially prepared (represented by the center of gravity of the triangle
most likely to tontain the eutectic) and the actual eutectic composition,
as measurad by alectron=probs microanalysis of the samples.

v ¥rom such a comparison, it was found that, cut of the 10 measured
;E‘" . sutectic compositions, 7 of them did lie in the triangle of highest expac~
tancy, as shown balow in Table 3,

. The validity of the treatment

"ﬁmi TABLE 3. COMPARISON BETWEEN THEORETICALLY PREDICTED AND MEASURED BUTECTIC
S COMPOSITIONS (WINDICATES A MEASURED EUTECTIC COMPOSITION LYING
: WITHIN THE TRIANGLE OF HIGHEST EXPECTANCY)

YU A AT TUUA R  SARI, J AT RN SRR A
Initial alloy composition

At theore.ically close to the Measured eutectkic
B Alloy system eutectic (wt %) composition (wt %)
u Ni=Al-Ti 80.3 6.0 13.5 74.0 6.0 20.0
Ni=Cr=Ti 51.0 .5 1‘005 5‘0‘2 406 41\02*

i d Ni=Cr=Nb 44,1 42,0 13.9 55.0 25.0 20.0
. Co=Al=Nb 75.8 2.8 21.7 73.7 3.2 23,1%
CO'AI'T‘ 6“.2 4v° 31-0 67-0 005 3205*
[] Co-8i-2r 78.1 4.6 17.3 82.% 4.5 13,0*
Co=Cr=Nb 55.1 19.4 2%.% 70.5 18.5 11.0
i Co~Cr=Mo 39.0 45.1 15.9 59.9 12,2 27.9%
5 l] Ta-81-Ti 68.1 10,1 21.8 77.0 7.0 16.0%
' Te-8i-2r 74,5 5.1 20.4 77.9 7.9 14.2%

i frribg REUeH T afgey Ot T RGeS T e b
TR l'u%'a'&.‘-ﬁ,. RN R TR
ot st o1 o rstnctaso i et
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\

Cr

FIGURE 2. SELECTION OF ALLOY COMPOSITIONS FOR EXPERIMENTAL SCREENING.
The shaded triangle indicates the araa where a ternary

sutectic is likely to be found
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IV. EXPERIMENTAL SCREENING

The procesa B! identifying and characterizing a eutaectic included
the following stepe: (1) preparation of alloy compositions, (2) measursment
of the eutectic temparature and (3) measurement of the eutectic composition.
Each of these stepa ie described below,

Iv-1. PREPABATION OF ALLOY COMPOSLTIONS
The initial alloy composition to ba preparad was derived from the
senismpirical treaatment described above.
Samples for screening were prepared using metals of purity 99.97%
~or battar. Appropriate amounte of charge materials wers melted in a water-
cocled silver boat arrangement phown schematically in Fig. 3. This
technique is best suited to produce small ingots from high purity materials
without contumination from the crucible. In the set=up utilized, the
charge materials were melted and kept melted for a few minutes by induction
Residual
oxygen contained in the argon was trapped by a hsated titanium sponge to
further protect the sample from oxidation. The resulting ingot (50 to 80 g,
about 6 cm long) was cut into piaces that were placed agaiu in the silver

heating (22 kw at 500 kHs) under a protective argon atmospheras.

boat and remelted to improve alloying. An average of four successive
malting operations was found necessary to achieva sufficioent alloying of the
charge matarials.

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 u rangs of compositions within a faw percent
of the initial composition. This was done in an attempt to detect a
sutectic that might have been missed in the initial sample. If, however,
none of thase samples was shown by matallographic observation to present
a eutactic, the investigmtion of the relevant alloy system was halted. 1If,
01 the other hand, the sample initially prepared was observed to contain
some eutactic between islands of a primary phase, a second alloy compo-
sition was prepared in an attempt to increase the proportion of sutectic.

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

T e T T R '\W'*’A Rw’\’\“ "IL}I -r, RS
l}'( iu]md»:égv‘:nli *T‘:‘ mq‘\"\_ﬂ“ﬂ” ‘l \L )Qn'“ Im ‘\ﬂ- ﬂk

petmeat e i

N

e e = el e 2T e

—— TS
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Fused silio

Wﬂ A

“l.

Sponge Ti Silver boat

Water out

FIG, 3. SILVER BOAT EQUIPMENT USED TO PREPARE SAMPLES FOR THE

EXPERIMENTAL SCREENING
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B i Q] of the primary phase. Indications as to the natura of the primary phase ﬁ

'ﬁ. ‘ were provided by its appearance upon chemical etching. The procedure was g
ﬂ@‘ff'. l rapeated until the autectic represented 20 to 40% of tha metallographic N

i?x N ’ saction, a proportion sufficisnt to allow convenient measurement of the
autectic temperature by differential thermal analysis and of the compo-= i+
sition by microprobe, ke

I¥-2, MRASUREMENT OF THE EUTECTIC TRMPERATURE

In each sample thus obtainad, the sutectic temperatute was
measurad by differentiul thermal analyais using a "Linseis" apparatus ﬁ
and Pt/Pt=10 Rh thermocouples. For this, a specimen of about 0.} ou’ 5{
in volume was placed in a recrystallized alumina crucible. E

Heating and cooling of the specimen was carried out under argon |
at & vate of 6 C/min. The cycle was repeated for each specimen. Tempar=-
i atures wero measured within 3 2C. A eutectic was retained for analysis
_»?/ ' g of its composition (¢ ite welting temperature was measured as being not ;
‘T less than 1200 C.

[ TR i

. The composition of a autectic meating the melting temperature
-] critorion was then measured by means of an X-ray wicroprobe attuched to a k)
Cambridge Kent "Stareoscan" Scunning Electron Microscope. Measurements were :
; . carried out on a wafer about 1 em x 1 em cut from the silver boat ingot.

On such a specimen, saveral point counts could be averagad which wera ob- f
tained by displacing the electron beam within the eutaectic. As the size of !
the bsam, about 5 u, was largsr than the thickness of each phase in the 4

:;\r ti eutectic, this technique permitted the overall eutactic composition to be ?f
w&: 0 obtained by averaging each composite measurement. The precision thus (
fi. [l obtained was such that ingots later prepared on tha basis of this determi- ‘f
.}‘ _‘ nation presented a pure eutectic structure. ﬁ
-% [J This indicated that the accuracy in the analysis was of the same .
é‘ ] oxder as that with which the alloy compositions can be prepared in the ;
T& l] silvar boat, i.e., within 0.2 to 0.5 wt % of the comprsition sought for, %.

| depanding on the alloy.
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The axperimental screening was found to require the preparation
of an average of three alloy compositions for each alloy syatem. The
direct analysis ou the silver boat sample renderad uneccessary the inter=-
mediate step of zone welting to isolate multi-componeut eucectics(26) en~
visaged at the beginning of the present program,

Iv-4. DENSITY MEASUREMENTS

The eutectic samples cast for the oxidation wtudias (see below)
were aleo used for density measurements. The latter was derived from the
volume of water displaced by a cylinder of known weight, 1/2 cm in diamater,
1 om long, machined from the cast ingot,

A 1v-3. QRIDALION STUDIES

: The oxidation studies were carried out on 1 cm x 1 om woupouns cut
Ti a from the silver-boat ingots, BSome such ingots were found inappropriate for

. ' the measurements, due to the preseiice of porosity cracks or to their smali

o ' ' sike. In these cases, additiocnal castings of tho alloys were made in an alumina
crucible under argon in a Balters induction furnace of 40 kw powar, From the
_} : vesulting ingot (cylindars about 4 om high, 3 cm in diametar), 1 cm x 1 cim

X coupons were cut for the oxidation tests.

8 . The specimens ware oxidized isotharmally at 1150 C in alowly

4 flowing oxygen under 100 wm Hg pressure in a thermobalance. All specimona
ware polished through 600 81C grit papers, 1 um diamond and 0.03 pm A1203
paste, and degreased befors oxidation. Characterization of the oxidation

beshavior was by measurement of oxidation kinetics (calculation of the

" graphy. The oxidation rates thus measured were compared to three reference
A Alloys: Co=35 Cr (9.75 x lo'llgzlcma.loe.) and Co~10 Cr (1.11 x 10'732/
nm4.|oc) for Co-base alloys and to NL=30Cr (2,68 x 10-1l g2/cmb,uec.):)

'ﬂ{ parabolic rate constsnt, kp. where applicable), and by optical metallo-

v for Ni-base alloys, am well as to two of the eutectic alloys most developed
to date:r Ni-2.5 Al-19.7 Nb=6 Cr (not parsbolic, atmilar to Ni-30Cr) and
3 Co«20 TaC=15 Cr=8.5 Ni«6 W(1.63 x lo'aazlcmb.nac). These five referunce
3 dlloy 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 the
follor 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 Nf{~Cr-Nb, Co~Cr-Mo and the
three following systems: Ni-81-V, Co~5i-V and Fe-b1i-V, to which the presence
of vanadium was expected to confer a poor oxidation behavior. In these
tests, the specimans were held at 1150 C in static air for 25 hours. The
three V-containing samples were found to have a catastrophic oxidation rate
(900 mg/cmz) compared to Ni-Cr=Nb and Co=Cre<Mo (20 mg/cmz), reference alloys
also studied in the detailed oxidation tests demcryibed above,

V. EX N 8

In the alloys experimentally investigated in the presgent study,
22 eutectics have been identified. Out of these, 10 eutectics have been
inveatigataed to determire their melting temperature, composition, denaity
in gsome cases, and oxidation resistance. The remaining 12 {dentified
eutectics have not been retained for further consideration because the
measured autectic tewperature was below the 1200 C objective (Ni-Al-Zr,
Ni-Nb=B~C, Ni=Mo=-B-C, Wi(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=81i~-V, Co=8i=V and Fe=8i-V); in addition, two eutectics (NL-Cr-vf and
Fe-Cr-Ta) were expected to have a very high densgity, estimated to be
larger than 10; one eutactic (Co-Cr=-81) was not fully investigated because
its divorced microstructure would not be amenable to directional solidi-
fication. The alloy compositicns prepsred are listed in Appendix A of this
report. The results obtained in the experimental gcreening are susmarized
in ftable 6. 1In the following sections, data are presented for each alloy
within the three categories: uickel, cobalt and iron=base alloys.

R =




16

*DOTITITFIPFIOE [PWO]IIRITP
03 s[qEEIEw 0% -IX0JIXM ‘aRIINIIE
PIJICATP ¥ JaPy O3 PUNOJ SeA ITIDNIND SIRL

*J(A8IX ¥ S¥ 3T O IR0 PITIAED SEA RIoA
IWIIi O “JTIINND ST 103 poIIwdza
eea (0t ey 333a9]) L11sUp FEMY K2da ¥

)

182

*IFIINING SIYI WO u.-o._l.—uu-o

S30JIIIGT SUR RIOA IIIRG Off *IOTARWIq
TORINPIRC 300d ¥ parEOIpEy I3 Lyswpmptaad v (5)

“pazdjene Jou sua

woIIsodmod IPIAING ‘D) OPZ] FO AAYINfgo P o
3013330y Suzaq IInzwaaded’l S13IDIIA2 paansvom L {Z)

-31dwes 3y) VY palov $¥ assyd avo Jo Yoew

195iva19zaad ou jt 3jqerdacor ST (s° yoI hno.nv
33 91-0) 30 I®qY DI SEI] AIBI VOYIE oy (1)

Jood

) B s34k

16 )] *1-13-34
- - - ou . AZ=1D=23
- - - o 11-13-87
-300d. {8 {e) sak A~TS-9d
3cod T ¥I=6°L-6°1L 01€1 sak 22-15-23
891 X 9% 6°S1-7°2-6"9L ozl sak 11-15-33
V-
9-01 * 62°1 §°12-7°21-6°65 oyET sk OR-1D-0)
0l X %9 0°11-5°81-C"0L (1744 sak q%-313-0D
-0t = £9°¢ - (<) s34 1S-19-03
aood «) ®©) sak A-1S-0)
£-01 X T°L 0°€1-5"9-5"78 0¥zl sak 32-3§~02
g-0l X vz @ €€Tl sak H-¥5-00
- - - Qu aAZ=-D=-00
- S 2E-S"0-0°29 06z sak 2I-IV-0D
L 201 ~ 1°€Z-2 t=-L°EL 741 sadk SR-1Y-00
n..: xg~ 164 0411 ’ sal 17-1¥-93
ASVE-TIVIOD
T - @ pEil saf 3-4-%%- (D) I8
- {1 0%01 saL 2-g-oH-14
T - @ 0011 sk 2-g-q5-18
9-0l ~ 0°02-0°53-0°$5 0611 3L qR-30- 1K
a1-01 = 1L°§ o ) sak IH-3D-IN
*o ~ Iy - 9°9-2°%S ozzl s34 I1-10-14
-0t = 96" - - ou IS-20-I0
3a0d (€3 ) 83i A-18-1K
- - - v 11~3S-IN
6-01 X S9°¥ ) 0611 sad IZ-TV-IN
PR 0°0Z-0"9-8"%L coet sak T1-1V-1H
TSTI-T0IN
LY
(/3 - {13n) {.)
_ o381 wopIFsodmoy saimysiadear Pun0] 3130y ma318i3 Loty
VORITPIXD ITIINNI pAINSWI

IFIJINI PIINSPNH

WE0EL MINIIEIS TVINSOIEATIIA FAL 30 SIINSEY M1 A0 ANNS -9 TVl




T A R R R

ool

SR

T ety T2 —
T R A R

e,

e T
RN e T

A R

ERRe

e R NS

17

v-1. NICKEL-BASE ALLO
Ao Ni-AL-Ti

In this alloy system, a three-phase NlaAl-NizriAt - NiaTt
eutectic of composition 73,9Ni-5. TAl- 19474 (in wt %) had been
investigated iu some detail in a previous atudy< ). In the prasent
experimental screening, ssmples were prepared in an attempt to‘iéontify
a pseudo~binary eutectic expected to occur at 81,6N1i-5. 1A1?13}3Tt
(in wt %);)according to a preliminary study of the N13A1 N13T1 phase

Such samples were, however, found to present a eutectic which,
by its microstructure (shown in Fig. 4a) and its measured compoiition
74 Ni- 6 AL A1~20 TL (in wt %), turned out to be theléhree-phase eutactic

diagram

studied previously.
This eutectic was found to have an oxidation rate of

3.9 x 10 /cm .sec, conoiderably faster than that of the ltandard
Crzoa-formtng alloy Ni=30Ck (Fig. 5). The mode of the oxidation attack

i# compared to that of Ni-30Cr and the developed eutectic Ni=2,5A1-19,7Nb-60r
in Figs, 6a to 6c, The pimple binary alloy N1-30Cr forms a uniform, ﬁninly
adhaerent scale of Cr,0,, 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 chromium from the alloy to the acale. The
Ni-Al“Nb~Cr eutectic¢ forms a protective scale which spalls extensively on
cooling. ¥ig. 6b shows only remnants of the external scale, and some
preferential internal oxidation of the aligned phase. The oxidation of the
N1-6A1-20T1 alloy was more rapid than that of these other two alloys, but
the mode of attack was quite uniform, and therefore predictable, with one
phage of the wutectic being preferentially oxidized, as shown in Fig. 6c,

In a previcus investigation(6). a pseudo=binary eutectic
N13A1-N12r2 of composition 75.3N1~7.4 Al~=17.3 Zr had been identified in

this alloy system. Some work on this system has been carried out in the
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PIG. 6a. Ni-30Cr OXIDIZED 70 hr., ¥IG. 6b. Ni-2,5AL=19,7Nb=6Cr OXIDIZED
X200 50 tr., 1{000
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FIG. 6c. Ni-6A1-20Ti OXIDIZED PIG. 6d. Ni-12A1-62r, OXIDIZED 16.5.hr.,
7.5 hr., X50 X50

‘Tn h
FIG. 6e. Ni- 370:-881 oxlntzun 77 hr.. nc. 6f. m-a.em»m.zn OXIDIZED
X100 2 hr,, X100
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present study in an attempt to detact a threse-phase eutectic. Alloy
compositions prepared showed, howaver, the eutectic (Fig, 4b) mentioned
above, between Ni-rich-dendrites.

Its melting point (1190 C), was found to be below the 1200 C
objective. No further experimental screening was therefore carried out

A pirabolid rate of 4.65 x 10'932/cn4.|nc vas, however,
datermined in oxidation test of a sample of composition Ni=12 Al=6 Zr.
This appears to correspond to promising oxidation boﬁavior} Pig. 8, but
examination of the microstructura after oxidation showed pruferopt;qi
attack of the eutectic phase with complete panetration of the speciwen
thicknass (0.2 cm) {n places after 16.5 hre. (Rig. 6d). '

C. Ni-Si-Ti

In this alloy, the Ni~-8i binary phase diagram prusents fLour
differant autectics. Only that having tus highest Ni{ Content (88.5 wt%)
was considared for the construction on tha teranary phass disgram. An
initial alloy composition of 16 ¥2«681-18 Ti and two furthor compositions
were prepared. No eutectic was identified in these samples. In the wicro-
structure of the 76 Ni=6 84=18 Ti (in wt %) alloy, shown in Fig. 4c, an
intermetallic phase appears to undergo a peritectic reaction in the nickel
rich matrix. '

D. u‘ -a! -}l

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
scraened in a preliminary oxidation test. It was found that after exposing
the sample at 1150 C in static air for 25 hours, the measured waight gain
was 900 mg/cmz. making this eutectic inappropriate for the application
envisaged. Ae a consequence, no further work was performed on thia system.
A similar spproach was utilized for the autectics identified in the Co<-Bi=V
and Fe=81-V systeme (wee the following). These systems were alwo found to

have u low oxidation performance.

AL S YR AR i S 1 iy (PRI g X fluaz.:,MLW\JMMA‘-E\FMLW.V Y D A N
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No eutectic was observed in the samples of diffarent compositions
prepared for the scresning of this alloy. A two-phase microstructurs,
probably Niasi 1n a Ni (Cr) wmatrix, was obtained in those nnmplo-. as_shown
iu rig. 7.. o . L 5

"Oxidation tonttng of a Ni 37 c:-s 81 llloy {ddicated & alaw

oxidation rqto (rig. 35) of 8 94 x° 10 1 z/em V8ey buc a vdry hnovun attdck.'
A showh in Fig, Gs, neither phunn wai attacked brntnrontiully; ‘and 'no. sub=

surface attack was noted. The cusp~like irrogullritlcn in :hc oxidtind

-surface were uu:souctvc of attack by & molten phase.

¥ NASCr-Ti

In the construction to predict a sutectic in'tho tornaiy-phang.
diagram, only the Ni rich (62. s'wt% Ni) eutectic was considered among the
3 outecnicl existing in the Ni~Ti binary system. '

" A sutectic has been thus identified' in the course of the experi-

wental screening. Its melting temperature haw baen measured as being
1220 ¢+ The measured outoctié composition was found to be 54.2 Ni«4,6
Cr«41,2 Ti (in wt %). A sample of that composition was prepared to expori-
mentally confirm this analysis. The resulting microstructure was observed
to be composed only of autectic as shown in Fig. 7b. 1In this pesudo-binary
sutectic, the minor phase, likaly to be N13Ti, occupies about 30% of the
total volume, in a matrix of Ni (Cr). The melting point (1220 C) 1is
significantly lowar than that of Ni,Al-NiaTi (about 1300 C, as reported in
Reference 27) or that of Ni-,Al-NiNb (1270 C, Reference 6).

Oxidation tests were carried out on & sample of composition 54.2
Ni=4,6Cr=41,2T1 presenting a primary Ni(Cr) phase. Preferential
attack of the eutectic phase was noted, at a non-parabolic, rapid rate as
showi in Pig. S. wacv¢r. 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, 6£).
bencath the band of internal oxide. The Ni<Cr-Ti eutectic appesrs to

offer promising properties in temns of its melting temperature, micro-
structure, and density, Lif ite oxidation resistance can bte improved.
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Based vn calculations made in a previous ltudy( 8), a quasi~

binary eutectic reaction has bsen anticipatad in this system to take

' 1lplaec l: 1317 c !or a aonpotition 60 8 N1~30 3 cr-e 9 R! (v:%). A lanplc

.....

 1port1on of cutqceie bcewncn‘:hc Ni(Cr) primary phlln. ‘ap’ lhnun 1n‘rig. 7c.
CIn ordcr to uppfoxtnntn more clolcly the sutectic compontclou. ut contuntu
.highor chln 15 te 20 wtX Hf vere found nnc-ooary. Such: H!-lcvaln ‘would

rntsc tho llloy spacific gravity to calculated valuas of the order of 10 to
11, ;/cu o This was thought to ba & serious handicap in’ view of ‘the
seronsutical application envisaged so that no furthex 1donttfiention of the

foupocqte was carried out, The oxidation resistance of a 60.8 N1=30, 3 Cr-8.9

HE (in wtX) was, hovever, tested indicating a relatively slow rate (Fig. 3),
but dn extensiveé internal oxidation of the Hf~rich phase, (Fig. 8a).,

H. Ni-Creib
" The Ni-cr-Nb phlll diagram has baen roportcd(29 30) Al.proicnting
a psusudo<binary Ntsﬂb-NbCrz eutectic at a composition of about 455 Ni«35
Nb+10 Cr (wt%). A sample of that composition presentad the microstructure
shown in Fig. 7d, which shows eutectic betwean Ni(Cr) deadrites. Further
compositions allowed the sutectic to ba approximated more closely, so that
ite chemical composition (55 Ni-25 Cr=20 Nb) and ite melting temperature
{1190 C) could be wmeasured.

Oxidation testa of a sample vory cloas to the esutectic composition
indicated a non-parabolic rate of the order of 10"9 szlcma.s. with oxtensive
internal attack, which appeared as holes rather than internal oxide, which
were cusped as 1f a molten phase had been present (Fig. 8b).

1. wRe ai Mo =B =

The Ni=Nb=B«C system was found to present a eutectic phasa, shown
betwesn islands of Ni-rich primary phase in Fig. 9a. The sutectic temper-
ature was detexmined as being 1100 €, toco low compared to the objective of
1200 G, No further work was carriaed out on this system as a result.




" FIG. 8a, N1i-30.3Cr-8. 9“!. GKIDIZID FIG. 8b. Ni=25Cr=20Nb, OxlntzED
63,5 ht'. x50 ! 72 5 hr.. XZOO

o

FIG. 8¢c. Co=~35Cr, OXIDIZED 50 hr., FIG, 8d. CoTaC, OXIDIZED 51 hr., X50
X500
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FIG. 8e. Co-1?.1A1-5.7Zr, OXIDIZED ¥1G. 8f, Co~3071-1081, OXIDIZED
20 hr., X50 9 hr., X50
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The Ni=Mo=B-C phase diagram has been studied pravioully(al’sz).
Samples of that system preparad for the present investigation were obgerved
to present a eutectic phase. A micrograph illustrating the multiphase
structure with needles of borocarbide is shown in Fig. 9b. Small cracke
can be seen running through a three-phase structurs. The sutectic 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 molybdanum, resulting in the
formation of a low melting point Ni-B eutectic. A oimilar problem would be
ancountered with analogous aystems based on cobalt or iron. Small amounts
of copper were addud to the Ni-Mo=B=C alloy system, betausae it considerably
decresses the affinity between nickel and boron, This resulted in raimsing
the measured outectic temperature from 1040 to 1130 C. This still too
low temperature, together with the necessity for the copper addition render
this systam unattractive in view of the application envisaged in the prasent
study. As a consaquenca no further work was performed on this system,

V-2. COBALT-BASK ALLOYS
A, Co=Al-Zr

In this alloy system a eutectic has baen identified with the
lamellar structure, stiown with some Co-rich primary phase in Fig. 10a. The
measured eutectic temparature, 1170 C, wam, however, too low for this system
to ba considered any further. A specimen of the Co~12,1A1-5.7Zr alloy
oxidized at a relatively fast, almost parabolic rate (~ 2 x 10'832/cm4l,
Fig. 11). Two types of scales were formed, apparently dapondent on local
variation in the Al or Zr contents. Ovar most of the specimen, the scale
wag thin, and blue/purple in color while in a few areas, especially near the
specimen edges, the ecale was thick, grey, but adherent. Extensive internal
oxidation occurred benaath the areas of thin scale, and to a lesser extent
balow the thick scale (Fig. 8e), indicating very poor oxidation behavior.
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A eutectic with the lamellay morphology, shown in Fig, 10b with
dendrides of a Co~rich phase has been identified in this system. The
eutectic temperature, 1240 C, and the composition, 73,7 Co~J.2 Al-23.1 Nb,

‘have been measured. This reeult was confirmed by praparing & sample of

that composition, which presented an exclusively eutectic structure, as

shown in Fig. 12a, The volume fraction of the lamellar phase appears to

be 33 to 40%. The density of the aeutectic wans measured to be
(s.ﬁip.os)g/cms. The eutectic temparature is comparable to that, 1270 C,

of the eutectic Ni-NijAl-Niaub(ﬁ). The oxidation bshavior of a eutectic
ssmple was found acceptable with a uniform attack at a rate comparable to
that of a Co=10 Cr alloy (Fig. 11). By oxidizing at a reduced oxygen
pregaure of 8 mm Hg, the oxidation rate was greatly reduced, to become almost
identical to that of the staudard Crzos-tormtng alloy, Co=33 Cr. The corre-
sponding scale morphologies for oxidation in 100 mm Hg 0q and 8 mow Hg 02 are
shown in Figs. lJa and 13b. It appears that a small adjustment in composi-
tion (probably an lncreased sluminum content) could significantly improve the
oxidation resistance of this alloy. The as yat unknown Uo-Al=Nb eutectie
thus identified appears prom. sing from the polnt of view of its microstructure,
melting temperature, density und oxidation rasistance.

C. GoxAl-Ta

A eutectic identifiled in this system was found to present the
microstructure 1llustrated fu Fig. 12b. Tte melting temparature was
measured as belng 1290 ¢ and its composition as being 67 Co~0.5 A1-32.5 Ta,
In the eutectic structure, lamellae are visible batween cobalt-rich (Tquz)
dendrites. Tha 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-Ni3A1-Ni3Ta autootic(ll).

D. Co~C-
No eutectic could be identiffed i{n this alloy system by cxperi-

mental screening of 3 samples of compositiona: 85 Co-3C-12Zr, 81Co-9C-12ir
and 73Co=9C~1BZx (wt %).

‘"
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E. Co-Si-Ti

The construction to predict a eutectic on the ternary phase
diagram was made relative to the Co=-rich (87.5 wt?% Co) eutectiz among the
4 eutectics existing in the Co=Si binary system. A eimthr choice was
made for the alloys containing Co and 8i, i.e.: Co-Si-Zf; Co~81V, Co=Cr=$i
(see below). ‘

A eutectic has thus been identified. Its structure Ls shown in
Fig. 12c. The measured eutectic temperature, 113570, is below the 1200 ¢
objective, so that no further wo;k was carried out in the screening of this
alloy system. The oxidation rate of a sample close to the eutectic compo-
sition was measured as belng 2.4 x lo-agzlcma.sec (Fig. 11). Selective
oxidation of one phase and internal porosity led to a very complex oxide f‘
structure¢, shown in Fig. 8f, which would seem to make the alloy unsultable.

F. Co-8i-2r

In the course of the present experimental acreening, a eutectic
was ldentified in this system with a measured melting temperature of 1240 C.
The eutectic composition was analyzed as helng 82.500-4.531¥13Zr. A sauiple
prepared with this composition showed the regular lamellar sutectic structure
illustrated in Fig. 12d. The dansity of the eutectic was meuasured as being
8.1040.05g/cm° .

Oxidation teats were carried out using & specially cast eutectic

-732/cm4.s. Prefer-

ingot. The rate measurad for that sample was 1.2 x 10

ential oxidation of one of the eutectic phases took place, leading to a i
relatively unfform layer of iaternal oxide as shown f{n Fig. 13c. In con-~- ﬁ
trast, a Co=4.681~17.42r alloy oxidized at a slower rate of 7.74 x 10'932/ %
Cm‘.aec(Fig.ll). Areas free of eutectic were present in this alloy, and %
thewe formed uniformly thick, adherent CoO-type scale with no subscale, ﬁ

wvhereas the eutectic=containing areas formed a thin, grey scale, and a
pubscale of internal oxide resulting from preferential attack of the
eutectic (Fig. 13d). The apparently beneficial effect of an Increase in
zirconium content from 13 to 17.4% 1s therefora thought to be related to

B A R S O T R
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FIG. 12a.

Co~3.241-23.1Nb
ELECTROETCHED, 3% OXALIC ACID

Co=581«15T1
ELECTROETCHED, 3% UXALIC ACID
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these differences in alloy microstructure rather than to increased rirconium N
content per se. This as yat unknown eutectic identified in Co=§i~Zr appears i:'
promising from the point of view of its microstructure, melting temperature,
deqstty and oxidation resistance. K

Thc sutéctic 1dcnt1£1cd in, cha nqreoniqz o: thtl ullny il nhovn : _ 4
“in Fig. 14a, with some Co-rich primary phlll. Ita microntruccuro 1- oimmlat 5 f{;
to that of Ni-Si-V. A prnltmtnary tclt cnt&blinhod chat bh. oxidlticn ’ b{ﬂ:
(800 mg/cm waight gein a!tor 25 hrs lt 1150 C in ttatic alr) of tht- alloy .?ﬁ
_Vll catastrophic, as was the cane for Ni-Si“v, due to tho prcodncc ot %

vanadium; No furthor.york was therefore pcrformod on. :hiq wystem. ) : ,ﬂj;

The eucectic identified in thin system appears to have a divorced b
microstrycture nhopn betwean, Co(Cr) dendrites in Fig. L4b, making this _
eutectic not amenable to directional solidificacion. No axperimental Y
screening was therefore carried out as a result,

The oxidation rate of a sample closs to the eutectic compusition b
was found to be slow, 2.47 x 10 -l 2/cm +s0c (Fig, 11) with grain boundary ‘
penetration which was very limited after 18 hrs exposure, Fig. 13e, but :
which was extensive after 77 hrs. The acale on this alloy spalled almogt 3
completely on cooling. h

1. Co-Cr-ib L

A eutectic phase has been idantified in this alloy system in the 2
course of the present investigation. 1Its lamellar microstructura is shown
in Fig. l4c, between dendrites of a Co-rich primary phase. The eutectic
melting temperature, 1280 C, and composition, 70.5 Co=18.5 Cr«ll Nb, have .
been measured. Compared to the eutectlic identified in Ni=Cr=Nb (see above), ,ﬁL
the present eutectic has a much higher melting temparature (1280 against nf
1190) and is richer in the matrix element (70.5 Co against 54 Ni). The A
specific gravity of the Co-Cr-Nb eutectic was measured as being 8.50+0.05 %

8lcm3| “‘
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In oxtdagtgn nc;tp,*thp=cd-c¥-ub eutactic. was ohaorvod to
undergo a uniform atcack with gnly slight pro!ercnc*ul oxidation, at a
parabolic rate of 6.47 x 10 gz/cm .sec. (ses Fig. 11). The form of the
oxidetion atack is verletmilur to that of the developed alloy CoTaC

~ (Pig. 13f). The reason: lér ghu dit!nrtnod in oxtdation, rates betwuon chto S
 alloy and CoTaC are not uvidont withiout furthe= Lnvestigstion, L

This identified éutectic is therefore promising by its micro- -

stracture,. nnlting coupcraturc. dnnlity and oxtdd:ton resistance.

Jeo gg;gx;ug"-

ﬂ-asuremnntl of mlltihg tampcrlturc, 1340 C, and conponlcion.
Co=12.2 Cr=27.9 Mo, have besn made on the eutectic identified. in this
system by the present study. A apecial casting prepared on the kisis of
the measured eutectic composition presented the lamellar microstructure
shown in Fig. 14d. It appears to be characteristic of a pseudo-binary
eutectic, composed of a Mo,Co phasa in 4 co(Cr) watrin. 1The dOhlihy ot
the cutcctic was ‘found as belug rcllttv¢ly hlgh 8.930.1; due to the high -
conccnt in moLbepnun. A sample 'of .utoetic eonpoultton vnl ohovn to

" have a good qxtdatic1 bohuvtor with a uni!otn attack at the rolltivcly fast

paraboltc ratn. of 1,29 x 10" g /cm sec, (Fig. 11). The daxk grcau~b1u|
scals formed on this alloy spalled uxtensively in cooling, but &ppeared to
be single-laysred (Pig. 15a) unlike that formed on a Co=10Cr alloy.

The eutectic idrntified in the Co-Cr-Mo alloy system appears
therefore very promising by its structure, malting temperature and oxidation
behavior . l

A eutectic identified in this system was found to have a melting
temporature of 1320 C and a composition of 76.9 Fe=7.2 8i-15.9 Ti. The
eutactic microstructure, showm in Fig. 16a, probably includes a silicide
such us Fey8is.
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FIG. 15a. Co=12Cr-28..., GKIDIZlD
3.3 hr., X500 N

PIG. 15b. Pe-1081-22T1, OXIDIZED 71G. 15¢c.
3.5 hr., X100

Pe=3581-202r, OXIDIZED
40 atn., X30
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Oxidation tests have been porfbrmod oh a'ulﬂpl‘ of compooitibu
r.-xo 84-22 Ti, fairly far removed from the sutectic. A relatively fast
but acceptable parabolic rate of about 1.4 x 10” 82/0ﬂ4.l0¢. vas measured

- for this camplc (r;;. 17)s The oxtcrnnl scale compln:oly lpallod on

. ‘dooldng, Fig. m .hm ‘the -orpholm of m rmtnm wb-w-' m mm

Jerackh uhlch dqvolopcd tn cho whitn-uppoartug 8i- and rtﬁdonudqd‘zonu lt :ho
. Jfﬁplloy cur!th~ o - o S

-'g,'fi::yT; -

. .
v S
. R A yor ' I

~“The present ckpirfnontal screening has permitted the identification
of a eutectid in this: alloy. The eutectic eonponition has baen mcnaurod to

fbc 77.9 Ya-7, 981-14.2::(wt%) Its ntcrou:ructura. to;cthor with l¢~t1ch

dendrites, 1s shown in Fig. 16b. Both composition and atructura are
‘comparable to thoss of the Fe=8i-Ti outccttc dolcrlbcd above. The melting
temperatu-w has beeu measured {n the Ye-8i-2r sutectic «s being 1310 C.

The 1nv0|t1¢ntion of the oxidation behavior of s rn-Ssl-ZOZr
sample indicated that eatnlerophtc oxidation (rig. 17) 1n1tiltnd after
only about 20 ninutes of exposure. The rapid attack appeared to be
associated with the oxidation of inhomogeneities, possibly 2re-rich, in the
alloy (PFig. 15¢c). The oxidation behavior of the oueocktc areas of the
specimens appéared uniform and not excessively rapid,

C. Fe=8i-V

The pressnt 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, & rapid oxidation
test was performed on a sample close to the eutectic composition, as vas
done for Ni+~§i-V and Co=8i<V, A comparably low oxidation resistance
(800 m;/cm2 weight gain after 25 hrs at 1150 C in static air) was found.

No further work was performed on this system as a rasult,

D. Pe=Cr-Ti and Fe~Cr=Zx

No eutactic has bsen found in either of these systems after
sxparimental screening of a range of compositions.
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E. FezOr-Ta

A sutectic phase in Fe~Cr-Ta has been identified in the course
of the present investigativn. A sample of composition 60 Fe=25Cr~15Ta
_(in wt'%) is shown in Fig. 16c. It appears  to be. composed of an iron-righ
'tprimary phase acpurltod by cutactic. Au thin nutccetc was, howcvar,
_oquecod to contaian over 30 vt % Ta aqd thun “have a high denaity (lo”to 11),
no turthcr measurement was undortuknn on the. cutectic. , ' ‘
The oxtdntion rctidtanco of a onmplc in this lyltcm hnving the
compunieion (Pe=21,7=Cr-13, 3Tl) has been lavestigated. The lpccimnnl used
were not homogensous, - and the rapid oxidation rate indicated in Fig. 17
resulted from either the rapid, complete. oxidation, or the melting, of a
large inclusion of uiknown composition, No obvious low melting phases are
apparent in the available Fe-Ta or Cr<Ta phase diagrame.:

VI. SUMNARX AYD CONCLUSIONS

In this program, 107 llloy oyu:emu containiang Ni Co or Fe a»
muttix nnd twe other constituents, have bean evaluated on the basis of
the availuble data., 52 of those have heen selectud for experimental
screening, out of which 28 alloy nystems could be investigated experi=
mentally. Twernty-two sutectics wera then identified, out oi which 5 as
yat not investigated eutectics were found to have potential for use in
gas turbine blades.

These eutectics are:

Alloy Eutectic Eutectic compomition Oxidation rate
temparature (vt %) at 1150 € in 100 mm
(¢ ~ Hg 02 (g2/emb..)
Ni=Cr=Ti 1220 54.24,6-41,2 1078
CosAl-Nb 1240 73.7-3.2-23.1 1077
ComBi=2r 1240 82,5-4,5-13 1077
Co=Cr =Nb 1280 70,5+18,5~11 6.5 x 10°8

Co~Cr-Mo 1340 $9.9-12.2-27.9 1.3 x 1078
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These eutentics were found to present a microstructurs amenable
to directional snlidification., Their melting point mests the 1200 C
objaectives, as they are in fact all above 1220 C. Their meaasured oxi-
dation behavior, already comparable to tha advanced alloy Co~20TaC~15Cr~

- 8.3N1-6W (wth), could still be significantly improved by composttioncl

adjustment, such as higher Al contents in the Oo-Al-Nb alloy and hy
Optimiuqd Ct levels in the other alloys.

~ Further work, using the same nxpurimln:alldvprOuch;.ihculd be
carried out to cdmﬁlcco the prasent rasearch program withtnFttu'tnictaI
scope and objectives in order to identify additional new aystems. The
screening should be focusad on the 24 alloy lyt:omu.uolncécd but not
sxperimantally investigated in the present study for lack of time.
Further systems should also bs screened, based on & Ni or Co matrix re=-
inforced by nlhnrdonins phase, such as N13A1,'nnd a refractory ebmpound.
such as carbides (Ta=C, Ti=<C, Mo=~G, Zr=C...), nitrides (Ta=l, Ti=N,...),
silicides (Ta-84, Nb=8i, Ti=81,...) and mixed cowpounds, such as carho=
silicides for exampla, Recent work in this aruu(aa) has shown that such
aystems have merits for the application considered,
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AEZRNDIX A
LIST OF ALLOY COMPOSITIONS PREPARED IN THE PRESENT ALLOY SOREENING STUDY
Aldoy : Gonpositions Butectic cbserved
(wt%)
NICKEL-BASE
Ni=Al=14 80.8- 6 ~13,8 yos
: : 79. = 6 =18 : yes
3 75 <« 6 19 yhi -
WieAl=gr 82 ~12 -6 © yes
. ‘ C 7 «l6 -9 yes
Ri=gi=ni 76 -6 =18 ' no
. 70 =6 =-ad on®
7 =12 ~-18 no
. Hi=B4-V 70 =26 - 4 ‘ yes
Ni=Cr=§4 59 =32 - 9§ no
58 “‘37 - 8 no
53 =38 ~1% no
Ni=Cr=T1 . 60 20 ~-20 yeor
53,729 ~17,3 - yes
54.2 4. 641,28 sutectic compomition
|
Ni=Cr=ng ‘ 60,8-30,3% 8,9 yes
© 65 =28 =10 you
: , 55 =30 ~15 yao
Ni=Cr=Nb “.1"“2 "‘1319 ) ' YCI
60 ~20 =14 yos
5 «23 .20 yeeo
Ni~Nb~8~C 85 =13 « 1.,1-0,9 yos
80 ~i8 =~ 1,3-0,8 ) you
c Ni=Mo=p~C 65 «31 = 2,1-1.0 : yos
L 68 =20 =.2,3-1.9 | yes
AT NI (Cu) =Mo=B-C 63 = 5 -20441,9 yos
_ h‘{ Co~BASE
R - 4
b Co=Al«gx 80,5-11 =~ 8.5 yor
. 82,2-12 =~ 5,8 yos
SQ i Co=NivNb 74,8~ 2,7=-32,5 yosB
] o . ’ 75-&“ 2‘5"21'7 Youn
. 73,7 3,2-23,1 eutectic compomition
% ! Co=A1~Ta 64.2-3Y - 4.8 yos
! 67,8=28v7~ 3.5  yes
: Jaﬁ L ‘ Co~C-22 85 -3 -2 no
N R 81 -9 w2 no
DI I P 73 - 9 -8 %o
) Co~gi~74, 60 ~10 =39 yos
\ yoo o ' 76 = 7.4~22.5 ‘Yes
s ! 75 = 7 =18 yas
. 80 = 5 =15 yeu
| ] Co~8i=Ltx 78 = 4.6~17.4 yas
. ) : ' ) 80 -~ &5 ~15 yes
s ’ 82,5~ 4.5~13 sutactic compaowition
- Co=8i-v 66 ~ 4 =30 , yoa
]' . 70 = 4 ~26 yes
i ' " Co~-Cr-81 55 ~J5 10 yos
70 =25 = 5 . Yea
\ ] 55 ~40 - & you
: | Co-Cr-Nb 55 ~19.5-25,% yeu
- ”J €5 =17 =28 yos
<, Co-Cr=Mo 65 =7 ~-28 yos
S : . 63 -7 =30 yos
f l 6o «12 =28 euteutiv copporition




Coavy

W

Alloy coupno%t:lon Butectie obsarvad
{weh)

2T TRN Y 80-18 28 - ' you
68-10 = .  yes

VeeRteme 70-10 20 . oy o -
188 30 yos : .

" VeG4V 8330 7 yau :
05-28 ~ & yon

Ya~CreTi 60« 5 <33 no
70-15 25 no
80- 5 ~19 no

Yo-Or-ir -9 -20 - a0
- 65-13 =20 no
65= 9 =26 no

Te~0r=Ta 6%-21,7-13.3 yes
. 60.25 ~158 yas
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ARRERDIX.B

SUMMARY OF OXIDATION BEHAVIOR AT 1150°C IN 100 mu Hg OXYGEN

Oxdidation Ruta

v w4 e}
fmbds __ confai¥ion kpgTem soc ) Revarks
A Co=350r : .9.7Su10:;1' © Toxwe continuous, protactive Or,0 !tlu. .
. Con10Cr . - 1.11x10 Porms nonprotective, Co-rich. s ixi :
¢ Ni~300r . 2 60x10‘11 Forua continuous, protéctive’ 0r203 Itlm. .
ML~1 Co=28Mn«120y - 1.29:10 Hnatly uniform attack but sima evidance:
- ‘ : of ::eclorbtud focal. a::tck; Nonadhetent
. . T ) . sca :
L2 Oo~23+1Nt=3.3A1  Not pavabolic,‘rate  Uniform atrack, um. mmmm
' ~similax to Alloy Be  penstrasion, |
BOL-Y NA-250r20Nb ©  Not parabolic, rate  Eypeusiva intensl dttack, uuggllttvc
:é;i;ar to Alloy of uoltun phase. ‘
BiL=4 NL+42.174=4,6Cc  Not purabolic, Alloy not hodugensoun.. Whers ntn;lu
siower than BOL-Y phase (Cr*rich?), protestive bahavior,
Where sutectic present, rapid, uneven
B . ) '.9 ‘:t.cko

BGL=3 Cu=l7.4%r+4.681 1'7.74x10 Alloy not homogenaous whers single phnne*-V.
uniform but rapid attack. Where sutectic
present, preferential but not catastrophic

3 o -3 attack of eutectic., All acale adhared.

BoL-6 Co-30T4-1094 2,42%10 Relatively uniform, but rapid attack,
Alloy contalas porosity., Complex oxi=

' o1 dation products.

BoL~? Co=400r~584 2,47x10 Uniform, thin wcale, not udherent, locally

, extensive amount of grain boundary

S -1 penetration,

nL-9 Ni~37Cu~881 8.94x10 Bxcaptionally nonuniform attack, desp pgrain
boundary penetration. Pousibly surface

" liquid phase formed?
BOL~9 Co=18,5Cr=11Nb 6,47x20 V. uniform attack, no preferentiul
- oxidation

BGL-10 Com13lp«4, 581 ~1,2%x10 Relatively uniform attack,

BGL-11 Ni-6AL-19T4 w3,9%10"8 Uniform but extensive {nternai oxidation

BGL~12 Ni=12A1-62%¢ 4,65x10"9 internal oxidation, severe ‘n places

AGL~13 N1=30.2Cr-8.9H¢  8,71x10°10 Soulo not adherent. Iuternal oxidation
of Hf-rich phasa leading to deep pene-

-8 tration,

BoL~14 Co=12,1A1=3.72r ~2210 Alloy not homugeneous. Over most of
alloy scale appsars to be Al,D.-tich.
Velzht gain dus to rapid oxt&AEton of

-8 Zr-rich p 1

BGL"15 Fa=1081-22TL - ~1.4x10 txtornul ltl e spalled, Relatively unis
form inturnal oxidation with foruation
of a wniform, brittle denuded laygr in
alloy,

#gL~16 Fa-202r-~584 - Catautrophic oxidation, localized xapid
penetration of owide, posuihly ansnclated
with alloy ipnhomogeneities.

BGL-17 Pe+2).7Cr~13,37a - Alloy not tomogenecus. One phase oxidixed
elowly (Fe~Cr), othexr oxidized vapidly and
completely, or possibly multed.

ML~18 Ni~2,3A1419,INh-6Cx - Not parabolie, slowar thau Hi«30Cr (which
forms protective Crao scala), extenalve
soale ppallation an ilmitcd praferentisl
attack of aligned phase.

BGL~19 Co~201Ta0~150z~

8. 5N1~6W 1.63x100 Uniform but nonadherent acals, very little

praferontial attack of alloy.
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