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ABSTRACT

"A program to improve the surface stability of nickel-base turbine blade

t" alloys is described. In Phase I. additions of rare-earth type eliments

and Mn were made singularly and in combination to cst Rene' 100 and

-. wrought Unitemp AF-2-IDA alloys, The results indicated that certain

reactive metal additions are markedly effective in improving surf•Ac

stability but tend to degrade mechanical properties, The loss in mueha&-

-. cal properties was attributed to aegregation of reactive metal containing

phases at the grain boundaries, In the wrought AV-2-IDA alloy the reactive

metal additions seriously impared hot workability so that mechanical

* "property test specimens could not be obtained,

In Phase II of the program, 15 pound heats of 'Iene' 100 which contained

only moderate (< O.1 a/o) amounts of doping additions were studied, The

objective was to obtain an improved balance of surface stability and

mechanical properties, With levels of '-0.05 a/o dopants, mechanical

"properties were equivalent to the base Rene' 100 alloy, with marginal

"improvements in surface stability. The surface stability of cast

Rene' 100 alloys was tound to be dependent on structural effects as well

as chemical composition. Drop cast alloys. having a refined microstructure

g3nerally exhibited much better surface stability than investment cast

material. The most promising directions for future studies are suggested,

"This abstract is subject to special export controls and each transmittal

to foreign goverpments or foreign nationals may be made only with prior

i approval of the Metals rmd Ceramics Division (MAA) Air Forco Materials

Laboratory, Wright Patterson Air rorce Dame, Ohio 45433.
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1.0 INTRODUCTION

Advancements in aircraft gas ttirbine technology continue to call for

increased turbine inlet temperatures and consequently more arduous

demands on materiais for components such as vanes, combustion liners,

afterburner flamebldcrs and particularly turbine blades. The reoultant

high tenperature turbine environment, which can include sulphur frop the

jJ fuel and various halides from sea water, drastically reduces superalloy

component life and reliability by increasing the extent of oxidation

Jand/or hot corrosion. Thus* although we have developed .4uperalloys

whose mechanical properties may be adequate at Vie higher temperatures,

their superior properties cannot be fully utilized due to inherent

limitations in surface stability.
Ir

It may be possible to minimize these deficiencies by major alloy modifi-

cations i.e. Cr, All Ti. However, applying this approach to the compl,%;x

high strength alloys would undoubtedly alter structural stability and mi3ht

detrimentally affect mechanical properties. Hence, this approach would most

I likely require a major alloy development effort to improve surface stability

without adverse structural effects. During previous studies p.rmising

techniques for improving surface stability without major changes in alloy

composition were identified. This was accomplished by the addition of

small quantities of the "rare earth" type elements and manganese which

increase the effectiveness of major alloy elements already present in the

alloy by producing protective oxide scales. This latter method of improving

surface stability le .rarticularly attractive since the amount of addition

required may be small enough to have an insignificant effect on other

properties.

3 In brief, this inoestigation was conducted as a continuation of previous

U work under contract AF 33(615)-2861 to identify an approach for improviag

the surface stability of turbine blade materials through minor additions

I of Group ITT B Metals, the rare earth metals$ thorium, and manganose. The

I
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approach consisted of the fcllowing two steps:

1. Develop an understanding of the effects of minor addition elements

toward improvod environmental resistance of Ronal 100, one of the

strongest commercially available cast alloyst and Unitemp AF 2-IDA,

a high strength developmental wrought alloy.

B. Apply this knowledge to scaled-up heats of the rvst promising '

alloys from above, more fully characterize the oxidation and hot

corrosion bihavior and the effect of the minor addition elements

on thae mechanical properties.

S2.0 BACKGROIM D I

2.1 en 5eml

This laboratory, which has long been aware of the needs for improved materials,

has emphasized studies of the high temperature oxidation behavior of superalloys.

In particular, earlier progamns have considered the oxidation mechanisms of a

number of cimercial superalloys such as Hastelloy X (1) s te' 41, Udimet 700(2) 9

TD-NIckel(3), L-4059 and X-( These studies formed a pioneering effort
towardi improvement of oxidation resistvnce of commercial superalloys by establishing

an understanding of the oxidation mechanisms involved through characterizing the
S~oxidation behavior an a function of timep temperatures and alloy composition,

S~The application of this understanding toward the design and selet-tion of alloys

with improve-! surface stability has been successful,, leading to development
Sal o y • c h ; , i e n ' ( 5 ) (Z1 2 6 )

a y s and Rene' Y.

Interept in minor element additions stbems from two recent Air Force sponsored

studies (7-9) in which the oxidation behavior of five commercial nickel-base

alloys (Renes' 100, S-200, Inco 713C9 Rene* 41, and U-700) and *)ne experimental

alloy (Rene' YO) were fully characterised. All alloys, with the, exception of

Reon*' 1, displayed a similar mode of oxidation and the same mwdstrable features.

This was particularly true for the cast alkoys (Rene' 100, 4-2-0O and Inco 713C)

2



whose usefulness at temperatures above 1700 F is limited by: 1) excessive

oxide mpalling in a thermal cycling environment; 2) oxide vaporization

I In a high velocity atmosphere; and 3) a general lack of resistance to hot

corrosion environments. These deficiencies were attributed to the fortm-

SI tion of heterogeneous oxide scales which contained non-protective and volatile

oxide phases. Rene' Y on the other hand, was notably imune to these defi-.

ciencien at temperatures up to 2006°F due to the La-induced formation of a

tenacious MnCr2 0 spinel oxide. This La + Mn doped alloy displayed far

superior oxidation behavior than its counterpart, Hastelloy X (10).

As evidenced by the Rene Y findings, the most obvious and ideal solution to

the adverse c.xidation and hot corrosion resistance of Rene' 100, Sm-200

and Inco 713C involves the promotion of a stable, single phase oxide which

possesses compatibility with the substrate metal. Theoretically, this

can be obtained through control of the scale and subscale reactions by

addition of elements which increase the effective activity of critical

constituents, such as aluminum or chromium, thereby increasing the pro-

po~nsity for their incorporation into the surface oxide. The "rare-earth"

SI elements, which are less noble than any other normal superalloy solute

could be used for sacrificial oxidation and in the process, increase the

concentration of otherwise subscale components in the surface scale.

2•2 The Effect of "Rare Earth" TLm Elements* On Alloy Behavior

2.2.1 General

The use of rare earth elements to improve the characteristics of metals

and alloys is no new innovation: a study of the effects of rare earth elements

on the properties of cast iron were first made more than forty-five years

ago by Mold.nke Approximately twenty years later in Germany, Hessenbruch

investitatinq alloys for electrical heaters, discovered that reactive metal

Mdditions greatly improved the service life of Ni-Cr and Fe-Cr-Al alloys. The

stainless steel industry, seeking better workability of austenitic Cr-Ni steels,

investigated the effect of additions of rare earths in the form of mischmetal

Such additiens vwre found to be effective for Ni-Cr-Mo base alloys which

3 formerly were not even hot workable(l3)"

*For the purpo'e of this discussion these elements rmfer to the strong oxide

fonmuer. auth as the lanthanonx, calcium, cetlumj beryllium, scandium, thorlum

and y I rium.
3
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The metallurgical applicability of the rare earths increased markedly during

the next 4w years. A coemprehensive bibliography by Prochornich contains

sixty-nine references from foreign and domestic investigatoryst and demonstrates

the active interest in rare earth research. A more recent review of the f
xubjeev has been presented by Collins and co-workcers (15) A number of texts ;

been (16-20)
on the subject have also been published recently('"0..

2.2.2 The Influence of the Rare Earth Elements on Oxildation Resistance

The improvements resulting from small additons of reactive elements to heat

resisting Ni-Cr alloys have been fully verified(21-2)) However, with the

exception of some stainless steels, (? -28) Fe-Cr-Al-Y(29) and T. D. Nickel(30)

only a few commercial alloys have been developed utilizing this knowledge to

improve oxidation resistance. The absence of more profound oxidation resi.stant

nickel-base superalloy devieloplents using this technology is obvicus, and

appears to stem from a lack of understanding as to the manner ir. which these

doping additions afford improvement. Very few systematic studies have been

conducted to establish if this group of some fifteen elements all act similarly

or if some produce greater beneficial effects than others. Only the most

comon of this group of elements (i.e.m calcium, cerium. yttrium, and lanthanum)

have received evaluation regarding their ability to enhance surface stability.

Collins''l) ev-•luated the eý'fect of various concentrations of thirteen of the

rare earths in an effort to improve the oxidation/nitridation behavior of

chromium. The scaling behavior was found to vary considerably with both the

apecific rare earth element and concentration. All, however, offered an

improvement relative to chromium by reducing the spalling tendencies of

the oxide and the amount of nitropen absorbed. With praseodymium, neodymiumn

* dllvlwýq erbium, lutetium, and yttrium additions~the improved scaling

resistance continued fot exposure temperatures in excess of 2500•0 F. Of these

elements, however, it was concluded that additions of yttrium yielded the

moat marked improvement in oxidation behavior. More recent studies by Clark

and Wu.us to develop high-temperature chromium alloys have included

the effects of reactive metal additions such as Y, Ce, La. Th, Pr, Be and

Sutuichmetal on the nitrification inhibiting properties and general oxidation

behavior. Additionj of La and La plus Y were found to be most effective,

4i



Felton(349), in studying more oxidation resistant Fe-Cr alloys, investi-

gated the ,ffects of additionis of equal amounts of yttriumt lanthanum,

p doliniwi, dysprosium, and erbium. His results indicated that all the rare,

earth elements evaluated improved the oxidatiot buhaviorof Fo-Cr alloys

Sby enhancing scale adherence through filawantar7 internal oxide growth.

Similar results were reported by Wlodek(5) in his initial studies to modify

Hastelloy X with cerium, lanthanum, yttrium, magnesiumand beryllium

additions.

Recent unpublished work by Lowbard(36 indicates that Y, La, Pr, Nd, Sma

Dy. Ho, Er, Yb and Th additions to IN-1O0 can produce variable results.

The results of these cursory studies illustrate a v-'riation in the static

oxidation behavior with both concentration and type of rare earth addition.

These results further demonstrate Y to be the most effective addition and

that rare earth additions to IN-100 must be kept below 0.4% if a maximum

beneficial effect is to be derived.

Since the development of Rene' X(9 this laboratory has conducted various

exploratory stedies to determine the influence of rare earth additions on

nickel-base superalloyss. Oxidation studies haveý been conducted on TD Ni-Cr,

Rene'-lOO* and INCO 713C doped with lanthanim plus manganese, and Rene' Y

with variable lanthanum content. These studies have, in general, indicated

that the beneficial effect derived from rare earth element additions is

dependent upon their concentration in the alloy, the alloy base used, and

the type of atmosphere the alloy is exposed to.

It is interesting to note that with the exception of INCO 713C, and in some

I instances Rene' Y. little significant difference was observed between the

thermograviretrically determined oxidation rates of these alloys at l-OO°F

: I in the dopd and undoped condition , indicating that rare earth additions

primarily promote the formation of more adherent oxide tceles. The actual

mechanism by which rare earths Increase scale adhesion and general oxidation

resistance has not been fully defined. Wenderott(37) presented a qocd

ii summary of the various theories which have been put forth and the ceaflicts

that exist. The various mechanisms proposed aan bc generalized as follows,

*Modified IN-IOO for internal phase stability

5



(1) "Blocking" of diffusion within the oxide scale due to the

high ironir. volume of the raro earths(12)o

(2) fPoroatien of a "barrier" oxide at the oxide metal interface(22°£)

23) bihanced diffusion of desirable elements by altering base metal
properties1253071.

(•) Mechanical "keying" via grain boundary oxidation (24929933)

Vithout expounding upon the various theories suffice it to say that no single

proposed mechanism appears to fully account for the oxildation behavior of

Rene' Y(9)* The oxidation behavior of Rene' Y has tenatively explained(39)

utilising a number of mechanisms which interacz as follows: The lanthanum

originally presented as a complex carbide is liberated by reaction with

oxygen (LaC + 0 2- C02 + La) and concentrates in the surface oxide near 1.
the grain boundary "cusps" at the oxide metal interface. Here it accomplishes

the following:

(1) Reduces internal oxidation of SiO, by forming a more stable grain

boundary interface oxide (lower diesociation pressure) 1 !

(2) Reduces scaling rate (high temp/long time) by ikteracting with 1
tramp elements (S. P, Pb, Sn, etc) which normally diffuse via grain

boundaries and would increase the vacancy concentration within theoxide.

(3) Incýreases oxide plasticity at grain boundary/interface regions

nducinq interfacial shear stresses during thermal cycling thus

enhancing sc~ale adherence.

(4) Alters the activity/diffusivity of Cr, and Mn to produce a more

stable NnCbOy spineli

owever _ the exa.ct mechanisms responsible for these ,ffects remain somewhat

elusive, "

6
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S2.2.3 The Effect o2f Minor Element Additions on the ftsi!tuaeto

,High Velocity and Hot Corrosion A.tmoswaef s

I In the presentation of this background of publLsmed itmwroatit M

own experience, we have, so far, restricted the dimssoim to date in static

I or slow flowing air. However, a high ttmpenatur. compoent in a jet ekota.

any be exposed to a more complex ewvironment. the combestion po' 4. et

3 jet engine fuel produce a high velocity enwirem•nt t•atsining O02 %.t %2
and K.O1 which sight &Ise be c mntaminated with SO2 tod alkali metal, idi~e

3 and sulfate salts.

(40o)With the exception of studies by Preece and Incas relatively little data

exist regarding the behavior of supftalloys in high velocity coulmstion

products. Our previous studies(g) have demonstrated that significant &Ital

loss can result from the volatilisation of Cr2 0 from oxide scales produced

on nickel-base superalloys. During development studies of lane' Y theTi effectiveness of lanthanur and manganef. in reducing such metal lossez during
exposure to high velocity combustion products was demonstrated. The first

modification of Kastelloy X, called Rene' X, was essentially HasteIloy X

with lanthanmm added but no manganese. In static air exposure, Ame' X

showed a mirked improvement over Hastelloy X in teams of scale adherence

and internal oxidation. However, when exposed to high velocity atmospheres
the extent of metal loss for Rene' X was greater than for Hantelloy X. An

examination of reaction products formed during static oxidation irdicated

that the addition of lanthanum to Hastelloy X promoted an oxide scale con-

sisting solely of Ci 20 3, whereas the normal Hastelloy X contained a more

stable NiCr20 + .r 0 scale. Although the Cr 0 oxide was extremely
4 -1. 23 r23

protective in static air environments, the vapor pressure of CrO0 over Cr2O0
was sufficient to produce a loss of' chromium in high velocity atmospheres.

* Therfore, as an .dditional modification 1.0 wv/o manganese was added to DAne'

X yielding the far superior Rone' Y- The decrease in Cro volatilization

for th.s alloy is duc, to the formation of a highly pztective MnCr 2. 4 spinel

overgrowth on the original Cr2O,. The formation of this protective scale is

attrit'ited to the combined action of lanthanum and sanganese, sincef Hastel oy

;fThl t.rm '"dope" as used in this test refers to "a preparatiore for giving a
desired qual ity to a substance or surface" - ref. Websterls Seventh New
Col Igr. t, Dictionary
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X coiftains nearly tUte same- manganese Ievei j0.8 w/o) but does not exhibit

as stable aa MnCr 2 O0 spinel' . The effect of manganese in promniting spinel

forination has been observed by other irvestigators l~21but its beneficial j
effect has never truly been demonstrated before.

it is veil Io-mn that njckel-olase alloys are not inherently resistant to 1
s -aia taizing hot corrosion atmosphere (42-45). oeercn

xttaes4697)performed by tne Flight Pro-XIusian Division, General Electric

Camiany, Lynn, Massachusetts and! the Materials- and Process Laboratory of

tike Large Steam Turbine Depa:--tment, Gener~al Electric Company, Schenectady,

ftw Y7ozk, -have demontrated that minor additic~is of lanthanum ai'd y-ttrium

to both nickel and cobalt alloys reduce -the extent of attack.

To more folly explore the potential of minor element additions toward

improving the surface-stability of nickel-base alloys a series of cursory
(48)'

hot corrosion tests wer.a cenducted *These tests were conducted on

laboratory size chill-castings of comm~ercial and e'xperimental nickel-base

rsuperalloys whose properties are attractive for future gas turbine applica-

-tions. As shown in Figures I and 2 and suiamarized in Figure 3 all alloys

tested were benefitted by the "rare-earth" additions and the extent of

Iwpr-.:ewnt appeared to increase as the Al,/Cr ratio within the alloy in-H

creased. The effect of doping elemEiat additions on the hot corrosion

-resiztaitce of Ren~e' IC(3 is vividly illustrated by the general appearance

and 3ticrostructures shown. in Figui-e 4. The reaction products formed on.

-those specimens with 0.31 w/a La or greater were extremely de;-Ise and tena-

cious even at the edges of the specimens whereas the alloys wLth lesser

asounts of L_- suffered severe sulfidation attack. On the basis of metal

loss, Rene$ 100 with > 0.-31 w/3 La was a factor of 300 better than the

undojed material and far superior to any uncoated nickel-base allcy de-

'veloped to date. However, recent attempts at this laboratory to produce

investment castings with similar resistance have not been as successful.

In sumary, the additions of doping elements have been demonstrated) to

grossly improve both the oxidation behavior and culfi-dation resistance of

alloys with otherwise poor resistance.. As such this approach offers con-

ffiderable merit as an extension of current superalloy development technology

and a fruitfitl means of improving future generation alloys.
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1 2o2.4 Effect of Minor Element Additions on Mechanical Properties

and Internal Stability

There is little information available regarding the effect of these

-minor element additions on the mechanical properties and internal phase

stability of these already complex Y' strengthened nickel-base alloys. The

literature contains many references regarding the beneficial effect of rare

earths for improving the properties of the cast irons and stainless steels.

The rare earths generally act as scavengers in these alloys usually yielding

a finer grain size, finer carbide dispersion, and an accompanying increase'

in ductility and workability.

II (49)
Current chromium alloy development studies being conducted at this

I laboratory have shown a marked increase in workability, ductility and grain

refinement with the addition of rare earth elements. Similarly, small

I additions of the rare earths to pure nickel completely eliminate the "hot

brittleness" zone* and greatly increase plasticity through an interaction
with low melting sulfides and phosphids 0). However, excessive amounts

of rare earth additions produced brittle phases and a reversed effect.

I Lanthanum and yttrium additions now being evaluated for the development of

hot corrosion resistance nickel and cobalt base alloys did not produce

any detrimental effects on microstructure or mechanical properties of the

alloys studied. In fact, yttrium additions of 0.15 w/o to cobalt base

alloys appear to promote precipitation of carbides in a finer, more evenly

distributed form, yielding an increased rupture life.

Studies at the Naval Research Laboratory on doped cobalt alloys(51) indicated

significant improvements in high temperature tensile strength, stress rupture

life and ductility as a result of mischmetal additions. The more current

Haynes Stellite alloy HS-188(52) shows no degradation in, properties as a

result of the La and Mr additions.

iii
~ 3A meŽchanical property evaluation of Rene' X indicated that 0.15 w/o

larthanum additions to Hastelloy X significantly increased the tenisile

ductility without altering the 100 hour stress rupture life, However,

*The sharp reduction in plasticity observed for nickel between 500 and

9



work with Rene' Y indicated that a lanthanum content greater than 0.2 w/o

and manganese higheir than 1.5 w/o contributed to hot working and welding

problems due to ap,?arent incipient melting.

On the pessimistic sidet studies have been conducted(53t54) which indicate

that rare earth additions to stainless steels drastically impair hot work-

ability and high temperature strength due to grain boinuary and inter- E
dendretic segregation of low melting rare earth phases. Recent work at this

laboratory 48) on commercial size castings of doped Rene' 100 also exhibit I
a degradation of high temperature properties. However, the actual severity

of this problem is difficult to assess due to complicating factors such as

zirconium pickup during melting.

3.0 TBCHNICAL WDORK PLAN

The. investigation sumnarized in this report was conducted in two phases. I
Phase I was concerned primarily with screening the effects of various doping

additions with respect to oxidation/hot corrosion resistance and mechanical

properties. Phase II applied the knowledge gained from Phase I to further

optimize the doping additions and produce scale-up heats for a more

thorough evaluation of surface stability, mechanical properties,and phase

stability. Details of the Phase I work plan have been reported previously(55)

but Phase II studies have been modified slightly to better utilize knowledge
gained from Phase 1.

T!
3.1 Phase I Screening Tests

Phase I involved a study of the effects of mall additions of Group III B ele-

meits, the rare earths, thorium, and manganese, both separately and in combi- -}nationt on the surface stability of Pene' 100 and AF 2-ID. Rene' 100* was

selectecd since it is one of the strongest available cast turbine blade alloys

with demonstrated metallurgical stability. Universal Cyclops developmental(5 7 )

alloy 1li•itemp A*riD-A was selected since it represents a high strength forge-

able nickel-tmse alloy showing potential for forged turbine wheels and blades.

It was dosinible to include a wrought alloy in this program sin.•e the optimum

effect of minor element additions may be dependent on mechanical working to be

"IN-1O0 with composition modified for maximum inte.xnal stability.(56 )
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refine grain size and provide a uniform distribution of secondary phases
containing the minor addition elements.

A tutal of six doping elements, each at two concentration levels were added
to Rene' 100. Two concentration levels of five rare earth elements were
added to AF 2-IDA. In addition, to study interaction effects between the

rare earths and Mn, alloys incorporating two or more doping elements were
considered. Selection of rare earth elements was based on the physical/
chemical property data tabulated in table I. Additional considerationsj involved the solubility of these elements in nickel and their cost or
availability. Assuming physical/chemical properties govern behavior, theJ elements can be divided into at least four distinct groups as sho%n in
Table I. This breakdown along with economic factors reduces the numberJ of rare earth elements to be evaluated. Since the addition elements vary
considerably in atomic weight, their concentrations were selected on the
basis of atomic weight to more equally assess their effect.

All of the alloys produced for Phase I studies were screened through aI similar evaluation procedure to determine:

' (1) cyclic oxidation at 2000OF and 1800°F

(2) oxidation kinetics
(3) hot corrosion at 1725 + 250F/5C hr with 100 ppm salt

(4) metallographic evaluation of extent of attackI (5) X-ray and microprobe identi)iUation of reaction products

(6) 15WOF stress rupture and room temperature tensile properties

I In those instances where gross differences in the oxidation behavior of the
various alloys was observed additional evaluation was conducted to identify1 the cause(s) of 3uch behavior, This was accomplished by using the various

(9)evaltuntim techniques employed by N&PTL in the past

I• ,.
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3.2 Phase II Studies

After completion of Phase I, the two compositions demonstrating the greatest

improvement in oxidation resistance and hot corrosion behavior were to be

selected for scale up to larger size ingots for a more complete oxidation

study and mechanical property evaluation. The compositions were to be

selected after a review of the data and consult~tion with the Air Force

katerials Laboratory Project Engineer. Hovever, Phase II was subsequently

redirected based on Phase I results. Phase I successfully demonstrated

that certain rare earth additions at specific levels improve the surface I
stability of Rene' 100, however, mechanical property degradation also

resulted. Therefore, nu single alloy composition which contained hoth

oxidafion/hot corrosion resistance and mechanical retention was identified.

Phase II effort redirection, therefore, emphasized meeting this objective
by melting and testing at least six large heats (15 lbs) of" selectod Rene' '

100 compositions designed to:

(1) further evaluate the surface stability and mechanical properties

of some of the better alloys from Phase I.

(2) optimize the type and concentration of rare earths to obtain a good

combination of oxidation/hot corrosion resistance and mechanical

properties

(3) study the influence of vanadium on the surface stability of doped

Rene' 100

(4) obtain some understanding of the factors responsible for the

differences in surface stability observed between doped "chill-

castings" and doped investment castings

The experimesntal techniques for evaluating these alloys were similar to those

Semployed in Phase I. However, more extensive mechanical property evaluations

were included.

1
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4.0 EXPERDIE4TAL PAR MS AND APPARAITUS

1 The testing procedurest apparatus and evaluation techniques utilized in

these studies have all been thoroughly deL..ribec in other reports(79I.

In some instances deviations from these xtandardized techniques were

rekquired. These deviations are described in the text to insure proper

I interpretation of data.

>1 5.0 ALLOY PROCESSING AND CHARACTERIZATION

:15.1 General

It is important in any alloy developmant program to document the processing

I of material and to characterize the resulting material. An-understanding of

material processing variables permiis a better interpretation of subsequent

material behavior. This was particularly true in this program where material

processing proved more of a problem than originally anticipated. The following

*1 l sections present a description of the processing used for the two base alloys,

the difficulties encountered, and characterization (i.e., chemical analysis

and structure) of the resultant material.*

5.2 Preparation of Rare Earth Master Alloy

To facilitate the additions of the reactive metals to the nickel-base alloys

3without excessive reaction and "sputtering" losses, they were added as Ni5

(R.E.) master alloys. Over fifty such inert arc melted alloy buttons were

prepared from the elemental additions. Care was taken to insure homogeneity

I in each button by remelting at least four times. The elements were charged

as Ni (R.E.) and it was originally intendod to employ melting loss meapure-

Ij ments to determine the 1.E. retention of each button assuming only R.M. was

lost. However, the master alloys were so brittle that they usually crumbled

during removal from the furnace and determination of melting losses was

impossible. A metallographic examination of the Ni (R.E.) alloyi, typified

by interdendritic phase was present. The amount of this phase was minor and

seldom more than 30 volume percent. Examination under polarized light

Figure 5A(b) indicated an optically active matrix but only a portion of

I13



the second phase polarized. Since the eutectic for the Ni-R.E. systems

a •ihear the Ni (R.A.) compounds the structure observed was cnasidered

hkpereutectic. As a check, at least one button of each raie earth element

was hoemically analyzed. The results shown in Table II indicate the alloys

were essentially 'NI?.E. and the low melting phase probably a R.3. rich

eutectico

To minimize the volatility of Mn it was also added to the mclts as a 50-50

NI-Mn master alloy.

5-3 Preparation of Doped Unitemp AF-21DA

5.3.1 Melting and Extrusion of Initial Unitemp AF2-1DA Alloys

The Unitemp AF 2-IDA master alloy('qT was induction melted ( "-300 lb)

iuAder an argon blanket. Thirty (30) pound charges of this heat were vacuum

ereelted and cast into individual 15 lb cermic hot top molds at two dopant

cecentration levels. This was accomplished by first adding the Ni RoEo
5

master alloy to the 30 lb charge at the 0.1 a/o level, pouring one half the

charge then increasing :the R.E. addition to 0.2 a/o and pouring the remaining

15 lbs into another mold. The general procedures employed during the melting

were as follows:

(1) Charge and vacuum remelt material from the master heat

(2) Make required additions to meet base chemistry

(3) Fully deoxidize

(4) Add rare earths and wait for the reaction to cease

(5) Tap first ingot

(6) Add more rare' earths and wait for reaction to stop

(7) Tap secund heat

(8) Tap chemistry heat

All of the heats acted similarly. When the deoxidisers were added the pressure

in the melting chamber increased significantly. As the de.didation reaction

quieted, th.e pressure dropped to the level attained during melting of the bulk

charge. The vacuum employed during melting was relatively high and the prefisure

14



at tapping varied from 80 to 300 microns. A chemical analysis of the alloys

determined by Spectrochemical Laboratories and GE-M&PL, are reported

i in Table Ill. Although the metallic and non-metallic elements'are

within specification, the gas content is Considerably higher than desired.

An evaluation of these results indicate that insufficient aegassing during

remelting of the master heat and furnace leakage during melting are re-

sponuible for the high gas content obtained. The increase in pressure

noted upon the addition of the rare earths may be the result of reaction

with the MgO crucible. Making the additions while under vacuum may also

account for the reaction noted. Previous doped nickel alloy melting

experience (Rene' Y) gave no such reactions when a ZrO2 crucible wayi

used and melting performed under a pirtial pressure of argon.

One half the ingot from each of two similar rare earth containing alloys

were machined and canned together for "piggy-back" type extrusions. The

conditions for extrusion entailed consideration of (1) rare earth phase

distribution; (2) incipient melting; and (3) alloy formability. The alloys

were extruded at 2025 0F and an 8.5:1 ratio. An X-ray and metallographic

evaluation indicated poor quality material. Figure 6 shows microstructures

typifying the problems encountered with some of the extrusions, i.e.

massive inclusions and itringering; extensive surface cracking; and,

i I internal grain boundary tearing. Figure 7 illustrates the variation in

stringering among the alloys. The extent of stringering was directly

S4 related to the gas content. The general structure of the alloys after

•I electroetching is shown in Figure 8. The grain sise was uniformily fine

between alloys but different degrees of primary J" formation, stringering,

and carbonitride formation were noted. The rare earth rich phase could

not be truly identified. Considering the gas content of the alloys and

Sthe fact that approximately 6 ppa of R.E. will react with 1 pp" 0 to form

R3203, most of the rare earths would have reacted to form stable oxides

or carbonit rides. This was borne out by an x-ray analysis of extracted

residues in which considerable RE2 033 was detected in the alloys.
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5.3,2 Remeltin and Processing of Unitemp AF2-lDA Alloys

As indicated above the initial AF2-1DA alloys were imsuitable due to

exceogive gas contamination. All of the do.-ed iX 2-IDA alloys were re-

melted utilising the following modificatiops in casting technique as a

#Awa of uinimising gas. contamination- and poor quality castings:

(0) The use of vacuum tielted base ailoy melting stock

(2) The use of stabilized Zr2 crutcibles as opposed to the less stable

SMIg crucibles

3() Discard any heats where vacuum van worse than 7 during molting

(4) 1!$0 '1/3 ata argon prior to the Re.L, and Mn additiorns

(5) Cast'direct'.Y into thick-walled mild steel molds

As for the initial heats .approxiriately thirty (30) pound charges of the vacuum

uolted master heat were vacuum remelted and cast into individual 15 lb. ceramic

het topped mild steei molds at the two dopant concentrations. The general

proce~lures employed during meltin,; are ouclined below:

(1) Charge and vacuum remelt master heat

C(0) Make requirc4 additions to satisfy AF 2-IDA chemistry'

(3) Fully deoxidize with Al and Ti

(I) B�ack fill with 1/3 at=m argon L

(5, Add initial charge of rare earth and manganese as Ni master alloys

(6) Increase supetheat, hold for approx. 3 minutes, and tap first

ingot

(7) Add remainder of rare earth ar.d manganese

(8) Repeat step #6

"(9) Tap chemistry heat

Catrary to the behavior oZ the first series of these alloys, no eycessive

reaction was observml upon adding the reactive metal additions indecatin

dexidation was completeu The resultant ingots were very clean width littlen"

or no murface slag formation, had jood surfaces, and contained no blow holes.

The chemical analyses of theme alloys (Table TV) verify high quality ingots.

With the exception of higher than norwal Zr these chemistries are within

specification. Thte high Zr coatent is the result of reaction between the

roactive •,tal additions and the ZrO crucible. The retention of the reactive

iwtal add~tlons was well within the 80 + 5% initially predicted.
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Since all of the ingots were cast into 2" dia. steel pipe with 1/2" Vall,

the mold was utilized as part of the extrusion billet. The ingots and

molds were cut in two, a nose and tail plate welded to the mild steel mold$

and machined into extrusion billets. The actual extrusion parameters ued

"and the general condition of each alloy after extrusion are summrized in

Table V. As indicated the extriLsions of La and Ce containing alloys

"".rattle-srnaked" badly. This was considered to be the result of extruding "

ý'&e inqots with "as-cast" surfaces. Thus, all ingots were de-canned, the

surfaces of the ingots machined and reinserted into thicker walled extrusion

cans, Upon re-extrusion, the condition of the La and w e containing alloys,
was not much improved but the other alloys all appeared to extrude well.

However, subsequent metallogxaphic examination revealed all alloys, in-

cluding those which extruded well, contained microfissures. The extez~t of

"this hot tearing appeared to vary inversely as the melting point of the R.F..

-Ni eutectic as shown below.

Ni-Rich R.E.-Rich
System Eutectic Eutectic

Ni-Th 2372 F 1832F

"Ni-Gd 2354-0F 425°F
0 0"Ni-Y 2336°Y 1535 F

Ni-La 2270°F 923°F
0 0Ni-Ce 2210°F 878 F

Ni-Er N.D. N.D

Ni-Sm N.D. N.D.

N.D. - no data available

The ex•ent of hot tearing thus increased in the following order: Th, Gd, U,

La and Ce, and also increased with the concentration of the additive. As a

result of excessive hot tearing no useable material was obtained from the La

and Ce containing alloys (alloy #5, 6, 7 and 8), and no reliable mechanical

property test specimens could be machined from any of the alloys.
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Certain of the doped alloyis namely 4,8 & 10, were further processed . 10%

reduction by rod rol',ing at 2000°F. During this processing all the alloys

fractured severdy.

5.3.3 Microst-ructure of A? 2-IDA Alloys

The extrusion o:t the doped Al 2-IDA was successful in breaking down

the as-cast structure thereby yielding a finer dispersion of "rare-earth"

containing phases. Figure 9 shows the variation in the as-extruded micro-

structure of various doped alloys and Figure 10 illustrates the -Tfect of

Vrimary working on the phase distribution. Referring to Figure 9, the

following microstructural effects can be attributed to reactive element

additions:-

(1) The carbides of the doped alloys are more massive implying the -

reactive metal additions alter the carbide/matrix interaction.

(2) The reactive metal additions induce primary /' prime eutectic -

formation by altering the phase relations.

Referring to Figure 10(a) and (c)0 the segregation of rare earth containing

phases together with primary $ *eutectic modules form a continuous grain

boundary network in the as-cast condition. However, as shown in Figures 10(b)

and (d) primary working by extrusion breaks down the original grain bo-dary

network and greatly refines the grains. Additional evidence for "rare-earth"t

phase segregation and refinement by extrusion ts presented by the electron

photomicrographs shown in Figures 11 and 12. These clearly depict the

morphology of the "rare-earth" phase and the effect of processing on further

refinement. The morphology of "rare-earth" shown in Figure 11 is typical

of that expected by the last liquid to solidify indicating this phase is

relatively low melting. Hence, the hot tearing produced during extrusion

my be the result of phase liquation.

Attmpts were made to further refine the "rare-earth" phase distribution is

by rod rolling the extruded material. It was also hoped that the rod

rolling might "heal" the micro cracks produced during extra.tion. Figure

13 illustrates that considerable refthewit could be produetd by rod rolling

- 10% but the material failed during this additional working.

.!-
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5.4 r,•o-aration of Doped Bete' 100 Moos I Aloq&a

5.4.1 Meltigng

The Rone1 100 bass alloys for Phase I studies were vacm "mlted "

- investment cast at the General Ilectricosearch & lomenee at Cow-teo, Spe"Al

molds were made at the 0eneral Electric foundry, Evenmsia. and4 vete deasgmed

to provide a variety of cast specimen sluer snd sapes for the scorem ey"Vaeu•to.

The mold which had a 2-1/2 lb capacity yielded the. following cast, IIse:

2 - 3/8" dis X 2" long bars

4 - 1/4" dia X 2" long pins

6 - 3/16" dia X 2" long pias

4 - 2" X 1/2"'X 0.10" slabs

5/8" dia. down pole

1/2" square stringers
S• *allo(48)

Past work on the doping of this allcy has indicated a definite ilalm

of R.3. phase snie and distribution on the envirumistal properties of t0e

alloy with fine intragranular precipitates being prefurred. Casttig pea-

" -meters were thus optimized to yield a fine grained Material. The initial

paraneters and procedure selected are outlined below:

(1) Charge and melt master alloy under v 3~5A U
(2) Cool to melt plus 100e and pressurize ohadxer with argon to 5/6 ats

(3) Add rare earths

(4) Preheat mold to 1?00*7

(5) Ilcrosse superheat to 2001 and pour

Although the casting variables selected proved satisfactory for casting La and

-La + Un containing alloys, when casting cerium containing alloys (1c*r Ii-R.3.

Seutectic temperature) hot tearing occurred during freeming. Other difficulties

I ouch as gas entrapmaet and nonuniform gnra sim were encountered. The geMneral

cluster configuration and severity of the casting prablems are Illustrated In

Figures 14 and 1. Figure 14 (a) Illustrates the hot tearing previusly Ale-

cussed while Figure 14 (b) illustrates the effect of high imert gam pressure
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A*riu* pearing. Sixw, the mold Is both top and bottom fed, gae becomes

-W&Msipm by *bhe M ltan -mtal and the metal freezes before the gas can

escapew A mold desi which feeds from the- bottom only should alleviate

thiosid the hot texan problem, -'igure 1.5 (a) illustrates a sound

CUStI WaIUth a tn. Uniform grRin size. However' In a few -astings, as

&bft ift FVMM 15 (b)4 the grain size was rather large and varied con-

sid-rabiyrwithl the woe casting* This effect is difficult to account

for-W view- of the close coettrol -oZ carting variables cnd may be con- J
a~wnd anomaly.

These camlng problems, ito. hot cracking, and gas entrapoent, were

elaimiated iul later castings by increasing the pouring temperature to

230*f superheat and reducing the argon pressure during pouring to 1/3 4f

afto As a result of these changes the last series ýf castings produced

were very smond. Therefore, 41thiougb an attempt was wrde to hold casting

.xiables constant to determine the effect of- various rare earths on

castabilitr mom factors had to be variet slightly to obtain useable

atourial for this iqveitig&-ti-m. The following variations in casting

parameters were usedt ,
Argon Suy rheat

AMold Te p.( F) Pressure At Pour (OF)

15-23 1700 5/6 ATM 200 £
24- 1700 1/3 ATM 200

14, 25-35 17Co 1/3 ATI 230
j . ,i

The coacezatratien of the reactive metal additions to Rene' 100 is give..

in Tabli VI as both ator. c and voight percent. A complete chemical analysis

.Of ae of the doped Rene' 100 alloys is given in Table VII. All elements

e;,*t Zr are. within the GE specification for Rene' 100. As in the case of

the A? 2-10)A alloys,, the high Zr content is the result of crucible attack.

The alloys were. melted in stabilized ZrO2 crucibles where reduction by the

rare earth elements is possible as per the following reaction:

4(R.E.) + 3 ZrO2 -• 2(R..) 2 0 3 + 3Zr

20
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According to this reaction each 1 w/o R.E. will yield only 0.5 w/o Zr. The

f fact that only 25% or a- .08 w/o of the rare earth added was lost diaing'Smelting indicates that only O.04W w/o Zr was introduced into the melt by

-this reaction. It is more likuly that the rare earth* produced erosion

of the ZrO2 crucible and that the excess Zr in tVA alloy ix prerent as

2-~dispersed 7;r0 2  The effect that this relatively high Zr conteiit has on the

oxidation or corrosion behavior of theme alloys is not lkzmnz. Howevor It it

is expected that the excess Zr would be more detrimental, towardi echamicial

properties than oxidation/hot c.G. toi resistance.

I The rare earth and Mn retention van 80-90%,with few exceptions. There were

three instances (alloy #22, 24 and 28) in which the analyses indicated less

rare earth than intended. Apparcatly, the additions in these instances were

not added properly (alloy #22) or were completely slagged off during

melting (alloy #24 and 28). Despite these chemistry deviations these alloys

proved to be of value in deteminitlg the effect of very small dopant additions

and the independent role of Mn on oxidation behavior.

5.4.2 MicrostructureL The morphology of the rare earth rich phase observed in the Rene' 100

alloys was considerably different than that observed in Rene$ Y It was

more massive and less nearly associated with carbides. One of the best ways

of observing the morphology of this, phase was in the as-polished condition,

as shown in Figure 16. Frequently, however, oblique or polarized light

i•.I could be used to further elucidate this phase.

Figure 17 depicts the differences in the general as-cast stricture of the

various doped alloys. Although these areas are representative of equivalent

positions within the ingots and are taken from specimens of identical section

I size, marked differencez are observed in the general features of the micro-

structures. The caibides vary from massive script type rl7(aff to a fine

spheroidal type [17(ci the interdendritic spacing varies considerably

1see 17(a) and 17(e)] , and the rare earth phase morphology differs.

I Considering the emphasis placed upon control of casting parameters and since

no systematic variation in the type or concentration of addition is observed,

I
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theie strub~tural variatibno are unexplainable. Evidently the structure isL

extremely sensitive to casting techniqueg or other variables are present

much aa tramp element contatmination, wrhich could hav'e a major influearce onU morjihologyI tn any event,, tYe result of the oxidationstdeincad

na correlation between oxidation resistance and alloy morphology* This is

amwat contrary to an earlier hypothesis baised on hot corrosion results
A *f drp casting which indicated a fine rare earth phase distribution to

-be most desirable# After initial examination, the specimens were, etched
to better define the "rare-earth," phase and its relation to other m~icrn.-

structure features (i~e. grain boundaries, '-5 eutectic nodules, and
Al j~). Attempta to, etch the rare earth containing phase resulted'in excessive

i~j. reacion and eventual pitting. A microstructure sequence illustrating this
is shown in Figure 18. Figure 18(a) shows the rare earth phase es a massive

j intragranular precipitate with some indications of intergranular formation.
The hardness, av indicated by the Knoop indentions, is also noted to be
greater than the matrix. A ver-y light etch [Figure 18 (b)J more clearly1~defines the R.9, phase* Heavier ptc#i [Figure 18 (c5j drastically attacks
the R.E. phase-but defines the microstructural relation between the AP-

nodules, the car~bidea~and the rare-earth phase. After considerable effort

a met-Allographic technique wasn developed to distingraish the R.E, containingI

phase while simultaneously defining the other structural features. The

H R~+ 41 v/o H2SO' +,12 v/o HNO, or electroetching in an 8:1 H PO3P4 4 344

soltio* Hwevr, fte ths teatentit was still difficult to clearly
disingishbeteenthe RJ.E phase and carbides. Heat tinting at 250.-300 F

for -10hous sffiienly arknedtherare earth phase for identification.

It ws ten o~sbleto compare doped and undoped Rene# 100 to determine the

Inflenc oftheadditions on the microstructure. The iig;at microscopy

mk;nIn Figures 19 and 20 and the electron microscopy shown in Figures 21

an 2clearly depict the changes 4in microstructure that occurred as a

reutof the additions. In general, the rare earth additions affect the

e-j~cutectic and carbide formation but have little effect on the size

and distribution of if The rare earth elements can be classified as those
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J forming two phases, those concentrating near primary r eutectic nodules

and grain boundaries, and those concentrating principally near carbides.

The yttrium doped alloys are characterized by massive yttrium rich phasek

conceutrating in grain boundaries and near carbides. The morphology of the

j carbide is affected by the yttrium addition yielding a very irregular shaped

rather than blocky MC type carbide* Alloys containing gadolinium also form

massive rare earth phases. However, these appear to be more closely

associated with the y- eutectic. The alloys containing La are no

different than those with La + Mn and both display rare earth rich phaes

principally at carbides. The morphology of these -. containing phases

would appear to have less detrimental effect on properties than the Y and Gd

containing phases.

Some variation is also apparent in the appearance of the i-are earth containino

phase among the various alloys. This variation is the result of differences

in etching characteristics and may reflect differences in compound chemistries.

Hence, although the phase is referred to as Ni (R.E.) it may actually rep-

resent a different stoichiometry or have other constituents in solution. It

3 is worthwhile to note that the alloys displaying the most massive grain

boundary rare earth phase are those which are relatively oxidation resistant.
(48)-t This is quite contrary to earlier studies .

The results of studies quantitizing the type of "rare-earth" phase formed

are presented later in the section regarding structural stability.

6.0 OXIDATION/AKY CORROSION RESULTS (Phase I)

6.1 Oxidation of Unitemp AF 2-1DA Base

6.1.1 Continuous Vei•t Gain Tests

The kinetics of oxidation of Unitemp AF 2-lDA* have been determined,

using techniques previously reported . for the temperature interval of

1 IZh40-2106I0F. The continuous weight-gain data for duplicate specimens, as

obtaini.d f••wi the actual chart recordings for speci fjc times and temperatures

I
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Aro 5immarlsed in Table VIII. The oxidation behavior of this alloy is

illawtrated by the log-log plots in Figure 23. These results typify the

e al taor rervtouily observed for Ni-base alloys and denote

(a) Near linear oxidation at low temperature (short times)

where lateral oxide growth predomiratas

(b) Nixed oxidation rates w*ich are linear to quartic between

1600 and 2100 F, indicating complex oxide interactions.

(c) At 2000F and above a decreasing oxidation rate with increasing

time. -This behavior implies oxide volatilization since spalling I
was not observed while at temperature.

The rate constants computed from the best fit curves of weight gain-vs-time

or (time) are mmmarimed in Table IX along with the time intervals for which

they apply* An Arrhmius type plot yields a straight line function with I/T

(0X"i) as show in Figare 2•. As in previous oxidation studies, this alloy

"display- both a linear and a daal parabolic oxidation kate. However, in

nomparing the oxidation rate of Unitemp AF 2-IDA with other commercial alloys

(see Figure 25) certain differences are also evident:

(1) At temperatures greater than 1700°F the oxidation rate is greater

than all alloys except possibly IN-100.Ioil
(2) At 2000F the oxidation rate is a factor of 10 greater than Rane' Y,

(3) The parabolic activation energy of 107,600 cal/mole is greater

thma any alloy studied but similar to S1-200 (92,X000 cal/mole)

which also contains a high tungsten content,

(4) The Initial linear oxidation rate persists at high temperatures

and also displays a higher activation energy than any other alloy.

"The secondary parabolic rate appears to represent some mechanical rather

than theraml processes ainze it does mnt vary significantly vith temperature,

As verified by cyclic oxidation tests, this relatively constant rate may

refloet the spalling tendencies-of the alloy. 4,
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I
In summary, the complex oxidation behavior of this alloy precludes a .eaninsf~l

kinetic analysis. Howeveresuch an evaluation is useful for comparison with

other sureralloys or, as will be used in th.'s work. to determine the effect of

doping element additions.

6.1.2 Isother•al and Cyclic Oxidaticn Tests on AF 2 IDA

Weight change results from both cyclic and isothermal static oxidation

tests at 1800 and 200OF for up to 1000 hours are presented in Table X. Both

the extent of oxygen (and nitrogen) reaction and spalling tendencies are

listed. The total weight change produced during isothermal testing agrees

reasonably well with the continuous weight gain data. This alloy displays5 a marked tendency toward oxide spalling after 700 hours at 1800 and at 200•0F.

The fact that the total weight change after 400 hour, at 2000°F is less than

that measured after 400 hours at 18OOF is further evidence for oxide volatil-

ization at the higher tenperature. However, at 18000F, a comparison of the

cyclic data with an extrapolation of the continuous weight gain curve indicates

that little volatilization has occurred after 700 hours of cyclic exposure.

The total weight change, which actually represents the weight of oxygen which

reacts with the metal does not change appreciably with cyclic exposure at

20000F. This indicates that the rate of volatilization in this relatively

j slow flowing envirornent is approximately 1/3 the rate of oxidation (" unit

wt. of oxygen reacts with approximately 3 unit weights of metal). This also

correlates with the apparent cessation of oxidation observed during continuous

exposure at 2000OF (Figure 23).

1 6.1.3 Metallugraphic Evaluation of Oxide Attack

The general &ppearance o1 the oxides produced during 100 hours of con-

tinuous oxidation at 1800, 1900, and 2000OF is illustrated in Figure 26. As
previously reported for nickel-base alloys (9) , this alloy demonstrates the

51 competition between scaling and subscale reactions and the temperature depend-

once of this competition. During oxidat ion at 1800oF the relatively high

3 activity of Cr and the low combined activities of Al and Ti promote internal

iI
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oxide formation* Asj9 ' dissoci&tes and the Al + Ti activity increases, sub. [
,scale formation is favored((see Figure 26 (b) (c))and little or no internas

oxidation is formed.

lietallographic evaluation of specimens after the cyclic exposure at 2000F

deoted an irregular oxide scale with deep intergranular oxide spikes

.similar to those previously observed for IN-O10 . The oxide appeared

heterogeneous, both parallel and perpendicular to the substrate surface

with at least three oxide phases obvious, plus TiN. After 400 hours of

cyclic exposure at 200001 the average and maximum degradation in load

bearing capacity was measured to be 1.0 and 2.4 mils/side, respectively.

This was considerably less than that observed for IN-l00 and INCO 713C()i

after a comparable exposure.

6.1.4 Reaction Product Identification ii
The reaction products formed during continuous weight-gain testing were

amlyzed by X-ray diffraction. Both Debye file patterns of the scraped oxides

and diffractometer traces of the oxide scale in situ were obtained. The ,.

general oxide appears to exist as follows:

Temp. F Oxide Products*

1400i I/• (CrAl)2 0,

100 Cr 0 +TiOw)

2 3 2

i 16oo (CrlO
,., ,tO0 Cr23+TiO2

20 00 TiO2+Al +Spinel+Cr0

2100 Spinel(ao=8.08A)+AI20 +TiO

Listed in order of predominance

These preliminary results indicate a Cr 2 O3 /Al 2 0, oxide at low temperatures

with increasing spinel furmation and Cr 0 losses through volatilization at

higher tempxratifres. A

S~6.2.1 Oxidation Behavior •

The re1i•tive oidation resistance of various doped AF 2-iDA alloys

after 1000 hours continuous exposure at both 1800 aid 2000 F is shown in

II
Table X1 which listm. total weight chang# spalling resistance and metal loss.
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The cyclic oxidation' behavior after 3-100 hr* cycles at 18000F and 7-24

Shr. cycles at 20000 is summarized in Table X11. The reliability of

weight change rebults for these specimens is questionable in view of the

I occuronce of hot tears. The depth of penetration was difficult to evaluate

for the same reason. Photomicrographs typifying the morpaology of the

oxidation products formed as a function of additions and exposure are

shown in Figures 27 and 28. The results of these tests indicate:

K I(|) Very little, if any, improvemont in the total weight change and

only a slight improvement in spalling resistance (a factor of

H two maximum) with the rare earth additions.

(2) Yttrium, Gd and Mn additions appear to be most effective, but the

effectiveness of the ReE. additions decreases with increasing

R.E. content (above 0.1 a/o).

1(3) Contraryr to the results obtained for Rene' 100 alloys, (reported

later) no catastrophic oxidation was observed for any alloy.

(4) Any improved behavior observed can be attributed to a combined Mn

+ R.E, effect although in some instances Mn additions alone are

1 most favorable.

The results of the cyclic tests, although not included here, indicate the

same trends observed for the continuously exposed specimens. Two conclusions

from these results are of importance. First, catastrophic attack is not

observed in any of these alloys at the high temperature indicating the rare

earths, Mn or high Zr content are not responsible for this behavior. Secondly,

the concentration and type of rare earth element is more significant than its

distribution within the alloy.

6.2.2 Reaction Product Identification

j The rtsults of X-ray diffraction of the reaction products formod on doped

AF2-1lA alloys after various time/temperature exposures are presented in Table

XIII. The alloys selectbd for this evaluation displayed good (42) medium (413)

and poor (#11) resistance, hence, the reaction products characterize the varying

I
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degrees of attack. The following obsarvations can be made frem these

data:

(1) Oxide formation on less resistant alloys (#1 and #11) are

complex and highly heterogeneous; whereas, those formed on

resistant alloys (#2 and #13) are rore homogeneous and consist

of' only one or two oxide phases.

(Z) )4n and R*E, additions promote spinel formation.

(3) Spelling vccuru at the scale/subsc*le interfaces such as

Spinel/MiTiO3 and/or Spinel/412 0 3 + T. 2 .0

(4) The activity of Al increaser considerably at 2000 F and yields

(CrqAl)?0, and spinei phases rich in Al.

6.3,- ot Cort sion of Doped Unitem AF 2-lDAd A A

The, hot corroslon resistance of the first series of doped AF 2-1DA alloys .

(those that Were contaminated with qak) was poor. All alloys completely

.exidied/corroded during the 50 hr/1725+25OF rig tUst. This result 'thought
hWt cinclusive, wMy indicate that rare-earth additions in the form of oxides

are not particularly effective. However, ether complicatin9 fractors such as

carbide morphology and the stringering present in these alloys may be the true

causes of fAilure.

Two hot corrosion tests were conducted on the acceptable AF 2-IDA material.

The first test displayed excellent resistance in the test environment*

during the initial 17 hrs. of test but a tempera~ure excursion ultimately

produced fai 1tiree During the second hot corrosion test massive attack wes

observed on the base and base + Mn alloys but those containing Gd*Hn, La4Ma

and Th*Mn exhibited at least a factor of 30 improvement in resistance as

sthon visual y in Figkire 29 and quentitized by the metal loss dat given

below~

natural gas vith 100 ppm ingested sea "ilt of 1.6% sotution of 0C%
"ft ID +10* N&C

2 2
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Affected Metal (mils/side)*
Alloy Gross Attack Max Attack

Base (AF2-IDA) -18 -20

B l•ase + 0e8 w/o Mn -28 -29

Base + O.1 a/o Ud + 08 w/o }Mn -0.5 -1,5

Base + 0.2 a/o Gd + 0.8 w/o Mn -O.2 -0,7

Base + 0.1 a/o La + 0.8 w/o Mn +0.0 -0.6

Base + 0.1 a/o Th + 0.8 w/o Mn - -0.9

Base + 0,2 a/o Th + 0,8 w/o Mn -0.6 -1,3

J *lccuracy + 0.5 Nil

I The morphelogy of the reaction products fozmed in these alloys is shown in

Figure 30 and further verities the beneficial effects of the doping additions.

The base AF 2-IDA displays gross subsurface valfide formation; whereas, tha

doped alloys are relatively free of sulfide formation or those sulfide*

that do form are finely distributed.

Contrary to doped Renea 100 hot torrosion and doped AF 2-IDA oxidation results

all rare earth additions appear to hare the same beneficial effect. This wouid

imply that the mechanlism controlling hot corrosion and oxidation behazior are
S~unrelated. These results indicate that the distribution of the rare earth

phase and not the type of rare earth is the controlling factor. This suggests

that prealloyed powdet whirch ought to have a finer rare-earth distribution

may further enhance hot corrosion resistance.

SAlthough AF 2-lDA displayed a favorable response toward the doping additions

(particularly Y and Gd) the difficulties encountered in processing the

I material precluded any additional studies in Phase II. The processing problems

are no doubt primarily associated with the rare earth additions but elimination

of the Zr contamination by melting in Al 0 crucibles may lessen the problewi.

6.4 Oxidation of DoRed Rene' 100 AllosM

6.4.1 Continuous Vaifat Gain Results

The effect of the various ractiv, petal additions on the oxidation

kinetics of None' 100 have been Oeteruined using techniques previously

reported . The continuous weight gain data obtained from actual chart

I recordings for the majority of the doped alloys zposed 100 hours at 1800le

aind for some alloy. exposed at 100 hours at 200&F are illustrated by the

|29



I !

log-logplots shown in Figures 31 through 38. The data are plotted along with

mditped base alloy data for direct comparison. The oxidation rate constants

.sapated froa the slopes of the best fit straight lines formed by plotting

(weight gain)2 vs time are summarized in Table XIV along with the time in-

Stetvel over which the rate constants apply. Figure 39 illustrates the

effct of 0.1 at.% of the various "rare-earths"on the oxidation kinetics

ot inne' 100 as s ?'-,or: of temnprature.

MNot of the ailoys displayed the typical dual parabolic oxidation rate at

l0°0?, implying complex oxide interactions. A comparison of the oxidation J
rate constaints indicates the initial parabolic rate constant (K ) for most

of the doped alloys tested is similar to undoped Rene' 100. Only a few of

tfie alloys (#17 ane #33) ihow distinctly superior initial oxidation kinetics

while none of t~ie "lloys display a marked improvement in the secondary

oxidation rale (K,, ). Similarly, only a few alloys (#19, 25, 27, 28 and 30)

shtow distinctly interior oxidation kinetics at 18O0 F.

kMl the doped alloys displayed increased oxidation rates at 2000°F when

compared to Rene' tOO. The behavior of the doped alloys at WOF was

characterized by a high parabolic oxidation rate and extensive scale ex-

foliation both during testing arnd while cooling from the test temperature.

The i•nferior behavior of the doped alloyn at 2000°F was observed in all the

oxidation tests conducted in Phase I and is discussed more fully later 1
in the texts

Photomicrographs typifying the nature of the scale/swbscale reactions produced

during the continuous weight gain tests are shown in Figure 40. Oxidation

,at la r((Figure 43 (a) & (c))) was typified by a semicontinwous, relatively

dense, multicomponent oxide scale with little or no internal oxidation, and
only minor 11 dissolution. The pitting in the grain boundaries was attributed

to preferential leaching of the rare earth containing phase durinn etching.

Figures 40b and 4W illustrate that the oxide scale completely alwilled t•t

000? leaving a none of 4' dissolution and ertensive 11 deunemtion. This

type of reaction is apparently aggravated by the reactive mttal .additions

since this type structure was not otserved in the undoped base alloy.

30
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Similar reactions have been observed in alloys whose surfaces have bow

J severely cold worked thereby increasing cation diffusion rates. One might

suspect therefore, that reactive element additions promote the outward

diffusion of those constituents which stabilise ( (i.e. Cr and Wi).

In summary, additions of Y, Gd and , + Th + Mn are most effecti..' in

decreasing oxidation rates but even these additives afford only a marginal

improvement at l8eF and in fact decrease oxidation resistance at 200°*.

I Additions of Ce, Hischmetal, La and La + Mn have the greatest adver

effect. In general, the lower concentration level of the additive pro-

vides the greatebt improvement, or is the least degrading.

6.4.2 Static Oxidation Results

Static oxidation tests were conducted on the majority of doped .ene'

100 alloys at 1000 hour/160•0F, 1000 hr/1800o° and 400 hour/20oo0F.

Although not part of the original progra plan, these tests v-.re included

to complemtnt the cyclic oxidation tests to provide baseline data for

determining the influence of temperature cycling on scale adherence.

The static oxidation behavior of the majority of the doped Rene' 100 alloys

is illustrated by the weight change, spelling and metal loss data shown in

Table XV. The following observations regarding the oxidation behavior of

these al.oys are noteworthy:

(1) Only alloys 15, 18, 27, "A n d 32 have equivalent or better

! •5•, ocidation resitance than Rene' 100 at 1600F and 1800F while

all doped alloys are interior at 2000F.

I. (2) -Some alloys appear more resistant at 18000F than l60OF (see

alloy #15 and 27).

(3) In some instances, the total weight change is relatively

independent of rare earth concentration (see alloys 19 & 20,1 2 & 22)

implying that the alloys are saturated at the lover concentration

level. In other instances, increasing rare earth concentration

I decreases oxidation resistance (see alloy 125 and 26).

31I



(4) The Influence of No additions Is evident from th&!se data. A r

.mperailson of alloys 21 and 27; 28 and 29. 30 and- 31, 32 and 33,

and 34 and 35, iudicates low levels of Un are beneficial while

iucrelw tng Un above 2 and .25 w/o increases the extent of oxida-
tion and oxide Laln. This Is contrary to previous chill- (48)Sasting results in which 0,50- w/o Mn vas found to be optima. [

(5) -The behavior of the doped alloys at 2000F is considered anomalous

erraw tic. Three different types oi behavior observed: 1) The

allo may ct normal OfBse & #15); 2) ezaggerated scale exfoliation
: mamy occur (alloys 20.,_ 2", 12j, 2ý 27, 28 & 32); or 3) catastrophic

oxidation msy occur witL no spelling (alloys 29, 30 & 31).

Attempts to link catastrophic 4xidation at 2000*F with alloy composition were

i ocsf Complete spectrographic and x-ray emission analysis were conducted

to (cteruiae trump elements were present. The results *bow-d no differenece

btween "normal" materiel aid thAt which failed catastrophically. Therefore,

the large 41fferencebt In behavior cannct be explained on the basis of additive

cmOpW-titins, Pmrhaps the cataftroptic attack and.-exaggerated exfoliation are

,th rslt .:f .�eide melting. Zxamples have been cited in the literat ue(58

Se Y20+ + RJ. 2 O3 camp "d oxides can melt at low temperatures. S'ch '-nter-

actatic have also bem observed by NASA and TRW when making V additions to

TEI-7f 4 type alloys(59. The oxidation resistance of alloys which failed

cataatrophi-ally during static aJr expasurs appiered slightly better in a

flowing •a•-Pj, i-nt. The fact that thirty or more test specimens are usually

exposed in a muffle furnace at ane tine may te sufficient to produce an atmos-

hero containing loatile a" corrosive w•tc'es. The type of attack observed

might therefor" be ccnsidered to ba Zhe result of volatile oxide interactions

between VA, Zr02, 0 and inO or (A.E.0 oxide,3. This postulation is also

supporteu by the fact that catastrophIc attack waa not observed in the doped

AF 2-IA alloys.

6.4.3 Cyclic Ozidation Results

During these tests the specimens were contained in zirconium silicate cruoioles

and upon withdrawal from the furnace were covered to prevent any loss of 3palled

uxid3 products. Hence, aýter the test, the total weight change of the systema

represented ths'. of the ý.rucible (less moisture or reaction products), specimn#,

cIiddation products, and any intoraction between specimen and crucible.
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Initially, the weight-h&ane analysis was onaducted by weighing tU. speimen

Sonly (minus spelled, ro•uat if sit WinM occurred), and WEPntig the nt

weight chance using the specime weight prior to idation. It was sly

I discovered that this value dtferza fron the post-test erucible plus specime

weight, mlnus the post-test orucib.'e weight only* This discrepiacy was eevwomtul

jassociated with changes in crucibl,# weight during exposure, To oarrect for

this weight change, blank crucibles were tested alog with the specitmeso in

Ssubsequent Phase 1 cyclic tests the crucibles wr prafired at 2iO0° for

a ininum oa 100 hours to mnizdis crucible weight change during cyclic !mpourP.

SThe general appearawce of the majority of doped Re•e' 100 alloys after teU 100

hour cycles at 1801F Is Illustrated In Figures 41 and 42. The crucibles WbIch

( contained.the specimens are Included tc Illustrate the relative mount of

apalliLg whiah occurred during test. Although the base Anae' 100 alloy is not

1 included In these photoe its ceidation behavior is typified by the appearance
of alloy 030. The total weight change and the extent of spelling for these

alloys during each cycle of exposure at 1800" are given in Tables XV and 2VI

respectively. The data of Table XVI ae preasentd graphically in Figures 43 and

44 for those alloys whose behavior is worse than ERae1 100 (Figue 43) and those

alloys which are superlor (igure "44)e The depth of affected metal was metallo-

graphically measured. These results, wich Cemote both the gross and oaxim

Soxide penetration after a cyclic exposure oe 1000 hours at 1800*F., ae tabulated

in Table XVIII

I On the basis of total weight change, spelling resistance sad depth of affected

metal during 1000 hours cyclic exposure at 18001 the alloys displaying superiority

to undoped Rene' 100 rank as follows:

(a) All1oy U
IRk Weight Galin Adherence Alfectei Metal

1 33* 18* 27

2 18* 16 23

3 28 28 30

4 16 17 32

5 17 33* 17

6 32 32 16

I 7 15 27

8 27 15

(a) order of decreasing resistLnce

* based on results cof 500 hour cyclic exposure
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AddItices of Y. G, Mn,- Y+ Tb + Mn and La.+ Mn (at certain concentrations)

Import significant oxidation resistance to Reno$ 100, specifically., alloysI

~%28, .160 17,p 33 and ý32 show thle greatest improvement under these coa'di tions.

ocitro~y to thoan additions which decrease tue oxidation rasistance of Rene' 100

-(i~e.* La, -C. 4 M), Increasing additions of the beneficial elements beyond.

o .ii further improv'ea oxidation resistance, The effect-of Mn additions in of

.Mr.tioulor interest. Referring to the alloy series_21., 27., 28 and 29 the

inlueuce of Mn ad~osis evident. Alloy 21 (0.12 &/o La) contains noj

1k aa0 displays nearly the poorest oxidation resistance, However., adding

0.12 W/o Mn to this alloy (alloy 2'1) improves -its resistance by a factor of

10 lit further addlilioo to 0.67 w/o Mn (allay 29) produced

dation resistancee In other words although allay #27 has 1/3 the Mn it has
three times the ressistanc'e of alloy #29, Allay 028., which contains neglibible

La but-0.38 w/o Mu,, has the beat resistance ofthis series. ThAis series of

'alloys illustrates thst a complex relation exists between the rare-earths

S"d Sk and that same of the othaer additions such as Y and Gd say be further

lmpjmA~e -by *m additions..

fth oxidation resistamne of the doped alloys during cyclic exposure at ~F00

ia- given In, Table MX T and Gd. acMditions are atliU most fa'vorable but Un

asony heMichetl onai~m alos fthe non-n" ontinngaloys ailed

catstruiacally. This strongly suggests that MN additions play a role 3in-

alloys during the 2000*1 cyclic exposure are illustrated ir, Figure 45.* As

Indicated many of -the test co'upons were cimpletely converted to oxide within

25 hours exposure. The glassy-type appearance of scoe specimens implies molten

oxide formation. Other specimens such as #34, #2,and #27 simply failed by

massive scale exfoliation. Table XX was compiled to facilitate a comparison

-between the static and cyclic oxidation behavior of these all~oys at 1800 and -

20001 * As indicated,, those alloys whict performed well in a static environment
were also resistant to cyclic testing.

The metallographic appearance of the scale/subscale reaction zones produced

on various doped Rene' 100 alloys after 1000 hours cyclic, exposure at 1800,5F

are shown in Figures 46-50. In general, those alloys which exhibited good
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oxidation resistance had relatively dense oxide scales with little or no

Internal oxidation, Alloys with poorer resistance (i.e. those containing

high Iln content) were typified by considerable internal oxidation. Figure 49
illustrates the multiphase oxide scales which formed on many of the alloys.

Figure 50 illustrates the nature of the internal oxidation reaction observed

for those alloys subject to this form of attack. The alloy selected to illu-

strate this effect (alloy #29) displayed discontinuous intergranular oxidation

j through the entire thickness of the specimen. Initially, it was thought that

the deep 1.G., was brought about by internal oxidation of the NIsLa pha".

However, closer ins peution revealed that a precipitate resembling a carbide

rather than the Ni La phase was oxidized. It is suspected that the Ni 8 La

phase reacts with carbides (MC) during exposure to form La containing carbides

around the Ni.La, It is this fine La containing carbide which then oxidized

internally. The exact role of Mn additions in promoting this type of attack

Is not precisely known but obviously it alters the competition between scale/

subscale reactions.

6.5 Hot Corrosion of Doped Rene' 100 Alloys

The results of hot corrosion rig tests of doped Rene' 100 alloys at test 14

conditions of 1700 + 25F/50 hours, 100 pp Na•S• 4 + NaCl and a gas velocity

j of 75 ft./sec. are tabulated in Table XMI. The general appearance of these

specimens is illustrated in Figure 51. The results indicate a significant

dependence upon both the type and concent.,ation of the additions. As indicated

La, Ce and Gd additions can reduce the extent of attack of Rene' 100 by a

factor oa 10 to 30 when added at concentrations of 0.1 a!o or nore. Additions

of Y and Th on the -ither hand were essentially ineffective. Hot corrosion

tests were also conducted on the Mn containing alloys but the results were

inconclusive.

The norphology of the reaction products formed (oxides and sulfides) on various

•I alloys are shown in Figures 52 and 53. Prior to sectioning for metallorgraphic

mounting, the specimens were dipped tnto epoxy and allowed to dry. This

eliminated corrosion product losses during cutting. As a result of this process

the finished metallographic section illustrates a definate layering of the

I] surface products and clearly denotes the mode of scale failure. Figure 52
illustrates typical types of sulfidatiog attack in this series of alloys. The

reaction typically consist4 of an oxide scale with underlying 1,0. and sulfides

'gray globular phase) within the I' dissolution zone. The extent of each of thesl,
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reaction layers wits found to differ from alloy to alloy. The attack In alloy[

~(,09 a/c Y) was characterized by a massive oxide scale and a eutectic type

sulfidation zone which may represent A Ni-"NiS'" eutectic. On the other hand,

al #21 (0.12 a/c La) displays a thin relatively dense oxide with a fine

uniform dispersion of subsoale-suit ides (presumably_"Cr8" type).* Alloy 18

(0.23 a/c Gd) has a similar oxide scale to #21 but contained a large amount
of continuous intergranular sulf ides bel.ow the scale which were responsible

for #.90%.of thaw reduction In load bearing cross section. Figure 53 illustrates

the morphology of the reaction zone formed in the moot resistant alloy (#22-

0,12 &/o, La).

7.0 MECHANICAL PROPRUIRTI OF PHASE I A6Y

7.1 Rene' 100

The 1300*P tenv'le properties of the alloys tested are shown in Table XXII.

As Indicated, the strength properties of some of the alloys atre within the

specification for Rene' 100 but scme reduction in ductility, particularly

elongation., was noted. The variation In proper*%'ies observed may not be the

result of different reactive metal additions per se, but rather related to
the casting history of the ý.Ilcys or the quality of the tensile bars used.,
All of these alloys which display good properties, namely., alloys 15', 19., 21j,

23 and 24,, were cast using a lower superheat (20091) The :remaining alloys

with the exception of alloy #17 were cast-utilizing a 230*F superheat to

improve the macroscopic quality of the casting. This observation may be

fortuitous but could be related to the morphology of the rare-earth phases.

However., as discussed earlier little correlation appeared to exist between
rare-earth additions, casting parameters, and phase morphology.

The creep rupture properties of the same alloys at 150001/68 Ksi are tabulated

4 in Table XXIII. These results indicate that the reactive metal additions

(at least at the concentratioaa investigated here) markedly decrease the stress

rupture properties of as-cast Rene' 100, However., as for the tensile

properties,, these results may also be influenced by casting variables,

7,2 Al 2-IDA

Difficulties were encountered in machining doped Al 2-IDA mechanical property

specimens which were free from hot tears. Due to the poor quality of the

materU,. no useable tensile specimens onuld be machined.
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8.0 ,HASE I CCCLUSI(hS

Based on the results obtained in Phase I it wag concluded that the proper
combination of doping elements can markedly improve the surface stability
but at a sacrifice in mechanical properties. The primary goal of Pha"e * -
that of providing a means of improving the inherent surface stability of
nickel-base alloys was fulfilled. Other conclusions are summarized below:

(1) Reactive metal additions of 0,1 to 0.2 a/o produce low
melting phases (presuaably Nis5 'R.BE') in the grain boundaries.
Modification in the carbide morphology and increasing
primary J formation result from these additions.

(2) Workability is decreased by these additions in the following
order of decreasing fabricability: Mn, Th, Gd. Y and Ce.

(3) The 1800*Y oxidation kinetics of Rene' 100 were only

slightly affected by the reactive metal additions. Only
alloys containing Y and Gd showed improved kinetics.tI1 (4) During static and cyclic oxidation of Rene' 100 alloys at1600 and 18000F only certain additions at specific concen-

tration levels improved resistance. Additions of Y, Gdr,5 Mn, Y + Th + Mn, and La + Mn displayed a factor of 2-20

times improvement in oxidation behavior.

(5) Additions of La and Ce, which were least effective in
T oxidation, improved the hot corrosion of Rene' 100 by a

factor of 10 to 30. Gadolinium additions provided the
best combination of oxidation/hot corrosion.

9.0 PHASE 11 ALLOr PROCESSING AND CHARACTERIZATION

9.1 General

Phase II alloys were designed to obtain a better balance between mechanical
properties and surface stability than those studied in Phase I. Since Gd
provided the best balence in properties ia Phase I it was emphasized in

Phase II alloys. Y and Th were also selected for study based on the results
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from Phase I aid from melting point considerations. (Ni-Y, Ni-Gd and Ni-rh I

bia•ry systems exhibit higher eutectic temperatures than the other systems 52
stwfied in Phase 1) % Combinations of dbping elements were also selected for

sudy in Phase I1e The aim compositions of Phase 11 alloys are given in

Table XUV. A vanadium - free alloy was studied in Phase II since the results

of Phase I ircaptd the postulation thit V. in combination with rare-earth j
*l2maorts caused catastrophic oxidation at 20006F.

9.2 Preparation of Phase 11 Alloys

The preparation of the Phase II alloys was similar to Phase I except that the

alloys were prepared as 15 lb. heats. The V-free Aene' 100 alloy was prepared

at Qo..-MWTL by induction melting of high purity virgin materials. The Renet 100 f
base alloy was purchased in accordance to G.E. spedifications.

Chemical analysis for some of the Phase 1I base alloys are shown in Table XXV.

The alloys were within specification except for the Zr content of the V-free

alloys* Apparently the high Zr resulted from reaction of the melt with the

crucible used In preparation of the master alloy. Alumina crucibles were

used in melting the individual alloys to prevent further Zr contamination.

The dopant concentrations were determined in each alloy., the results shown

in Table IlV!. Doping element retention was excellent, except in alloy #39 1 •

wi are the Gd content was low. There is no obvious explanation for the low

"Gd level1

Bach alloy was cast into standard CTS test bars, flat plates and pitts as

Indicated in Figure 54. The quality of the castings was excellent - only 1
2 of 108 test bars were rejected by zyglo inspection. None were rejec.ted by: Ix-ray. Typical variations in macrostructure of the various test specimens
are shown in Figure 55, The variations in grain size were considered typical

of investment cast material.

9.3 Micros tructures

Optical photomicrographs of the as-can t flase II alloys are shown in Figures

56 and 57. A typical micrytructure of cast Reno' 100 alloy is shown in

Figure 56a. It contains MC carbides and a small aiount of ' - ' eutectic.
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The vanadium-free alloy contains a larger amount of -Y - euteotic(36)

I JThis is probabiy due Zo the higher Al + Ti content in the alloy rather thAn

the absence of V. The doped alloys-(56b, a and 57) cna increased anomt .

Sof eutectic and a rre-earth containing phase Since the rare-earth

phase is most probably rich in Ni (e.g. Ni.R.B.), a greater amount of V "

3 eutectic is to be expected.

Electron micrographs of selected alloys are shown In Figures 58 -- 60.

STypical j , carbide and eutectic structures in base Rene' 100 are shown

in Figure 58. Typical rare-earth phase distributiongare indicated in Figures

59 and 60. The phase is concentrated in grain and dendrite boundaries and

in reions near - j ' eutectic colonies. Tie location near the coarse part
j of the eutectic indicates tVat the phase has a melting point below the j- '

eutectic,

1 10.0 GKIDATION/HOt CORROSION RESULTS, PHASE II

10.1 Oxidation Tests

Phase II alloys were evaluated similarly to the Phase I alloys, utilizing

I continuous weight gain tests to establish kinatics and isothermal and cyclic

oxidatio1 tests,

10.1,1 Continuous Weight Gain Tests

i IContinuous weight gain tests were carried out at 20000F on all the alloys

and at 1800OF for alloys 36 (base) and 40 (0.1Gd)o A. summary of the oxidation

1 rate constants are determined from the data are listed in Table XXVII. At

20001F all of the alloys exhibited weight gain curves very nearly identical

i'l I to the base alloy. Alloy 40 (0.1 Gd) was the best of the al oys and its

behavior was compared to the base at 1800*F7 The results are plotted in

Figure 610 At 1800FY the doped alloy was somewhat more oxidation resistantLi!
j than the base, with its rate constant going to ze..o after 1200 minutes. At

1800OF the rate constants for both alloys are very nearly the same is for

the base and for 0.09 Wd alloy studioi in Phase I (Table XIV). The cidation

rate of the base alloy at 20000F was higher than the average value reported

for Rene' 100 in Table XIV Since only average Rene' 100 data was used for
comparison in Phase I it is possi*'1.d that at 20000V the difference between
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the base and the doped alloys reported in Table XIV may not be real, Therate aonstarnts for the doped alloys studied in Phase I were a fastor of 1Ž
30 Mg•or than doped alloys of Phase II, The reasons for the difference are

r* clear, but It is possible that the base alloy used in Phase I was

1444ally Interior in oxidation resistance at 20O0iF, A comparison of the

H phomistries, of-the base alloys of Phase I and 11 Indicates that only Zr and[
ponS0bly Zr/V variations could account for the different behavior.,

30.1.2 Isothermal gzd Cyclic Oxidation Tests

Ph"* e1 alloys were oxidized staticall, for 100 hours at 1600, 1.800 and

20000*, The data are prisented in Table XXVIII, All the alloys behaved

Similarly at 16006F. At 1800F the base alloy exhibited the smallest • ight

&tin but the spalling was generally less for the doped alloys indieating

improved oxide adherence. At 2000°F there was no indication of catastrophir,

oxidation which occurred on some of the Phase I alloys in less than 25 hours.

The Phase II base alloy again exhibited much better oxidation resistanct

than the Phase I base.

The results of the cyclic oidation tests are presented in Table XXIX. After

5-100 hour cycles at 18000F th3 weight changes of all the alloys are probably

within the accuracy of the measurements. Again Lhe oxidetion resistarce of

---,the Phase II base alloy was better than Phasa' I by a factor of about 3 in

terms of weight gain and spalling loss. it -':00F for l0 hours there was

no indication of catastrophic oxidation as occurred on Phase I alloys.

Practically all of the metal loss data reported in Table UXX is duae to inter-

. granular oxidation rather than surface scala.

10.,1.3 Metallographic Observations

Typical microstructures of the alloys after oxidation are shown in Figures 62

and 63. All are characterized Ly intergranular oxidation, alloy depletion and

multicomponent oxides.

10,2 Hot Corrosion of Phase II Alloys

Not corrosion tUnto wert- performed for 50 hours at 17250F following procedures

outlined in Phas- T ,: the first test all of the alloys were severly corroded.
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A second test was run for confirmation. In the second test, the toot temper-

ature was about 100OF low for a portion of the test and most of the allmys

exhibited only minor corrosion, Only the base without V was moderately o*:,Vod0k.

Microstructures of the tested specimens are shown in Figures 64 and 65o -The

base and the doped alloys all appeared to b3 about equal in terms of integranular

penetration. Alloy depletion wag generally less in the doped alloys than in

the base probably caused by more adherent oxide formation on the doped alloys.

Concurrent with the testing f Phase II alloys a series of Phase I alloys *ere

tested in both the "drop cast" and investment cast conditions. "Drop" or

iJ chill casting of Rene' 100 type alloys results in a higbly refined microstructure

and much better dirtribution of the rare-e.-arth containing phases. A comparison

of typical structures is made in Figure 66. It is expected that more efficient

utilization of the doping elements can be obtained in, a more refined structure.

Also, the minimum dopant level required for surface stability will be lower the

better is the distribution. The objective of these test. were to better deteralne

the minimum required dopant level with a near-ideal dopant distribution.

further objective was to provide comparisons with earlier tests where ft

additions were found to be required for hot corrosion resistance. The results

of these tests are presented in Table XXX. In cases where a comparison can be

-nade, "n appears to be beneficial., however., the effects of structure, as

controlled by casting technique, overshadow compositional effects. Rene' 100

base alloy exhibits poor corrosion resistance regardless of the microstructure,

Most of the alloys exhibited very significantly better corrosion resistance in

the "drop cast" condi-ion. This is attributed to the improved distribution

of the rare-earth containing phases in the "drop cast" alloys. Typical micro-

structures of the tested alloys are shown in Figures 67 and 68. Figure 67

compares the drop-cast with investment cast 0.13 w/o Y alloy. The drop-cast

matarial exhibits a much finer microstructure and much better corrosion resis-

3 tance. Additional alloys are shown in Figure 68. In 68a, the base ailoy, drop-

cast., exhibtits no signifLcant improvement even though the structure is refined.

In 68b is shown the 0.24,w/o Y alloy which exhibited improved corrosion resistance

in spite of the coarse grain structure present in the investment cast material.
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The above ,tests demonstrate that both compositional and structural variables

play a significant role In the hot corrosion behavior. Alsoj the results provide

~a plasi~ble xplanatIol for the wide variation in hot corrosion behavior of

lnvestment cast material even f ram the smem alloy and same casting. A wide

variety of structures can, end are found in a single casting and thus resnlt

In a variable "espouse to a corrosive environment. It is apparent that rare-

earth eleants in vocentrations greater than aboat 0.1 a/o are required for

hot corrosion resistance even when the structures are near ideal (drop cast).

In Investment cast material the amount required must depend to a larger degree

on the structure but amounts of the order of 0.2 &/o appear to be minimal.

10.3 Identification of Reaction Products

The reaction products formed on Rene' 100 alloys in both Phase I and II were

examined in atteapting to explain the oxidation/hot corrosion behavior of the

arlloys. Th resotion products formed during static and cyclic oxidation testing

at! 1609 and 1800OF as determ! ned by x-ray dif frac(tion analy3is are summarize(.

in Tables XXXI through XXXIII.-

Referring to Table XXXI little difference is observed in the reaction products I
formed on various doped Rene' 100 spaciwens after 1000 hours exposure at 16000F.

The principal reaction. products formed ar NiO, cubic spinel. and 8. perovskite

phase NiTiO3 o The lattice parameter (a w 4.19A ) of the NiO phase observed

on these alloys is intermediati between pure NiO (a = 4.178A ) and CoO

(a u 4.26 A ) indicating the oxi-e may actually be (Ni, Co) 0. The lattice

parameter of the spinel phase (a - 8.32 A most likely represents a (1ii, Cu)

Cr 04 oxide phase. The parameter of thE spinel of the Mn containing ailoys I
is no different Indicating little Mn present in the spinel. Contrary to earlier

work the d additiong do rot appear to promote spinel formation.

The reaction products formed during the 1800*F exposure (Table XXXII and XXXIII)

Indicate the following:

(1) The relative resistance of the alloy is related to the intensity

of the matrix lines and for static oxidation specimens the mount

of spluel formed, The preater' the matrix Intensity - the greater

the amount of spalling. and the more predominant the spinel phase-

the most oxidation renistant the alloy.

I
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(2) Oxide exfoliation initially occurs at the N10/spinel interfaco

J and subsequentl, at the spinel/NiTiO3 interface,

(3) The lattice parameter of the cubic spinel was found to vary from

a a 8,OA to a - 8,35A implying a mixture of NI. Co., Cr and A..-

Mn additions do not promote spinel formation.

(4) The lattice parameter of the matrix decreased rith decreasing

IJ oxidation resistance. This no doubt reflects a decrease of solute

elements witbin the alloy depletion zone to yield nearly pure Ni.

(5) Those alloys exhibiting poor resistance Indicated the presence

of TiO2 and A1 2 03l indicating these compounds formed as internal

oxides which were exposed due to excessive spalling.

( (6) Al1hough there were isolated diffraction patterns with one or two

unidentified lines, no connection between these "unknowns" and

rare-earth containing oxides could be established. Hence., rare-

earth containing oxides could not be detuted using this technique,

iThe oxdation products formed during catastrophic oxidation at 2000*F indicate

principally NiO (a = 4.18A ) and Spinel (a = 8,30A ). The postulated

•• I low melting compound oxides of V2 % + (R )2 03 were not detected by x-ray.

In the absence of catastrophic oxidation at 2000F,, the spalled oxidation

products are also NiO and spinel as Indicated in Table XXXIII * At 200001

the alloys which exhibit the best oxidation resistance form Ali0 - rich oxides,

occurs and results In layer formation rather than internal particle formation

such an occurs at 1800MF The beneficial effect of the doping elements at

the higher temperature would appear to be in prooting the formatiot a a

protctive A 3 03 film, However this effect is not clearly indicated by th*

- present data.

11.0 NEOIANXCAL PROPWIRlS CV PHASE 11 ALLOTS

Phase It alloys were evaluated foi tensile and stress rupture propertieS:

I The results of 1300oF tensile tests are shown in Table XXXIV. The tensile
I I strength and the ductility of the alloys are coaparable to the Lase Reno' 100

~allocy.
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Stress rupture data are presented in Tables XXXV through XXXVIII. In general

the strengths of the doped alloys are equal to or higher thau the base at

1500OF in high stress, short time tests. In long time Itesta (100-200 hrs.) at

1500'F the alloys are about equivalent although considerable scatter is evident.

At 1800*F/27.5 Ksi some of the doped alloys are equivalent to the base in

both rupture life cnC ductility. At 18000F 20 Ksi the base sl.oy exhibits better

life and ductility than the doped alloys. Rupture ductility, particularly the

L.A., is low in the doped alloyG in the long tMne 1800°F tests and in some cases

probably limits the strength. Alloy #40 exhibits the best strength properties

of the Phase II alloys both at low and high temperatures. The rupture strengths

of the betcer alloys lie within the expected scatterband for Rene' 100 alloy

as indicated in Figure 69.

12.0 DISCUSSION

The results of this investigation have demonstrated that the addition of small

amounts of reactive "doping" elements can significantly improve the surfuce

stability Of Ni-base superalloys. However the attainment of significant improve-

ments in surface stability is not without some sacrifice in other properties

such as workability (in the cate of wrought alloys) or strength and ductility

(in the case of cast alloys).

Considering first the wrought alloys, the principal problem with high strength

Ni-base superalloys is the hot working characteristics. In order to provide

alloys with increased high temperature strength total alloying contents must

necessarily be increased. Therefore solution temperatures foez phases such as

$ are increased and thi minimum hot working temperature is increased. At

the same time, however, the solidus temperature is decreased because of the

increased alLoying. The hot working tcmperature range becomes almost impossibly

narrow. For an alloy of the Astroloy type the range is 50 to 1000F. For AF 2-IDA

the range is somewhat greater on the high temperature end due to the high carbon

level which inhibits grain growth. However, the addition of rare-earth type

elements result in formation of low melting cumpounds which rarrows the hot

working range. Most of the successful applications of "doping' principlea

have been in wrought alloys because working of the structure results in more

uniform distribution of the low melting phases. More efficienst use of the

dopant is obtrined with less detrimental effect on mechanical properties. Also,

a larger amount of dopant can be added without reducing mechanical properties.
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In considering future direction it would seem necessary to broaden the hot

working range by adding dopant cmpounds having higher melting points or by

starting with a more homogeneous material/such as for example might be

produced through powder metallurgy techniques.

Turning to the cast alloys such as Rene$ 100, additions of even small amounts

of "foreign" elements cannot be considered as "minor"additiona * The chemical

compositions of high strength turbine hlame al.loys are highly balancedo

This is necessary to obtain nearly equal matrix and grain boundary strengths.

Addition of very small amounts of Zr and B have profound effects on the

p"operties of NJ-oase superalloys. It is generally agreed that these elements

operate. on grain boundary regions in an as yet incompletely explained manner.

It is not too surprising then that rather large amounts of "dopants" (large

compared to Zr and B contento) adversely aftect the mechanical properties.

As indicated in Figure 59, the rare-earth compounds in the grain boupdaries

can occtpy a large fraction of the boundaries. Extensive microprobe studies

have shown that tha compounds lie in dendrite and grain boundaxies - not in

the natrix.

The r'esults of Phase II demonstrate that near-parent-metal properties can

be retained in an alloy which conteins ~ 0.03 a/o Gd. Further, some improve-

ment in surface stability was aoted although the degree of improvement appears

minor. It is possible that under actual service conditions, where the hot

corrosion environment is much less severe than in the lab tests. the degree

of improvement could be significaut.

13.0 CONCLUSIONS

From the results of this investigation tho following conclusions are offerred:

(1) Reactive metal additims can sigpificantly improve the surface

J stability of Ni-base superalloys.

(2) In cast alloys the amount of doping elements required for significant

I surift e stability improvement seriously lgrade the mechanical properties.

(3) In wrought alloys, dopants seriously impair hot workability throaigh

a lowering of the solidus temperatture.
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14.0 RECOMMENDATIONS

Future effort on improvement of the surface stability of complex alloys

through addition of reactive element additions should bo concentrated on

2 frontoi: First, consoltdation of the alloys should include techniques

which will result in a grctly improved distribution of the reactive element

phase. In this wayv, improvements in surface stability without loss of

mechanical pr-uperties may be obtained. At the present time powder metallur-

gical techniques would appear to offer the most promise for a .uccessful

demonstratton. Secondly, considerable effort should be expended in deter-

mining the basic mechanisms through which reactive metal additions improve

surface stability - particularly with respect to effects on "hot corrosion"

resistance. This is particularly challenging because the hot corrosion

behavior of conventional alloys is relatively imperfectly understood. Better

understanding of the reactions which occur in service environments could

eventually result in the development of alloys which exhibit significantly

superior combinations of strengfh and surface stability.

4
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TABE II

CHEMICAL ANALYSIS OF NICKEL MASTEr, ALLOYS

Nolminal~a) Actual * Actual *

tsteer Al Up w/o R.N. w/o R.E. w/o Ni

NLSL& 32.1 34.2 68.4

Ni.Ce 32.3 33.9 67.3

Ni5Gd 34.8 36.5 65.3

20.0 22.8 78.2

NisTh 44,2 46.0 55.8

Nis (W)** - 33.4 67.7

Nimn 50.0 50.7 48.9

i.E. reactive elewent

(a) Assuming Stoichiometry

* Total More Than 100%

**Y Rich Mtschaetal
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TABLE V

DATA FOR THE RE-EXTRUSION OF DOPED UNITSMP AF 2-iDA ALLOYS

Alloy Minor Element Extrusion Extrusion Max Max Ram Extrusion

No. Heat Addition(w/D) Temp (*F) Ratio Load (Ksi) Speed (IPS) Condit:ion(a)

1 KB2178-1 Base 2025 8.9:1 124 2.75 FaJ.r*

12 KB2178-2 0.3lLa 2025 9.1:1 128 4.5 Poor*

8 KB2179-1 O.2lLa+0.8Mn 1975 8.8:1 108 3.0 Pocr*

9 KB2179-2 O.42La+O.8Mn 1975 9.0:1 117 5.0 Pocr*

6 KB2180-1 0.2lCe+0.8Mn 1975 8.9:1 128 6.0 Pocr*

7 KB2180-2 0.42Ce÷0.8Mn 1975 8.8:1 130 6.0 Very Poor*

4 KB2181-1 0.23Gd+0.8Mn 2025 9.1:1 84 2.75 Good

5 KB2181-2 G.46Gd+0.8Mn 2025 9.1:1 S9 3.0 Good

10 KB2182-1 0.32Th+O.8Y 2025 8.9:1 101 2.75 Good

1t KB2182-2 0.4'•4+0.8Mn 2025 9,0:1 100 3.0 Good

13 KB2183-1 0.8Mn '¾2?5 9.0:1 101 3.0 Good

2 KB2133-2 0.14Y4ý'.8Mn 2025 9.1:1 99 3.0 Good

3 :;32183-3 0.28Y 0.81wi 2025 8.4:1 100 3.0 Good

8 K$•279-IN 0.2lLa+0.8Mn 2025 6.9:1 136 3.0 Fair

9 KB-1 79-2T 0.42La+0.8Mn 2025 6.9:1 136 3.0 Poor

6 K1B2180-1N 0.2lCe+0.8Mn 2025 7.1:1 116 3.25 Fair

7 KB2,1b0-2T 0.i2Ce+0.8Mn 2025 7.1:1 116 3.25 Poor

1 KB2178-1N Base 2025 7.4:1 126 3.0 Good

12 KB2178-2T 0.3lLa 2025 7.4:1 126 3.0 Fair

* Were extruded again (last 6 extrusio.is).

(a) based upon visual, radiographs and load cells on extrusion ram.

ISI
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TABLE vi

C.ONC)ENTRORTION OF DOPANTS IN PHASE I RENE' 100 ALLOYS

Niominal Actual Actual
Alloy Nc. i/o R.E. w/o Mn w/o P-E. W/O Mn- a/o R,.S

is 0.14Y I0.13Y -0. 09k?
16 0.28y - 0.24Y -0.17y

17 O.23Gd - 0.2OGd - 0.09Gd
18 0.46Gd - 0. 53Gd - 0.23Gd
19 0.21Ce - 0.lSMe - 0.O9Ce
20 0.42Ce - 0.42Ce - O.2lCe
21 0.2lLa - 0.24La - 0.l2La
22 0.42La - 0.24La - 0.l2La
23 0.32Th - 0.20Tbk - 0.06Th
24 0.64Th - N.D. - N.D.
25 0,25MM - 0.2MM - k.~. lmm
26 0. 50MM -0 .. )4Jfl -OR

27 0.31L& 0.2 0.251a 0.2/0: 4 0.12L&
28 0.31La 0.5 0. 01~ "J 0.8 Nil
29 0.3lLa 0.8 0.3lLa 0.72/0.62 0.1.5La
30 0.15La+0.2Th 0.25 0.12La+0.l8Th 0.22/0,25 .C6La+.O6Th
31 0.15La+O.2Tb O's, 0.IlLa-1-0.l7Th 0.72 .O6La+.O6Th
32 0.1Y40.2Th 0.25 0.07Y-i0.3.6Th 0,24 .05Y+.O5Th
33 0.1Y+0.2Th 0.8 0.087+0.l8Th 0.69 .06Y4-.O6Th
34 0. 2C e+0.3T 3M .3 0.5
34 0.2Ce+0.31Tr. (i2

N.D. Below Detectable Limits
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TABLE IX

SUMMARY O0 RATF CONSTANTS R THE

C .IDATION OF AP 2-IDA (Tr KC, 1564)

TEST NO. RATE CONSTANTS

"C-1 1400 KV3. 8 5 X 10-7 (300 - 4800 MIN)

C-3 1600 Kj.9.36 X 10- (10 - 40 MIN)
TRANSITION (100 - 3000 MIN)
Kplm2.0 X 10-7(3000 - 6000 MIN)

C-9 1600 KLi3.34 X 10-6(10 - 40 MIN)
KpT7.64 X I0-7 (200 - 1500 MIN)

C-5 1800 KL.a5.0 X 10-r (10 - 40 MIN)
KpIm4.87 X 16-'(360 - 6000 MIN)

C-11 1800 KL,.4.20 X 10-"(0 - 30 MIN)
Kpl=6.11 X 107 (1000 - 600( MIN)

C-13 1900 KL1.2.0 9 X 10'4(1 - 20 MIN)

Kpi=2.76 X 10-5(100 - 3600 MIN)
Kpii-1 .67 X 10 r(3600 - 6000 KIN)

C-4 2000) K:5. 7 5 X 106'(1 -10 KIN)
KpI. 2 .1 7 X 1074 (20 - 120 MIN)

WPll.l.91 X 107-(1000 - o000 KIN)

C-10 20(00 INLS. 50 X 10-1 (1 - 15 MI? )
KPr 1. 40 X 10-4 (500 - 10(,0 MIN)

Kp1 1 l.7 2 X 10-6 (1800 - 1,000 MIN)

c-2 2100 xplul. 2 1 X i0'4 (500 - 22)0 I•N)
Kp1 I4.50 X 160 (2200 - 4800 MIN)

C-12 2100 Kprm4.5 X 10-4(100 - 101n MIN)

Kpjm1. 2 3 X 107"(1800 - 4000 MIN)

KLommg/cIIa/p~e, KIII 2 /CI4 /Poec
Values in parenthesis indicate time durkng which each rato cannsl:nt ,,ppltie.
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TABLE X

8T,'V1- OXIDATION OF UNITEMP AF 2-IDA*

Isotherr• I

Temp Time Spec. Wt. Gain (a) Spa11Ing Loss(b) Total Wt. Change(c)
rs. (mg/cM (mg/cm) (mg/cm )

"1800 100 +1.314 0.128 +1.442
1800 400 +0.368 2.979 +3.347
2000 25 +0.815 0.663 +1.478
2000 100 -0.358 3.753 +3.328
2000 400 -4.014 9.233 +5.219

.Cyclic ( d)_

1800 100 +1.314 - +1.242
1800 200 +1.714 0.157 +1.871
180) 300 +2.100 0.199 +2.299
1800 400 +2.428 0.199 +2.627
1800 500 +2.693 0.428 43.127
1800 600 +2.613 0.957 +3.570
1800 700 +1.785 1.927 +3.712
1800 800 -2.256 6.425 +4.169
1800 900 -3.318 7.416 +4.098
1800 1000 -6.526 10.595 +4.069

2000 25 +0.815 0.663 +1.477
2000 50 +0.195 1.712 +1.947
2000 75 -2.361 4.556 +2.430
2000 100 -2.872 5.289 +2.568
2000 125 -3.286 5.938 +2.872
2000 150 -3.452 4.791 +1.533
2000 175 -3.659 4.971 +1.491
2000 200 -3.742 5.413 +1.726
2000 225 -4.101 5.828 -r1.727
2000 25)0 -4.529 6.477 +1.948
2000 275 -5.772 8.106 +2.334 J
2000 30) -. 17.9 8.244 +2.265
2000 325 -6.4u;" 8.892 +2.485
2000 350) -8.740 11.007 +2.267
2000 375 -9.666 11.934 +2.268
2000 40M) -10.812 13.146 +2.334

* ItKC 1564
(a) Weight change of specimen only.
(b) Algo.4rlt•" sum of (a) - (b) represent,( oxido lost through spoiling.
(c) Total W*ight chont- of cruclblv contnining specimen and spalled

pro(lu'tS (corre ted 1tei" cruc•bleC *. cnango).
(d) Cycled t1, rom iemperature ul vavh tii-e interval.
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TABLE XIII

REACTION PRODUCTS F~ORMED DURINC OXIDATIONI

OF VARIOUS DOPEI) AF2-1DA AL' rWy

1800 F/1000 Hr.

w/o Wt. Gain(3) Type
A11m-# Additions (!Spec. R*14.tion Prodmctsi

1-8A Base 5.57 (1) NiO(vs)4SPinel(% =.351d(i)4T102(a)

1-8A Base 5.57 (2) Spinel(a,8.33Jb(va)+Ni0(n)

2-9 G.11Y+O.8uh 5.40 (1) Spinel(%b=8.35j)(vs)+NiTiO5(u)

2-9 O.IIY+O.8Mn 5.40 (2) Spinel(% =8.351.)(vs)

11-9 0.64Th+O.8Mn 13.91 (1) NiO(% =4.17)j(s)+Spinel(mk=S.3fA(m)
frTiO(m)Cr,0 3 (m)

11-9 0.64Th+0.8Ki 13.91 (2) NiO(%=4.i9j)(s)+SpiaeJ,(% -. 341)(s)
+ Cr.3O8 (w)+T108 (vvw)

13-8A 0.8un 4.49 (1) Spin*1(ao4.351)(vs)+WiTIO3 (vvw)

13-OZ (s.Bun 4.49 (2) S&tnel (sb8.131)(vs)

Iwof F/3-100 Hr. Cycles

1-8 Base 2.19 (1) TiO5 (9)4Cr.03(&)+gatrix(m)

2-9 0.11Y+O.m3 0.39 (1) Spinel(a%8.321b(s)+NiO(s)*ViTIO8 ,(a)

11-8 0. 64Th +0. 8.n 2.76 (1) K 10(va) +Spinel (m%8=. 401) (S) 4Ti(%Vw)

13-8 0.Sun 1.04 (1) 8 pin,-I(so%8. 341) (vs) +KiO(w) +KatrLx (w)
+TiO2 (w)+NiTiO3 (w)

2000'r/i000 ar.

1-11 Base 8.06 (1) Ti0 (a) +-A 12O.(m ) +5pi no I(% =. X0A)

2-11 0.1IY+O.gmn 8.28 (1) Spine1(f%08'10k)(s)+A120 3(*M) TiON(a)

11-11 0. 34Th -0. SIMi 19.71 (1) S pi no),(8%4a. II)(v s) +A IS03 (a) 4102(K.)

15-11 0. "n 16.4 (1) S i -. 1 ()*lO,()+1 a

s~t~~flj, e'%d~um, *-weak-, V-vory

(1) Ox~ds in citu.

(2) Spelled oxide producca

( 3) Total specibmen wt. galAi pluies~d pzvducto



TABLE XXV

SUMMARY OF IylDATION RATE CONSTANTS FOR SOME DOPED RENE 100 ALLOYS

1800 F

Test Alloy
No. No. a/o R.E. + w/o On KPI z a) KPI (b)

* - Base 1.5 x 10-5(10-400 Min) 3.0 x 10-6(400-6000 Min)
C-47 14 Base 1.20 x 10-I Q(O-900 Min) 2.22 x 10-(900-6000 Mn)
C-25 15 .09Y 1.30 x 10-'(20-2300 Min) 5.41 . 10-6(2300-6000 Mi)
C-51 17 .69Gd 6.00 x 10-B(50-150W Min) 2.62 x 10-1(1500-4200 Min)
C-49 18 .23Gd 1.47 x 10-5(20-500 Min) 3.48 x 10-6(040-6000 Min) 1
C-33 1.9 .09Ce 7.40 x 10"5(10-400 Min) 1.50 x 10-5( 4 00-6000 Min)
C-27 20 .2lCe 3.12 x 10-6(10-6000 Min)
C-28 21 .12La 2.04 x 10"6(10-625 Min) 2.65 x 10-6(625-6000 Min)
C-48 23 .06Tm 1.76 x 10"5(20-900 Min) 1.36 x 10-6(900-6000 Min)
C-37 25 -. ;0 m 4.30 x 10-r(10-500 Min) 1.16 x 10-6(1800-6000 Min)
C-39 27 .12La *.Un 1.38 x 10-4(10-600 Min) 1.59 x 10-5(700-6000 Min)
C-43 28 Nil , .3FA 4.94 x 10-(10-900 Min) 6.29 x 10- 6 (900--6000 Min) I
C-46 30 .06LA.06Th+.22•n 4.35 x 10-5(170-625 Min) 9.55 x 10-s(625-6000 Min)

C-50 33 .OGT+.*6Th+.69M1 1.14 x 10"6(50-3000 Alin)

2000*F

* - Base 6.8 x 100(0-150 Min) 3.7 x 10-(400-6000 Min)
C-24 15 .09y 1.80 x 10-4(10-,.50 Min) 2.29 x 10-(300-6000 Min)
C-32 19 .09Ce 5.26 x 10-(1O-80 Min) 2.91 x 10-:-(30-500 Min)
C-26 20 .21Ce 2.14 x 10-3(20-700 Min)
C-30 22 .12La 1.42 x 10-3(10-250 Min) 1.12 x 10-"(250-1030 Kin)
C-36 2& -.. IOMn 2.79 x 10-3(10-350 Min)
C-38 27 .12Lt + .2•n 1.17 x 10-(1O-200 Kin) 4.32 x i0-4(200-3tit)0 Mi~l)
C-40 28 Nil , .38Kn 2.01 x 10-3(10-840 Min)
C-41 29 .15SL +.67Wn 1.30 x 10- 3 (10-50 Min) 4.69 x 10-2(50-80 Min)

C Avg. rate const'•Its from previous tests on Reni 100

(a) Kpj Initial par,,bol;c e'ate constant (m/caP/sec)

(b) EpI Secondary paraboQLc rate co0stant (&g2 /cU4/seC)

Values In pa-enthtsls indicnte duration which ra e constant applies
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EFFECT OF i80O(f°F CYCLIC OXIDATION ON THE

'WEIGHT CHANGE OF VARIOUS DOPED RENE 100 ALLOYS

Total Weight Change (mg/cm2 )(a)
S£11oy w/o No. of 110 Hr. Cycles(b) _

NO. a/0 R•E, ALI 2 3 4 5 6 7 8 9 10

14 2,15 2.86 3,29 4.02 4.58 5.33 5.72 6.13

15 .09Y 2.20 2.67 2.62- 3.15 3.36 3.68 3.51 4.28 4.99 5.44

i6 .17Y 1,64 2.13 2.17 2.14 2.CO 2.75 2,61 2.67 2.78 2,87

O17 09Gd 1,92 2.43 2.61 2.86 3.11 3.28 3.25 3.42 3.58 3.95

".8•3d - 1.85 2.37 2.24 2.31 2.08 . . . . .

19 .09C- 2.73 3.83 3.05 2.83 5.15 6.77 8.87 12.92 16.25 18.79

20 .21C' - 3.52 7.02 7.47 8.31 13.12 17.73 20.98 27.17 28.18 31.88

21 .l21a - 2.95 6.26 4.67 1.32 1.07 4.64 8.60 13.80 17.65 21.75

22 ,12La - 2.59 4.82 5.16 -0.14 3.53 4.74 8.67 8.77 iz.45 13. 6

23 .06T-h - 3.01 3.73 4.82 6.41 8.20 9.88 11.87 15.80 19.51 23.03

24 e<.011Th 2.16 2.54 3,28 4.70 6.00 6.97 8.08 10.04 12.08 14.35

25 -.O. 1M - 2.22 3.37 4.31 5.68 8.51 11.10 12.34 17.25 19.75 23.80

26 ,,,,.2MM - : 31 5.18 5.87 8.46 12.90 16.72 21.91 26.84 20.85 35.47

27 .12La .19 .- 43 2.36 2.38 2.82 3.05 3.40 3.68 4.50 5.21 6.20

28 Nil .38 1.88 2.58 2.45 2.38 2.75 2.62 2.49 2.41 2.60 2.68

29 .15La .67 2.38 3.70 4.02 4.24 5.31 6.65 7.49 9.09 10.60 14.77

30 .66La+.06Th .23 1.76 2.56 2.69 3.02 3.04 3.49 3.86 4 70 5.40 6.90

31 .06La+.O6Th .72 2.41 3,20 3.71 4.63 6.36 8.04 10.G8 13.05 16.08 19.65 i
32 .O5Y+.O5Th .24 - - - - - 3.30 3.46 3.68 3.37 4.39

33(c) .06Y+.06Th .69 1.74 1.67 1.96 2.18 2.29 3.01 4.15 - - -

34(-) .09Ce+.lOTh .25 3.33 3.57 5.44 6.62 7.94 11.97 15.38

3 5 (c) .09Ce+.lOTh .80 4.02 4.81 6.99 8.67 12.37 15.73 18.79 - "

(a) Total weight change of specimen assuming all reaction products rcmainedadherent. - Ave. of duplicate specimens.

(b) Cc.wled to room temperature and weighed after each cycle.

(el Data questionable due to anomolous crucible behav-ior.
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TABLE XVII

EFFECT OF 1800 F CYCLIC OXIDATION ON THE

:-;ADRFRIFNC] OF VAR OUS 9O)pEDIt EIE 100 AL1LOYxS

"Amount of Spalling (mg/cm2)(&)
Alluy w/o No. of 100 Hour Cyclesk0  -

No. a/o R.E. Mn 1 2 3 4 5 6 7 8 9 10

14 - - 0.21 0.74 1.96 3.67 4.32 7.10 9.11 11.03 13.13 16.68

"15 .09Y - 0.08 0.32 0.28 0.76 1.12 1.38 1.79 3.38 7.99 10.50

"16 ..17Y - 0.07 0.31 0.08 0.11 0.49 0.50 0.44 0.43 0.59 0,70

17 .09Gd - 0.16 0.43 0.61 0.78 1.27 1.63 1.83 2.46 2.87 3".90

1 8(C) .23Gd - 0.41 -0.04 -0.27 0.04 0.21 - - - -

19 .09Ce - 0.06 1.11 3.88 10.65 20.84 30.03 46.85 67.77 84.52 100.46

20 .21Ce - -0.02 4.77 8.42 36.83 57.02 80.01 101.72 124.65 142.30 158.84

21 .12La - -0.02 6.10 8.11 24.98 28.64 50.79 74.36 97.33 116.25 134.61

I 22 .12La - 2.03 3.95 5.37 14.42 32.43 35.82 57.94 68.90 87.92 100.72

23 .06T," - 0.35 0.64 4.35 11.07 17.21 23.86 32.83 55.43 94.16 91.38

I 24 <.OOITh - 0.20 2.70 7.24 12.76 18.47 25.07 30.86 41.98 53.25 65.46

25 _0.1MM - -0.12 0.51 2.72 10.70 24.38 37.68 45.77 70.20 82.09 99.74

I 26 -0.2MM - 0.34 4.55 18.34 27.14 45.02 66.68 89.32 113.03 134.19 157.58

27 .12La .19 -0.03 2.34 0.13 0.22 0.47 1.29 2.33 3.93 6.56 9.76

28 Nil .38 0.09 0.51 0.78 1.04 1.59 1.38 1.96 2.06 2.38 2.70

I 29 .15La .67 0.08 0.46 0.69 0.95 . 2.46 6.29 14.14 18.47 35.29 56.84

30 .06La+.O6Th .23 -0.19 0.12 0.23 0.45 0.54 2.12 3.07 6.36 11.49 17.48

I 31 .96La+.06Th .72 -0.06 0.25 2.08 5.27 12.18 21.17 28.99 49.20 64.Ld 74.31

32 ,05Y+.05Th .24 -0.04 0.73 1.12 1.24 1.86 1,90 2.44 3.51 4.15 6.16

I 3 3 (c) .06Y.+.O6Th .69 0 -0.20 -0.20 0,36 2.14 7.09 11.76 - - -

34(:) .09Cc+.lOTh .25 0.35 0.12 6.77 9.93 20.80 45.23 62.41 - - -

I 35(ý') .09Ce+.10Th .80 0.36 0.57 18.34 '23.00 98.26 74.20 79.23 - - -

(a) Wcight of spall-ed products collected in the crucible per unit original spec.

surface area - average of duplicate specimens

(b) Couled to room temperature between cycles1 (c) Data quebtionable due to anomolous crucible behavior.
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TABLE XVIII

)IPrHI CF METAL ATTACK DURING CYCLIC OXIDATION AT 1800 F;

DOPED REN9 100 ALLOYS

Alloy Spalling AFFECTED METAL (MILS/SIDE)No. ao R. H. w/o Mn (wg/ci,?) Gross Attackku) Max. Attack(b)

4 - - 16.68 0.8 2.8 (c)
15 .09Y - 10.50 1.8 4.2 (c)I
16 .17Y - 0.70 0.5 2.9 (c)
17 .O9Gd - 3.80 0.3 2.6 (c)
18 .23Gd - 0.21* -
19 .09Ce - 100.46 6.3 11.1 (d)
20 .2lCe - 158.84 8.0 11.4 (d)
21 .12La - 134.61 7.0 10.2 (d) T
22 .12L-. 100.72 C.9 10.5 (d) A
23 .Ob~h - 91.38 6.3 19.5 (d)
24 <.OOTh 65.46 4.2 5.6 (d)
25 -.1 MM 99.74 5.1 8.5 (d)
26 -.2 MR - 157.58 8.1 10.8 (d)
27 .12La .19 9.76 0.1 1.7 (c)
28 Nil .38 2.70 0.6 1.7 (d)
29 .15La .57 56.84 4.4 9.4 Wc)
30 .06La + .06Th .28 11.48 0.1 2.5 (c)
31 .06La + 06Th .72 74.31 3.6 5.7 (d)
32 .05Y + .05Th .24 6,16 0.4 2.5 Wc)
33 .06Y + .06Th .69 1.47* -
34 .09Cc + 10Th .25 20.08*
35 .09Ce + 10Th .80 47.65* -

* Spalling after five cycles - tests still in progress.

(a) That metal loss due to formation of massive surface oxide (including spalled
oxide). Determined by measuring unaffected cross section.

(b) That metal loss due to (a) plus any I.G.A. and 1.0. or max. penetration where
scale is irregular measured as above.

(c) Erratic scale with little or no 1.0.

(d) Uniform scale with I.G.A. or 1.0.
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TABLE XX

COMPARISON4 OF CYCLIC AND STATIC OXIDATION

OF SOME DOPED RENE 100 ALLOYS

1000 hr/1800F

Cyclic (a) Continuous
Alloy Specimen Total Spalling Specimen Total Spalling

No. (M/cmM2) (mg/cm2 ) (mg/cm2 ) (mg/cm2 ) (mg/cm2 ) (mg/cm2 )

14 -10.55 6.13 16.68 1.82 3.07 1.25
15 -5.06 5.44 10.50 2.12 2.29 0,16
16 3.57 2.87 0.70 - -.

17 0.15 3.95 3.80 - - -

18 2.29* 2.08* 0.21* 2.75 3.74 0.98 1
19 -81.67 18.79 100.46 -42.02 19.16 61.19
20 -126.96 31.88 158.84 -48.28 18.88 67.17
21 -112.o6 21.75 134.61 -37.54 16.08 53.61
22 -87.06 13.66 100.72 -33.63 15.80 49.43
23 -68.35 23.03 91.38 - - -

24 -51.11 14,35 65.46 - -

25 -75.94 23.80 99.74 -13.43 9.36 22.79
26 -122.11 35.47 157.58 -43.13 19.62 62.76
27 -3.56 6.20 9.76 2.56 2.52 -0.04
28 -0.02 2.68 2.70 2.11 2.56 0.45
29 -42.07 14.77 56.84 2.28 3.43 1.15
30 -W0.58 6.90 17.48 -1.12 4.70 5.82
31 -55.66 18.65 74.31 -27.85 12.27 40.12
32 -1.77 4.39 6.16 -0.49 4.10 4.59
33 0.36* 1.63 1.47* -1232,1 -1.22 "1.14

34 -12.86 7.22* 20.08* -4.63, 3.22 11
35 -35.89* 11.76* 47.65* -14.03 7.21 21.29

400 hr/2000 F

CycI ic b) Continuous

15 -38.3 13.4 51,7 -3.37 3.96 3.62
19 -517.5 212.0 729.5 -111.89 44.32 156.22

20 '-339.5 1,17.0 486.5 -127.53 46.93 174.52
21 -545.0 184.0 729.0 -68.19 26.89 95.08
22 -286.6 74.9 361.5 -65.67 25.56 91.23

(a) 10-100 hiur cycles to room temperature

(b) 16-25 ho,'" cyclo.s to room temperature

* 5-100 hou'r cycles completed - Data Questionable
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J TABLE XXI

3 E,•-P T OF RAUE EARTH ADDITIONS ON TIM

HOT CORROSION RESISTANCE OF DOPED RmE' 100

(1700oF/5O Hr in 100 ppm N'%0 4 + NaCl)

Depth of Attack
Alloy (Sils/dla)

No. a/o R.E. Gross%") Total-J Metallographic 1ý1scription

14 - -59.0 -48.0 Massive Oxidation and Sulfidation

15 O.09Y -20.7 -22.Z* Massive Oxidation - Sulfidation
Looks Like Iýtectic

16 0.17Y -22.3 -27.0 Massive Oxidation - Littl.e u.lfidza'ion

17 0.09Gd - -49.1 Massive Oxidation - Medium Suliidation

18 0.23Gd - 0.2 - 2.8 Medium Oxidation - Heavy Sulfidation

19 O.09Ce - 7.4 - 3.5 Massive Oxidation - Few Sulfides

20 0.21Ce - 1.9 - 3.7 Massive Oxidation - Few Sulfides

21 0.12La - 1.2 - 2.3 Little Oxidation - Very Fine Sulfides

1 22 0.121a - 0.2 - 1.6 Little Oxidation - Very Fine Sulfides

23 O.06Th -. 6.3 -15.5 Massive Oxidation - Heavy Sulfidation

24 :0.02Th -40.0 -50.6 Massive Oxidation and Sulfidation

(a) Depth of Wassive O•.le/Sulfide Attack

I (b) Total Attack Includi,•g Internal Oxides and Sulfides
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TABLE XXII

.7

INFLUENCE OF DOPING ADDITIONS ON THE

1300 F TENSILE PROPERTIES OF RENE 100

.02% 0.2%
Alloy a/o w/o UTS Y.S. Y.S. R.A. Elong
No. R.E. Mn (Ksi) (Ksi) (Ksi) (%) (%)

- G.E. Spec 120 - 100 8.0 -

14 - - 140 85 104 15.0 10,0

15 .09Y - 125 94.5 110 6.5 1.5

16 .17Y - 58 58 * Nil I I
17 .09Gd - C5 61.6 * Nil Nil

19 .09Ce - 117 97 115 5.0 1.5

21 .12La - 112 90.9 108 4.5 1.5

23 .06Th - 114 91.5 107 6.5 1.5

24 ,-.02Th - 117 91.9 106 8.0 2.5

25 l.o0w - 33 31 * Nil Nil

27 .12La .2 29.1 27.4 * Nil Nil I
28 NiL .38 111 86.5 105 4.5 i.5

29 .15La .67 68.5 68.5 * Nil Nil 1
31 .06La+.O6Th .72 106 91 106 Nil Nil

33 .06Y+.06Th .69 99.5 83.2 99.3 ,'v 1.5

35 .09Ce+.lOTh .8 bO.5 5015 * 0.5 1

* Specimen broke before 0.2% Y.S. was obtained
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TABLE ZXII,

INFLUENCE OF DOPING ADDITIONS ON THIE CREEP

RUPTURE PROPERTIES OF UNo 100

15001F/68 ksi )
Alloy Time (brs) Rupture

No. a/o R. E. w/o Mn To % Creep of Life R.A. Slong
0.1 0.2 0.5 1.0 (hrs) ( %) 1W

14 - - 0.1 0.7 6 21 106.2 15.0 10.3

15 .09Y - 0.05 0.3 - 0.6 1.3 2.2

16 .17Y - - - FOL 1.3 1.4

17 .09Gd - 0.1 0.2 2.4 - 4.0 1.3 1.2

19 .09Ce - 0.3 - - - 1.3 0.@ 1.4

21 .12La - 0.4 - - - 1.1. 1.0 1.8J 23 .06Th - 0.2 0.3 - - 4.5 0.7 1.7

24 <.02Th - 0.2 1.1 6 15 20.3 5.2 2.9

25 "-.l0Mm . - - - FOL* - -

27 .12La .2 - - - - FOL 0.7 1.5

28 Nil .38 0.3 - - - 0.9 5.3 1.7

29 .15La .67 - - - - FOL NiI 1.7

31 .O6La + .06Th .72 -. . .. G.2 0.7 2.2

33 ,06Y + .06Th .r9 - - - - FOL 2.6 0.8

35 .09C, + .06Th .8 0.3 - - - 1.3 1.3 1.4

Si FOL -F.ni led tmn loading

(0) NFmi:Ial g:, section, 0.14" dim. X 0.64" long

Foiled it' threads before total load was applied.
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TABUL XXIV

PMAE 11 AXJLYS AIM CHMISTRY

Alloy Com osi tior

36 Rebe' 100 Base

37 Rene' ICO (Less V)

38 Rene' 100 . 0.03 P/o Gd + 0.2 w/o Mn

39 Rene' .00 (Less V) + 0,03 a/o Gd + 0.2 w/o Mn

40 Rene' 100 + 0.(03 */o Gd,

41 Rerne' 100 + 0.10 a/o GA 1
42 Rne' 100 + 0.02 a/c Y + 0.03 L/o Th + 0.25 Mn

43 Rene' 1-00 +. 0.02 a/n Y + 0.03 Gd + 0.25 Mna

44 Rene' 100 (,Less V) + 0.03 a/o Y + 0.25 w/o Mn

7
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TABA XXV

CHEMICAL VIALYSIS Of SOME PHASE I1 DOPED AllOYS I
Alloy No, 36 37 38 43 44

S Nomiiial Base O7Gd 0. 07Gd
Dopant (w/o) Base Base (Less V) O0.02Y O.02Y

0.25Mn O. 25Mn

Heat No. G.E. Spec. S948 S950 8955 S956

C 0.15- 0.20 - - -

Ma 0.50 Max < 0.05 < 0.06 0.22 0.22

Si 0,50 Max - - - !

S 0.015 Max ...

Cr 9. 0-1C. 0 9.27 9.23 9.1.6 9,3

TI 4.0- 4.4 4.16 4.30 4.16 4.30

Al 5.3- 5.7 5.54 5.60 5.41 5t53

Zr 0.03-0.09 0.08 0.45 0.12 0.52

Co 14.0-16.0 15.42 14.94 15.08 15.01

Mo 2.7- 3.3 2.96 2.96 2.98 3.04

Fe 1,0 Max 0.18 0.13 0.15 0.13

V 0.9- 1.1 0.94 0.08 0.94 0.09

S0.01-0.02 - -

N/I 5 ppm 5 ppm 4ppm 4 ppm

02 30 ppm ZZ; Ppm 40 ppm 23 ppm

H12 2 ppm 3 ppm 3 ppm 2 ppm

All analysis except gases were spectrographic
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TABLE XXV I

4TCUICITRATICKO IW IN PHASEt~ It FE3AD' 100 ALLOYS

Alloy Nominal Actual ActualNo. w/o - w/o 1U wo R.N. wio ."

36 < 0.05

37 . < 0.05 -

38 0.l1101A 0.2 O.lOGd 0.24 0.043Gd

39 0.llGd 0.2 0.065Gd 0.24 0.028Gd

40 O. IGd - 0. O9Id - 0.040Gd

41 0.230d - 0.24Gd - .106Gd

42 0.02Y + 0.095Th 0.25 0.015Y ' 0.07Th 0.28 0.01Y 0.02Th I
43 0.O7Gd + 0.02Y 0.25 0.055Gd + 0.0141 0.28 0.02Gd + 0.01Y 1
44 0.07Gd + 0.02Y 0.25 0.055Gd + 0.011Y 0.29 0.02Gd + 0.005Y

I
N.D. Below Detectable Limits 7

76"



TABLE XXVIJ

SUMMARY OF OXIDATION RATE CONSTAT. FOR PAE 11 MLOSIU
Temp. Alloy No Test No. KPI(a) XpKI(b)1
2000 36 1-B 2.74 x 10-4 (10-60 min) 1,1 x 10-5 (100-1500 min)

2000 37 2-B 2.90 x 10-4 (1-60 min) 1,03 x 10-4 (400-2400 min)

2000 38 3-B Linear (1-8 min) 1.49 x 10-5 (100-3000 min)

2000 39 4-B 1.64 x 10-4 (3-30 win) 1.16 x 10-4 (I1O-300C sin)

2000 40 5-B 4,3 x 10-4 (1-10 gin) 1,42 x 10- (100-2400 sin)

2000 41 6-B 3.08 x 10-4 (1-10 min) A

I 200G 42 7-B -- 2.3 x 10-5 h150-3000 sin)

2UO00 43 8-B Linear (1-7 min) 1.62 x 10-' (i80-30M0 mn)

I 2000 44 9-B Linear (1-10 sin) 5.67 x 10-5 (40-360 min)(c)

1.32 x 10-5 (480-3000 min)(b)

I 1800 36 1-A 3.85 x 10-5 (3.-100 sin) 4.79 x 10-6 (420-3000 min)

1800 40 5-A(d) 5.8 x 10-6 (3-420 min) 1.07 x 10-6 (420-1200 sin)

(a) KPI Initial Parabolic Rate Constant (M1g2 /cw 4 /sec)

KPII = Secondary ?arabolic Rate Constant (Mg2 /Cm4/sec)

I (c) KPII = Transition (Not Predictable)

Values in Parenthesis indicate duration whir-t rate constant applies

(d) After 1200 min. K became zero

7I
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TABLE X2.VIII

-STATIC OXIDATION B1HAVTOK OF PHAMl. II DOPED RENE' 100 ALLOYS

Alloy Nominal Total Awt Spalling Max.Metal Loss
No. CoMposition w/o (mg/cmA) (vmg/cm 2 ) (mils/side)

1.00 Hr/1600°F
oi

36 Rene' i00 Base 0.26 N.D. -1.3
37 Rene' 100 (Less V) 0.33 N.D. -0.7
38 R'1O0 - 0.llGd + 0.2Mn 0.25 N.D, -0.3
39 R'100 (Less V) + 0.11Gd + 0.2n 0.38 N.D. -1.6
40 R*100 + 0.lOGd 0.19 N.D. -1.5
41 R1lO0 + 0,23Gd 0.29, N.D. -1.1
42 R1100 + 0.02Y + 0.095Th + 0.25Mn" 0.35 N.D. -0.1
43 R'130 + 0.07Gd + 0.02Y + 0.25Mn 0.32 N.D. -1.5
44 R'100 (Less V) + O.O7Gd + 0.021 + 0.25Mn 0.35 N.D. -1.2

100 Hr/1800OF
36. ene' 100 Ba3e 0.72 0.21 -1.0

S1 Rene' 100 (Less V) 0.98 14.3 -1.6
38 R1I00+ 0.OlGd + 0.2Mn 0.75 0.13 -1.4
39 R1100 (Less V) + O.llGd + O.2Mn 1.09 0.14 -2.0
40 RI]1C0 + 0,10Gd 0.83 0.11 -1.5
41 R1100 + 0.23Gd 0.89 0.09 -2.5
42 H100 + 0.02Y + 0.095Th'-t 0.25Mn 0.92 0.23 -0.7
43 R1100 + 0.07Gd + 0.02Y + 0.25Mn 0.88 0.07 -2.0
44 RI'100 (Less V) + 0.O7Gd + 0.02Y ,+ 0.25Mn 1.17 0.29 -2.2

100 Hr/2000F

36 Rene' 100 Base 1.95 3.73 -2.0
37 Rene' 100 (Less V) 4.62 10.86 -4.6
38 Rtl00 + e.llGd + C.2Mn 2.04 5.25 -3.1
39 R'100 (Less V) + 0.1lGd + 0.2Mn 2.78 4.38 -2.7
40 R'100 + O.lOGd 2.17 3.05 -1.9
41 R'100 + 0.23Gd 2.02 2.49 -2.9
42 R'100 +- 0.02Y + 0.095Th -0.25Mm 4.74 11.11 -3.6
43 R'100 + O.O7Gd + 0.02Y + 0.25Mm 2.76 5.79 -2.3
44 R'100 (Less V) + 0.07Gd + 0.02Y +t 0.25Mn 2 17 2<30 -3.1

N.D. Below Detectable Limitm
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TABLI XXXI

SUMMARY OF REACTION. PRODUCrS FORMED ON VARIOUS DOPED

RENE 100-ALLOYS AFTER 1000 HRS. EXPOSURE AT 1600*F

Oxidation( 1))
Alloy Rc~isanccReaction Products(a)

146 NiO(s)(%a:4.19j)+Spinel(m.)(%=8.331)+NiTiO3 (m)

25 '1NiO(vs)(a%.ý4.19*)4-Spinel(w)(%=8.32j)+NiTi103 (w)

274NiO(s)(a 0,=4.19k)-'NiTiC3,(um)+Spinel(w)(%n8.32j)+TO(W

29 1 ~~Ni0(s)(ao=4.l9bj)+NiTiO3 (uw)+Spine1(w)(a0 =8.32k)+TO(w

29 5 NiO(s)(%=4.19R)+NiTiO3 (mw)+Spinel(DIw)(%ý8.32A)+AlROa(VW)

30 3 NiO(vs)(%ao4.19D)+Spinel(w)+NiTio3 (W).

32 2 NiO(s)(a%=4.19.ý)+NiTiO3 (m)qSpine1(w)(%o=8.321)

GO Determined employing diftractometer traces in situ, compared to standard

ASTM cards and listed in order of decreasing intensit.1p

-I (b) Relative oxidation resistance considering total weight change data.

I s: strong, in: medium, w: weak, v: very
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TABLE XXXII

SUIMARY OF RE~ACTION PRODUCTS VORMED ON VARIOUS

DOPED RENE 100 ALLOYS AFTER 1000 IIRS. EXPOSURE AT 1800 F

'CONT INUOUS

AlUoy Reistac(b) X-Ray Reaction Products(a)

14 4 (c) Matrix (a) (9b3.57 j) +Spinel (m) (ao 8.34A) +NiTiO3 (a

N iO(w) +TiO2 (vw)K .14 ( d) Spine1(vs)(aC,=8.3Ok)+NiTiO 3(w)

25 7 -(c) Spine1(s)(a%=8.2j)+NiO,(yi)(% 4.l7b)+Matrix(m)(a,3.560)

+-A1 203 (W)
26' 9 (c) Matrix(vs)(%b=3.54j)+Spinel(m)Co=8.271)+Al,, 0w

26 ( d) Spinel(vs)(a0 =8.3O)1)+NiO~s)(a%=4.2k)+Niý-iO3 (vw)

27 1 (c) Spinel(s)Ca0 =8.27k)+NiTi03 (ms)+Matrixc(m)%'o3..571)

28 2 (c) Spnls(o831+i~)a=411-Mti~)az35ý
+NiTiO3(ta)

29 3 (c) SJpinel~s)(a%=8.34k)+Nio(s)(a 0=4.210)+Matrix(in)(a%=3.56ý)
1+JiTiO3 (m)

30 6 (c) batrix~vs)(% =3.57A)+Sp..nel(s)(a0 =8.27A)+NiTiO3 (vw)

31 8 (c) Matrix(m)+Spinel(m)+NiTiO (w)+TiO2 (w)+A1lO0 (w)

31 ( d) Spinel (s) (so=8.341) +NiO~zs) (o 4.20A) +NiTi 3 (VW)

32 5 (c) Slpinel(m)(% =8.34k)+NiO(m)(% 4.18j)+Matrix(m)(B0 =3.57k)

CYCLIc( e)

14 3 (b) Matrix(vs),C% 3.'57D)+NiO(s)(a%4.l8OA)+NiTio3 (m)+Spinel(vw)

16 1 Gi) NiO(s)(ao=4.18k)+Matrix(ms)(ao=3.57R)+NiTiO3 (m)+Spiflel(m)
(ao 8 .3 5 A)

17 2 (b) NiO(vs)(a,=4.l8k)+Matrix(ms)(% =3.57ý)+NiTiOZ(m)
+Spinel(m)(% =8.371)

23 4 (b) NiO~m)(aq =4.20j)+Matrix(m)( =3.54j)+NiTiO3 (m)+Spinel(m)

(r 0 =8.38.A)4 'riO2 (v)+A10 vw)ý

25 5 (b) Matrix(vsa) (a=3.531)+Ni0Cs) (ao4.181)+Spinel (ms)(%=8.35j)
+K iT 103 (m) +A 120 3 (VW)

(a) Determined I rz'z ASTM cards and listed in order of decreasing intensity.
(b) Relative resistance considering total weight change and spalling resistance.
(c) Diffractometer trace of oxidesu in situ.
(d) Diffrectometer trace of spalled oxides.
(e) 10 - 100 hour cycles, cooling to room temperature after each hold period

a: strong, m: medium, w: weak, v: very
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UTE'R EXOSR ,A 8000 ooo° 20

Alloy Oxidation Type

1800*7/1O0 hrs (Isothermal)

l36 3 c Matrix + NtTtO3 + Spinel + TiO2

40 2 C Matrix + 2 Spinels + NiTi03• +TK2
43 1 c Matrix + 2 Spinels +, NiTi03 + TiO2I44 4 c Matrix + NiTiO3 + 2 Spinels

1800*F/500 hrs (Cyclic)

36 2 c Matrix + Spinel
oi t 37 5 c Matrix + Spinel + NiTiO3

iI37 5 d Spinel + NiTiO3
!!|40 1 c Matrix + NiTiO3 + 2 Spinels
i! •43 3 c Matrix + NiTiO3 + Spinel
!•44 4 c Matrix + NiTiO3 + 2 Spinels + NiO

332000F/100 hrs (Isothermal)

• • 36 3 c Matrix + Spinel + A1203+ NiTiO3+TiO2
40 2 c Matrix +1203 Spinel + NiTi0 + iTO3
43 2 c Matrix + A1203 + Spinel + TiO 244 4 c Matrix + NiTiO3 + Spinel + A1203

2000F/150, hrs (Cyclic)

36 1 c Matrix + AI203 + Spinel + NiO + TiO2
36 1 d Spinel + NiTiO3
40 2 c Mptrix + AI20 3 + Spinel + NiTi03 + TiO240 2 d Mtix + NiO

I 01cMti 10 Spinel + i÷O

43 4 c Matrix + Spinel + NiTiO3
44 3 c Matrix + Spinel + NiTiO3 + A120 3

(a) Listed in order of decreasing intensity

(b) Relative resist2aceI (a) Diffsactoeeter trace of oxides in situ

(d) Diffractometer trace of spalled oxides

S83



~01

94- cn m in COq C4 m' '0 M cO

to OC -4 )O-C"- W

CD C C) cl 03 q 1~4'

cl e') F-4 P-4 a c ~ Cl

cqC1'00 0 0,0 0 0

fn ' . V C ') t- M l C) t-4 ' C460 e q C 4) cl q eq 0-4 C')

C-4 Ca ) 0M Cl -4 14
1-4 ý4 eq - -4P4'

to0 '4 0  -9 .. 9

3.. o eq % ~ * ~ q *eq C) .-e C) I t= O 0

,.4,.4#4r4~ g ~ gocn m 0 MI

r0 C;00

0 t- C., V

04 n M

0! 
0. 

C

let 4

'.4 0.

K ___ 

___000 00



toI 000 00 1D 04 M

-4% q m to4 fa

Ot goW t 001 q 0 w0 wu

00

oo

- 01

m 0 e 0
o-4 -4 C;

00

+ >+4

-01 P0 -0 0



0too m0. eq 0 - t - 4 ao N 00

ell000C' ~ 0 40

Vra I-0 to. N0 00. 00

04 tI)' 00 N 44

0 Ni

P4 1
00 00 00 0

*N 04:) ) ~-. 1- 0 0 0)

** **04

00000000 44 04 00 0 0- C+
00ev~~> NO 4 0 00 'l0 40 0

U .44 '-4 -- 4 - .4 -0 4
N3

In4C

0 0

INI
0 m+q r

o4 0

01 +I + 0



in~ 0 *'* 0 M 'LO 0 a

C4 C; 0; c a) CC t

4-4 ~

I) C O 00 J CO 0
C) b0. U' 0 m.w 0 4

4.m 0 O0 q 0) t- 41

eq 4Ne

N~~ *n t-nt. e ~

1. 1.4 Cf
go a ) ) ts 420 i) 0 v .to (

0 ~~ to to4.. q -

ot

-4 >

10 to4 eq Nq
1O 0 ) .4 eq I) t-.

~0

+ + )

10 V
4) 0 0 00 0
4 ~ , >II

tA 4 4 cl 0 0

O 0w 4 ,-4 0M 0



(f 0 v n~ a q P 1

m M o 0 Mc db 40 m

040

k- 4 0. m 0 to -' la4-W m0

a~ C44 t
's t 00 0 0W1.00 to

JI m O4 40 040l to 40 t- Oth

P4 10.- o-$~n

(0C4C 40 v 40 oo 404 14 r4

IAn

to t in 0 0

0
-01 +

* 4

0I 0
o 0 + 4

+ N

39 IN 10

ml 0 0

0~I- .4i l 1



~~1*

IT)

4 %0

t4 %LIP



14

011-4

0 0

0

.,I

Ci Z

$4
00c

.4J~

0,-4

'44 r4*~

NOR



.- . ........-.

~~~~ 
.-.. -~ . ......

r 44

....... ........ a A lloy

..- ......

... ... . ... . .. .. W....

1000 J. ........ nav~a

V. . .. .. ... ..

v _9 . ..... .

-.........

.~~~ ~ ~ ...... . .. ... .

.... ." -.. .... ...

..... -.f ... ......

.... . .... ....

............

4~ 4> go. 011400J~. .U ...... 41...

C,~. .... .....

4 .

Fiue3EeainIewo IC Ratioti&Alyn

3191



71'

4ý A1 "A

250X N1729 250X N1740

Undoped Rene' 100 Rene 100 + 0.12 La + 0.80 Un
(-68.4 3ile/bia. Lose) (-55.8 Mils/Dia. Loss)

2502 N1741 25OX N1736

Rene 100 + 0.31 La +' 0.8 Mn Rene' 100 + 0.56 La + 0.8 Un
(~-0.2 Mil/Eia. Loss) (-0.3 Milo/Dia. Loss)

Wliweo 4:

EFlEUr OF La CONCENTRATION ON THE ~rn CORRWION .1SISTAYCM-

OF CHILL-CAST RENE' 100 AFTER 50 HRS. K XPOSURS AT 17006 F
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N40 40
(a iO atrAly()SaeA a baie eit
£iG-iltcicI arxo

N4605 N4609I (a) Ni-Gd Master Alloy (b) NiRSametA a) Masiter Depict

XlectrNisyti Ittcti in Matrix cd.f%1
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(a) assve ncluion (Crboitrles)0.1 w/o(25K) 874

4ei

94p



I V4

044

ol

41 WZ



Hf i

=.1

N15757 N5755

(a) 0.21 -o Ce W 0.42 w/o Ce

- ,1_.. - .

15762 15761

(a) 0.23 w/o od Wb) 0.46 w/o Oe -

Figure 8 General Nicrostructures of Doped Unitemp AF 2-IkM.
As Ixtrul~d (Long.) KIectrolytic Itch 5001.
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P1 307 P13481(a) AF2-1DA base as-extruded (b) AF2-1DA +.20 w/o La + 79 w/o Mn
Note: Fine carbides and absense As-extruded. Note: Relatively
of primary y' massive czarbides and primary y'

IIAý

(c F-D + .11. w/o Y + .81w/o Un (d) AF21IDA + .28 w/o Y+ .15 wo UIAs-extruded. A-xrdd oe agrcriesz

Pigure 9: General as-extru~ed microstructure of AF2-1lDA alloyb with varicitw

dopant a~dditions (SOOX). Etch -8:1 Ij 4in H2 0.



,--MIZ

P1325 P1326

(a) #10 - AP2-IDA + .38 w/o Th (b) #10 - As extruded Note: Fine .
+ .8 i/o mn Li cast Note: Segregation struacture and m~icrofissures.

() #14 A72-IDA + .2 o /o Gd (d) #4 As extruded. Note: Fine
+.9 i/o En As cast, Noto:Sogregatc• itructure
of Gd rich phase (arrow).

?Igi lr 10t ]feot of primary working ox, the microstructure of typical dv~p•

A1•;-1Mh alloys (5001) I~tch - 8:1 H3 P0O in H•) ..
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I

P1316 P1322

(a) #14 Rene' 100 Base (b 1 -100 + 0.17 a/c, y

Note,. Massive Y containing phause

'I~

I

P1320 P1321

(c) #18 R-100 e 0.23 a/0 Gd (d) #19 R-100 + 0.09 a/c Ce
Note: Massive Gd containing Not*: Relatively fine structure

aphase (arrow)

Figure 19:- As cast microstructure of various doped Rend 100 alloys.1(SOOX) Etch -8:1 H PO4 in H.,0
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Ii
!L

L

P1315 P1317

(a) #22 -R-100 + 0. 12 Z/6 La (b) #28 -R-100 + 0.38 w/o Mn
Note: La Rich Phase (Arrow) Note: Blocky carbides and absense

of Primary y'

P1314 P1319

(c) #29 - R-100 + .15 a/o La (d) #32 - R-100 + .05 a/o Y + .05 /0 Th + 244

+ .6N w/o Rn w/o Mn Note: Relatively fine structure

Viriw. 30: AS-rast % crost. uctures of various doped Reny 100 alloys.

(500) Eh-h - 8: 1 H3 PO4 in H20

106



I

1 0 4
I
1 0

Is

I 0
.54
4'
0

4.'1 
0*

I
I A aIi 0

q.4
0

0
A
PS

aI
S

1 ft
4'
0

N1 '.4
I

0

I
I I
1 3

.1
I

I I
'S

ii



t !

81 IZ
;�tg

4) L1

I
U)'ii

p 1
�Mag

M
f�1

0 WA

ii- I

00,0?- 0
S

Ii I
3M

tWg
.46
2!

iii
3

I'



1 -

4 0 4

Ir
14J

P4-

00

>0 40 S 0

o~200

P4o

Ct 4



2300 2000 1800 1600 1400 j V
Temp. o

A 2-10DA

KL KP KPF

-310- 1

vc

010

4"QL =71.1 Kcal
+

10--6 107.6 Ical

0

0.6 0.7 0.8 0.9 1.0

l/T (°K'i x 1031

FLgure 24. Arrbanius pioe, of the rate constants for Unitomp AF 2-IDA
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2200 2000 A800 1600 1400I Temp. 'F

- AF 2-IDA

I0-4 (107,600)

INC0 713*

I \
(65,000))

C13

(J• Rene' 41

Rene' Yj (66,000)

S (45,000)

1-0-

• ~~\ \\\\,

107(92,000) -I \

U-700 -I

0 0.7 0.8 0.9 1.0

[ ",.T (JCl- x 103)

Figure 25 A coparLison of the oxidation rate (,f Uni',mp AF 2-IDA *ithI other commercxal nickel bas• alloys
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P2856
(a) AF 2-IDA Base (b) AF 2-IDA + 0.1 A/0 La -- 0.8 W/O Mn

(-20 mils/side) (-0.6 mils/side)

P2859 P2858

(c) Al 2-IDA + 0.1 A/0 Th +0.8 WI/0 Un (d) AF 2-:.flA + 0.2 A/0 Th + U.8 W/O Mn
(-0.9 ails/side) (-1.3 iia/s/ide)

Figuro 30: Microstructur'1 Appearance of Doped AF 2-IDA

After Hot Corrosion Exposuriv of 50 Hra./17000F

(300 X)
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II

10-3
, 2100 2000 1800 1600 1400

Temp. OF

if M.M.

M.M.
10-

La

Ny
Cq 10 Y + Gd + Mn-

I 3d

[. .38 w/o

, ,, Bare Rene' 100

10-6

~I

7

I io7 10-

0.6 0.7 0,8 0.9 1.0

1/T (OK- x io1)

Figure 39 The effect of 0.1 atomic percent additions of variousfE "rarc-earths" on the oxidation Kin:"tics of Rene' 100
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ýe 4i;

N7278 N7280

(a) Rend 100 + 0.12 a/o La (b) Rend 100 + 0.12 a/o La

(100 hr/1800*F) (100 hr/2000*F) - Note:

Alloy depletion and degenerate y'

N7277 N7276

(c) Rend 100 + 0.21 a/o Ce (d) Rend 100 + 0.09 a/o Y
(100 hr/1800*F) (100 hr/2000*F) - Note:

Alloy depletion and degenerate y

Figure 40: Microstructure of oxidation reactions during continuous weight
gain testing (250X Codep Etch).
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I
I

I

Alloy #28 Al Iy I :io #

AIlloy 032
AI.\I #, :ilM

"i•iure 42: General ap'pearance of doped Rend 100 alloys after 10-100 hour

cycles at 18000F. (Alloy #30 typifies Rend 100 base alloy.)
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24.0- 0 #14 - Rene' 100 Base

0 #19- Rene' 100 + 0.09 a/o Cc

o #20 - Rene' 100 + 0.23 a/o Ce

22. 0 #21 - Rene' 100 + 0.112 a/o La

* #23 - Rene' 100 + 0.06 a/o Th

A #25 - Relnc' 100 + 0.10 a/o Mn

20.0- A #29 - Rene' 100 + 0.15 a/o La + 0.67 w/o iY'i

< #35 - Rene' 100 + 0.09 a/o Ce + 0.10 a/o Th
+ 0.80 w/o Mn

I 18. 0#.-

16.0 -_

I /
S 11.0 /0

r. Iid
C,4

19
I• 10.0

10* : // 02

I1 5 6 7 8 9 10
I N. of 100 fir Cycles at 1800'F

Fig'lrc' 13. 01 k,ý 11( l ( Xldatio:n W -Ivior C)f those alloys -m-~ than Relic' 100 at 1800'F
t3i



6.0

0 #14 - Rene 100 Base 0'

0 #15 - Rene* 100 + 0.09 a/o Y

0 #16 - Rene' 100 + 0.17 a/o Y /

. 0 #17 - Rene' 100 + 0.09 a/o Gd /

#18 - Rene' 100 + 0.23 a/o Gd

#27 - Rene' 100 + 0.12 a/o La - 0.19 w/o Mn -*4/

#28 - Rene' 100 + 0.38 w/o Mnb

* #33- Rene' 100 + 0.06 a/o Y + 0.06 a/o Th
t- 0.69 w/o M•n /

4.012

17-

3.0
17

bO £ a

2.0U

,/0 /

1.0

1 2 3 4 5 6 789l

Figu-t 44. TI't' cyu~ic oxi dation be~havior ol thuse:J 1loy':i Ibut r ).'inIt n 0()O ait lsbu' )
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II
I

# 30 29 #34

50 tlk,• 23 1l' 23 5 MS 25 IRS 50 mtS

2627 218 14

730 ,II3 50 H1RS 50 HRS 50 HRS

CAS010812

I
Figure 45: Difs•rences in oxidation bIŽnavior of doped Rend 100 Ailoys during

2000"r -'.iiC oxidation (hours refer to total exposure In 25 hour

I intervals.
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P1349P135

(a #-5R10 +009a/ () 1 R-10 + .3aoI

Note: Eueci tyesliainNt:Hav ufdt eo xd

(-220 mis/da) (2.8milsdia

-~ 
4;

P1349 P1355

(a) #21 R-100 + 0.09 a/o La (d) #18 R-100 + 0.23 a/o Gd

Note: Deus rtectiee tye suciatio Note: Heavy suxidation belo oxside
(-22.0 mils/dia) (-2.8fides/dia) il/d

Fiur 5: Tyesofht oroso atak o dpe Rn' 00alos 10X

Pth-135 3P4 nH0P15
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IIw

I P13;1 2

(a) General appearance of oxide scale formed on Alloy #22

R-100 + .12 a/o La (-1.6 mils/dia) (100 X).

.- 4 -

Rene 
-0 +4 0. 2 w o a 4
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P6468P6469

(a) Rene' 100 Base (b) Rene' 100 (Less V) -Note

Increased y-y' Eutectic

P6470 Pr,475

(c) R~ene' 103 + 0.11 W/0 Gd + 0.2 Mn (d) Rene' 100 (Less V) + 0.11 W/O Gd

-~ Note Rlare-Earth Phase + 0.2 W/O Mn - Note Increase y-y'
Eutectic

Figure 56:

lf~ect of Veaxadiuws anJ Gadoliniwmi Modifications on Mi(urostructure of As-Cast

Rene' 100 Both With and Without 'i.S. Additions. Etched in 8:1.
(50OX)
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J9626
(a) Alloy 36 (Base Renie' 100)

J9627

(b) Alloy 37 (Base -Less V)

4s

t~

J9630
(c) Alloy 40 (0.10 A/0 G.d)

Figure C2 Phase II Allieys Oxidized for 500 lirs. at 18000F
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1 4

I

J8161
(a) Alloy 37 (Base Less V)

J8162
(b) Alloy 38

I

I

I
J8165

(c) Alloy 42

Figure 63:

Phase II Alloys Oxidized 150 Hrs. at 2000OF (100X)
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9106 9107
(a) Alloy 36 (b) A~lloy 37

!n3!
--Li . ]• if-1.

9108 9109

(c) Alloy 38 (d) Alloy 39

Figure 64: ,

Phase II Alloys After Hot Corrosion at 1725*F/50 Hrs. (100X) .
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9110 9111

f(a) Alloy 40 (b) Al11oy 41

r.T1

Ik 4

I9112 9113

I(c) Alloy 42 (d) Alloy 43

Figure 65:

Phase II Alloys After Hot Corrosion at 1725*F/50 Hrs. (100X)
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