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ABSTRACT

A program to improve the surface stability of nickel-base turbine blade
alloys ig described. In Phase I, additions of rarew-earth type elsments
and Mn were made singularly and in combination to cast Rene' 100 and
wrought Unitemp AF=2-IDA alloys, The results indicated that certain
reactive metal additions are markedly effective in improving surface
stability but tend to degrade mechanical properties, The l08s in mechantw
cal properties was attributed to aegregation of reactive metal containing
phagses at the grain boundaries, In the wrought AF-2=]JDA alloy the reactive
metal additions seriously impared hot workability so that mechanical
property test specimens coculd not be obtained,

In Phase II of the program, 15 pound heats of leme' 100 which contained
only moderate (£ 0.1 8/0) amouats of doping additions were studied, The
objective was to obtain an improved balance of surface stability and
mechanical properties. With levelis 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 found to be dependent on structural effects as well

as chemical composition., Drop cast alloys, having & reiined microstructure

generally exhibited much better surface stability than investment cast

material, The most promising directions Tor future studies are suggested,

This mbstract is subject to special export controls and each transmittal
to foreign goverrments or foreign nationals may be made only with prior
approval of the Ketals snd Ceramics Division (MAAM) Air Force lateritla
Laboratory, Wright Patterson Air Force Base; Ohio 45433,
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1,0 INTRODUCTION

Advancements in aircraft gas turbine technology continue to call for
increased turbine inlet temperatures and consequently more arduous

demands on materiais for components such as vanes, combustion liners,
afterburmer flameb>lders and particularly turbine blades, The resultant
high temperature turbine environment, which can include sulphur frow. the
fuel and various halides from sea ﬁater,v dirastically reduces superalloy
component life and reliability by increasing the extent of cxidation

and/or hot corrosion. Thus, glthough we have developed auperalloys

whose mechanical properties may be adequate at tiie higher temperatures,
their superior properties canmot be fully utilized due to inherent

limitations in surface stability.

It may be possible to minimize these deficiencies by major alloy modifi-
cations i.e., Cr, Al, Ti. However, applying this approach to the complcx
high strength alloys would uridoubtedly alter structural stability and might
detrimentally affect mechanical properties. Hence, this approsch would most
likely require a major alloy development effort tc improve surface stability
without adverse Qt.m;:tural effects, i)uring previous studies 'pro-isi_ng _
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 pretective oxide scales, This latter method of improving
surface stability i= rerticularly attractive since the amount of addition
required may be mmall enough to have an insignificant effect on other

properties,

In brief, this investigation was conducted as a continuation of ‘previous
work under contract AF 33{615)-2861 to identify an approach for improviag
the surface stability of turbine blade materiala through minor additions
of Group 1IIT B Metals, the rare sarth metals, thorium, and mangancse, The

,v-_uﬁ-‘ !
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approach consisted of the rcliwing two steps:

~ 1ls Develop an understanding of the effects of minor addition elementa
toward improved envirommental resistance of Rene' 100, one of the
strongest commercially available cast alloy;, and Unitemp AF 2=1DA,
a high strength developmental wrought alloy.

8+ Apply this knowledge to scaled-up heats of the rost promising
alloys from above, more fully characterize the oxidation and hot

‘eorrosion bchavior and the effect of the minor addition elements
on the siechanical properties,

2.0 BACKGROUND
2.1 Gencral

This lahoratory, which has long been aware of the needs for improved materials,
has emphasized studies of the high temperature oxidation behavior of superalloys.

In pnrticular, earlier programs have considered the oxidation mechinisms of a

nu-bor of eomercial superalloys such as Hastelloy xm Rone' 41, Udimet 700( 2)

‘.!‘!)v-lﬂc:kel(3 ), 1~605, and X—IAO“). These studies formed a pioneering effort

tmrd i-pmve-ent of oxidation resistance of commercial superalloys by establishing

understamling of the oxidation nechanima involved through characterizing the
oxidation behavior as a function of tine. temperature, and alloy composition,
The application of this understanding toward the design and selection of alloys
with improve:d surface stability has been successful, leading to development
alioys such .= Rene' x(5), 32-12(6). and Rene' Y,
Interert in minor element additions siems from two recent Air Force sponsored
studies (?7=9) in which the oxidation behavior of five commercial nickel-base

“alloys (Rene' 100, SM-200, Inco 713C, Rene' &l, and U-700) and one ecxperimental

alloy (Rene' Y*) were fully characterized, All alloys, with the coxception of
Rone' Y, displayed n similar wmode of oxidation and the same undesirable features,
This was particularly true for the cast alioys (Rene' 100, SM-200, and Inco 711iC)

-4
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whose usefulness at temperatures above 1700°F is limited by: 1) excesaivo
oxide spalling in a thermal cyvcling environment; 2) oxide vaporization

in a high velocity atmosphere; and 3) a general lack of resistance to hot
corrosion ¢nvironments, Thesc deficiencies were attributed to the forwma-
tion of hetcrogeneous oxide scales which contained non-protective and volatile
oxide phases, Rene' Y on the other hand, was notably immsune to these defi-
ciencies at temperatures up to 2000°F due to the La-induced formation of a
tenacious HnC.rZOA spinel oxide, This La + Mn doped alloy displayed far

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

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

the adverse uxidation and hot corrosion resistance of Rene! 100, Sm=-200,

and Inco 713C involves the promotion of a stable, single phasec oxide which
possesscs compatibility with the substrate metal. Theoretically, this
can be obtained through control of the scale and subscale reactions by

addition of clements which increase the effective activity of critical

VRO A (Vg b v o

constituents, such as aluminum or chromium, thereby increasing the pro-
ponsity for their incorporation into the surface oxide. The "rare-earth"

clements, which are less noble than any other normal superalloy solute

e S 13

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" Type Elements* On Alloy Behavior

24241 General

The usce of rare earth elements to improve the characteristics of metals
and alloys is no new innovation: a study of the effects of rare carth clements
on the properties of cast iron Qere first made more than forty-five years
ago by Moldmke(u). Approximately twenty years later in Gerwmany, Helmbmch(!z},
investigating alloys for electrical heaters, diacovered that rcactive metal
additions greatly improved the service life of Ni-Cr and Fe-Cr-Al alloys. The
stainloss steel industry, secking better workability of austenitic Cr-Ni steecls,
inveatigated the effect of additions of rare earths in the form of mischmetal
Such additicns were found to be 'ett:ct:n for Ni-Cr-No base alloys which

13 .
.

formerly wore not even hot workable

R SES G WEE GNE WS S aam Ao e

*For the purpose of this discussion these elemenis refer to the strong oxide
formers such as the lanthanons, calcium, cecium, beryllium, Bcandium, thorium

and yttrium,
3
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The nefallurgiéal appiicability of the rare earths increased markedly during

L
Q *)« contains

" sixty-nine references from foreign and domestic investigators, and demonstrates

the active interebt in rare earth research. A wore recent review of the

mﬁjeét has been présentéd by Collins and oo-workers(ls ). A number of texts

on the subject have also been published recerﬂ:ly(m"zo),a

" 2,22 The Influence of the Rare Earth Elements on Oxidation Resistance

The inbrovements resulting from small additons of reactive elements to heat

: i, 1
resisting Ni-Cr alloys have been fully verified(21 25 ). However, with the

(26-28) (29)

exception of some stainless steels, Fe-Cr-Al-Y (30)

and T. De. Nickel
onl'y‘a few commercial. allloys have been developed utilizing this knowledge to
1n§mve oxidation resistance. Thq abgence of more profound oxidation res:stant
nickel-base superalloy developments using this technology is obvicus, and

apmrd to stem from a lack of understanding as to the manner in which these

doping additions afford improvement. Very few systematic studies have been

conducted to establiéh if this grouvp of some fifteen elements all act similarly

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

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

have received evaluation regarding their ability to enhance surface stability.

(31)

Collins evaluated the e*<act 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 bsth 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, neodymium,

- gvdoliniu erbium, 'lutetim, and yttrium additions,the improved scaling

resistance continued for exposure temperatures in excess of BSOOOF. Of these
elements, however, it was concluded that additions of yttrium yielded the
most markad improvement in cxidation behavior. More recent studies by Clark

aleuImsi.c:k‘3 2,33) to develop highutmnperature chromium alloys have included

‘the effects of reactive metal additions such as Y, Ce, La, Th, Pr, Be and
" mischmetal on the nitrification inhibiting properties and general oxidation

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

sk e e § A2 4
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Felton(Sk’35), in studying more oxidation renistanlee-Crﬁalloys,'inveuti-‘
gated the offects of additions of equal amounts of yttrium, ianthanuﬁ, .
#dolinium, dysprosium, and erbium. His results indicated that all the rare
carth clements evaluatud‘improved the oxidation buvhavior of Fu<Cr ailoys N
by enhancing scale adhefénce through filamentary intemmal oxide growth,
Similar results were reported by wlodek(s) in his initial studies to modify )
Hastelloy X with cerium, lanthanum, yttrium, magnesium,and beryllium

additions.

Recent unpublished work by Lonbard(36) indicates that Y, La,»?r, Nd,:Sl,“
Dy, Ho, Er, Yh and Th additions to IN-100 can produce variable results.
The results of these cursory studies illustrate a variation 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 G.4% if a maximum
beneficial effect is to be der%ved.

(5)

Since the development of Rene' X “°, this laboratory has conducted various
exploratory studies to determine the influence of rare earth additions on
nickel-base superalloys. Oxidation studies bave been conducted on TD Ni-Cr,
Rene'-100* and INCO 713C doped with lanthamm 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 td.

It is interesting to note that with the exception of INCO 712C, and in some
ingtances Rene! Y, little significant difference was observed between the
themmogravimetrically determined oxidation rates of these alloys at 1800°F
in the doped and undoped condition, indicating that rare earth additions
primarily promote the formation of mores adherent oxide ;crles, The actual
mechanism by which rare earths increase scale adhesion and genergl oxidation

(7 presented a good

resistance has not been fully defined. Wenderott
summary of the various theories which have been put forth and the craflicts

that exisi. The various mechanisms proposed can bc generalized as follows:

*Modi fied XN~100 for internal phase stability
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(1) "Blocking" of diffusion within the oxide scale due to the

high ironic voiume of the rara earths(m’;

g

" (2) vormation of a "barrier" oxide at the oxide metal lntertace(n"” ’
-43) Enhanced diffusion of desirable elements by altering base metal

| (4) Mechanical "keying" via grain boundary oxidation(ah'z()’” )

Without expounding upon the various theories suffice it to say that no single
propossd mechanism appears to fully account for the oxidation behavior of
?ane" Y(9). The oxfdation behavior of Rene! Y has tenatively expl,ained(”)
utilizing a number of mechanisms which interac: as follows: The lat;‘thanun
originally presented as a complex carbide is liberated by reaction with

oxygen (LaC « Oaa-b (202 + La) and concentrates in the surface oxide near

the grain boundary "cusps" at the oxide metal interfuce, Here it accomplishes

the following:

(1) Reduces internal oxidation of Si0_ by forming a more stable grain

boundary interface oxide (lower di.zociation pressure)

(2) Reduces scaling rate (high temp/long time) by iateracting with
tramp elements (S, P, Pb, Sn, etc) which normally diffuse via grain
toundaries and would increase the vacancy concentration within the

oxide,

(3) Increases oxide plasticity at grain boundary/interface regions
reducing interfacial shear stresses during thermal cycling thus

enhancing scale adhercnce.

(4) Alters the activity/diffusivity of Cr, and Mn to produce a more
stable ““Craol* spinel.
However, the exact mechanisms responsible for these nffects remain somewhat

elusive,
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2.2.37 The Effect »f Ninor Element Additions on the Resistance to
Migh Velociiy and Hot Corrosion A res .

In the pnmtatian of this background of published imformatiom ai our
own experience, we have, so far, restricted the discussion to date in mﬁ.c

or slow flowing air. However, a high tewpernture component in = jet englse

may be exposed to a wmore cohplex enwwironment, The mtionw' of
jet engire fuel produce a high velocity environment conitaining 0, o ) ¢ m,_,
and uzo, vhich might alsc be ocntaminated vith_&z ond alkali wetal lei&e‘
and sulfate salts. - ‘ '

With the exception of studies by Preece and mcaa("o), relatively little data
exist regarding the behavior of suparalloys in high velocity cowbustion
products. Our previous studies(g) have demonstroted that significant wotal
loss can result from the volatiliszation of Cr 03 from oxide scales produced
on nickel-base superalloys. During development studies of Rene! Y the
effectiveness of lanthanus and manganesg.in reducing such metal losses during
exposure to high velocity combustion pm:,!ucta was demonstrated. The first
modification of Hastelloy X, called Rene! X, was essentially Hasteiloy X
with lanthanum added but no manganese. In static air exposure, Aene' X
showed a marked improvement over Hastelloy X in terms of scale adherence

and internal oxidation. However, when exposed to high velocity atwospheres
the extent of metal loss for Rene' X was greater than for Hastelloy X. An
examination of reaction products formed during sztatic oxidation irdicated
that the addition of lanthanum to Hastelloy X promotsd an oxide scale cone
sisting =olely of sz 39 whereas the normal Hastelloy X contained a wore
stable NxCraog + Cr, 0, scale. Although the Cr

273 23

protective in static air enviromments, the vapor pressure of Cl‘03 over Cr 03

was sufficient to produce a loss of chromium in high velocity aimospheres.

oxide was extremely

Therefore, as an additional modification 1.0 /o manganese was added to Rone!
X yiclding the far superior Rene'! Y. The decrease in (::‘03 volatilisation
for this alloy is duc to the formation of a highly pmiective NnCr spinel

overgrowth on the origiml Cr O,« The formaation of this pmh‘ctive scnle is

27"
attributed to the combined action of lanthanum and sanyanese, since Hastelloy

* The term "dope" as used in thia test refers to "a preparation for giving a
desired quality to a sabstance or surface” «—- ref, VWcbsioris Sumth New
Collegrate Dictionary
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X coatains nearly tihe samc -anganese leverl (0.8 w/o) but does not exhibit

as gstable an MnCr 0,* spinel’ 9). The effect of manganese in promoting spinel

. ) .
formation has been observed by other investigators(lz’a“’“ Yout its beneficial

effect has never truly been demonstrated before.

It is well krown that nickel-base alloys are not inherently resistant to

sulm-eonta!...lng hot corrosion atmspheres‘kz-lts )
tudies (46,47)

. waever, recent
fomed by tne F. 1ght Pro a:lsion Division; General Electric
Cc-pany, L}'nn, lhssaclmsetts and the Materials. and Process Laboratory of
tbe l.arge Steam Turbine Depa:tuent, General Electric Company, Schenectady,

- New York, have demonstrated that minor ‘additiczs of lanthanum ard yttrium

to both nickel and cobalt alioys reduce .the extent of attacke.

To wore fully explore the potential of minor ‘element additions toward
iqiroving the mface‘stabi}it\y'of nickel-base Falloys a series of cursory
hot corrosion teats wers conduc{éﬂ(w); These tests were conducted on
laboraiory size 'chill-castings of commercial and experimental nickel-base
.sdpemliofs whose pmperties are attractive for future gas turbine applica-~

tions. As shown in Figures 1 and 2 and swamarized in Flgure 3 all alloys

tested were beneﬁtted by the "rare—earth" add1t1ons and the extenv of

. llpt"" ement appeared to increase as the Al1/Cr ratic within the alloy in-
.creased : Tbc effect of doping element additions on the hot corrosion

resistaice ol‘ Rere! 16) is vividly illustrated by the general appearance

and microstiructures shown in Figuie 4. The reaction products formed on

. those specimens with 0,31 w/o La or greater were extremely dense and tena-

cious even at the edges of the specimens whereas the alloys with lesser
anoimts- of La shfferegi severe sulfidation attacke. On the basis of metal
loss, Rene! 100 with 2 0.31 w/o La was a3 factor of 300 better than the
undoj.ed lnaterial. and far superior to any uncoated nickel-base allcy de-
veloped to date. However, recent attempts at this laboratory to produce

invesiment castings with similar resistance have not been as successful,

In sumanry, the additions of doping elements have been demonstrated to
grossly improve both the oxidation behavior and culfidation resistance of
alloys with otherwise poor resistance. As such thls approach oifers con-
sidefable merit as an extension of current superalloy development technology

and a fruitful means of improving future generation alloys.

§ ‘e
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202.4 Effect of Minor Element Additions on Mechanical Properties

and Internal Stability

There is little information available regarding the étfect of these

mincr element additions on the mechanical properties and internal phase -

stability of these already complex J' 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 stecels,

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,

(49)

Current chromium alloy development studies being conducted at this
laboratory have shown a marked increase in workability, ductility and gfain
refinement with the addition of rare earth elements, Similariy, small
additions of the rare earths to pure nickel completely eliminate the "hot

brittleness" zone* and greatly increase plasticity thrmmugh an interaction

(50)

“with low melting sulfides and phosphides e« However, excessive amcunts

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

Lanthanum and yttrium additions now being evaluated for the development of

(47) did not produce

hot corrosion rgsistance nickel and cobalt base alloys
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,

(51) indicated

Studies at the Naval Research Laboratory on doped cobalt alloys
significant improvements in high temperature tensile atrength, 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 Mn additions.

(5 indicated that 0.15 w/o

A mechanical property evaluation of Rene' X
larthanum additions to Hastelloy X significantly increased the tensile

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

*The sharp reduction in plasticity observed for nickel between 550o and 950°C.
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work with Rene' Y indicated that a lanthanum content greater than 0.2 w/o
and manganese higher than 1.5 w/o contributed to hot working and welding
. problems due to apparent incipient melting. '

(53,54) which indicate

Cn trgc p,euimistic side, studies have been conducted
that rare earth additioné to stainless steels drastically impair hot work-
ability and high temperature strength due to grain bounuary and inter-
dendretic segx"egation of low melting rare earth phases, Recent work at this
labotatoryu'a) on commercial size castings of doped Rene' 100 alsé exhibit
a degradation of high temperature properiies. However, the actual severity
of this problem is difficult to assess due to cdmp].icating factors such as

zirconium pickup during melting. b

30 TECHNICAL WORK PLAN

The. investigation summarized in this report was conductied in iwo phases.
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. Deta-ils of the Phase I work plan have been reported previously(5 5)
but Phase II studies have been modified slightly to better ﬁtilize knowledge

gained from Phase I,

3.1 Phase 1 Screening Tests
Phase 1 involved a study of the effects af amall additions of Group III B ele-

weiits, the rare earths, thorium, and manganese, both smeparately and in combi-
nation, on the surface stability of Rene' 100 and AF 2-ID. Rene'! 100* was
ulegte(? since it is one of the strongest available cast turbine blade alloys
vi‘th demonst rated metallurgical stability. Universal Cyclops develop-entaltsn
alloy Unitemp AF2~-10A was selected since it represents a high strength forge-
able nickel-base alloy showing potential for forged .t‘urbine wheels and blades,
It waa ’clo.simble to include a wrought alloy in this program since the optimum

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

(56)

*IN~-100 with comporition modified for maximum intermal stability,
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refine grain size and provide a uniform distribution of-seconaary 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 considerations
inyolved the solubility of these elements in nickel and their cost or
availability. Assuming physical/chemical properties govern behavior, the
elements can be divided into at least four distinct groups as shown in

Table I. This breakdown along with economic factors reduces the number

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 a

similar evaluation procedure to determine:

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

(2) oxidation kinetics

(3) hot corrosion at 1725 + 25°F/5C hr with 100 ppm sait

(4) metallographic evaluation of extent of attack

(5) X-ray and microprobe identirication of reaction products

(6) lSOOoF stress rupture and room temperature tensile properties

In those instances where gross differences in the oxidation behavior of the
various alloys was observed additional evaluation was conducted to identify
the cause(r) of auch behavior. This was acconplished.by using the various
evaluatinn techniques employed by M&APTL in the pnst(g).

11
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3.2 Phase II Studies

After completion_of Phase I, the two compositions demonstrating the greatest
inprcvemenf in oxidation resistance and hot corrosion behavior were to be

fSelected for scale up torlafger size ingois for a more complete oxidation

study and mechanical property evaluation. The compositions were to be

; selected after a review of the data and consultation with the Air Force

ﬂaterials L&boratory Project Enginecr. 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

stability of Rene' 100,. however, mechanical property degradation also

resulted. Therefore, nu single alloy composition which contained loth

-t

oxidafion/hot corrosion resistance and mechanical retention was identified.

" Phase Il effort redirection, therefore, emphasized meeting this objective

by melting and testing at least six large heats (15 lbs) ci selectoed Rene! lr

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 3‘

Lo e

, combination of oxidation/hot corrosion resistance and mechanical

properties f +

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

Rene' 100 - T
(4) obtain some understanding of the factors responsible for the

di fferences in surface stability observed between doped "chill- -

L4

castings" and doped investment castings *

The experimcntal techniques for evaluating these alloys were similar to those e

< »enﬁloycd in Phase I. However, more extensive mechanical propertv evaluations -

were included,

12
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4,0 EXPERIMENTAL PROCEDURES AND APPARATUS

The testing procedures, apparatus and evaluation techniques utilized in
these studie; have all been thoroughly decuribec in other reyortn(7’9)._
In some instances deviations from these standardized techniques were
reﬁuired. These deviations are described in the text to insure yropcr
interpretation of data,

5.0 ALLOY PROCESSING AND CHARACTERIZATION

5.1 General

It is important in any alloy developm=nt program to document the processing

of material and to characterize the resulting material., An understanding of
material processing variables permits 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
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 metais to the nickel-base alloys
without excessive reactiun and "sputtering" losses, they were added as Ni.5
(R.E.) master alloys. Over fifty such inert arc melted alloy buttons were
preparcd from the elemental additions. Care was taken to insure homogeneity
in each button by remelting at least four times. The elements were charged
as Nis(R.B.) and it was originally intendad to employ melting loss meapure-
ments to determine the R.E. retention of each button assuming only R.E. was
lost, However, the master alloys were so brittle that they usually crumbled
during removal from the furmace and determination of melting losses was
impossible. A metallographic examination of the NIS(R.!.) alloys, typified
by interdendritic phase war present. The amount of this phase was minor and
seldom more than JO volume percent. Examination under polarized light
Figure SA(b) indicated an optically active matrix but only a portion of

13
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‘the second phase pclarized. ‘Since the sutectic for the Ni-R.E, systems

a:‘e fiear the Ni (R.E.) compound, the structure observed was considered
'l'rypemtectic. As a check, at least one button of each rare earth element
was che-icany analyzeéde The results shown in Table II indicate the alloys
'were essuntially NiSR.E. ‘and the low melting phase probably a R.E. rich

»

oz

entectic. g

. 7o minimige the volatxlity of Mn it was also added to the mclts as a 50-50 e

3 Ni<Mn master anoy. o ' : ' “r
5.3 Preparation of Doped Unitemp AF-21DA ‘-

5.3.1 Helting and Extrusion of Initial" Unitenp AF2-1DA Alloys -

(57) was induction melted ( ~ 300 1b) bt

The Unitemp AF 2<1DA master alloy -
‘uiider an argon blanket. Thirty (30) pound charges of this heat were vacuum
remelted and cast into individual 15 1b ceramic hot top molds at two dopant

P SN é&neéﬁtratidh levels, This was accomplished by first adding the Ni R.E.

"' master alloy to the 30 1b charge at the 0.1 a/o level, pouring one half the “

c;bnrge then increasing the R.E. addition to 0.2 a/o and pouring the remaining *

15 1bs into arwther mold. The general procedures employed during the melting -

were as follows: b

.; ' (1) Charge and vacuum remelt material from the master heat N
E (2) Make required additions to meet base chemistry -
%. (3) Fully deoxidize -
! (&) Add rare earths and wait for the reaction to cease -
f’ (5) Tap first ingot . .

(6) Add wore rare earths and wait for reaction to stop
(7) Tap second heat
b - (8) Tap chemistry heat

] All of the heats acted similarly. When the deoxidizers were added the pressurc
[ in the welting chamber increased significantly. As the dec.idation reaction

' " quieted, the pressure dropped to the level attained during melting of the bulk T
charge. The vacuum employed during melting was relatively high and the pmnwfe .

PR,
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at tapping varied from 80 to 300 microns, A chemical analysis of the slloys
determined by Spectrochemical lLaboratories and GE-M&PIL, are reported .

in Table III. Although the metallic and non-metallic elements are
within specification, the gas content is considerably higher than deaired,

An evaluation of these results indicate that insufficient degassing ¢nriny
; remelting of the master heat and furnace leakage during melting are re-
spohaible for the high gas content obtained. The increase in pressurs
noted upon the addition of the rare earths may be the result of reaction
with the Mg0 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 ZrO,_ crucible war
~

used and melting performed under a piurtial 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 202561-‘ and an 8.5:1 ratio. An X-ray and metallographic :

‘iy‘ :
b
7 N
- ;1
X
X
%
[
3
I* B
i
it

evaluation indicated poor quality material. Figure 6 shows microstructures
typifying the problems encountered with some of the extrusions, i.e.
massive inclusions and stringering; extensive surface cracking; and,
intemalr grain boundary tearing. Figure 7 illustrates the variation in
stringering among the ailoys. The extent of stringering was directly
related to the gas content. The general structure of the alloys after .
electroetching is shown in Figure 8. The grain size was uniformily fine |
between alloys but different degrees of primary J'formation, stringering,
and carbonitride forwation were noted. The rare earth rich phase could '
not be truly identified, Considering the gas content of the alloys and
the fact that approximately 6 prm of R.E. will react with 1 ppm O to form
nnzoj. most of the rare earths vodld have reacted to form stable oxides

or carbonitrides, This was borme out by an x-ray analysis of extracted

rosiducs in which considerable mzoj. was detected in the alloys.
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: 53,2 Remelting ang__lfs_o_c_:essing_ of Unitemp AF2-1DA Alloys

t ‘ -, As indicated sbove the initial AF2-1LA alloys were unsuitable due to
 excessivo ges contamination. All of the doped AF 2-1DA alloys were re-
k welted utilizino the following modi fications in castz.ng technique as a ‘ !

m of uininizing pas. ccmtu:.nation and poor quality castings: "
“(1)  The use of vacuum nelted basc ailoy melting stock
(2) The use of stabilized Zr() cwcihles as opposed to the less stable
" Mgd crucidles - o
, (3) Discara any heats vhere vacuum \:vaaﬁorsg than 7u during melting
- {k) Use 1/3 ata argon prior to the R.E. and Mn additions
- (5) -Gést‘_'direcf‘-‘y" into thi_ck‘walled-l‘nild steel molds .

v

"As for the initiai heats appmxtnutely tharty {30) pound charges of the vacuun
ﬁaelted uaster heat were vacuum remelted and cast into individual 15 1lb. ceramic
‘hot’ topped mild stee1 molds at the two dopant oonceatratxons. The general
procedures - aployed during melting are ouclined belw.

(i) Charge and vacuum remelt master heat

(2) Make required additions teo sati_‘s'fy AF 2-1DA chemistry ]
~ {3) Fully deoxidize with Al and Ti |
(‘:) : Back £111 with 1/3 atm argon

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

6) ‘Im‘:‘reage superheat, hold for épprox. 3 minutes, and tap first

ingot '

(7) Add remainder of rare earth ard menganese

(8) Repeat step #6

(9) Tap chemistry heat

‘1 Contrary to the behavior of the first series of these alloys, no ercessive
reaction was observel upon adding the reactive metal additions indicating
deoxidation was complete. The resultant ingots were very clean wiih little

~ or no murface slag formation, had Jood surfaces, and contained no blow holes,

The chewmical analyses of these alloys (Table IV) verify high quality ingots. .

¥ith tic excnption of higher than norwal Zr these chemistries are within . 4
specification., The high Zr coatent is the result of reaction between the v

ot e AAL TR *
-

"
i
i
i

roactive metal additions and the !n'.r()'2 crucible, The retention of the reactive

metal additions was well within the 80 2 5% initially predicted, !

16
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Since all of the ingots were cast into 2" dia. steel ﬁiye with 1/2" wall,
the mcld was utilized as part of the extrusion billet. The lngois and o
molds were cut in two,-a nose and tail plate welded to the mild steel lold,
ané nachxned into extrusion billets. The actual extrusion paraneters uﬂod
and the general condition of each alloy after extrusion are sua-arized in
Table V. As indicated the extrusions of La and Ce containing alloy:
“rattle-snaked" badly, This was considered to be the result of extruding
*ae ingots with "as~cast" surfaces. Thus, all ingots waré de—canned; thc
surfaces of the ingots machined and reinserted into thicker walled extfuslon
éahs. Upon re-extrusioh, the condition of the La and Ce containing alloys, '
was not much improved but the other alloys all appeared fo extrudé well,

Howuver, subsequent metallographic exoamination revealed all alloys, in-

cluding those which extruded well, contained microfissures. The extert of ]
this hot tearing appeared to vary inversely as the melting point of the R.%.

-Ni eutectic as shown below,

B ol anik, ke Dita 2

ML-Rich R.E.-Rich
Slstem Eutectic Eutectic
Ni-Th 2372°F 1832°F
Ni-Gd 2354L°F 1425°F
Ni-Y 2336°F 1535°F
Ni-La 2270°F 923°F :
Ni-Ce 2210°F 878°F
Ni-Er N.D. N.D
Ni-sm N .D. N ID.

N.D. - no data available

~

The exient of hot tearing thus increased in the” ‘following order: Th, Gd, U,
La and Ce, and also incrzased 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 machanical
property test specimens could be machined from any of the alloys.
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Certain of the doped alloys, namely 4,8 & 10, were further processed 2 10%
reduction by rod roliing at 2000°F, During this pmceésiilg all the alloys

e

fractured severly.,

Se¢343 Microstructure of AF 2-IDA Alloys
The extrusion ol the doped AF 2-1DA was siccessful in breaking down

' the, W.t structure thereby yielding a finer dispersion of "rare-earth" ' g
containing m-. Figure 9 shows the variation in the as-extruded wmicro-
_structure of various doped alloys and Figure 10 illustrates the ~ffect of

primary working on the phase distribution, Referring to Figure 9, the LA
following microstructural effects can be attributed to reactive element -
sdditions: ' i ]
(1) The carbides of the doped alloys are more massive implying the =~
reactive -gtal additions alter the carbide/matrix interaction, ‘ u
(2) The reactive metal additions induce primary )' prime eutectic : |
formation by altering the phase relations. | iv
Referring to Figure 10(a) and (c), the segregation of zare earth containing ",
phases together with primary }!eutectic modules form a continuous grain
boundary network in the as-cast conditjon. However, as shown in Figures 10(b) B
and (d) primary working by extrusion brelaks down the original grain bouudary T
Wm and gmtl; refines the grains, Additional evidance for "rare-earth" 3
phase segregation and refinement by extrusion is presented by the electron *
photomicrographs shown in Figures 11 and 12, These clearly depict the .
worphology of the “"rare-earth" phase and the effect of processing on further wr ’
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 -
j relatively low melting. Yence, the hot tearing pruduced during extrusion
may be the resuit of phass liquation.
~ Attempts wero made to further refine the "rare-earth" phase distribution ¥
by rod rolling the extruded material. It vas also hoped thst the rod -
~ rolling wight "heal” the micro cracks produced during extr.ution, Figure -
13 i1lustrates that considerable refineme could be producid by rod rolling v
2% 10% but the material failed during this additional working. .
i
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5.4 [Fi-~varation of Doped Rene' 100 Misse I Alloys R o ‘

S.4.1 Melting

& The Rene' 100 base alloys torm;tm«mmmmm
3 “ investment cast at the General Electric Research & Povelopment Cester, Special
A %’i molds were made at the Gemeral Electric Foundry, Evendals, and were designed
s to provide a variety of cast specimen sixzer and shapes for the screoning mluti.on.
~ The mold which had a 2-1/2 1b capacity yielded the following cast shapes:
2 - 3/8" dia X 2" long bars
Pt 4 - 1/4" dia X 2" long pins
- 6 - 3/16" dia X 2" long pias
b 4 - 2"X1/2" X 0.10" slabs
= 5/8" dia. down pole |
- 1/2" square stringers
v (48)
Past work on the doping of this slloy has indicated a definite influemoe

% i of R.BE. phase size and distribution op the envirommental properties of the

: alloy with fine intragranular precipitates being preferred. Casting para-

o meters were thus optimized to yield a fine grzined material., The initial

i = parameters and procedure selected are ocutlined below:

§ 1 (1) Charge and melt master alloy under vacuwm (<5 )

* (2) Cool to melt plus 100°F and pressurise chember with argon to $/6 ata

;o (3) Add rare earths ]
- (4) Preheat mold to 1700°F i
: (5) Increase superheat to 200°F and pour

Although the casting variables selected proved satisfactory for casting La and
La i containing alloys, when casting ocerius ocoataining dloys (lc.er MR R,
eutectic temperature) hot tearing oocurred during freesing. Other difficulties
guch as gas entramment and nonuniform grain sise were encountered. The gemersl
cluster configuration and severity of the casting problems aro illustrated in
Figures 14 and 13, Figure 14 {(a) illustrates the hot tearing previocusly dis-
cussed while Figure 14 (b) illustrates the effect of high imert gas pressure
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dnriau pmuriuu Since the wold is both top and bottom fed, gac becomes
qtraplm! by *he mltsn lntal and the metal freezes hefore the gas can

'e-cm. A'wold design Yhich feeds frum the bottom only should slleviate

jtla- dnd the ot te-xdng problam, Pigure 15 {a) iilustrates a sound
: 'eutinu viﬁ & Tine uuifom grain size. chver, in a few castings, as

shouw in Figure 13 (b), the grain size was rather large and vamed con-

’sialubly vithin the uame cuting. This effect ix aifficult to account

tor-it viu of the cleoe coatrol of cagting variables snd may be con~
m an MIy_. ~ .

These casting prodlems, i.c. “wot cracking, and gas entrapwent, were
‘al‘i-hptdd in later castings by increasing the pouring te-pérature to
210"’? superheat and -r'.'&_l«ci_ng'the argén pressure during pouring to 1/3
atm, Az a rasult of t‘\ese changes the:last series Jf _castings prociuced
were very sowwul. "‘horerare, although an attempt w&s made to hcld casting

_,'vwritb!as eonntant to deter-ine the cffect of various rare ‘earths on

mility m factora had to be variec shghtly to obtain uscable
nmrial for this imatigahm. The following variati.ns in casting
pg-qeten were used: v , ) ‘

o Argon Sugs rheat
Alloys Mold Tewp.( ¥) Pressure At Pour (°F)
15~-23 -~ 1700 5/6 AT 200
oh 1700 1/3 ATM 200
14, 25<35 1700 1/3 AM 230

The concentration of the reactive metal additionz to Rene' 100 i= give..

in Tabl~ VI as both atowic and mei'ght percent, A complete chemical analysis
of. ae of the doped Rene' 100 alloys is given in Table VII. All elements
e~vept Zr are withm the GE s‘pecification for Rene' 100, As in the case of
the A!' 2~10A alloys, the highr Zr content is the result of crucible attack,
The allojs were melted in stabilized Zr0, crucibles where reduction by the

] 2
rare earth clesgnta is possible as per the following recaction:

,‘(R.Eo) + 3 ZrOa-) 2(R0E0)203 -+ BZr
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According to this reaction each 1 w/o R.E, will yieid only 0.5 w/o Zr. The

fact that only 25% or ~',08 w/o of the rare earth added was lost dhhnd R

melting indicates that only 0.0k w/o Zr was introduced into the melt by
this reaction. It is more likuly that the rare earths prbduca’d erosion

of the Z:O-2 cmciblé and that the excess ir in t*» Alloi is pr’zzmt’aba C

 dispersed Zr0,. The effect that this relatively high Zr content has on the _
oxidation or corrosion behavior of these alloys is not knmm. Hmver,it .
is expected that the excess Zr would be more detrimental toward ne'chaniékl‘ -

properties than oxidation/hot cu.  iei: resistance.

The rare earth and Mn retention \'ianﬂao-‘)oﬁ,wit!.: few exceptions. There were
three instances (alloy #22, 24 and 28) in which the analyses iﬁdicated less
rare earth than intended. Appareatly, the additions in these instanéea: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 determining the effect of very small dopant edditions

and the independent role of Mn on oxidation behavior,

5.it,2 Microstructure

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

alloys was consilerably different than that observed in Rene! Y(9). 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 polarizec light
could be used to further elucidate this phase.

Figure 17 depicts the differences in the general as-~cast stmctufe of the
various doped alloys. Alfhough these areas are representative of eguivalent
positions within the ingots and are taken frox specimens of identical section
size, marked differencez are observed in the general features of the micro-
structures, The caibides vary from massive script type | 17(al! to a fine
spheroidal type [17(ci} s the interdendritic spacing varies considerably
[see 17(a) and 17(e)] s and the rare earth phase morphology differs,

Considering the emphasis placed upon control of casting parameters and since

no systematic variation in the type or concentration of addition is observed,
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‘ reaction and:eventual pitting.

these s{mpfyural variations are unexplainable. Evidently the structure is

',m:quly-'fhe‘hsitive to casting technique, or other variables are present

. such as tramp element wntaminatior}, which could have a major influeace on

morpiwlogy. In any event, the result of the oxidation studies indicated

no comiation between oxidation resistance and alloy morphology. This is
-o-owhat contrary to an earlier hypothesis based on Lot corrosion results
01 drap uatinos whi.ch indicated a fine rare earth phase distribution to

be nont denrable. After initial examination, the specimens were etched

to bett@r define thé "rare-earth" phase and its relation to other micm=-
strqctu-re features (i.e. grain boundaries, J-J' eutectic nodules, and
3‘7. _At':tgn_pt_s; to etch the rare earth containing phase resulted in excessive
o A microstructure sequence illustrating this
1: d\mm in Figure 18, . F:.gure 13(a) shows the rare earth phase es a massive

: intragranular preclpxtate with some indications of intergranular formation.

The hardness, as indxcated by the Knoop indentions, is alS0 noted to be

' greater than the matrix. A very light etch [Figure 18 (b)] more clearly

defines the R.E. phase. Heavier etch [Figure 18 (c)] drastically attacks
‘the R.E. phase but defines the microstructural relation between the ¢ =y’
nodulea, the cu-b:ldea,and the rare—-earth phase., After considerable effort

a ngtalloqraphic technique was developed to distJ.ngl'ish the R.E. containing

_ ph&se while anglul.tanepqsly__deﬁmng the other structural features. The

technique consisted‘of electropolishing in a mixed acid solution of 47 v/o
H3E04>+ Al_yfb 32304 + 12 v/o HND_3 or electroetching in an 8:1 H3F04
solution. However, after this treatment it was satiil difficult to clearly
dintinguish between the R.E, phase and carbides, Heat tinting at 250~300°F
for 2«10 hours suificientiy darkened the rare earth ﬁhase for identification.
%tivab thu@ possible to compare doped and undoped Rene' 100 to determine the
influenceibf‘the additions on the microstructure, The ligat microscopy
shown in Figures 19 and 20 and the electron microscopy shown in Figures 21
énd 22 clearly depict the changes in microstructure that occurred as a
result of fhe additions. In general, the rare earth additions affect the
]- x' cutectic and carbide formation but have little effect on the size

and éistribution of JI'. The rare earth elements can be classificd as those
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forming two phaaes, those conicentrating near primary ]’ eutectic nodule'
and grain boundaries, and those concentrating principnlly near éarbides,

The yttrium doped alloys are characterized by massive yttriun rich phalct
concentrating in grain boundaries and near carbides. The morphology cf the
carbrde is affected by the yttrium addition yielding a véry irregulir ihapéd
rather than blocky MC type carbide. Alloys containing gadoliniﬁ- also fom
massive rare earth phases., However, these appear to be more closely
associated with the y— Y' eutectice The alloys contgining La are no
different than those with La + Mn and both display rare earth rich phaes
principally at carbides. The morphology of these e 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 rare earth containinb
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 Nis(R.E.) it may actually rep-
resent a ditferent stoichiometry or have other constituents in so;ution. It

is worthwhile to note that the alloys displaying the most massive grain
boundary rare earth phase are those which are relatively oxidation resistant.

(48)

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/HOT CORROSION RESULTS (Phase I)

6.1 Oxidation of Unitemp AF 2-1DA Base

6.1.1 Continuous Veiggt Gain Tesis
The kinetics of oxidation of Unitemp AF 2-1DA* have been determined,
(7-9)

using techniques previously reported s for the temperature lﬁtervnl of
1400-2100"F, The continuous weight-gain data for duplicate spccimens, as

obtulnld from the actual chart recordings for specci fic times and temperatures
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~&ro summarised in Table VIII. The oxidation behavior of this alloy is

$1lustrated by the log-lag plots in Figure 23, These results typify the
oy a e (9)

general h‘ol;uvxor previgusly observed for Ni-base alloys and derote

the following featu:es:

S e Near linear oxidation at low temperature (short times)
" where lateral oxide growth predomiratas
(b} Mixed oxidation rates which are linear to quartic between
. 1600 and 2100°F, indicating complex oxide interactions.
(e ‘A% 2000°F and above a decreasing oxidaticn rate with increasing
time, -This behavior implies oxide volatilization since spalling
" was not ohserved w!)ile at temperature,

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

or (tile)” are gummarized in Table IX along with the time intervals for which
they apply. An Arrhenius type plot yields a straight line function with 1/T
°I'l) as shown in !‘im 2h. As in previous oxidation studies, this alloy

’ dilphyn both & limr and a dual parabolic oxidation iate. Hovcvei', in

eomrim the oxidation rate of Unitemp AF 2-1DA with other commercial alloys
(see Pigure 25) certain differences are also evident:

(1) At temperatures greater than 1700°F the oxidation rate is greater
than all alloys except possibiy IN-100,

(2) At aooo°r the oxidation rate is a factor of 10 greater than Rape' Y.

(3) The parabolic activation energy of 107,600 cal/mole is greater
thaa any alloy studied but similar to SM=200 (92,000 cal/mole)
which also contains a high tungsten conteat.

(5) The inftial linear oxidation rate persists at high temperatures
and aleo displays a higher activation energy than any other alloy.

The secondary parsbolic rate appears to represent sowe mechanical rather
than thersal processes since it does mot vary significantly with temporature.
As verified by cyclic oxidation tosts, this relatively oomtnnt rate may
reflect the upulung tsmdcncin of the alloy,
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In summary, the complex oxidation behavior of this alloy precludes a neaniucm
kinetic analysis. However,such an evaluation is useful for comparison with
other superalloys or, as will be us2d in this work, to determine the effect of

doping element additions.

6.1.2 Isothermal and Cyclic Oxidaticn Tests on AF 2 1DA
Weight change results from both cyclic and isothermal static oxidation
tests at 1800 and 2000°F for up to 1000 hours are presented in Table X, Both

the extent of oxygen (and nitrogen) reaction and spalling tendencies are
listeds The total weight changé produced during isothermal testing agrees
reasonably well with the continuous weight gain data. This alloy displays

a marked tendency toward oxide spalling after 700 hours at 1800 and at 200001?.
The fact that the total weight change after 400 hours at 2000°F is less than
that measured after 400 hours at 1800°F is further evidence for oxide volatil-
ization at the higher temperature. However, at 1800°F, 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 represent.s the weight of oxygen which
reacts with the metal does not change appreciably with cyclic exposure at
2000°F. This indicates that the rate of volatilization in this relatively
slow flowing enviromment 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 2000°F (Figure 23).

6.1.3 Metallugraphic Evaluation >f Oxide Attack

The general sppearance oi the oxides produced during 100 hours of con=-
tinuous oxidation at 1800, 1900, and 2000°F ir illustrated in Figure 26. As

(9), this alloy demonstrates the

previously reported for nickel-base alloys
competition between scaling and subscale reactions and the tempcrature depend-
ence of thir competition, During oxida“ion at 180001“ the relatively high

activity of Cr and the low combined activities of Al and Ti promote intermal
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‘oxide forwation. As )' dissociates and the Al + Ti activity increases, sub.

»pc'afa formation is favored((see Figure 26 (b) (c))and little or no intema.

‘oxidation is formed.

_ Hetunocmphic evaluation of specimens after the cyclic exposure at 2000°F

dendted an irregular oxide scale with deep intergranular oxide spikes
(9)

-similar to those previously observed for IN-100 7", The pxide appeared

heterogeneous, both parallel and perpendicular to the substrate surface
with at least three oxide phases obvio\is, plus TiN. After 400 hours of

: eyclic ékpomre at 2000°P the average and maximm 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-100 and INCO 713C(9)
after a comparable exposure.

6.1.4 Reaction Product Identification

The reaction products formed during continuous weight-gain testing were
analyged by X-ray diffraction, Both Debye film 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*

1400 (Cr,AI)

1600 (Cr,Al) o +Ti0, (w)

1800 Cr203+'1‘10

2000 T10 +Al 03+Sp1ne1+0r203
2100 Splnel (aoaa.OBA)+A1203+T102

*Listed in order of predominarce

These preliminary results indicate a Cr, 0 /Alzo3 oxide at low temperatures

with increasing spinel furmation and Cr louen through volatilization at

2 3
higher temperaturas,

6.2 Oxidation of Doped Unitemp AF 3-1DA Ailoys

6.2.1 Oxidation Behavior

The relative oxidation resistance of various doped AF 2-1DA alloys
after 1000 hours continuous exposure at both 1800 and ZOOOOF is shown in
Table X1 which lists total weight change spalling resistance and metal loss.
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The cyclic oxidation behavior after 3-100 hr. cycles at 1800°F and 7-24

hr. cycles at 2000°F is summarized in Table XII., The reliability of :
weight change results for these specimens is questionable in view of the
occurence cf hot tears, The depth of penetration was difficult to evaluate
for the same reason. Photomicrographs typifying the morpuology 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:

(1) Very little, if any, improvemcnt in the total weight change and
cnly a slight improvement in spalling resistance (a factor of

two maximum) with the rare earth additions.

(2) Yttrium, Gd and Mn additions appear to be most effective, but the
effectiveness of the R.E. additions decreases with increasing
R.E. content (above 0.1 a/o).

(3) Contrary 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,Es, effect although in some instances Mn additions alone are

most favorable.

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

same trends obser;ved for the continuously exposed specimens, Two conclusiong
from these results are of impurtance. First, catastrophic attack is not
observed in any of these alloys at the high temperature indicating the rare
earths, Mn or high Zr centent are not responsible for this behavior, Secondly,
the concentration and type of rare earth element is more significant than ita
distribution within the alloy,

6.2.2 Reaction Product Identification

The results of X-ray diffraction of the reaction products formed on doped
~ AF2-1VA alloys after various time/temperature exposures are presonted in Table
XIII. The alloys selectsd for this evaluation displayed good (#2) medium (#13)

and poor (#11) resistance, hence, the reaction products characterize the varying
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degrees of attack. The following obscrvations can be made frcm these

datar -
7(1) Oxide formation on less resistant alloys (#1 and #11) are

cqmplex and highly heterogene.ous; whereas, those formed on
resistant alloys (#2 and #13) are rore homogeneous and consist

af only one ar two oxide phases.

,(3) Hn and H.Eo additions promote spinel formation.

%) ‘_Spelling vccury at the scale/subscale interfaces such as

S;iinel/lﬁ'l‘io and/or Spinel/uz(}3 + T4 0,

j\lt) The activity of Al ‘increaser considerably at 2 200C°F and yields
| (Cr,AI) 0, and spinei phases rich in Al. '

6.3 - Hot Cortvaion of Doped Unitemp AF 2-1DA

The hot corrosion resistance of the first series of doped AF 2-1DA alloys
(those that were contaminated with gas) was poor. All alloys completely
oxidiud/eorroded during the 50 hr/1725+25°F rig test. This result, thought
'._"mt conrluawe, way indicate that rare-earth additions in the form of oxides
4are mt particularly effective. However, cther compllcatmg fractors such as
carbide norphclogy and the stringering present in these alloys may be the true

causes of failure,

Two hot corrosion tests were conducted om the accepiable AF 2-1DA matcrial.
The first test displayed excellent resistance in the test environment®*
during the initial 17 hrs. of test but a tempcrature excursion ultuuately
produced fai lure; During the second hot corrosion test massive attack was
obgetv«:d on the basa and base + Mn alloys but those containing GdeMn, La+Ma
and TheMn 2xhibited at least a factor of 30 improvement in resistance aé
shown visuﬂ ly in Fig\\re 29 and quentitized by the metal loss data given
below:

¢ naturnl gas  with 100 ppn ingested sea lult uf 1,6% solution of ‘)C%
Na maiﬁl(ﬁ" NalCl ,
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Affected Metal (mils/side)*

Alloy Gross Attack Max Attack
Base (AF2-1DA) ' -18 -20
Base + 0,8 w/o Mn : -28 -29
Base + O.1 a/0 Gd + 0.8 w/o Mn “0eH -1.5
Base + 0.2 a/o Gd + 0.8 w/o Mn 0.2 -0,7
Base + O.l a/0 La + 0.8 w/o Mn +0,) =0.6
Base + O.1 a/o Th + 0.8 w/o Mn - -0,9
Base + 0.2 a/0 Th + 0.8 w/o Mn 0.6 ~143

*Rccuracy + 0.5 Mil

The morphclogy of the reaction products formed in these alloys is shown in
Figure 30 and further verifies the beneficial effects of the doping additions.
The base AF 2-1DA dibplays gross subsurface sulfide formation; whereas, tha

doped alloys are relatively freo of sulfide formation or those sulfides

that do form are fineiy dist:ributed,

Contrary to doped Rene' 100 hot corrosion and doped AF 2-1DA oxidation results
all rare earth additions appear to have the same bemeficial effect. This wouid
imply that the mechanisms controlling hot corrosion and oxidation behayior are
unrelated. These results indicate that the diatribution of the rare earth
phase and not the type of rare earth is the contrelling factor. This suggesta
that prealloyed powde—, which ought to have a finer rare-earth distribution

may further enhance hot corrosion resistance.

Although AF 2-1DA displayed a favorable response toward the doping additions
(particularly Y and Gd) the difficulties encountered in processing the
material preciuded any additional studies in Phase IX. The processing problems
are no doubt primarily associated with the rare sarth additions but elimination

of the Zr contamination by welting in Alaf)’ crucibles may lessen the problemn,

6.4 Oxidatior of Doped Rems' 100 Alloys
6.4.1 Continuous Veight Gain Results

The offect of the various reactive petal additions on the oxidation
kinetics of Rene' 100 have been determined using techniques previousliy
reportndw). The contiruous weight gain data obtained from actual chart

recordings for the majority of the dopsd alloys axposed 100 hours at 1800°F

and for some slloys oxposed at 100 hours at 2000°F arc illustrated by the
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log-log plots shown in Figures 31 through 38. The data are plotted along with

\\mhpod base alloy data for direct comparison. The oxidation rate constants
‘computed from the slopes of the best fit straight lines formed by plotting
‘(weSght gain)? vs time are sumsarized in Table XIV along with the time in-
tarv&l over which the rate constants apply. Figure 39 illustrates the
a!'!qctot 0.1 at.% of the various 'rare-earths'on the oxidation kimetics

ot Hene'! 100 aa = Bxcilor of temperature,

Most of the alloys displayed the typical dual parabolic oxidation rate at

' l&m?l', iiplyin{; complex oxide interactions. A comparison of the oxidation

rate mnst@nts indicates the initial parabolic rate constant (K. ) for most

P

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

the alloys (#17 anc #33) rhow distinctly superior initial oxidation kinetics

~ while none of the ulloys display a marked improvement in the secondary
. oxidation rate (K, ). Similarly, only a few alloys (#19, 25, 27, 28 and 30)

L4 :
show distinctly ixﬁ‘erior oxidation kinetics at 1800°F.

All the doped alloys displayed increased oxidation rates at 2000°F when
- compared to Rene! 100, The behavior of the doped alloys at 2000°F was

characterized by a high pafabolic oxidation rate and extensive scale ex-
foliation both during testing and while cooling from the test temperature,
The inferior behavior of the doped alloys at 2000 F was observed in all the
oxidation tests conductéd in Phase I and is discussed more fully later

in the text. |

Photonicrographs typifying the nature of the scale/svhscale reactions produced
during the continuous weight gain tests are shown in Figure 40, Oxidation

at 1800°F((Figure 40 (a) & (c) )) was t,&piﬂsd by a semicontinuous, relatively
dense, multicomponent oxide scale with little or no internal oxidaﬁon. and
only nimr J' diliolu;ion. The pitting in the grain boundaries was attrihuted

to preferential leaching of the rare earth containing phasc durina etching.

- Pigures 40b and 40d {llustrate that the oxide scaie completely mpalled at

aooo°r hmrihg a sone of J' dissolution and ertensive ]' degenerntion, This
type of renction is apparently aggravated by the reactive mctal additions
since this type structure was not oh-br_ved in the undoped baae clloy,
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Similar reactions have been observed in alloys whose surfaces have been
severely cold worked thereby increasing cation diffusion rates. One might
suspect therefore, that reactive element sdditions promote the outward
diffusion of those constituents which stabilise y' (iees Cr and Ti),

In summary, additions of Y, Gd and : + Th + Mn are most effectiv~ in
decreasing oxidaition rates but even these additives afford only a marginal
improvement at 1800°F and in fact decrease oxidation resistance at 2000°F.
Additions of Ce, Mischmetal, La and La + Mn have the greatest adver.:
effect. In general, the lower concentration level of the additive pro-

vides the greatest improvement, or is the least degrading.

6.4.2 Static Oxidation Results

Static oxidation tests were conducted on the majority of doped .lene'
100 alloys at 1000 hour/1600°F, 1000 hr/1800°F and &0C hour/2000°F.
Although not part of the original program plan, these tests w.re included
to complemcnt 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 weighi change, spalling and mecal loss data shown in
Table XV, The following observations regarding the oxidation behavior of
these alioys are noteworthy: o ‘
(1) only alloys 15, 18, 27, 2R ~9 ané 32 have equivalenf or better
oxidation resitance than Rene' 100 at 1600°F and 1800°F while
all doped alloys are inferior at 2000°F.

(3) Some alloys appear more resistant at 1800°F than 1500°F (see
~ alloy #15 and 27).

(3) In some instances, the total weight change is relatively
independent of rare earth concentration (see alloys 19 & 20, 21 & 22)
implying that the alloys are saturated at the lower concentration
level, In other instances, increasing rare carth concentration
decreases oxidation resistance (see alloy #25 and 26),
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{4) . The influernce of Mn additions is evicdent from thise data. A
compariscn of alloys 21 and 27, 28 and 29, 30 and 31, 32 and 33,
and 3¢ and 35, iudicates low levels of Mn are bemeficial while |
increasing ¥an above .3 and >.25 w/o increases the extent of oxida-
ticn and oxide & ailing, Thig is contrary to previous chill-

casting resuits in whieh 0.50 w/o Mn was found to be optimum, (48)

(5) -The behavior «f the doped alleys at 2000°F is considered anomalous
. and erratic., Thrce different types of behavior cbserved: 1) The
allcy may act norazl (Besoc & #15); 2) exaggerated scale exfoliation
mR&y occur (alloy§ 20, 21, 23, 2%, 27, 28 & 32); or 3) catastrophic
" oxidstion may ocour with no spalling (ailoys 29, 30 & 31),

Attempta to link catustrophic axidation at 2000°F with alloy composition were
Mﬂl. Complete spectrogaphic snd x-ray ewmission analysis were conducted
to detemmiae trump eleserts were present. The resuits gshowad no differenece
between "normal” matericl aud that which failed catastrophically. Therofore,

mv llrge d‘)_.ﬁerent_;esr in bedavior cannct be explained on the basis of additive
camporitions. Perhaps the catastrophic stteck and exaggerated exfoliation are
the result -f mde nelting. Examples have beer cited in the litera.tdie(ss)
vhere ¥,0_ + R.E.,0. comp ‘nd oxides can melt at low temperstures. Such inter-
actioas have alao besn observed by NASA and TRW when making V additions to
TRY-7] 4 type alloys(sg). The oxidation resistarce of alloys which fziled
catsatrophically during static air exposure apperred sligiatly betier in a
fiowing €.7i* +nt. The fact that thirty or more test specimens are ugually
exposed in s muffle furnace 3% ope time may he sufficient to produce an aimos-
herc containing volatile &r’ corrosive o-ides, The type of attack observed
might therefors be considered to be the result of velatile oxide interactions
between V,0,, Zr0,, O snd MO or (R.E,),0, oxides. This postulation is also
supported by the fact that catastrophic attack was not observed in the doped
AF 2-IDA alloys,

6.4.3 éyclic Oxidation Results

Buriag these tests Lhe specimens were contained in zirconium silicate crueibples
and upon withdrawal from the furnace were covered to prevent any loss of 3palled
uxid? products. Hence, aiter the test, the total weight change of the systeu

represente. tha: of thc <rucible (less moisture or reaction products), specimon,

ctidation products, aad any intcraction between specimen and crucible,
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Initially, the weight-change analysis was oonducted by weighiag the specimen -
only (minus spalled products if spaliing oocurred), sad computing the et = -
veight chonge using the specimen 7eight pricr to oxidation. It was subsequently
discovered that this value differsi from the post-test crucible plus specisen -
weight, minus the post-test crucible weight only., This discrepascy was eveatuslly
associated with changes in crucibls weight during exposure. 1o oorrect for |
this weight change, blank crucibles wers tested alomg with the specimens, In-
subsequent Phase II cyclic tests the crucibles were prafirsd at 2100°F for

& minisum of 100 hours to miaimize crucible weight change during cyclic expogure.

$xy

Bt Bisied  fpuind BN

The general appearance of the majority of doped Rene' 160 siloys after ten 100
hour cycles at 1300°F is illustratod in Figures 41 and 42, The crucibles which
contained the specimens arc included tc i1llustrate the re:h't:l.ve amount of
spalling whizh occurred during test. Although the base Rexe' 100 alloy is not
included in these photos its oxidation behavior is typified by the appearsnce

of alloy #30. The total welght change and the exteat of spalling for these
alloys during each cycle of exposure at 1800°F are given in Tables XVI and IVII
respectively, The data of Table XVI are presentod graphically in Higures 43 and
44 for those alloys whose behavior is worse than Rene' 100 (Pigure 43) and those
alloys which are guperior (Figure "H). The depth of affected metal was metallo-~
graphically measured. These results, which Cenote both the groas and mxximum
oxide penetration after g cyclic expusure of 1000 hours st 1800°F, are tebuiated
ir Table XVIII

ot
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On the basis of total weighki change, spalling resistance and depth of affected
metal during 1000 hours cyclic exposure at 1800°F the slloys displaying superiority
to undoped Rene' 100 rank as follows:

@) — Alloy 8
RankinL 'emt Gain Adherence Alfactedl Metal

33¢ 18% 27 -
18% 18 28 :
28 28 30
18 17 32
17 33+ 17
32 32 16
15 27

27 15

W I ;oo b W N -

(a) order of decreasing resistence

» based on results ¢t 500 hour cyclic exposure

33




_Additions of ¥, Gd, Mn, ¥ + Th + Mn and La.+ Mn (at certain concentrations)
impert licnincant axidation resistance to Rene' 100, Specifically, alloys
-39 38, 16, 17, 33 and 32 show the greatest improvement under these corditions,

: Golttlgy %o thon addttionn which decrease the oxidation resistanco of Rene' 100
' (:L.c. La, Ce & ), :I.ncrming additions of the beneficial elewents beyond .
; .,o.xa turther uprovc-s axidation resistance, The oﬁeet of Mn additions is of
p&vt:loular 1ntorost. Reierring to the allay’ series 21, 27, 28 axd 20 the
| icflueace of Ma add:‘ions is ‘evident, Alloy 21 (0.1% a/o Le) contains no
> Ma and displays nearly the poorest oxidation resistance,. However, adding

0.12 w/o Mn to this alloy (anoy 27) nprove; {ta resistance by & factor of by
10 but further addiiicus to 0.67 w/o Mn (alloy 29) produced

dlticp ;'eads;m. In other words although ailoy #27 has 1/3 the Mn it has o

three times the resistsnce of alloy #29. Alloy #28, which contains neglibible !

La but. 0.38 w/o Mn, has the best resistance of this series. Tuis series of
ulloyl illutrate- thet & complex relation exists between the rare-earths
andllandthat scme of the other additions such as Y and Gd may be further
improved by Ma aduuon-. : ‘

uo a::ldttion sesistanve of the doped alloys during cyclic exposure &t 2000°F

18 glven :ln Table XIX, Y and Gd.additions ar2 still most favcreble but Mn
ldﬂ:ltims appear to pramote ammc oxidation. Of the nipe alloys containing
Mg, six of them faile! cataztrophically before 100 hours total exposuve where—

| 23 only the Mischmetsl containing alloys of the "mon-Mn" containing alloys failed
’ ' catastrophically. This strongly suggests that Mu additions play a role in
promoting catastrcphic axidation. The types of failures observed in the doped
alloys dur:lng the 2000°F "yclic exposure are illusirated iun Figure 45, As

biid b b e

Gt N e e
C o
o snik

indicated ma~y of the test coupons were completely converted to oxide within

1 @"“ M

25 hours exposure, The glgssy-type appearance of some specimens isplies mclten
oxide formation. Other specimens such as #34, #26, and #27 simply failed by
* ' masgive scale exfoliation, Table XX was compiled to facilitate a comparison

PR )
T

. between the static and cyclic oxidation behavior of these alloys at 1800 and
2600°F., As indicated, those alloys whict performed well in a static environment
were also resistant to cyclic testing. '

[ SN RS
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-

The metallographic appearance of the scale/subscale reaction zones produced

L

on various doped Rene' 100 alloys after 1000 hours cyclic exposure at 1800°F
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 Mn content) were typified by considerable internal oxidation, Fisﬁr_o 49
illustrates the multiphass oxide scales which formed on many of the t;loip.
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 dkidltiphﬁ’>
through the entire thickness of the specimen. Initially, it was thought that
the deep 1,.G, A, wag brought about by internal oxidation of the‘Nisha phase, e
However, closer inspection revealed that a precipitate resembling a carbide
rather than the Ni La phase was oxidized. It is suspected that the NiLa

phase reacts with carbides (MC) during exposure to form La containing carbides
around the NisLa. It is this fine La containiné carbide which then oxidized
internaliy. The exact role of Mn additions in promoting this type of attack

18 not precisely Inown 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
conditions of 1700 4+ 25°F/50 hours, 10C ppa Ne,S0, + NaCl and a gas velocity

of 75 ft./sec, are tabulated in Table XXI, The general appearance of these
specimens is illustrated in Figure 51, The resulte indicate a significant‘
dependence upon both the type and coacenication of the additions, As indicated
La, Ce and Gd additions can reduce the extent of attack of Rene' 100 by a
factor of 10 to 30 when added at corcentrations of 0,1 a0 or nmore, Additions
of Y and Th on the -ther hand were essentially ineffective, Hot corrosion

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

inconclusive,

The norphology of the reaction products formed (oxides and sulfides) on various
alloys are shown in Figures 52 and 53. Prior to sectioning for metallorgraphic
mounting, the specimens were dipped into 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
surface products and clcarly denotes “he mode of scale failure, Figure 52
illustrates typical types of sulfidatiopn attack in this series of alloys, The
veaction typically consists of an oxicde scale with underlying 1.0, and sulfides

{gray globular phase) within the ¥' dissolution zone, The extent of each of thesy
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reaction layers was found to differ from alloy to alloy. The attack in alloy
15 (.09 a/0 Y) was charscterized by a msssive oxide scile and a eutectic type

> sulfidation zone which may represent 3 Ni-"WiS" eutectic. On the other hand,

“ alloy #21 (0.12 a/o La) displays a thin relatively dense oxide with a fine

-unifors dispersion of subscale sulfides (presumsbly "CrS" type). Alloy 18

(0.23 a/o Gd) has & tinilar oxide scale to #31 but contained a large amount

ot continuaua intergranular sulfides be'ow the scale which were responsible

tor awOOI ot thc reduction in load bearing cross section, Figure 53 illustrates
thn lorphology of the reaction zone torled in the nost resistant alloy (#32-

' 0,12 a/0 La).

7.0  MBCHANICAL PROPERTIES OF PHASE I ALLOYS
7.1 Reme' 100

The 1300°F tensile properties of the alloys tested are shown in Table XXII.

'r As indicated, the strength properties of some of the alloys are within the

specification for Rene' 100 but some reduction in ductility, particularly
elongation, was noted, The variaticn in properiies observed may not be the
réiﬁlt of different reactive metal additions per se, but rather related to
the castihg history of the allcya-or the quality of the tensile bars used.
All of these alloys which display good properties, namely, ailoys 15, 18, 21,
23 and 24, were cast using a lower superheat (200°F). The remaining alloys
with the exception of alloy #17 were cast utilizing a 230°F superheat to
ilprove the macroscopic quality of the casting. This observation may be
fortuitous but could be rglated 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 1500°F/68 Ksi are tabulated
in Table XXIIX, These results indicate that the reactive metal additions

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

rupture properties of as-cast Rene' 100, However, as for the tensile
properties, these results mey also be influenced by casting variables,

7.2 AF 2-1DA

Difficulties were encountered in machining doped AF 2-~IDA mechanical property
spacimens which were free from hot tears, Due to the poor quality of the

materii  no useable tensile specimens cnuld be machined.
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8,0 PHASE I CONCLUSIONS

Based on the results obtained in Phase 1 it was concluded that the proper
combination of doping elements can markedly improve the surtaee'ntlbiliti
but at a sacrifice in mechanical properties. The primary goal of Phage I~

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/0 produce low
meiting phases (presuaably Nis'R.E.') in the grain boundsries.
Modification in the carbide morphology and increasing 4
_primary ¥' formation result from these additions, A A

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

(3) The 1800°F oxidation kinetics of Rene' 100 were only
slightly affected by the reactive metal additions. Only
alloys containing Y and Gd showed improved kinetics.,

(4) During static and cyclic oxidation of Rene' 100 alloys at

1600 and 1800°F only certain additions at specific concen-
tration levels improved resistance, Additions of Y, Gd,
Mn, Y + Th + Mn, and La + Mn displayed a factor of 2-20

oy, e b e YR B

times improvement in oxidation behavior,

(58) Additions of La and Ce, which were least effective in

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 II ALLOY 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 and from melting point counsiderstions, (Ni-Y, Ni-Gd and Ni-Th
binary systoems exhibit higher eutectic temperatures than the other systems

#tudied in Phase 1), C(Combinations of doping elements were also selected for
study in Phase II. The ais compositions of Phase 11 alloys are given in
‘i‘.ble' XXIV, A vanadium - free alloy was studied in Phase 11 since the results
ot Fhase 1 w'.aptod the postulation that V, in combination with rare=earth
anmto mud catastrophic oxidstion at 2000°F,

9.3 = Preparation of Phage il Alloys

The preparation of the Phase II alloys was similar to Phase I except that the
alloys 'er; preptred a8 15 lb. heats, The V-free sene' 100 alloy was prepared

at G.E,~MWPTL by induction melting of high purity virgin materials. The Rene' 100
base alloy was purchased in accordance to G.E, spedifications,

_ghenical analysis for some oi the Phase II base alloys are shown in Table XXV,
The alloys were within specification except for the Zr content of the V-free
Val*loyvl. Apparentiy the high Zr resulted from reaction of the melt with the
3:03 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 XXVI, Poping eiénent: retention was exceilent, except in alloy #39
wi sre the Gd content was low, There is no obvious explanation for the low
Gd level,

Each alloy was cast into standard CTS test bars, flat plates and pins as
indicated in Figure 54. The quality of the castings was excellent = only

3 of 108 test bars were rejected by zygla 1nspe§tion. None were rejected by
x=-ray. Typical variations in macrostructure of the various test specimens
aro shown in Figure 55. The variations in grain size were ccnsidered typical
of investment cast material,

9.3 Microstructures

Optical photomicrcgraphs of the as=~ca:t Fhase II alloyas are shown in Figures
86 and 57, A typical micr .structure of cast Rene' 100 alloy is shown in

Figure 56a, It contains MC carbides and & small aount of ¥ = 4 ' eutectic,

’,.: e
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The vanadium~free alloy conteains a larger amount of J~ V¢' outoctic(ssb).

This is probabiy due to the higher Al + Ti content in the alloy rather than

the absence of V. Tke doped slloys- (56b, ¢ and 57) contain increased smounts -
of ¢ - ¥ ' eutectic and a rire-earth containing phase., Since the rare=earth

phase i3 most probebly rich in Ni (é.g. N1
eutectic is to be expected.

gBeE.), & greater amount of U- U

Electron micrographs of selected alloys are shown in Figures 58 = 50,

Typical J)° , carbide and eutectic structures in base Rene' 100 are shown

in Figure 58, Typical rare-earth phase distributionsare indicated in Figures
59 and 60, The phase is concertrated in grain and dendrite boundaries and

in regions near y = J ' eutectic colonies., Tle location near the coarse part
of the eutectic indicates tliat the phase has a melting point below the j’- A

eutectic,

10,6 OXIDATION/HOT CORROSION RESULTS, PHASE II

10,1 Oxidation Tests

Phase II élloys were evaiuated similarly to “he Phase I alloys, utilizing
continuous weight gain tests to establish kinutics and isotherﬁal and cyclic

oxidatio. tests.,

16.1.1 Continuous Ug;gg}»Gain Tests

Continuous weight gain tesis were carried out at 2000°F on all the alloys

and at 1800°F for alloys 36 (base) and 40 (0,1Gd). A summary of the oxidation
rate constants are determined from the data are 1listed in Table XXVII, At
2000°F all of the alloys exhibited weight gain curves very nearly identical
to the base alloy., Alloy 40 (0,1 Gd) was the best of the &l oys and its
behavior was compared to the base at 1800°F. The results are plotted in
Figure 61, At 1800°F the doped alloy was somewhat more oxidation resistant
than the base, with its rate constant going to ze_o after 1200 minuteas. At
1800°F the rate constants for both alloys are very nearly the same as for

the base and for 0,09 Gd alloy studied in Phage I (Table XIV), The oxidation
rate of the base alloy at 3000°F was higher than the average value rcported
for Rene' 100 in Table XIV., Since only average Rene' 100 duta was used for
comparison in Phase I it is possible that at Z000°Y the differeace between
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the base and the doped alloys reported in Table XIV may not be real, The
rate constarts for the doped alloys studied in Phase I were a fastor of |
>;,,;:Lo higher than doped alloys of Phase lI. The reasons for the cifierence ore
' ;i’ pot clear, but 1t is possible that the base allny used in Phase I was
:':ggiiqglly inferior in oxidation rewistance at 2C00°F, A comparison of the
giﬂu;ntrios of the base alloys of Phase I and Ii indicates that only Zr and
"gzpoiithly‘Zr/V variations could account for the different behavior.

10.1.2 Isothermal and Cyclic Oxidation Tests

" Phase II alloys were oxidized staticall, for 100 hours at 1600, 1800 and
2000°F," The data are prisented in Table XXVIII, All the 2lloys behaved

_ similarly at 1600°F, At 1800°F the base alloy exhibited the smallest weight

.
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g@i@ but the spalling was generally lecs for the dored allioys indiecating
improved oxide adherence. ‘At 2000°F there was no indication of catastrophic
," oxidation which occurred on some of the Phase I alloys in less than 25 hours,

The Phaée II base alloy again exhibited much better oxidation resistanc:
. . than the Phase I base, |

" The results of the cyclic oxidation tests are presented in Table XSIX. After
- 5-100 hour cycles at 1800°F the weight changes of all the alloys are probaely
within the accuracy of the measurements. Again the oxidztion resistarce of

.. _the Phase II base alloy was beliter than Phass 1 by'a factor of about 3 in
‘terms of weight gain and spalling loss. At S000°F for 158 hours there was
no indication of cataatrophic oxidation as occurréd on Phase I alloys.
Practicslly all of the metal loss data reported in Table XXX is due to inter-
granular oxidation rather than surface scale,

10.1.3 Metallographic Observations

Typical microsiructures 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 Corrcgion of Phase 11 Alloys

+
Hot corrosion tents weres verformed for 50 hours at 1735°F following procedures

outlined in Thag+ Y.  ¥;..ng the first test all of the alloys were severly corroded.
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" the base probably caused by more adherent oxide formation on the doped alloys,
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A mecond test was run for confirmation., Iu the second test, the teat temper—
ature was about 100°F low for a portion of the test and most of the alloys
ekhibited only winor corrosion., Only the base without V was moderately cox s
Microstructures of the tested specimens are shown in Figures 64 and 85, The
bage and the doped alloys 2%l appeared to bz about equal in terms of 1ntor¢rihu1!r
penetration., Alloy depleticn was generally less in the doped alloys than in

Concurrent with the testing -f Phase II alloys a Series of Phase I alloys were
tested in both the "drop cast” and investment cast conditions. "Drop” or

chill casting of Rene' 106 type alloys results in a high'y refined microstructure
and much better distribution of the rare-warth containing phases, A cémparison

of typical structures is made in Figure 66, It is expected that more efficient
utilization of the doping elemgnts can be obtained in a\more refined structuréi
Also, the minimum dopant level required for surface stability will be 1awer't&e'l
better is the distribution. The objective of these tests were to better determine»

the minimum required dopant level with a near-~ideal dopant distribution,

AT i i e

(5)

A further objective was to provide comparisons withk earlier tests where Mp

s

additions were found to be required for hot corrosion resistance. The results
of these tests are presented in Tabie XXX, In cases where a comparison can be
nade, Ln appears to be beneficial, however, the effects of structuré, as
controlled by casting technique, overshadow compositional effects. Rene' 100
base alloy exhlbits poor corrosion resistance regardless of the microstructure,
Most of the alloys exhibited very significantly better corrosion resistance in
the "drop cast" condiéion. This is attributed to the improved distribution
of the rare-earth containing phases ir the "drop cast" alloys. Typical micro- fi
structures of the tested alloys are shown in Figures 67 and 68, Figure 67 id
compares the drop-cast with iunvestmeut cast 0,13 w/o Y allcy. The drop-cast ‘
matorial exhibits a much finer microstructure and much better corrosion resisg=-
tance, Additional alloys are shown in Figure 68. In 68a, the base ailoy, drop-
cast, exhibits no significant improvement even though the structure is refined,

In 68b is shown the 0,24gw/o ¥ alloy which ekhibited improved corrosion resistance

in spite of the coarse grain structure present in the investment cast material, i
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The above tests demonstrate that both compositional and structural variables
play & significant role in the hot corrosion behavior, Also, the results provide

@& plausible oxphnl.tion- for the wide variation in hot corrosion behavior of
.investment cast material even from the same allcy and same casting, A wide
~:vuﬁ.¢ty 61 structures can, snd are found in a qingle casting and thus result
'in & variable response to & corrosive environment, It is apparent that rare-

' earth elewents in concentrations greater than about 0.1k 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 clppend_to a larger degree
on the structure but amounts of the order of 0,2 &/0 appear to be minimal,

10,3 _Ide!‘.titication of Beaétion Products

The reaction products formed on Rene' 100 alloys in both Phase I and II were
vaxuined in attenpting to expla:ln the oxidation/hot corrosion behavior of the

'alloys. "The reactmn products formed during static and cyclic oxidation testing
” at 1600 and 1800°F as determined by x—ray diffra«.tion analy3is are summarizec

in 'l‘ables XXX} through XXZI1X. -

R__c;terring»to Te.ple XXXI little difference 13 observed in the reaction products
formed on variocus doped Rene' 100 spacimens after 1000 hours exposure at 1600°F,
The pi'inc:lpal reaction products formed ar NiO, cubic spinel, and & perovskite
phase )li‘l‘ios. The lattice parsmeter (& = 4.19A ) of the NiO phase observed
on these slloys is intermediate between pure NiO (a = 4,178A ) and Ca0

(a = 4, 26 A ) indicating the oxide may actually be (Ni, Co) O, The lat*ice

‘parameter of the spinel phase (a = 8,32 A > most likely represents a {Ni, Co)

(:x'2 s oxide phase, The parameter of the spinel of the Mn containing ailoys
is no different indicaving little Mn present in the spizel. Contrary to earlier
i_orl: the iln additions do rot appear to promote spinel formation.

The reaction products formed during the 1800°F exposure (Table XXXII snd XXXIYI)
indicate the following:

(1) The reiative resistance of the alloy is rvelated to the intensity
of the matrix lines and tdr static oxidation specimens the smount
of spinel formed. The greatex tha matrix intemsit; - the greater
the amount of spslling, and the more predominant the spinel phase~-
the most oxidation renistant the alloy,
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(2) Oxide exfoliation initially ovccurs at the NiO/spinel interfaco:
and subsequently at the spinel/NiTiO: interface.

{3) The lattice parameter of the cubic spinel was found to vary tfo-- B
s =854 tos =8.35A implying a mixture of Ni, Co, Cr and Al,
Mn additions do not promote ;pinel formation,

(4) The lattice parameter of the matrix decreased vith decreasing
oxidation resistance. This no doubt reflects a decrease of solute
elements witbhin the alloy depletion zone to yield nearly pure Ni.

(5) Those alloys exhibiting poor resistance indicated the presence
of '1‘102 and A1203, indicating these compounds formed as internsal
oxides which were exposed due to excessive spalling,

(6) Alzhough there were isolated diffraction patterns with one or two
unidentified lines, no connection beiween these "unknowns' and
rare-earth containing oxides could be established, Hence, rare-
earth containing oxides could not be detected using this technique,

The oxidation products formed during catastrophic oaxidation at 2000°F indicate
i &

principallv NiO (a = 4.18A ) and Spinel (a = 8,30 A ), The postulated

low melting compound oxides of Vzos + (R.B.)203 were not detected by x-ray.

In the absence of catastrophig oxidation at 2000°F, the spalled oxidation
products are also NiO and spinel as indicated in Table XXXIII, At 2000°F
the alloys which exhibit the best oxidation resistance form \12 - rich oxides.
It appears that as the temperature is increased, selective oxidation of Al

B e

occurs and results in layer formation rather than internal particle formation
such as occurs at 1800°F, The beneficial effect of the doping elements at
the higher temperature would appear to bhe in promoting the formation of a
protective Al2 3 film, However this effuct is not clearly indicated by the
present data,

i -
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11,0 MECHANICAL PROPERTIES OF PHASE I1 ALLOYS

A e g § o

Phase 1I alloys were evaluated fo: tensile and stress rupture properties.
The results of 1300°F tensile tests sre shown in Table XXXIV., The tensile
strength and the ductility of the slloys are comparable to the Lase Rene® 100

b

alloy.
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Stress rupture data are presented in Tables XXXV througih XXXVIII, In general
the strengths of the doped alloys are equal to or higher than the base at

1500°F in high stress, short time tests. In long time tests (100-200 hrs,) at
1500°F the alloys are about equivaleni 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 enc ductility, At 1800°F 20 Ksi the base al.oy exhibits better
life and ductility than the doped alloys. Rupture ductiiity, particularly the
B.A,, is low in the doped alloyc in the long time 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

a8 indicated in Figure 69,

12,0 DISCYSSION

The results of this investigation have demonstrated that the addition of small
amounts of reactive "doping' elements caa significantly improve the surfuce
stability of Ni-base superalloys, However tne attainment of significant improve~
ments in surface stability is not without some sacrifice in other properties

such as workability (in the caze cf wrought alloys) or strength and ductility

(ir the case¢ of cast alloys).

Considering first the wrought alloys, the principal problem with high strength
Ni-base supcralloys 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 fo. phases such as

J' are increased and th< minimum hot working temperature is increased, At
the same time, however, the solidus temperature is decreased because of the
incressed alloying. The hot working tsmpérature range becomes almo.t impossibly
narrow. For an ulloy of the Astroloy type tre range is 50 to 100°F, For AF 2-IDA
the range is somewha? greater on the high temperature end due to the high carbon
level which inhibits grain growth, chever, the addition of rare-earth type
elemonts result in formation of low melting cumpounds which rarrows the hot
working range. Most of the successful applications of ''doping” principles
have been in wrought alloys because working of the structure results in more
uniform distribution of the low melting phaser, More efficient use of the
dopant is obtrined with less detrimentul effect on mechanical properties, Also,

a larger amount of dopant can be added without reducing mechanicai propertizs,




In cousidering future direction it would seem necessary to hroaden the hot
working range by adding dopant compounds having higher melting points or by
starting with a more homogeneous material;zuch as for example night be

produced through powder metallurgy techniques.

Turning to the coast alloys‘such as Rene' 100, additions of even small amounts
of "foreign" elements cannot be considered as "minor"additions . The chemical
compositions of high strength turbine hlade alloys are highly balanced,

This is necessary to obtain nearly eduql matrix and grain boundary strengths,
Addition of very small amounts of Zr and B have profound effects on the
properties of Ni-~pase superalloys, It is generally agreed that these elements
operate or grain boundary regions in an as yet incompletely explained manner,
It 18 not too surprising then that rather large amounts of "dopants" (large
compared to Zr and B conteniu) adversely affect the mechanical properties,

As ipdicated in Figure 59, the rare=-earth compounds in the gruin boundaries
can occvpy a8 large fraction of the boundaries, Extensive microprobe studies
have shown that tha compounds lie in dendrite and grain boundaries = not in

the matrix,

The resulis of Phase II demonstrate that near=parent-metal properties can

be retained in an alloy which coateins ~ 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 tae following conclusions are offerred:

(1) Reactive metal additions can significantly improve the surface
stability of Ni-=base superalloys.

(2) In cast alloys the amount of doping elements required for sigaificant

surfpnce stability improvement seriously “egrade the mechanicai propertiocs,

(3) In wrought alloys, dopants seriously impair hot workability through

a lowering of the solidus temperature,
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14,0 RECOMMENDATIONS

Future effort on improvement of the surface stability of comglex alloys
through addition of reactive element additions should bc concentrated on

2 fronts; First, consolidation of the alloys should include techniques
which will result in a greatly improved distribution of the reactive element
phase, In thie way, improvements in surface stability without loss of
mechanical properties may be obtained, At the present time powder metallur-
gical techniques would appear to ofier the most promise for a :uccessful
demonstration, 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 reactioms which occur in service environments could
eventually result in the development of alloys which exhibit significantly
suporior combinations of strength and surface stability.
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TABLE 11

CHEKICAL ANALYSIS OF NICKEL MASTER ALLOYS

Noninnl(a) Actual * Actual ¥
Master Alloy w/o R.E. w/o R.E. w/o Ni
Hisba 32.1 34.2 68.4
NigCe 32.3 33.9 67.3
NisGd 34.8 36.5 65.3
igY 22.0 22.8 78.2
RigTh 44 .2 46.0 5§5.8
Nig (M) %+ - 33.4 67.7
NiMn 50.0 50.7 48.9
R.E. reactive elewent

{a) Assuming Stoichiometry
¢ Toial More Than 100%

#sY Rich Mischeetal
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TABLE V

DATA FOR THE RE-EXTRUSION OF DOPED UNITEMP AF 2-1DA ALLOYS

Alloy Minor Element Extrﬁs ion Extrusion Max Max Ram Extrusion

No. Heat  Addition(w/o) Temp (°F)  Ratio  Load (Ksi) Speed (IPS) Condition(d)

1 KB2178-1 Base 2025 8.9:1 124 2.75 Fair*

12 KB2178-2 0.31La 2025 9,1:1 128 4.5 Poor*

8  KBZ179~1 0.21La+0.8Mn 1975 8.8:1 108 3.0 Focr*

9  KB2179-2 0.42La+0.8Mn 1975 9.0:1 117 5.0 Pocr™®

6  KB2180-1 0.21Ce+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 €9 3.0 Good

10  KB2182-1  0.32Th+0.8¥F 2025 8.9:1 101 2.75 Good

1i KB2182-2 0,647h+0.8Mn 2025 9.0:1 100 3.0 Good

13 KB2183-1 0.8Mn ~U25 9.0:1 101 3.0 Good

2 Kp2133-2  0.14y+0.8Mn 2025  9.1:1 99 3.0 Good

3 %32183-3  0,28Y40,8Mu 2025 8.4:1 100 3.0 Good

8 K3217¢-IN 0.21La+0.8Mn 2025 6.9:1 136 3.0 Fair !
9  KBS179-2T 0.42La+0,8Mn 2025 6.9:1 136 3.0 Poor 3
6  KB2180-IN 0.21Ce+0.8Mn 2025 7.1:1 116 3.25 Fair g
7 KB2160-2T 9. }2Ce+0.8Mn 2025 7.1:1 116 3.25 Poor ;
1 KB2178-1N Base 2025 7.4:1 126 3.0 Good 3
12 KB2178-2T 0.31La 2025 7.4:1 126 3.0 Fair %

IR 00

.

* Were extruded again (last 6 extrusious).

it e

(a) based upon visual, radiographs and load cells on extrusion ram,
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TABLE VI

(CONCENTRATION OF DOPANTS IN PHASE I RENE' 100 ALLOYS

[ SRRR 3

wpa?

i Geed G B By B Been ey ] B

Nominal Actual Actual
Alloy Ne. w/0 R,E, w/0 Mn w/o B .E. w/0 Mn a/o R.E.
i4 ~ - - - -
15 0,14y - 0.13y - 0.09Y
16 0.28Y - 0.24Y - 0.17Y
17 0.23Ga - 0.20Gd - 0.09Gd
18 0.46Gd - 0.53Gd - 0.23Gd
19 0.21Ce - 0.18Ce - 0.09Ce
20 0.42Ce - 0.42Ce - 0.21Ce
21 0.21La - 0.24La - 0.12La
22 0.42Ls -~ C.24La - 0.12La
23 0,.32Th - 0.20Tr -~ 0.06Th
24 G.64Th - N.D. - N.D.
25 0.25MM - ~0 . 2MM - ~0.1MM
26 0. 50MM - ~0 . 4M - ~0.2MM
: 27 0.31La 0.2 0.25la 0.2/0." 3 0.12La
# 28 0.3iLa - 0.5 0.0151= €.58 Nil
- 29 0.31La 0.8 0.31La 0.72/9.62 0.15La
: 30 0.15La+0.2Th 0.25 0.12La+0.18Th 0.22/0.25 .C6Lat.06Th
b 3l 0.15La40.2Th 0.8 0.11La*0.,17Th 0.72 .0gLa+,08Th
. 32 0.1Y+0,2Th 0.25 0.07y+0.36Th (.24 .05Y+,05Th
33 0.1Y+0.2Th 0.8 G.08Y+0.18Th 0.69 .06Y+.06Th
34 0.2Cet0.31Tr.  U.25 - - -
35 0.2Cet0.31Ta 2.3 - - -
N.D. Below Detectable Limits

Gmemerd s |
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TEST NO,

c-3

c-9

c-11

c-13

c-10

c-12

Ky =mg /en®/ pec, sz /cm® /pec

TABLE IX

SUMMARY OF RATY CONSTANTS POR THE

OXIDATION OF AP 2-1DA (HT# KC 1564)

)

1400

1600

1800
1800
1800

1900
2000
2000

2100

3100

RATE CONSTANTS

Kye3.83 X 1077 (300 - 4800 MIN)

Kpua9.36 X 1072 (10 - 40 MIN)
TRANSITION (100 - 3000 MIN) .
Epp=23.0 X 107’ (3000 - 6000 MIN)

Kpm3.34 X 107°(10 - 40 MIN)

Kpm7.64 X 107 (200 - 1500 MIN)

Kim5.0 X 107 (10 - 20 MIN)
Kpp=4.87 X 107°(360 - 6000 MIN)

K1=4.20 X 107°{10 - 30 MIN)
Kpy=6.11 X 107° (1000 - 600( MIN)

Kp#2.09 X 10°*(1 - 20 MIN)
Kpy=2.76 X 107° (100 - 3600 MIN)
Kpyp=1.67 X 10 °(3600 - 6000 MIN)

K5.75 X 1074 (1 -10 MIN)
Kpp=2.17 X 107* (20 - 120 MIN)
Kppp=1.91 X 107°(1000 - 6000 MIN)

Kim$.50 X 107 (1 - 15 MI})
Kpy=1.40 X 1074 (500 - 100.0 MIN)
Kpyp~1.72 X 107 (1800 - 1,000 MIN}

Kpywl.21 X 1074 (500 - 22)0 MIN)
Kpyp=4.50 X 107° (2200 - 1800 NIN)

Kpr=4.5 X 107* (100 - 1000 NIN)
Kpy=1.23 X 107° (1800 - 4000 MIN)

Values in parenthesis indicate time dur.ng which each rate constunt oppltes.
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STA™1% OXIDATION OF UNITEMP AF 2-IDA*

TABLE X

Isotheérnyl
Temp Time Spec. Wt. Gain(a) Spalling Loss(b) Total Wt. Change(c)
*F  Hrs. (mg/cnt ) (mg/cn ) (mg/cuf )
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
Czclic(d)

1800 100 +1.314 - +1.242
1800 200 +1.714 0.157 +1.871
18G0 300 +2.100 0.199 +2.299
1800 400 +2.428 0.199 +2.627
1800 500 +2.693 0.428 +3.127
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 1256 ~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 S5.828 +1.727
2000 350 -41.529 6.1477 +1.948
2000 275 -3.772 8.106 +2.334
2000 300 - . Y74 8.244 +2.265
2000 326 -6.4907 8.893 +2.485
3000 350 -8.740 11.007 +2.267
2000 375 ~9.666 11,934 +2.268
2000 400 -10.812 13. 146 +2.334

* Ht KC 1564
Weipght change of specimen only.

(s)
(v)
{(c)

(4)

Algebreic sum ol (a) - (b) represents oxide lomt through spalling.
Total woight changn of crucible contsining specimen and spa!lced

products (corrected {or crucible w!.

Cycled to room tcmperature atl cach tise interval.
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TABLE XIII

REACTION PRODUCTS FORMED DURING OXIDATION
ot OF VARIOUS DOPED AFZ~1DA AL Y8

1800°F /1000 Hr.

w/o vt. Gain(3) Type
Alloy # _Additions (mg/cu?) Spec. Resction Products
- 1-8A Base 5.57 1) N10(vs) +Spinel (s, =8.35}) (m) 4740, (m)
. datrix+Spinel (a,<8.i3}) (mw)¥1710, (w)
. 1-8A Base 5.57 (2)  Spinel(a, =8.31}) (va)+N10(m)
2-9 .11Y+0.8Mn 5.40 (1)  Bpinel(a,=8.35}) (vs)+NiT10, (mw)
2-9 0.11Y+0.8Mn 5.40 (2)  Spinel(a,=8.35})(vs)
11-8 0.64Th+0.8Mn  13.91 (1) NiO(a,=4.17}(s)+5pinel(a,=8.38}(xs)
" +710(a)Cr, 0, (m)
11-9 0.64Th*0.8Mn  13.91 (2)  NiO(a, =4.19))(s)*Spinel (&, =8.34}) (s)
+ Crg0, (w)+T40, (vvw)
) 13-8A 0.8Mn 4.49 (1) Spinel(a,=8.35}) (vs)*+11710, (vvw)
13-82 . 8Mn 4.49 (2)  S»irvel (a,=8.13})(vs)

1800°F/3-100 Hr. Cycles

1-8 Base 2.19 1) T10, (3)+Cr 0, (a) tdatrix(m)
. 2-8 0.11Y+).8Mn  '0.39 (1)  Spinel(a,=8.32})(s)+NiO(s)+N1T10, ()
- +iatviz{w)
’ 11-8 0.64Th+0.8Mn  2.76 (1)  NiO(va)+Spinel(a,=8.40}) (8)+T1i0, (vw)
’ 13-8 0.8un 1.04 (1)  8pin~1(a,=8.34})(vs)+NiO(w)+Katrix{w)
+T10, (v) +NiT10, (W)

2000°F/1000 Hr.

; 1-11 Base 8.06 (1)  T10,(8)*A1,0, (ns) +Spinel (a, =8.101)

T aen 0.11Y+0.8Mn  8.28 (1) Spinel(a,=8.10})(s)*+AL 0, (au) T10, (m)
f Ll 0.34Thv0.8M 19.71 (1) Spine) (a,=8.110) (vs)+Al,0, (m) #150, (w)
P s-1 0 0.8 16.4 (1) Spinel4u,=8.12}) (m)*AL,0, (m)+T1Q, (W)

s~sirong, s-ndium, w-weak, i«*vory

(1) Oxids in eitu.

{2) 3palled oxide products

{3} Total specimen wt, gaia plus arlled products
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TABLE X1V

£ e o b

SUMMARY OF GXIDATION RATE CONSTANTS FOR SOME DOPED RENE 100 ALLOYS

P

A 7 Do

ot —  bomq  Bong  bed G o B By

1800°F

Test Alloy K K

No. No. a/0 R.E. + w/o Mn Py {(a) Pri (b)
* - Base 1.5 x 10°8(10~400 Min) 3.0 x 1078 (400-6000 MWin)

Cc-47 14 Base 1.20 x 1075 (20-200 Min) 2.22 x 1076 (900~6000 Min)

c-25 15 .09y 1.30 x 10°5(20-2300 Min) 5.41 x 107°(2300-6000 Min)

c-51 17 .G9Gd 6.00 x 10°8(50-1500 Min) 2.62 x 1078 (1500-4200 Min)

Cc-49 18 .23Gd 1.47 x 1075(20~-306 Min) 3.48 x 10-%(840-6000 Min)

Cc-33 H .09Ce 7.40 x 10°65(10-400 Min) 1.50 x 1075 (400-6000 Min)

c-27 20 .21Ce 3.12 x 105 (10-6000 Min) -

c-28 21 .12La 2.04 x 10°6(10-625 Min) 2.65 x 1075(625-6000 Min)

C-48 23 . 06Th 1.76 x 10°8 (20-900 Min) 1.36 x 1075 (900-6000 Min)

c-37 25 ~. 1 0MM 4.30 x 10°5(10-500 Min) 1.16 x 1075 (1800-6000 Min)

c-39 27 .12La +.2Wn 1.38 x 10°¢(10-600 Min) 1.59 x 10°5(700-6000 Min)

C-43 28 Nil : .38Mn 4.94 x 107 (10-900 Min) 6.29 x 1078 (900--6000 Min)

C-46 30 .06La' .06Th+.22Mn 4,35 x 10°5(170-625 Min) 9.55 x 107%(625-6000 Min)

Cc-50 33 LOBY+,.06Th+,69Mn 1.14 x 10°5(50-3000 Min) - 1

4
2000°F H
L b4
. - Base 6.8 x 10°5(10~150 Min) 3.7 x 107(400-6000 Min)

C-24 18 .09y 1.80 x 1074 (10-150 Min) 2.29 x 1075 (300-6000 Min) ~

C-32 19 .08Ce $.26 x 1072(10-80 Min) 2.91 x 10°"(80-500 Min) '

c-26 20 .21Ce 2.14 x 1073(20-700 Min) -

c-30 22 -12La 1.42 x 1073(10-250 Min) 1.12 x 167%(250-1030 Min) .

C-36 25 ~.10Ma 2.79 x 1073 (16-350 Min) - j

C~: a7 L13La + . 2Mn 1.17 x 1073(10-200 Min) 4.32 x 1074{200-3000 Mia) +

C-40 28 Nil ' .38Mn 2.01 x 1073(10-840 Min) -

c-41 29 JA8La +.6NMn 1.30 x 1073{10-50 Min) 4.69 x 107 (50-80 Min)

® Avg. rate constints [rom previous tests on René 100
(a) lpl = Initial parubol.c rate constant (ng’ /cut /sec)

{b) EF" = Secondary piubmlc rate constant (mg?/cm®/sec)

Values in parenthesis indicate dnntion whickh ra‘e constant applies
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TABLE XVI

EFFECT OF i80G°F CYCLIC OXIDATION ONiTHE
'WEIGHT CHANGE OF VARIOUS DOPED RENE 100 ALLOYS

’
'

__Total Weight Change (mg/cm®)(2)

Alloy w/o - " No. of 120 Hr. Cyeles(b)

_No. _a/o R.E. Ma 1 2 3 4 5 6 7 8 9 10
14 o - = = 2,15 2.86 3.29 4.02 4.58 5.33 5.72 6.13
135 .09y - 2.20 2.67 2.62-3.15 3.36 3.68 3.51 4.28 4,99 5.44
i6 7Y ~ 1.4 2.13 2.17 2.14 2.€0 2.75 2.61 2.67 2.78 2.87
17 .09Gd - 1.92 2,43 2.61 2.8 3.11 3.28 3.25 3.42 3,58 3.95
18(¢)  236d - 1.85 2.37 2.24 2.31 2.08 - - - - -
19 .02¢e - 2,73 3.83 3.05 2.83 5.15 6.77 8.87 12.92 16.25 18.79
20 .21Ce ~ 3,52 7.02 7.47 8.31 13.12 i7.73 20.98 27.17 28.13 32i.88
21 -12La -~ 2.95 6.26 4.67 1.32 1.07 4.64 8.60 13.80 17.85 21.75
22 . .;2La., - 2.50 4.82 5.16 -0.14 3.53 4.74 8.67 8.77 i2.45 13.66
23 .. _.06Th - 3.01 3.73 4.82 6.41 8.20 9.88 11.87 15.80 19.51 23.03
24 <.001Th . - 2.16 2.54 3.28 4.70 6.00 6.97 8.08 10.04 12.08 14.35
zsf 0. 1MM ‘- 2,22 3.37 4.31 5.8 8.51 11.10 12.34 17.25 19.75 23.80
26 ~0.2MM - 331 5.i8 5.87 8.46 12.00 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 N1l .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 .G6La+.06Th .23 1.76 2.56 2.69 3.02 3.04 3,49 3.86 4.70 5.40 6.90
31 .06La+.06Th .72 2.41 3.20 3.7)7 4.63 6.36 8.04 10.68 13.05 16.08 19.65
32 .05Y+.05Th . .24 - - - - - 3.30 3.46 3.68 3.37 4.39
33(¢) _06¥+.06Th .69 1.74 1.67 1.96 2,18 2,29 3,01 4,15 - - -
34(¢} _09Ce+.10Th .25 3.33 3.57 5.44 6.62 7,94 11,97 15.38 - - -
35(¢) _o9Ce+.10Th .80 4,02 4.8l 6.99 8.67 12.37 15.73 18.79 - - -
(a) Total weight change of specimen assuming all reaction products rcmained

adherent. - Ave, of duplicate specimens.
(b) Ccoled to room temperature and weighed after each cycle.
(¢) Data questionable due to anomolous crucible behavior,
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TABLE XVI11

EFFECT OF 1800°F CYCLIC OXIDATION ON THE

233 ADHMERENCE OF VARIOUS DUPED RENE 100 ALLOYS

Amount of Spalling (mg/cm?)(&)

Allcy w/0 No. of 100 Hour Cycles®/ -
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 1TY - 0.07 0.31 0.08 0.11 0.49 0.50 0.44 0.43 0.5 (.70
17 .09Gd - 0,16 0.43 0.61 0.78 1.27 1.63 1.83 2.46 2.87 3.80
180 ) .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
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
24 <.001Th - 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
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 0.08 0.5 0.78 1.04 1.59 1.88 1.96 2.06 2.38 2.70
29 .15La .67 G.08 0.46 0.69 0.95 .2.46 6.29 14.14 18.47 35.29 56.84
30 .06La+.06Th .23 -0.19 0.12 0,23 ©0.45 0.54 2.12 3.07 6.26 11.49 17.48
3l .06La+.,06Th .72 -0.06 0.25 2.08 5,27 12.18 21.17 28.99 49.20 64..3 74.31
32 .05Y+,05Th .24 -0.04 ©0.73 1.12 1.24 1.86 1,90 2.44 3.51 4.15 6.15
33() .06Y+,06Th .69 0 -.20 -8,20 0,36 2,14 7,09 11.76 - - -
34(¢) ,09Ce+.10Th .25 0,35 0.12 6.77 9.83 20.80 45,23 62.41 - - -
35(¢) 09Ce+.10Th .80 0.36 0.57 18,34 ‘23,60 98.26 74.20 79.23 - - -

(a) Weight of zpalled products collected in the crucible
surface area - average of duplicate specimens

(b) Cooled to room temperature between cycles .

(¢) Data questionable due to anomulous crucible behavior,

67
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TABLE XVIII 3«.
DEPTH CF_METAL ATTACK DURING CYCLIC OXIDATION AT 1800°F E
DOPED RENE 100 ALLOYS
Alloy . Spalling  AFFECTED METAL (MILS/SIDE) T
No. a/o R. E. w/0 Mn - (mg/c@il Gross Attack(P) Max. Attack(b) &+
14 - - 16.68 0.8 2.8 (c)
15 .09Y - 10.50 1.8 4.2 (c) I
16 L17Y - 0.70 0.5 2.9 (c) ‘
17 . .09Gd - 3.80 0.3 2.6 {c)
18 .23Gd - 0.21%* - - I
19 .08Ce - 100.46 6.3 11.1 (d) ‘
20 - .21Ce - 158,84 8.0 11.4 (d)
21 .12La ‘ - 134.61 7.0 10.2 (d) I
22 .12L2 - 100.72 €.9 16.5 (d) .
23 .06Th - 91,38 6.3 19.5 (d)
24 <,001Th - 65.46 4.2 5.6 (d) :
25 ~.1 MM - 99,74 5.1 8.5 (d) I
26 ~2 MY - 157.58 8.1 10.8 (d)
27 .12La .19 9.76 0.1 1.7 (¢)
28 Nil .38 2.70 0.6 1.7 (d) T
29 .15La .87 56.84 4.4 9.4 (c) b
30 .06La + .06Th .28 17.48 c.1 2.5 (¢)
31 .06La + .06Th .72 74.31 3.6 5.7 (d) I
32 .05Y + .05Th .24 6.16 0.4 2.5 (¢) :
33 .06Y + .08Th .69 1.47% - -
34 .09Ce + .10Th .25 20,08+ - - ,
a5 .09Ce + .107h .80 47,65%* - - I

* Spalling after five cycles - tests still in progress.

¥

(a) That metal loss due to formation of massive surface oxide (including spalled :v
oxide). Deternined by measuring unaffected cross section.

(b) That metal loss due to (a) plus any I.G.A. and I.0. or max. penetration where =

scale is irregular messured as above.
(c) Erratic scale with little or no 1.0,
(d) Uniform scale with I.G.A., or I.0,
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v 12 COMPARISON OF CYCLIC AND STATIC OXIDATION é
t - K
! &

OF SOME DOPED RENE 100 ALLOYS

‘ * |
k) 3
i - |4
k. 1000 hr/1800°F 1 L
3 Cyclic (& Continuous W
& Alloy Specimen Total Spalling Specimen Total Spalling :
No. (mg/cm®)  (mg/cm®)  (mg/cm?) (mg/cm®)  (mg/cm®)  (mg/cm®) ) \
e 14 -10.55 6.13 16.68 1.82 3.07 1.25 E
: 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 - - - I
: 18 2.20* 2.08* 0.21* 2.75 3.74 0.98
: 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 I
3 21 -112.56 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 . - - - 'I
N 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 I ;
it 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 ~10.58 6.90 17.48 -1.12 4.70 5.82 I
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.:6* 1.63 1.47* -12. 41 -1.22 11,74
34 ~12.86 7.22% 20.08* ~4.65 3.22 .85 ‘I
35 ~35.89*% 11.76* 47.65" -14.08 7.21 21.29

400 hr/2000°F

T TN e S L e T e e e Y S s o et g o e g o

_ Cyclicl b Continvous .

X 15 -38.3 13.4 51.7 -3.37 3.96 3.62 !
L 19 -517.5 212.0 729.5 -111.89 44,32 156.22
= 20 ~339. 5 117.0 486.5 -127.53 46.93 174.52
N 21 -545.0 184.0 729.0 -68.19 26.89 95.08

B 22 -286.6 74.9 361.5 ~65.67 25.56 91.23 -

[
' (a) 10-100 bhour cycles to room temperature ..

{b) 16-25 hoar cycles to recom temperature
* 5-100 hour cycles completed - Data Questionable




TABLE XXi

EFFECT OF RARE FARTH ADDITIONS ON THE

HOT CORROSION RESISTANCE OF DOPED RENE' 100

{1700°F/50 Hr in 100 ppm Na . + NaCl)
4

Depth of Attack

Alloy inils/dia)
No. a/o R.E, Gross Total Metallographic Lescription
14 - -59.0 -68.0 Massive Oxidation and Sulfidation
15 0.09Y -~20,7 -32,5 Mapsive Oxidation ~ Sulfidation
Looks Like E:utectic
16 0,17y -22.3 -37.0 Massive Oxidation -~ Little Sulfidation
17 0.098Gd - -49.1 Massive Oxidation ~ Medium Suliidation
18 0.23Gd - 0,2 - 2.8 Medium Oxidation - Heavy Sulfidation
19 0.09Ce -7.4 - 8.8 Massive Oxidation ~ Few Sulfides
20 0.21Ce -1.9 - 3.7 Massive Oxidation - Few Sulfides
21 0.12La -1l.2 - 2.3 Little Oxidation - Very Fine Sulfides
22 0.121a - 0,2 - 1.6 Little Oxidation -~ Very Fine Sulfides
23 0.08Th -~ 8.3 -15.5 Magsive Oxidation - Heavy Sulfidation
24 <0,02Th ~40.0 -50.6 Massive Oxidation and Sulfidation
(a)

Depth of Nassive (:ide/Sulfide Attack

(b)  Total Attack Including Internal Oxides and Sulfides

7
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Alloy
No.

14
15
16
17
19
21
23
24
25
27
28
29
31
© 33
35

* Specimen broke before 0.2% Y.S. was obtained

TABLE XXII

INFLUENCE OF DOPING ADDITIONS ON THE

1300°F TENSILE PROPERTIES OF RENé 100

G.E. Spec

NiL
.15La

.06La+,06Th
.06Y+.06Th
.09Ce+.10Th

w/o
Mn

uUTs

(Kst)

120
140
125

72

.02% 0.2%

Y.S. Y.S. R.A. Elong
(Ksi) (Ksi) (%) (%)

- 100 8.0 -

85 104 15.0 10,0
94.5 110 6.5 1.5
58 * Nil 1
€61.6 * Nil Nil
97 115 5.0 1.5
90.9 108 4.5 1.5
91.5 107 6.5 1.5
91.9 106 8.0 2.5
31 * Nil Nil
27.4 * Nil Nil
86.5 105 4.5 1.5
68.5 * Nil Nil
91 106 Nil Nil
83.2 99.3 4.0 1.5
50,58 * 0.5 1

e g
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TABLE XXIII

INFLUENCE OF DOPING ADDITIONS ON THE CREEP

RUPTURE PROPERTIES OF RENE 100

1500°F/68 ksi ‘)
Alloy Time (hrs) Rupture
No. a/o R. E. w/o Mn  To % Creep of Life R.A. Elong
01 02 0.3 10 (hrs) @
14 - - 0.1 0.7 6 21 106.2 15.0 10.3
15 .09Y - - 0.05 0.5 - 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 0.8 1.4
21 .12La - 0.4 - - - 1.1 1.0 1.8
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 ~. 10MM - - - - - FOLe - -
27 .12La .2 - - S 0.7 1.5
28 Nil .38 0.3 - - - 0.9 5.3 1.7
29 .15La €7 - - - -  POL Nil 1.7
31 .06La + .06Th .72 - - - - 6.2 6.7 2.2
33 .06Y + .06Th .59 - - - - FOL 2.6 0.8
35 .09C: + .06Th .8 0.3 - - - 1.3 1.3 1.4

FOL - Failed on lcading

(5) Nomiual gope section: 0.14" dia. X 0.64" jong

* Fatled 1o threads before totsl load waa applied.
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Alloy #

-38

k1

39

41

42

43

TABLE XXLV

PHASE X1 AXLOYS AIM CHEMISTRY

Rene!
" Rene"
Rene’
Rene'
Rene'
Rene’
Rene'
Rene'

Rene'

100
100
100
.00
100

100

74

Composi tior
Base
(Less V)
+ 0.03 8/0 Gd + 0.2 w/o Mn
(lLess V) + 0.03 a/0 Gd + 0.2 w/o Mn
+ 0.03 8/0 Gd-
+ 0.10 a/o CGd
+ 0,02 a/c Y + G.03 «/o Th + 0,25 Mn
+ 0.02 a/0 ¥ + 0.03 Gd + 0.25 Mn

{Less V) + 0.03 a/o Y 4+ 0,25 w/0o Mn
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4 l TABLE XXV
§1 ‘ CHEMICAL AMALYSIS OF SOME PHASE II DOPED AL1OYS
bl |
I Alloy No. 36 37 as 43 44
Nominal Base 0.07Gd 0.07Gd
i Dopant (w/o} Base - Base (Less V) 0.02Y 0.02Y ,
I 0. 25Mn 0.25Mn
Heat No. G.E., Spec. 5948 8950 , 8955 $956 %
.I c 6.15- 0.20 - - - - i
B
I Ma 0,50 Max < 0,05 < 0.03 0.22 0,22 i $
Si 0,50 Max - - - - %
} S 0.015 Max - - - - :
Cr 9.0-1C.0 9.27 9.23 9,16 9,43
1 TS 4.0- 4.4 4.16 4.30 4,16 4,30
: Al 5.3- 5.7 5.54 5.60 5,41 5.53
' %r 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 %.7- 3.3 2.96 2.96 2,98 3.04
! e Fe 1.0 Max 0.18 0.13 0.15 0.13
\ 0.9- 1.1 V.94 0.08 0.94 0.09
L
: i D 0.01-0.02 - - - -
? ' Na - 5 ppm 5 ppm 4 ppm 4 ppm .
02 - 30 ppm 2o wpm 40 ppm 23 ppm
“‘ ' 112 - 2 ppm 3 ppm 2 ppm 2 ppm
t
() All analysis except gases were spoctrographic
a




TABLE XXV1

 CONCENTRATIOK OF DOPANTS IN PHASE Il RENE' 100 ALLCYS

Alloy Nominali

No, v/o R.E, v/o K1l
36 - .
37 - -
38 0.11G4 0.2
39 0.11Gd 0.2
40 0.16Gd -
41  0.23cd -
42 0.02Y + 0.095Th 0.25
43 0.07Gd + 0.03Y 0.25
414 0.07Gd + 0.02Y 0.25

N.D, Below Detectable Limits

Actual
w/o R.E, w/0 W
< 0,05
- < 0,05
0.10Gd 0.24
0.065Gd 0.24
0.09Gd -
.24Gd -
0.015Y ' 0.07Th 0,28
0.055Gd + 0.014% 0.28
0.055Gd + 0,011y 0.29

76

Actual
.370 E.E.

0,043Gd
0,028Gd
0.040Gd
0.106Gd
0.01Y ' 0.02Th
0.02Gd + C.0LY

0.02Gd + 0.005Y
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TABLE XXV11

SUMMARY OF OXIDATION RATE CONSTANTS FOR PHASE 11 ALLOYS

Temp. Alloy No  Test Eg;
2000 36 1-B
2000 37 2-B
2000 38 3~-B
2000 39 4-3
2000 40 5-B
2000 41 6-B
2006 42 7-B
2u00 43 8-B
2000 44 9-B
1800 36 1-A
1800 40 5-A(d)
@
®) gpyy =
(©) kpi1 =

Values
(4) Afrer 1

KPI = Initial Parabolic Rate Constant (Mg2/Cmi/sec)

kp1{a)

2.74 x 10~ (10-60 min)
2.90 x 10~% (1-60 win)
Linear (1-8 min)

1.64 x 10”4 (3-30 min)
4,3 x 10~% (1-10 =in)
3.08 x 1074 (1-10 min)
Linear (1~-7 min)

Linear (1-1C min)

3.85 x 1072 (3100 min)

5.8 x 1076 (3-420 min)

xpr1 (b)

1.1 x 1072 (100-1500 win)

1,03 x 10~4
1.49 x 1079
1.1 x 10~4

1,42 x 1079

e 23

2.3 x 1079 ¢

1.62 x 1073
5.67 x 1070
1.32 x 1073
4.79 x 1078

1.07 x 1076

Secondary Z2arabolic Rate Constant (I32/Cl4/sec)

Transition (Not Predictable)

(400-2400 min)
(100-3000 min)
(180-300C min)

(100~-2400 min)

130-3000 min)
(180-3C00 min)
(40-360 min){<)
(480-3000 min) (P)
(420-3060 min)

(420-1200 min)

in Parenthesis indicate duration which rate constant applies

200 min. K became zero
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‘Alloy

No,
CON——

36
31
38
39
40 .
41
42
43
44

36.
57
38
35
40
4
42
43
44

36
37
38
39
40
41
42
43
44

TABLE X3 VIII

" 'STATIC OXIDATION BEHAVIOk OF PHASE 11 DOPED RENE' 100 ALLOYS

Rene’®
Rene'
R'100C
R'100
R'100
R?100

. R'100

R*130
R*10D

kene!®

Rene’
R!'i00
RY1.00
R'1CO
R*100
R'100
R'100
’'100

Rene'
Rene!
R*100
R'100
R'10C
R'100
R'100
R'100
R'100

Nominal
Composition w/o

100 Base

100 (Less V) _

+ 0.11Gd + 0,.2Mn

{Less V) + 0,11Gd + 0.24n

-+ 0,106Gd

+ 0,23Gd .
+ 0,02Y 4+ 0,095Th + 0,.25Mn
+ 0,07Gd + 0,.02Y + 0.25Mn

(Less V) + C€,.07Gd + 0.02% + 9.25Mn

100 Baase
109 {Less v)

+ 0.31Gd + 0.2Mn

(Less V) + 0.11Gd + C.2Mn

+ 9.106d :

+ 0.23Gd .

+ €,02Y 4 0,095Th + 0,25Mn

+ 0.07Gd + 0.02Y + 0.%5Mn

(less V) + 0.07Gd + 0.02Y + G.25Mn

100 Base

100 (Less V}

+ 0.11Gd + C,.2Mn

(Less V) + 0.11Gd + 0,2Mn

+ 0,10Gd

+ 0,23Gd .

+ 0,02Y + 0,095Th ¢ 0,.25Mn

+ 0,07Gd + 0,02Y + C,25Mn

(Less V) + 0.07Gd + 0.02Y + G.25Mn

N.D, Below Detectable Limits

78

Total A wt Spaliing Max, Metal Loss
" {mg/cm (mg/cm?) (mils/side)
.00 Hr/1600°F
0.26 N.D, ~1,3
0.33 N.D, ~0,7
0.25 N.D, -0.3
0,38 N.D, ~1.6
0,19 N.D, ~1.5
0.29, N.D, -1.1
0.35 N.D, ~0.1
0.32 N.D, ~1.5
0.35 N.D. ~1,2
100 Hr/1800°F
0.72 0.21 ~1,0
0.98 1,13 ~1.6
Q.75 0.13 ~1,4
1.09 0.14 -2,0
0.83 0.11 =1.5
.89 0.09 ~-2.5
6.92 0,23 ~0.7
0.88 0.07 ~2,0
1,17 ¢.29 ~2 42
100 Hr/2000°F
1.95 3.73 -2,0
4.62 10.86 ~4.86
2.04 5.25 -3.1
2.78 4,38 ~2.7
2,17 3.05 -1.9
2.02 2.49 ~-2,9
4.74 11.11 ~3.6
2.76 5.79 -2,3
217 2.30 ~3.1
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TABLE Xxx1

SUMMARY OF REACTION PRODUCIS FORMED ON VARIOUS DOPED
RENE 100 ALLOYS AFTER 1000 HRS. EXPOSURE AT 1600°F

Oxidation(b)

S

Alloy  Resistance Reaction Products(®)
14 6 N10{s) (g, #4.194)+Spinel (m) (a,=8.33}) +NiTi0, (m)
25 7 NiO(vs) (a,=4.19}) *Spinel(w) (a,=8.32}) *NiT1i0, (W)
27 4 NiO(s) (2, =4.198)+NiTi0, (mw)+Spinel (w) (a, =8.32})
28 | N10(s) (a,=4.19R)*NiTiC, (mw)+Spinel () (a, =8.324)+Ti0, (vw)
29 5 N10(s) (ay=4.19}) +NAT10, (uw) +Spinel (mw) (a, =8.324) +A1,0, (vw)
30 3 N10(vs) (a, ~4.19})+Spinel (w)+NiTiO, (w)
32 2 NiO(s) (a,=4.198)+NiTi0, (m)*Spinel(w) (a, =8.32})
(1) Determined employing diff{ractometer traces in situ, compared to standard
ASTM cards and listed in order of decreasing intensit:-.
(b) Relative oxidation resistance considering total weight change data.

S

strong, m:

w: weak, v: very
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TABLE XXXII

SUMMARY OF REACTION PRODUCTS FORMED ON VARIOUS

DOPED RENE 100 ALLOYS AFTER 1000 BRS. EXPOSURE AT 1800‘F

‘CONT INUOUS
P e e

‘Reaction Products(a)

14

14

25

26
27
28

29

30

31
a
32

14
16

- 17

23

_ Oxidation Type
Alloy Resistance(?®) X-Ray

4 (c)

- (d)

7 -(e)

9 (c)

- (d)

(c)

2 {c)

3 (c)

(c)

(c)

- - (d)

5 ()

3 (b)

(L)

2 (b)

4 (b)

5 (b)

25

(a)
)
(c)
(d)
(e)

Matrix(3) (a,=3.57 }) ¥Spinel (m) (a,=8.34}) *NiT1i0, (m)
Ni0(w)+Ti0, (vw)

Spinel(vs)(a,=8.30})*NiTi0, (W)

Spinel(s) (8, =8.2}) *N10{m) (8, =4.17}) +Matrix(m) (a, =3.56})
fAlaoa(w)

Matrix(vs) (a, =3.54}) +Spinel(m)(a, =8.27_R)+A1903 (w)
+T105(VW)

Spinel(vs) (a,=8.30}) +Ni0(s) (a, =4.2}) *NiTi0, (vw)
Spinel(s)(a, -“—‘8.2‘7'A)+1‘{1T10:3 (ms) +Matrix(m) (a,=3.57})

Spinel(s)(a, =8.34})+NiO(m) (a,=4.17}) *Matrix(m) (a, =3.57})
+NiT10, (m)

Spinel(s)(a,=8.34})+Ni0(s) (a,=4.21f)+Matrix (m) (a,=3.56})
HiTi0, (m)

Matrix(vs)(a,=3.57})+Spinel(s)(a,=8.27}) *NiT1i0, (vw)
Matrix(m)-+Spinel(m) *NiTi0, (w) +T102 (w) +A1?Oq (w)
Spinel(s) (&, =8.34}) *Ni0(ms) (a, =4.20}) +NiTi0 , (vw)

Spinel(m) (a,=8.34}) +*Ni0(m) (a, =4.18}) *Matrix(m) (a,=3. 57}1)
NiTi0,

cYcLIc(©

Matrix(vs)(a, =3.57})+Ni0(s) (ay=4.18})*NiTi0, (m) +Spinel(vw)

NiO(s) (a, =4.18}) +Matrix(ms) (a,=3.57R) NiTi0, (m) +Spinel (m)
(ay=8.35})

NiO(vs)(a, =4, 18A)+Matr1x(ms)(ab—3 57A)+N1T10 (m)
+Spine1(:3(a° =8.37})

N10(m) (a,=4.20}) +Matrix(m) ( =3.54}) *NiT10, (m) +Spinel(m)
(2, =8.38}) +'r103 (vw) +A1203 {vw

Matrix{vs)(a,=3.53})+Ni0(s)(a,=4.18})+Spinel(ms)(a,=8.35})
+N1Ti03(m)+A1903(vw)

Determined from ASTM cards and listed in order of decreasing intensity.
Relative registance considering total weight change and spalling recsistance.
Diffractometer trace of oxides in situ,

Diffractometer trace of spalled oxides.

10 - 100 hour cycles, cooling to room temperature aftcr each hold period

8: strong, m: medium, w: weak, v: very

Boanzronsy

g ¢
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TABLE XXXIiI

SUMMARY OF REACTION PRODUCTS FORMED OhN PHASE II ALLOYS

AFTER EXPOSURE AT 1800° AMD 2000°F

Alloy Oxidation Type
No, Resistance(P) X-ray Reaction Products(®)
1800°F/100 hrs (lsothermal)
36 3 c Matrix + NiTiOz + Spinel + TiO
40 2 c Matrix + 2 Spinels + NiTiO3 + %102
43 1 c Matrix + 2 Spinels + NiTiO3 + raoz
44 4 c Matrix + NiTiO3 + 2 Spinels
1800°F/500 hrs (Cyclic)
36 2 c Matrix + Spinel
37 S c Matrix + Spinel + NiTiOg
37 5 d Spinel + NiTiOg
40 1 c Matrix + NiTiO3 + 2 Spinels
43 3 c Matrix + NiTiO3 + Spinel
44 4 c Matrix + NiTiOz + 2 Spinels + NiO
2000°F/100 hrs (Isothermai)
36 3 c Matrix + Spinel + Al203 + NiTiOz + TiOgy
40 1 c Matrix + AlgO3 + Spinel + NiTiO,
43 2 c Matrix + Alp0O3 + Spinel + TiOg
44 4 c Matrix + NiTiO3 + Spinel + Alg03
2000°F/150 hrs (Cyclic)
36 H c Matrix + A1203 + Spinel + NiO + Tioz
36 1 d Spinel + NiTiOg
40 2 c Hetrix + Al203 + Spinel + NiTiO3 + Ti10g
40 2 d Spinel + NiO
43 4 c Matrix + Spinel + NiTiO3
44 3 c Matrix + Spinel + NiTiOj + Alg0,
(8) pListed in order of decreasing intensity
(b) Relative resistance
(c) piffeactometer trace of oxides in situ
(d) Diffractometer trace of spalled oxides
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REEH

N1740

100 + 0.12 La + 0.80 Mn
{(~55.8 Mila/Dia. Loss)

250X
Rene

N172¢9
Loss)

»

Undoped Rene 100

(~68.4 Mils/Dia.

250X

N1736
100 + 0.56 La + 0.8 Mn

-0

50X

N1741

250X

-
-
L]

3 Milg/Dia, Loss)

’

Rene
(

.31 La + 0.8 Mn
Loss)

(~0.2 #il/Tia.

»

Rene 100 + 0

-

Figure 4:

'EFFECT OF La CONCENTRATION ON THE HOT CORRGBION RESISTANCE

-

o

POSURE AT 1700°F

EX

100 AFTER 50 HRS,

OF CHILL-CAST RENE'’
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N4606
l (2) Ni-Gd Master Alloy (b) Same As (a2) Polarized Depicts C 3
Ni,Gd-Ni Eutectic In Matrix of
I Ni Gd.
11
H
*i.
i}
|
‘ N4609
i (c) Ni-8= Master Alloy {d) Ni-Migchmetal Master Alloy
Figure 5 Metallographic Appearsnce of Hypersutectic Ni; R.E. Alloys.
E Rlectrolytic Etch in Mixed Acids. 50JY.
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{s) Massive Inclusions {Carbonitrides) 0.14 w/c (250X) N8748

K5713 N5783

(b) Bdge Cracking ~ 0.42 Ce (30X) (c) Grain Beundry Tearing 0.42 w/o
la (3350X)

Figure & [Examples of Problems Encountered with Uoped AF 3-IDA Extrusions ‘
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(b) 0.42 w/0 Ce

(c) 0.33 w/o Qd (d) 0.48 v/0 G4

ukuro 8 General Microstructures of Doped Unitemp AF 2-IDA.
As Extruded (Long.) Blectrolytic Etch 300X.
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P1307

(a) AF2-1DA base as-extruded

Note:

Fine carbides and absense

of primary y'

(c)

AF2-1DA + .11 w/0 ¥ + .81 w/0 Mn

As-extruded.

Figure 9:

L ety (R PR TR

P1348

(b) AF2-1DA +.20 w/o La + 79 w/o Mn
As-extruded. Note: Relatively
massive carbides and primary '

P1345

(d) AF2-1DA + 28 w/0o Y + .75 w,/0 Mn
As-extruded. Note: Larger carbide size
than (c)

General as-extrujed microstructurve of AF2-1DA alloys with varicua

dopant sdditions (500X). Btch - 8:1 H,PO, in H,O.
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P1325 P1326

(n) #10 - AF2-1DA + .38 w/o Th "(b) #10 - As extruded Note: Fine
+ .8 w/o ¥n Az cast Note: Segregation structure and microfissures.

of Ta Rich phase {arrow)

P1323 P1324

(c) #14 AP2-1DA + .22 w/0 Gd (d) #4 - Az extrnded. Note: Fine
+.9 w/o Mn As cast, Note:Segregatios siructure
of Gd rich phasxe (arrow).

Pigure 10; Sffect of primary working o1 the microstructure of typical dopd
APS~-1DA alloys (500X) Etch - 8:1 H:,’PO‘. in HG;)

98

4

Ty

- e

-8




o e TR APRIRD A SN SR

Fd ey parne

* (noMonBYg ATTAEH) oswygd BSututeluocd pH jo ALSorvoudiow

Uﬁgﬂm um O/® 8°0 + PD O/A £2°0 U3ITA pedod vAI-Z AV ISeD-#Y 1T ean¥ig

A9INPON
o73003ny ,A-A DPUE sOPTQIWH
‘qiravy-oTey ueoal9d YO ¥TeN ()

8OTNPON d13003Ng ,A-A pue sepIqIe) pue
gi;Ieg-osey uesajed uoylerey (q) q3I93-0Ivy useajeg uoiiviedy ()

B R e o L G b it




oL B e

e

i
i
H
k
:
]
¥

osvyq
q3IvE-o%y pPUB OT300INy ,A-A
Jo dn-yeeag Teyiawd 930N (9)

X000S

-w
L 14
.
-k
*a
w
.
-
-

* (oFeqd Y3 IeF-0IVY AOUS SAOITY) UOTSNIIXT IOITY
UM O/A 8°0 pPU® pDH O/4 €2°0 UITA pedod VOI-Z IV JO 6INIONIIBOIDTH 1ZY emiyy

SOTIpUNOY UTEID PUE #epyaTeD
UTYITA OSBUd (ITeg-oTey ©30N ()

osend YiIey
-9X8Y AXOOTg ATeATivTeN @3oN (V)




i

£,00C: 3% %01

A { Ly e
R T R I RS & -

.
>
_.w
e
* -~
t
.

R G R YRR § R R R v ey

101

(x 0ge) o%m:¥oaty 119 ur peyes.

N O/A 8°0 + PD O/A £2°0 U3ITA pedog
YaI-Z 4V JO SINJONJIISOIOTH U0 Juiedeccdd JO 100J3%

_ oFIvy
~ pOTTON POy (O) T:6 YITA X,050CZ 3Iv pepnliixy (q)

egyed

iy eanByy

IPeD-8y (V)




9I¥Z8L9D

Mt e

"OXIE TN

juomdsajux seH - 83 Z¥°0 (A)

201

sYouI) 10M
ST¥Z90LSD

B A e AN 1 B e s

*SOT3TNOTFFTA Bnyise) Burisxjsmiyl SAUTISE) gor-¥ WedoX T wnBa

- X o/a y1°0 (¥)




€0T
; *eozZT8 TTNd
) *80TITNOTIITI Sutase) Saryexisnyyl s3uyised 001 ,ousy pedog :¢T eInB¥g
©81g UYSIp WICITUN WON - X O/M ¥I°0 (A) Suypisen punog - w1 O/A 12°0 (*®)
8T8LS0LOD 614280290
F I i




S sangm, ny

T

e I T A T S T e R e S ST S

‘X00S  POUSTIOA 3V *® O/M 9°0 udTa pedog

L]

00T ,9uUdy 38BD-FY WOXJ O8EGJ YOTH 87 7O eousrseddy

9371 pozI wTOd

t91T aanSyrj

Ty oSvuy YiIeg-ox3y Jo L31TATIOV Twotado (D PTOTd 3IUSTIg U (SA0IIY) oFelnd YIIug-oxsy  (¥)

S692N Y69EN

-, e Al T ke LA IR i+ UG LTI 0 W e MR AL s b AR AL AP s N e+ e

ho et




o W RGP A i RO

SOt

(poud3zaun  xX0ST1) -

‘001 Pusy 188D 8 uo.musuonuumo.woﬂﬂ 18X9Usd aY] U0 SUOTITPPE [839M DATIOBAX JO 309FFA L1 eandyg

-*q°3 uy aseyd ' <q*3 uy assyd FuyuIwvlVGD
‘HE°H 9ICN - W o/® Z2°7™ 4+ 00T-¥ (J) o] O/® ZT1" + ONT-1 (3) °F U 930N - PD o/8 £2°+ 001-8 (P)
L81I6N Z816N

O81T6N

8apTqI8D aATsseN pme aseyd ’
‘g°¥ 930N - X o/® 21"+ 0O0I-¥ () X o/ 60° + 007-¥ (4) 001 puay pedopun (%)
8LT6N . i oL T6N




)
L
{
I
]
]
]
]

‘XcnZ - Y933 Z3usyog 9Inyid  "UdIE PYIV
pue So1IpUNOE UTEID YITA UOTIBFOOSSY ‘oswig =Y JO

£q woe3av pue ‘sornpoN A Liemiig
I-§ 3§€) UI (moily) 9SeN4 WOTH =T Jo A3oToudiom :8Y eIITX

sgoupiesy :2j0N "¢ o/2 9°0 YITA 00
To3g 393771 (9) pousyiod sV (%)
TZLCK oZLZR

qo3g X9TAwaH ()




R AR TR

N T

(a) #14 René 100 Base

(c) w#18 R-100 + 0.23 a/0 Gd
Note: Massive Gd contsining
phase (arrow)

P1316

P1320

P1322

(b) #l6 R-100 + 0.17 a/0 Y
Note: Massive Y containing phase
{arrow)

P1331

(d) w#19 R~100 + 0.09 a/0 Ce
Note: Relatively fine structure

Figure 19: Ags cast microstructure of various doped René 100 alloys
(500X) Etch - B:1 H,PO, in H,0
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i g Boidiatiic : #
H - :

S

»:
-

P1315 P1317
(a) #22 - R-100 + 0,12 &/0 La (b) #28 - R-100 + 0.38 w/0 Mn
Note: La Rich Phase (Arrow) . Note: Blocky carbides and absense
of Primary v' .

PL314 P131%
(c) #29 -~ R-100 + .15 a/o La (d) #32 - R-100 +.05 a/0 Y + .05 a/0 Th + .24

+ .68 w/0 Mn w/0 Mn Note: Relatively fine gtructure

l‘tniro 30; As-cast microst uctures of various doped Rend 100 alloys.
(500X) Evch - 8:1 K PO, in H O
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Temp. °F

AF 2-1DA

K K

+ O o
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Y 10— 0
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ej\; Py Q = 71.1 Keal
R $e
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o

\

i | | | ]
0.6 0.7 0.8 0.9 1.0

/1 ¢°571 x 10%)

Figure 24, Arrhenius plo’, of the rate constants for Unitomp AF 2-1DA
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Parabolic rate constant, Kp; (mgz/cm4/séc)
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[ 1 I N l B

2200 2000 1800 1600 1400

~ AF 2-1DA
(107,600}

i INCO 713

i

r

— IN-100
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Rene' 41
Rene' Y — (66,000
(45,000)
=
\
\\

JER - | : A

p o

'
PRI
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/7 (°k7) x 109)

Figure 25 A coaparison of the oxidation rate of Uni‘emp AF 2-1DA with
other commercial nickel base alloys
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. ',:J X

Poll P2856
{a) AF 2-IDA Base (b) AF 2-IDA + 0,1 A/O La < C.8 W/O Mn
(-20 mils/side) (-0.6 mils/side)

P285% pP2858
(c) Ar 2-1DA + 0,1 A/O Th +0,8 W/0 Mn (d) AF 2-.DA + 0,2 A/JOTh + 0,8 W/0 Mn
{-0.9 mils/side) (-1.3 mils/side)
Figure 30: Microstructural Appearance of Doped AF 2-1DA
After Hot Corrosion Exposurs of 50 Hrs./1700°F
(300 X)
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Figure 39 The effect of 0.1 atomic percént additions of various ]
"rarc-earths" on the oxidation Kin~tics of Rene' 100 -H
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(a) René 100 + 0,i2 a/o La (b) Ren€ 100 + 0612 a/o La
(100 hr/1800°F) (100 kr/2000°F) - Note:

Alloy depletion and degenerate v'

N7277

(c) René 100 + 0,21 a‘o Ce (d) René 100 + 0,09 a/o Y
(100 hr/1809°F) (100 hr/2000°F) - Note:

Figure 40:

Alloy depletion and degenerate '

Microstructure of oxidation reactions during continuous weight
gain testing (250X Codep Etch).
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Alioy #28

Pigure 42:

Sloy %29 Alloy #30

Alloy #32

Al Loy #31 .

General appeavance of doped René 100 alloys after 10-100 hour
cycles at 1800°F. (Alloy #30 typifies René 100 base alloy.)
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® #14 - Rene' 100 Base J
O #15 - Rene' 100 + 0.09 a/o ¥
O #16 - Rene' 100 + 9,17 a/o Y I
| 1 #17 - Rene' 100 + 0.09 a/0 Gd ,
f; B #18 - Rene' 100 + 0.23 a/o Gd P, | I
5.0 = A #27 - Rene' 100 + 0,12 a/o La + 0.19 #/0 Mn M=y 157
‘ A #28 - Rene' 100 + 0.38 w/o Mn L l
‘ p
! @ #33 - Renc' 100 + 0.06 a/o Y + 0.06 a/o Th Y /
+ 0,62 w/o Mn / [ I
o J
/’é‘u
0
a( f
~ - 17
NS A
o
~
-4} ' X
£ 3.0 ~
@ —
o
. A\ //\-
- z8 {
£ A |
I
1.0 -
:
3
SN IR S oo el
; 1 2 3 4 5 6 7 8 9 16
Ne, of 100 He, Cylies ot 1S60°% .
: Figure 44, The cycaic oxidation behavior of those z11oys better than Reono' L00 at 1s50°F
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# "30
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Figure 45:

68010812

Differences in oxidation bahavior of doped Rend 100 miloys during
2000 » ¢ iiic oxidation (hours refer te total exposure in 25 hour
intervals.,
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P1349

(a) #15 R-100 + 0.09 a/o Y
Note: Eutectic type sulfidation

(-22.0 mils/dia)

P1350

(c) #21 R-100 + 0.12 a/o La
Dense protective scale
(~2.3 mils/dia)

Note:

Figure 52:

i Gony Gee¢ Guy  GEN

Re oy

P1355

{(») #18 R-~109 + 0.23 a/o Gd
Note: Heavy sulfidation below oxide

(-2.8 milg/dia)

=%

P1354

(d) #23 R-100 + 0.06 a/o Th
Note: Heavy oxidation and massive
sulfides (~15,5 mils/dia)

Types of hot corrosion attack for doped René 100 alloys (100X)

Etch

- 8:1

H,PO, in H,0
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(a) General appearance of oxide scale formed on Alloy #22
R-100 + .12 a/o La (-1.6 mils/dia) (100 X).

P1353

(k) Protective nature of oxide formed on Alloy #22 Note: Fine subscale
sulfides (Gray phase in alloy depletion zone) (500X).

Figure 53:

Morphology of scale produced during hot corrosion testing of
Rene 100 + 0.12 w/0 La.
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Specimens from Investment Casting
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i
i
H
:

(a) Rene' 100 Base (») Rene' 100 (Less V) - Note "
Increased Y-y' Eutectic

PR4T5
, (c) Pene' 103 + 0.11 W/0 Gd + 0,2 Mn (d) Rene' 100 (Less V) + 0,11 W/0 Gd
- Note Rare-Earth Phase + 0.2 W/0 Mn - Note Increase y-Y'

Eutectic
Figure 56:

£f2ect of Vanadium and Gadolinium Modifications on Microstructure of As-Cast
Rene® 100 Both With and Without R,E, Additions, BEtched in 8:1.
(500X)
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Figure

(c) Alloy 40 (0,10 A/S Gd)

€2 Phase II Alloys Oxidized for 500 Hrs, at 1800°F
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(c) Alloy 42

Figure 63:
Phase II Alloys Oxidized 150 Hrs, at 2000°F (10uX)
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Figure 64:

Alloy 36 (b) Alloy 37

Phase [I Alloys After Hot Corrosion at 1725°F/50 Hrs.
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(a) Alloy 40
i

(d) Alloy 43

Figure 65:
Phase II Alloys After Hot Corrosion at 1725°F/50 Hrs. (100X)
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P7465 J7495

{a) Drop Cast

P7466

(b) Investment Cast

Figure 67:
Microstructural Appearance of 0,13 W/0 Y Alloy
After Hot Corrosion Testing 1725°F/50 Hrs,
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Figure 68:

(a) Rene' 100 Base Alloy, Drop-Cast

(b) 0.24 W/0 Y 2livy, Investment Cast

Microstructural Appearance of Rene' 10¢ Base
and 0.24 W/0 Y Alloy After Hot Corrosion Tests,
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Figure 69

STRESS RUPTURE RESULTS OF PHASE 11 ALLOYS
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