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SUMMARY

The purpose of this investigation was the establish-
ment of compositional limits for the y and y' phases of
nickel-base superalloys. Fifty-one of these nickel-
base alloys were melted and heat treated for 4 hours at
1190°C followed by 1008 hours at 850°C. The alloys had
the following composition ranges; Al 4.0 to 13 atomic $%,
Cr 6.5 to 20.5%, Ti 0.25 to 4.75%, Mo 0.0 to 6.0% and W
0.0 to 4.0%. Electrolytic extractions were performed on
the aged alloys using HCl in methanol and ammonium sulfate
and citric acid in water as electrolytes. The residues
from the ammonium sulfate electrolytic extraction for the
two phase alloys were analyzed chemically andvby X=-ray
diffraction.

The results of the experimental determination of com-
position indicated that y' varied from 72.1 to 78 atomic
% Ni, 7.8 to 17.5% Al, 1.5 to 8.9% Cr, 0.3 to 13.9% Ti,
0.0 to 3.9% Mo and 0.0 to 7.2% W. The composition of ¥y
varied from 1.9 to 15.4 atomic % Al, 6.6 to 30.7% Cr, 0.0
.to 3.1% Ti, 0.0 to 8.7% Mo and 0.0 to 5.0% W,

The vy and y' hypersurfaces were fitted with an equa?
tion of the 3rd degree. A computer program was written

which can calculate the composition of the conijugate vy



and y' from the composition of a two phase alloy. The
program first finds the direction numbers of a tie liﬁeA
from the composition of fhe alloy, then locates the'in—-
tersection of the tie line and the solvus hypersurfaées.
The results of this calculation compared well with the
the experimental results of this investigation and for
at least one phase from 15 commercial Ni-base superalloys.
The lattice parameters of y and y' were correlated |
to the phase compositions through simple linear equations.
The y' lattice parameters from commercial Ni-base super-
alloys were similarly correlated with the v' composition.
Phases other than y and y' were identified in some
of the experimental compositions. The phases idéntified'
were sigma, mu, Cr solid solution and Mo-W solid solution.
The occurrence of these phases was reiated to the amount
of Ni in the alloy, the gquantity Cr + 1.75 (Mo + W) in
the v, and the change in Al relative to the change in Cr
along the y - y' tie line. These same parameters apéear—
ed to be capable of being adapted for use with commercial

Ni-base superalloys.

vi



I INTRODUCTION

In three decades gas turbines have develbped from being a perf
plant only‘potentially useful for high‘performance military air-
craft to their current imﬁortant fole in our economy. In addition
to their several military.roles, gas turbines today are used for
commercial:air transportation; as an important source of peak load
electric power for cities; to puﬁp natural gas to cities; and as a
péwer plant for trains. Much of the success in developing the gas
turbine as a viable power plant in our economy can be traced to the
development of a family of alloys called superalloys.

‘The superalloys are iron, nickel, or cobalt-base alloys which
are capable of retaining usefui strength at elevated temperatures
(650° C). ‘The nickel-base superalloys have been developed to the
point where they have useful sfrength to approximately 80% of their
melting point.lA Over 50 such alloys are commercially available in
this country.

A typical nickel-base superalloy is an alloy containing nickel,

- aluminum, chromium, carbon,- titanium, and boron. In addition molyb-

denum, tungsten, niobium, tantalum and other reactive or refractory

. elements may be added to the melt. Commercial compositions.contain

K
r

Numerical notations refer to literature listed under references.
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6-12 intentionally added elements and have 4-6 phases in their mi-
crostructure. The two major phases in the microstructure are a
face-centered cubic phase called gamma which is the matrix phase and
. a dispersed brdered face-centered cubic phasé called gamma prime.
Small amounts of carbides, borides and other intermetallic compounds
dare frequently present. |

Although the physical pheﬁomena which contribute to the excel-
lent eleyafed temperature strength -of these'alloys are not understood,
there is general agreement among superalloy metallurgists that inter-
action between the gamma and gamma prime phases must somehow account
for the unique properties of this system. It is also generally
accepted that addition of the refractory metals to the nickel-base
superalloys can significantly influeﬁce their high temperature
properties;.

The development of the superalloys has been accompanied by
abundant literature relating to the formulation of commercial compo-
sitions, their heat treatments, fabrication, physical metallurgy,
and usés. Because of the complicated n;tﬁre of the commercial compo-
sitions previously cited, it is difficult to isolate effects of
individual elements and phases on the properties of the alloys. The
first analytical approach toward this end was offered in 19642

This study was initiated to obtain informatién on the manner in
which some of the more important alloying elements ére partitioned
between the gamﬁa and the gamma prime phases. The elements selected

for study were aluminum, chromium, titanium, molybdenum and tungsten.



Carbon and boron were specifically held to levels low enough to
preclude the formation of carbides and borides. The resuléing
alloys would then resemble commercial alloys except as just noted,
but would lend themselves to simple phase separation procedures
and . phase analysis.

The objective of this study is to develop a system of mathe-
matical expressions which describe the phase boundaries of the gamma
and gamma prime regions of the nickel-chromium-aluminum-titanium-
molybdenum-tungsten system at 850° C and the partitioning of the’
elements between the two phases. . This information should permif
better estimation of how alloying will change the relative amount
-of the phases, and when correlated with X-ray data may permit esti-
mation of the lattice mismatch between the two phases. The lattice
‘mismatch is believed by some investigators to be of great importance
to the mechanical properties of these alloys. Although no mechani-
cal properties will be determined in this study, it is hoped that
the.eventual use of this information will result in an improved
understanding of the nickel-base superalloys and the development of

improved alloys.



II BACKGROUND

Phase Diagrams

Published diagréms. - ‘The most advanced phase diagrams avail-

able, pertaining to Ni-base shperalloys, arerfﬁe 1000° and 7500 ¢
isotherms of the Ni-Cr-Ti-Al system in reference 3. The Ni-rich
quaternary seétion showﬁ in Figure 1(a) provides a perspective on
the relationship between the 'y and v' phase fields, but because
the diagram is a two-dimensional representation of athree dimension-
al figure it is difficult to use for specific analysis. The
pseudo~ternary diagfam shown by Taylor in refepence 3 and reproduced
here as Figufe 1(b) is of greater engineering value because of the
ease with which it can be uged. This diagram, which is shown: for a

ofa

constant nickel.concentration of 75%,  indicates that at 750° C y'

-can dissolvé 6% Cr* when no Ti is present. At the Ti solubility
limit of 15% in y' only about 2% Cr can be retained in the «y'.
This diagram aléo shows that the vy - has é maximum solubility for
Ti of 4% and for Al of 5%. The addition of Ti to Ti-free vy ini-
tially drastically reduces the solubility of Ti in the y. |

- The recent work of Loomisu

studied the effect of Mo additions
““to Ni-14% Cr alloys at several Al concentrations. His work included

a limited study of Ti. He showed that additions of Mo reduce the

ot
Concentrations will be in atomic percent unless otherwise noted.
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solubility of Cr in the +y' and suggested that Mo substitutes for
Cr in the «y' phase. Additions of Mo increased the y' solution
temperature and ét a constant temperature increase the amount of
¥'. The addition of Ti substantially reduces the solubility of Mo,
Cr, and Al in ~y'.

Havalda5 showed that for alloys of Ni- 20% Cr at 850° C that
Ti additions reduce the solubility of Al in y and that'w additions
also reduce the solubility of Al in +y. These alloys had a carbon
-aédition of 0.15 weight %.

The Ni-Al-W diagram at 800° C is shown in reference 6. The
solubility of Al in both y and +vy' 1is increased with increasing
W additions. The vy solvus curve at 900° C for the Ni-Al-Mo system'
is shown in reference 7. Molybéenum additions decrease the solubil-
ity of Al in the Y.

The three ternary systems which bound the quaternary in refer-
ence 3 are shown in reference 3 and the details of their development
are discussed in references 8 to 11. The Ni-Cr-a18 diagram shown in
Figure 2 is useful in understanding the behavior of the superalloys.
Chromium additions reduce the Al in the vy from 12% at 0% Cr to a
minimum of 7% Al at approximately 20% Cr. Chromium additions to the
v' phasé initially reduce the Al solubility of the y' 1in equilib-
rium with y from 23% to a minimum of 12% at approximately 15% Cr.
The tie lines show that the Cr concentration in the <y 1is approx-
imately three times the Cr concentration in the y'. The

vy - (y + ¥') boundary location was confirmed in reference 9.



The Ni-Ti-Al diagramlo

at 750° C is shown in Figure 3. As was
previously mentioned, it can be seen that small additions of Ti to
Ti-free y reduce the solubility of Al in the y. The diagram also

shows that y' can dissolve approximately 15% Ti, apparently substi-

solvus, the total of the Al plué the Ti

tuting fop‘Al.i At the ',
in the y' freﬁains'nearly constant at 22% as Ti is added to the «y'.
Although several ternafy systems relevant to the Ni-Cr-Al-Ti-
Mo-W system‘havé been published they add little to the understanding
of the superailoys if they do not include Al because the y' phase
'requires Al"to stabilize it. Systems which do not contain Al are

therefore not discussed.

Phase chemistry. - In the past several years there have been

several investigations which did not produce phase diagrams in the
classical sense, but did determine the chemical compositicn of the.
"y' .or vy phase in nickel-base superalloys. The aﬁalyses were
usualiy conducted on commercial compositions containing 3-5 phases.
Thé most extensive investigation of this type is that of.Kriege

and Baris.12

An investigation was conducted on 15 commercial alloys
_whidh were generally in heat treated conditions typical of the
.alloys as placed in service. Their results are summarized inVTable
1. Table 1(a) summarizes the amount of y' in the alloys, Table
1(b) summarizes the composition of the y phases and Table 1(c)
éummarizes the composition of the ' phase; studied b; Kriege and

Baris. Their analyses show that  y' coexisting with y will con-

tain only up to 4.1% Cr and 2.3% Mo.- The vy solubility



for Ti is 1.5% and for Al is 8.1%. Chromium and molybdenum parti-
tion primarily to the vy, while aluminum and titanium partition
mostly to the «y'. Tungsten appears to partition nearly equally
between the two phases.

Mihalison and Pasquine13 described phase chemistry results ob-
tained in three.superalloys. Their results are in good agreement
with the results in reference 12. Results reported in the Soviet
Uniont" for y' in two Soviet superalloys are also similar to
those mentioned above.

Phase chemistry estimation. - To help understand and control

the precipitation of undesirable phases, the metallurgists studying
superalloys developed several procedures for estimating the composi-
tion of the <y phase. The first of these was described in refer-
éﬁée 2. Invthis method, the ' elements are subtracted from the
alioy composition using the assumption that all the Al and Ti form
Y' of a composition represented by Nijz(Al,Ti). A similar method

was proposed by Woodyatt et al.,15

but a slightly different '
composition was proposed and the Cr composition of the y' was re-
'iated to the melt Cr concentration. Reference 15 also attempted to
acéount fér the formation of borides and carbides in the method.
Like reference 1 the method assumed that all Al and Ti (as well as
‘some other elements) partitioned to the y'. A profusion of this
type of calculation resulted as exemplified by reférence 16 where

_12 such calculations are shown. All of these assumed that no Al

or Ti would be present in the vy and used relatively fixed



compositions for the «y'.

In an effoft to avoid the.apparent problems associated with the
uncertainties of the y' composition and to allow the presence of Al
fo be shown in the vy phase, a method using a geometrié solution of
the phase diagram from reference 8 (Ni-Al-Cr) was developed.l7 This
geometric analysis was socén extended to account for the influence of
Ti on the Al concentration .in the y.ls The calculation procedure
proposed in reference 18 was bésed on a geometric solution of Taylor's

quaternary (Ni-Al-Cr-Ti) shown in reference 3. The method in refer-

ence 18 has the ability to estimate the compositions reported by

12 13

Kriege and Baris and Mihalisin and Pasquine, Although, in prin-
cipal, the method proposed in reference 18 could be used to estimate
the y' - chemistry, tﬁe author made no effort to do so.

Deckerlg proposed a calculation which could estimate the compo-
sition of both the ¥y .and y' phases. Decker's calculation uses
regression analyses to account for the carbide phases and the amount
of y' in the alloy. This calculation then uses a mass balance
technique to calculate the phase composition from the melt énalysis,
although no actual phase chemical analyses are listed. It 1s assumed

12 and Mihalisin

they would agree with the data of Kriege‘and Baris
and Pasqu‘ine13 because these data were used as the basis for the

calculation.

Lattice Mismatch
The importance of the lattice mismatch between y and y' |is

generally agreed upon by the various investigafors. Initial



interest was concerned with the relation between the latfice mis-
match and the «' morphology.20 Recently the relation bétﬁeen the
mismatch and the ﬁechanical behavior of the alloys has been studied.
Davies and Johhstoan have indicated that to achieve optimum creep
resistance an alldy should contain a fine dispersion of approximate-
ly 60 volume percent y'. Tovmaximize the stability of the '
disperéion at high temperature, zero mismatch should exist between
the two phases.

' Decker and Mihalisin?? have concluded that coherency strains'
make a potent contribution to the age hardening strength of these
allbyé.under conditions of non-diffusional creep at temperatures
below 0.6 of the melting point. Their experiment was-designed such
that the mismatch would be the parameter altered to the greatest
degree. They did this by adding approximately 2% each, Cb, Ta, V,
Si, Mn, Ga, and C to alloys of Ni- 14% Al. They assumed that the
aﬁounf of y' remained constant and the solution hardening could
be accouﬁtéd for in their experiment.

23 studied the effect of mismatch on mechanical

Maniéf et al.
behavior of Ni and Fe/Ni-base alloys. The alloys studied showed a
sharp maximum at a mismatch of 0.07% in stress rupture'life for the
Ni-base superalloys. No correlation was observed with a Fé/Ni—base
superalloy; When Mo was addéd to the Ni-base alloys, the mismatch
decreased and the rupture life increased. Chromium additions de-

creased the mismatch, but the effect on life was not great. It

should be noted that no evidence exists that the volume fraction of
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y' -or the size'df the y' particles was constant or controlled in
themexperimenté.

Loomis' was able to show a linear correlation between the
lattice ﬁarameters of both y and y' . and the'composition'of_the
phases, His stﬁdy included Al, Cr, Mo, and Ti. Cr has the least
effect on the lattice.paraméfer while adding Ti expands the latticg
three timesffaster and adding‘Mo expands the lattice 4 times faster
than Cr. The most striking point éf this‘was that the same atomic
coefficienfs could be used to describe the;behavior of adding alloy
elements to bgth phases. . This fact results in the expectation that
the result of adding alloy elements to a superalloy on its lattice
mismatcﬁ will be as much effected by how the alloy partitions be-
fween the'tworphases as by its-intripsic effect on the lattice
paraﬁetér of each phase.

Havalda® has shown that W additions to qlloys containiﬁg 20%
Cf reduce the»lattice mismatch betweén Y anq vy'. Zero mismatch
is achieved near 8% W. Taylor and Floyd8 showed that in Ni-Cr-Al
ternafy alloys having 75% Ni and 70% Ni the lattice parameter of
both phases decreases as Ai is replaced by Cr. At 70% Ni, zero
mismatcb occurs at approximately 20% Cr, 10% Al. At 75% Ni, zero
mismatch occurs at approximately 10% Cr, 15% Al.

When considering all of the above investigationé, one should
bear in mind that it is experiméntally very difficult to measﬁre
the mismatch between the two phases directly because of the fact

that the mismatch tends to be below 1% and only 10 to 20 volume
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percent of ' frequently is present in the'alloy; Some in-
vestigétérs therefore fipd it expédignt’to ﬁéasu;e the: Y param-
eteré in situ,.bﬁt ﬁeasure the v 'paraﬁeters in exfraétgd fesi;.
dues, The lattice parametépvof tﬁe extracted materialé will (exéept
where the in situ mismatch is %erd) ch;ngetas a reéglt of requing
the constraint of the other phase. The results‘of oﬁé in?esfigation
vméy the;efore not be difectly cbmparable t§ anothe;. One would
éxpec£ that fhe trends observed shoﬁld be consistent énd'it is
prgsumed>that an optimum lattice mismatch exisfs for Qaridus sepviée
conditions. If the metallurgist is to exercise céntrol bn the mis-
match, knowledge of how various élements'affect the lattice papém;
eter of the phases and of how)the elements are partitioned betwéen

the phases is required.

Ordering in Gamma Prime

" One model proposed to acount for the unusual elevated strength
properties of the Ni-base supe_ralloys%+ relates the strength to the
antiphase boundary energy in the .Y'- The antiphase boundary-energy
is related to the degree of long rénge order (S) of the phase.

:Unfortunately little information is available concerning the
ordering df.'#' and .the broad . use of = approaches similar
to  reference 24  has been restricted. - Gamma prime
in pure form (NisAl) is an ordered face-centered cubic structure of
the CujAl (LIQ) type. It has been reported to have an order param-
25

“eter (S) of 0.99 at room temperature.

Dorfeld and Phillips?® also measured the order parameter (S) of
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the phase y' in a commercial ailoy René 63. The alloy had been
given a multistep heat treatment, the last step of which was hold-
ing at 760° C for 16 hours. S measured at room température'was
0.78; o

26

In confrast, Mihalisin<® has reported S for y" in several

gommercial_éllbys to vary from 0.82 to 0.96; In considering N 731,
IN 713(3and IN 713 LC,it was found IN 73l.had the lowest S with a
value of apﬁfo#imately-O.BS. Alloy IN 713 C had an S of 0.90

0.95 and éllo§ IN 713 LC'hadvan S Qf approximately 0.95, Hé was
Qnabié to correlate prior thermal and ﬁechaﬂical history with
§afia{ions inAS observed at room temperature.

In both of the abovevstuaies some Cr, Mo, ana Co were assumed
to reside on Ni sites (face centers) in the fully ordered state.

The ~ authors assumed -° that for perfect order a formula like
(Ni;gl,Co;lQ,Cr.o7)3(Al'6,Ti_28,Cr.12) which was used in reference
25 can describe the alloyed y'; For some compositions Mo also
appears in both the parentheses.

For alloys IN 713 Cand IN 713 LC,26 however, Ni aqéounted for
97-98% of the Ni site occupancy. In the other two alloys Ni plus Co
accounted for over 90% of the Ni site.pccupancy in the fully ordered
state,

These papers also show.one of the difficulties thaf metallur-
gists encounter; that is, deciding if an observed phase is y or vy'.
As previously noted, both are face-centered cubic and have essential-

ly the same lattice parameter. .In pure NijAl, the intensity of the



13

(100) reflection is approximately 20% of thé (200) in tﬁe-highest
state Qf_order.26 This}intenéity ratio decreaées withAalloying.and,
:decbease in S. The ratio was 4% in René 63 and 7-10%_in the-alloys
studied by Mihalisin. It 'may well be that with furfher

. alloying or decrease in ‘S that thé'inténsity of the (1005 ﬁight
become too weak to be readily obsefvea.' Thev(QQQ) is-the second most
intense line of the fundamental lines and the (l00) is the most
intense of the superlattice‘lines. The use of superlattice lines
“to positively identify y' relative to y can be éeen to be:
hazardous. fhe presence of thé supérlatticé;lineé_ié pésitive
identification for *', butltheir absenée should not exclude'the‘

identification of y' in highly alloyed materials.

Occurrence of Other Phases
After the identifQCation'of sigma phase iﬁ a nickel-
base superalloy?7'considerable_effoft has been directed toward under-
standing the relationship between.the occurrence -of sigma and
similar phasés and mechanical properties. In 1968 a é—day confer-
ence was held on the subject.28 Papers presented at that conference.

and many subsequent ones,ls’zg-33

have shown that precipitation of
sigma and mu phases may occur in nickel-base superalloys and in
some materials large decreases in ductility and stress rupture life
have been correlated with the precipitation of these phases.

Beattie and Hagelau surveyed the superalloy systems for the

occurrence of phases using a statistically designed experiment, A

quasi-ternary system of Fe-Ni-Co was studied by alloying with W, Ti,
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Si, Cr, Cb, and C. After aging iOOO houfs at 815° C,>15 phasés were
identified. Phases other than y,-y" carbides'and nifrides which
were found are eta, epsilon, laves, éigma, ﬁg, chi, bgtarand-G. One
of the authors' more interesting findings was that ofHGQ new compo-
sitions melted in a complex syétem, no,previously-unknown phases.
were identified. The structures of fhe_pﬁegipitatiﬁg.phases were
found to be no more complex than tﬁe strﬁctures found in ternary
systems. No structures that require four diffefent.atomic.speéies
were found. The authors also noticedgthqf alloyipg~appeared to
reduce'thevnumber]of possible strucfures by eliminéting some of the
more complex ones in féVor of simple strucfural.types.

The occurrenée of sigma phase in Ni-basevalloys_at infermediate
temperatures was recenfly studied by Kirby.35 The y - plus
sigma phase boundary was determined in a series of aluminum free
alloys and Mo and W were found.to be equal in their sigma promoting
characteristics. The investigation further éemonstrated that a
"sigma free" cémposition could be made to precipitate sigma by
diffusiﬁg in sufficient Al to cause the precipitation-of ¥'. Thus
the phase computation philosophy set forth by Boesch and Slaney3 and
by many others subéequently has been demonstrated by a simple

experiment.

Summary Remarks
It should be apparent from the preceding sections that the
structure and resulting mechanical properties of Ni-base superalloys

are associated with the occurrence and composition of several phases.
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If it could be predicted which phases occur as a result of alloy

- additions and the chemical composition of these phases could be
established, new and better alloys could be developed. The informa-
tion required is obtained from phase diagrams, but phase diagrams in
tﬂe classical sense cannot exist for a16 component system because no
graphical represehfation is possiblé. This J'.nvestigator*ls’lv7 has
previohsli sﬁown that the'informafion which is normélly available in
3 and 4 component phase diagrams can be treated mathematically to
assist in determininé the composition ofvconjugate phases in a two
phasebfield'givén the composition of the two phase alloy. Ivanov3®
'hés:tféatéd a multi-éomponent:phase diagram algebraically to allow
usefﬁi iﬁformation to be obtained.

The object of this investigation is to determine the "phase
diagram" for the Ni-rich region of the Ni-Al-Cr-Ti-Mo-W system. The
diagram'will be restricted to the 850° C isotherm and will only
Q¢sqri§§ the y - y' two phase field; The "phase diagram" will be
a series of mathematical expressions which can be examined with the
use of_a.digital computer to yield'cpmposition information of

conjugate phases.



III EXPERIMENTALAPROCEDURES
‘The method of determining the éffect of alloying on the
Y - Y'. relationships in nickel-base sﬁperalloys was fo prepare a
‘ series of two pﬁase alloys contéining Ni, Cr, Al, Ti, Mo aﬁd W in:
cqncentrations represéntafive df éommercial superalloys. The ¥
was quantitatively extracted from the alloy and chemically anaiyzed.
Alloy samples and extracted y'. were examinea by X-ray diffraction,
light'and.scaﬁning eléctron migroscopy ;ﬁd_électron ﬁicroprqbe

~ analysis. The various methods used are described below. .

Selectidh and Preparationvof Alloys
Two preliminary alloys'wére selected to determine whether the pro-

cedures intended to be uéed could be applied to the alloy system to
be studied. 'These alioys are designated as alloys 98 and 9§ in
Table 2. These alloys were prepared by the methods to be described
later and no unusual behavior was noted.

 Thirty six compositions were then selected which would repre-
sént commercial alloy cémposition ranges. The alloy compositions
are designated as allo&é 1-36 in Table 2 and fhe maximum, minimum -
and intermediate levels melted for each element are shown in Table
3. The initial design is a fraction of a 3 level factorial design.

The specific experimental design was taken from the first four

16
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blocks of plan 3.5.9 of reference 37. A fractional -factorial design
was used to insure that all regions of the experimental space would
be uniformly covered.

Thirteen additional compositions were later added to the design
when it was observed that approximately one-third of the original
compositions were not two phaso alloys. The additional heats were
selected by using the same experimental design, but changing. the
composition limits as shown in Table 3. Only those compositions
.wore‘prepared which were not two.phase in- alloys 1-36 and which
could reasonably be expected to be two phase.basedoon a phase -
 stability calculation previously used by the_guthor.38 These com-

positions are designated as 37-49 in Table 2.

All alloys were prepared.from high purity virgin metals. The

‘form and composition of the raw materials are sho@n in fable 4. The
ckafge weights varied from 1300 to 1800 grams. Stabilizeduéircooia

‘crucibles were used for melting, a new crucible being used for each

melt,

' The ailoys'were vacuum induction melted and investment cast.
The initial ohargé consisted of Ni, Ti and Mo and/or.w. .Thé furnace
was evacuated to less than 10 microné before heéting was initiated.'
“After the initial charge plus any additional Ni which would not fit
in the crucible had been melted, the furnace was backfilled with
‘argon to:approximately 1/3 atmosphere. Chromium was then added to
the melt and the system was pumped down to 10-20 microns. After

clearing the dross which formed when the Cr was added, the system
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was backfilled with argon to approximately 1/2 atmosphere., Aluminum
was added to the melt and it was thep brought to the pouring temﬁer—
ature. All melts were poured at approximately 1650° C. .The in—
vestment molds were made of zircon and wgré preheated éﬁd held at
812° C in a separate mold heating furnaée-located in the vacuum
chamber. After pouring, the castings were allowed to céol at ‘least
20'miputes before being removed from the vacuum chamber.

A‘;asting éqﬁsisfed of six_bars ;-1/4 cm-diamétér and 7-1/2 cm
long. A casting with the gates and risefsjstili atféched is_shb@n
in Figure 4, The bars were cut from the casting‘With ah‘abrasiveb'

cut-off wheel and sandblasted prior to heat treatment.

Heat Treatment

One par.from each heat was heat treated. The héat treatﬁénts
were condnctéd_in an argon atmosphere to kéep surface oxidation to
a low level, vThe alloys were heated to li90° C for 4 hours and air
cooled fo rooﬁ temperature. This treatment was intended'to reduée
§egregatiop»effects and dissolve a large.fraction of y' 1in the
alloys. The alloys were then heated to 850° C and held 1008 hours
prior té bging air cooled to room temperature. 'Thg bars were heat
treated (lQO8 hr treatment) in.three batches, The same furnace was
used for each batch and the same control settings were used on the
furnace. The temperature was monitored daily and the deviation was

+20 C,
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Location of Test Specimens

Immediately following heat treatment, the bars were ground to
remove at least 0,02 mm from the surface. This was to remove any
regions having alloy depletioﬁ or internal oxidafion. The bars were
cut to proVidé cyliﬁdérs approximately 1 cm long. Three cylinders
were cut-from-éach sample. The end one (exposed end oxidized) was
used for meialloéraphy.' The center cylinder was used for extrac-
tions and the third was submitted.for chemical analysis. A sketch
of the bar and specimen layout is shown in Figure 5. 'This procedure
was used to reduce the influence of macroscopic segregation in the

longitudinal direction of the cast cylinder.

Metallography

Az"Specimens were examined using both light and scanning electron
microscopes. The same specimen preparation was used for both types
of ﬁiéroécopy; The specimens were mounted in bakelite so as to allow
Aéxamination‘bf the unoxidized surface. The mount was ground using
abrasive papers thrbugh'GOO grit. ‘Intermediate and final polishings
wéfé aééomblisﬁed using 0.3 and 0.6 micron alumina on Microcloth.”

Aii‘alloys were examined in three conditions with tHe light

miéroééoﬁe. The samples were first examined unetched. The body-
centered cubic (Cr, Mo, W) phases were usually easily distinguished

in this condition. The second examination used an etch of 1% KOH.

“Registered trademark of Adolph Buehler Company.
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The etch was electrolytic using 6-8 volts.for approximately 5
seconds. The KOH etch revealed the presence of sigma and mu phases
in addition to the body-centered cubic phases without distinguishing
between vy and «'. The KOH etch was removed using the last two
polishing steps then an etch of 33 parts H,0, 33 parts ﬁNO3, 33
parts .CH5COOH, 1 part HF (mixed acids) w;s»applied by swabbing or
immersion., This etch revealed the featﬁres described above and the
Yy -v' structure of the alloys. This etch was also used for scan-

ning electron microscopy.

Extraction of Phases

Prior to extraction, the flat surfaces_of the specimens were
ground through 180 grif abrasive paper. A length of chrémel wire
was welded to the specimen and the arc strike was removed by hand
grinding. ‘Heat shrinkable plastic tubing'was.glaced over the wire
- to act. as an eléctric insulator and to pfqtect it from corrosion.
The specimens' were ultrasonically washed in acetone and dried. Each
.. Specimen was weighed prion to the extraqt%on process.,

tihevfirst‘extnacfion process used on eachlalloy was 10% HC1l in
methanol. One‘percent tartaric‘acid was added to the elecfrolyte
when W was present in the alloy. Extractions were conducted with the
sample as.the anode and Pt mesh as the cathode for 4 to 6 hours
with the current density of approximately 0.1 a/cm2.' Evaporation’
losses were made up by periodicbadditions of full strength electro-
lyte. Any residue adhering to the specimen was removed by scraping

with a spatula. Then, the specimen was ultrasonically cleaned in
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methandl, dfied.and weighed. All reéidues were collected on a pre-
weighed 0.5 micron Solvinert” filter. The residues were washed with
water, then methanol, dfiéd and weighed. The fréctién of.fésidue
was calculated és the weight of recovered residue dividea By thé
loss in Qeight of the sample. |
In the Ni-base-superalloys; the HCl-methénoi extraction proce-

dure is exﬁected to.dissolve vy and ¥y'. The electrolyte is not
expeéted to.diééolve sigma, mu, laves, most-carbideé, hifrides.i6‘
If the reéidue of this extraction were low enouéh'(less than 0.5%)
to éﬁgéest £hat the allé& could be assumed to be essentially twb
phase an electrolytic extraction proceduré was then used to seﬁafate
the «' Affom #.' |

| fé éébarate y' from y an eleétrolyte of 2% émmonium sulfate
andii%'éitfic“acid‘in water waé‘used. This electfélyte ﬁas been re-
ported to separate quantitatively the y' over a widé rénge of

commercial alloy compositio,n_s,12 The electrolysis was conducted for 2

1

' i
“to 6. hours at 0.02 a/cm?. The specimens were weighed before the

éxtraction was conducted. At the end of the process, the specimens
were washed by allowing them fo soak in clean water for at least 15
minuyes. Threg such yashgs were used priop'toAdrying and weighing.
All loose residues wefe collected on Solvinert® filters as described
- for.the HCl‘procédurei fhe-dried metallic sample was weighed and
the adherent residue was removed by scrapiﬁg Qith a spatula and’

scalpel. The specimen was then wire brushed and ultrasonically

“Regiétered trademark of Millipore Corp;
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cleaned in methénol. The dried clean sample waé given a final
weighing.. The fraction of y' is_taken aé»the weight loss‘betwéen
the sécond'and third weighihgs‘plus the weighf of the solids on the
filter; divided by the total weight loss of the sampléf This pro;
cedure was used in duplicate on most alloys. Where fhe between run
agreement was poor, a third run was made.

In soﬁe cases, where the:Cr and Al of the sample was low, the
sample was éassive under the conditions described for»the ammon 1um
sulfate”elecfrplyte. In these instances, a similaf procedure was
used with a 10% phosphoric écid eieétrolyte. It is likely that
this procedﬁre is not quantitative for -y',l2 but the residué
coilected is‘believed to represent the chémiCal cohposition of the
y' accurately.u The y' residues and selected HC1 reéidue; were

submitted for chemical anélysis. All residues were examined by

X-ray diffraction.

Chemical Analysis
"The'weight of the residues resulting from the above extraction
' procedures was usually-less than 0.3 gms. Analysis of up to five
-elements was required for the program. It is apparent that to
analyze a’ large amount of éuch small samples that an inStrument
‘approach’ was- required. The investigatqr selected a recently devel-

oped analysis system39

which uses arc emission spectroscopy that is
capable of suitable accuracy with ‘as little as 10 micrograms of

sample, All chemical analysis used in this investigation, except

as will be discuséed(bélow, were obféiﬁéé Ey'fhe'énélysis'éystem
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describedAin.reférencé 39.' The analyses were prdvided by NASA Lewis
Research Center.

The lo@éét levels of Ti examined in the inQestigation were be-
low thg-capability of the analysis system. These deferminations
wére made by'using densitometer measurements on plates made
:from the same sémpies used for the other analyses.

To obtain a check on the suitability of the analysis system to
ﬁe used, li arbitrérily selected alloy samples were submitted to a
sepérate—and indepehaent chemical laboratory. The results of these
;nalyses éna those of the method té be used in this investigation-
aré ;oﬁpared with the aim (melting charée) in Table 5. " Both of the
anaiyéed coﬁpositions are in good agreementIWith the aim.compoSition
gga.ﬁifhxéach other, The.chemical analyses of all the heats are

compared to the aim in Table 2.

_X-ray Diffraction

* Identification of phases. - The identification of phases is

based on “X-ray diffraction patterns obtained from extracted residues.
~The extracted residues were sprinkled on glass microsgope slides
with a micro-spatula. .The residues were theq bonded to the slide
with 10% collodion in amyl acetate. The diffractiop patterns were
made using a GE XRD-3 diffractometer. Both Ni-filtered Cu and V-
filtered Cr radiations were used. The patterns scanned from 20° 20
to approximately 140° 20. The patterns were compared with published

33,40

patterns, -.unpublished data from Task Group 001, Committee E-Uu

on Metallography of ASTM and computer synthesized patterns. As a
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check, most patterns were indexed and a refined lattice parameter

H.ul The ability to

was calculated using a computer program; HERTA
calculate a refined lattice parameter having a low standard deviaj
tion is considered by the inyestigator as indication that the cor-
rect structure and indexing was used; therefore the idéntification
(of structure type) is accepted. The phases identified in each heat

is summarized in Table 6,

Lattice parameters. - The lattice parameters of the '

samples were.determined from samples prepared in the manner de-
scribed above. Direct measurement of the lattice parameter of the
Y. phase was not possible because of the large grain Size in»the
castings. Ingmost_cases only one or two reflections‘could be found
on cast specimens. vTo allow determination of the ¥y phase.latfice
parameter, filings were obtained from the cast and heat treated
samples. The filings were vacuum encapsulated in quartz and the
capsules'were then heated af 815° C for 36 minutes to allow recovery
fo”occﬁr. Because the temperature was beléw the long time aging
tempefatufe and the time was short, it was thought that this data
could adequately represenf cast and aged material.” The filings were
" removed from the'capsules'ahd placed on glass slides in the manner
previously discussed.

Diffractometer patterns were made using Ni-filtered Cu radia-
tion, "and a scanning speed‘of 2° 26 per minute. _ The receiving
slit was 0,1° 20, The diffractometer charts were read to 0.1° 20

and the HERTAY computer program was used to refine the lattice param-
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eters. The extrapolation function used was the cos © cot @
function which is suggested by Vogel and Kempterul as being the most
appropriate for diffractometer data. The lattice parameters of Y

and y' are listed iﬁ Table 7.

Relative intensifies. - The intensity data used for estimating
the loﬁg range order pafaﬁeter (S) was obtained from the '
specimens deséribéd'abobe. To eliminafe errors that may arise from
preferréd orientations fdrmed‘ during specimen preparaiioﬁ, the
intensity of the (100) and (200) reflections were measured. Vana-
di&h—fiiteféder radiation was used. The scanning speed was 0.2° 20
pér minute and a 3° receiving élit was used. Tﬁe (100) line was
scanned ffdm-3u° t5 approxiﬁately 40°, the (200) line was scanned
frdml78°-td’ébproximately‘83°; VThe intensities used were the peak
height corrected for average background.

The inténsity calculations for "ideal™ ordering were made
using a computer program POWD2.%2 This calculation is capable of
synthesizing diffractometer patterns using a.Cauchy distribution
function or a Gaussian distribution function for the peak profile.
For this study the Cauchy form was selected. The measured peak
heights were compared to the calculated peak heights to obtain
relative intensitiest

This same computer progr'amu2 was also used to prepare patterns
against which unknown patterns were compared as previously discussed
under Identification of Phases. In the process of calculating the

X-ray dJiffraction pattern, the density of the material is calculated



26

and is part of the output. These values were used for the X-ray

density values of y'.

Other Measurements -

Density measurements. - The density of those alloys which could
be calculated from X—ray diffraction data and chemical analysis were
‘measured. Archimedes method of weighing the material dry and in
water was used; The density is therdry weight divided by the

difference between the wet and dry weight,

Gamma prime Volume.‘— To obtain an independenf check on the
amount of ‘y' ih the alloys, the vcslume fr;cfioﬁ was measured by
the use 6f point counting on scanning electron micrographs taken
from selected samples. A grid having 153 intersections was over=-

layed on the micrograph and the number of intersections lying in

1

y' were counted. The fraction of such points is taken as the

. volume fraction of y'.43



v RﬁSULTS AND DISCUSSION

The 51 alloys shown in Table 2 were melted and analyzed using
llght mlcroscopy and X-ray dlffractlon of electrolytlcallly ex-
tracted residues. The alloys could then be separated into three
grouos. The first group was single phase alloys and included only
alloys l and 11; the second group contained more than two phases.
The 22 alloys listed in Table VI formed the multlphase alloy group.
The third group contained those alloys which could be assumed to
containvonly vy and ‘y'. Specifically these were alloys which
oroduced less than 0,5% residue in the HC1 electrolytic extraction
and that residue could not be identified as a body-centered cubic
phase such as Cr, Mo or W, a carbide, nitride, sigma, mu or similar
phase. It is assumed that the residues wefe oxides, but they were
not positively identified as such. Furthermore, these minor phases
were not acicular and could not be identified using light microscopy.

ThlS third group of alloys contained 27 comp031tlons. The.alloys
are llsted in Table 8. The amount of y' and unidentified material’
which was extracted are shown in Table 8. It was this third group

of alloys which was most extensively studied,

Gamma Prime Composition
The average compositions of the residues obtained using the'
ammonium sulfate or phosphoric acid electrolytes on the third group

27



28

-of alloys are shown in Table 9. Alloy 21 is nof included because
it was not possible to obtain a sufficient quantity of residue to
analyze, The analysis shown were conducted by the emission spectros-
copy procedure previously discussed. Each element was analyzed;
then it was nopmaiized to provide a sum of the elements of 100%.
The éhémiéal.analysis procedure used éﬁtomaticélly rejéctéd any
results where the sum of detecfed elemenfs differed from 100% by
more than 6%. This form of normalization was used so as to avoid
biasinglahy single elemeﬁt with experiﬁental.error.- A summation to
lOQ%‘is required to allow a mass balance determination of the vy

céﬁﬁositioﬁ.

bThe Ni content of the }' is nearly constant and varies only
rvffoh“72;l% to 78%. The Al ranges from 7.8% to 17.5%; the Cr véries
fréﬁ 1.5% to 8.9% and the Ti varies from 0.3% to 13.9%. Where Mo

was inteﬁtioﬁally added, (non—éero) Mo ﬁontent varies from 1.1%

to 3.9% ana'whére W was iﬁtentionally ;dded, (non-zero) W varies

' froﬁ l.7%'t§'7.2%. Thglsamplevétandard deviation (s) for each

'eiéméﬁf except Ni is shown in Table 9 aﬁd is less than 1/3 the
range of eagh element observed. This suggésts that the spread in
observed édmpositions‘is significant when compared to analytiéal
errors.

The concentrations of Al, Cr, Mo, Ti, and W observed in this-

12 shown

study compare well with those observed by Kriége and Baris
in Table 1l(c), the observations of Loomisu_and Mihalisin and

Pasquine.l3 The major difference lies in the fact that Ni
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concentrations in this investigation were found to exceed 75% more
frequently than in thése cited in refefence 12. It is not clear
whether this difference is real and perhaps. a result of the lower
carbon and boron levels used in this investigation or that the
différence lies in the chemical analysis procedures used. The
nqrmaliiatidn of the analyses to 100% is not believed to-be the
cause of Ni exceeding 75% because in manj instances the total com-
position was less than 100% when the Ni exceeded 75%. If Ni were
"determined by difference (as was the case in the cited references)
the Ni concentrations reported here would in fact be greater in
magﬁitude.‘

‘In this study it appears that y' which is conjugate with
Y has an approximate formula Nis(X) where X may be Al, Cr,
Mé,'Ti or W, On the basis of the chemical analyses, the phase
apﬁears to have an equal probability of having deficient or excees
Ni compared to 75% Ni. Fifteen of 26 compositions have more, than
75% Ni in the ¥y'. The range of Ni in the y' in this investigation
'is  almost identical to that observed in reference 4, but in refer-
" ence U4 most of the compositions exceeded 75% Ni. It appears that
‘the Ni can be assumed to remain nearly constant>at 75% while the
' other elements substitute for each other acting. as Al would in the

ideal binary compound NigAl,

Amount of Gamma Prime
~The amount of y' electrolytically extracted from the alloys

is shown in Table 8., The amounts recovered using the ammonium sulfate
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%

base electrolyte varied from less than 1 weight % to greater than

55%.

To check on the quantitative nature of this electrolyte,
§everal compositions were examined using scanning electron miéros-
copy and point C6unting of thé micrographs to éstimaté the volume’
‘fraction of y'. - Where sufficient data was available,.the measured
weight fraction was converted to volume fraction usiﬁg'the X-ray
densities of the phases (calculated volume %). The obsérved_and
~calculated volume fractions are compared in Table 10. The agreement
is considered good, particularly wﬁen-one takes into account that
the volume fractions were megsured at 5000 and 10000 X mégnifica-
tions, where the volume observed is very small éompared to that.
diSsolved'ianhe extracfion'process,

The above procedure prpvided a fairly'direct method of verifi-
cation of the weight_fractidﬁ determination. However insight into
the nature of the extraction process can also be pbtained'by compar-
ing the density of the'castinés with the density calculated using the
X-ray density of each phase and the measured weight fraction; These
data are shown in Table 11, The agreeﬁent between the mgasﬁred and
calculated densitites is,good.‘ It should be noted particularly that
there is né‘bias toward either greater §r smaller observed densities
compared to measured densities. If the extraction method was not
quantitative and no extrénéous phases were precipitated,‘theh one
would expect that the caiculated density would tend to bé biased

toward the density of‘the y. This occurs because the Yy phase
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would appear to be present in a greater amount than is truly present.
Because this type of bias was not observed and because the measured
and observed volume fractions were in good agreement the ammonium
sulfate extraction procedure is assﬁmed to be quantitative for the

y' phase provided that no sigma, mu, or body-centered-cubic phases
were identified in the alloys.

It is generally believed that the amount of y' 1is strongly
related to the amount of Al and Ti in the alloys. This thesis, in
fact is an important part of the 'phase calculations" in references
2, 15 and 16. These calculations assume that the amount of y' can
 be”determined by assuming that all of the Al and Ti, together with
“some other elements, partition to the y'. Deckerl? uses an equation
relating the volume fraction of y' to the composition of the melt
to estimate the amount of the phase. His equation was arrived at
by using regression analysis on the data for some commercial alloys

in references 12 and 13. His equationuu

Vol % y' = .333 x Ni + 2.6878 x Ti + 3.5686 x W + 13.1143 x Ta

+ 2.,9538 x Al - 1.5728 % Fe + 5.9347 x V = 12.7657

where Ni, Ti, etc. are atomic % of melt, éan be seen to indicate that
several other elements in addition to Al and Ti strongly influence
the amount of y' in the alloy. When this equation was applied to

- the alloys melted in this work it was found that the estimated frac-
tions of y' failed to agree with the experimental observations.

Several 1St to 3rd degree equations were used as models for
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regression equations for the data obtained in this study. The
models were.examined using twé_computer.progréms. One, NEWRAPL+5
is a multiple linear regression anélysis which provides internal
remodeling of the equation. The secoﬁd, CRSPLT,”S is primérily
a‘plotting routine which simply crossplots all-variables. -In
addition to the plots, a correiation matrix is prbvided by the
‘'program, No étrong correlation with first degree terms (such as
.those used by Decker) was apparent. It was'possiblebto develop
models, using 20 terms, where some terms were of the 2nd degree
with correlation coefficients in excess of 0.9. If,-howevef, the
duplicated measurements were used to provide an independent measure
of error, the regressions suffered from lagk of fit and their use
beyond the data which produced them would be extremely hazardous.
These equations were found| to be of little value in predicting the
fraction of ¥ in the alloys studied in reference 12.

Perhaps a better perspective on this problem can be obtained
by referring to Figure 2, the 750° C section‘of the Ni-Cr-Al phase
diagrém. -Fof 2 phase (y + y') alloys containing less than 15% Cr,
increasing Al in the alloys will increase the y'.‘fraction. If
the Cr is greater than 15%, the problem is more complex.
Additions of Al to the alloys will in fact decrease the fraction of
y' 1if the Cr:Al ratio is held constant forvalloys of 15% Al - 20%
Cr. The influence‘of‘Al and Cr on the amount of ' can-be'seen to
be a function of where the alloy is-loéated_in'the 2 phase field in

relation ‘to the point where the y' field turns back from the vy
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field (17% Cr - 13% Al). If one extends this sort of behavior into
the multicomponent case, it seems rational to expect that the amount
of ! méy be ‘related to the alloy composition through a very
complex function which may contain terms of high degfee.'

The usefulness of equations such as that developed by Decker “is
not questioned, provided that its use is restricted to alloys close
in composition to those used in its development. It appearsvto this
- investigator that much more experimental data will be required to’
'"déVelop a functional relation-of this type with reliability over a
" bréad range of compositions.

Gamma Composition

%ke coﬁposition of y was calculated for each extraction run
for fhélfwo ﬁhaée alloys where sufficient residue could be_obtained
_ using the amﬁonium sulfate base electrélyte. The amount of «vy',
itéiéogﬁqsition and the melt composition wefe used as input to a
ﬁéss_bélance éalculation which provided the vy composition. The.
average cémposition of the vy ip these alioys is shown in Table 12,

H aThé;Al varies from 1;9% to lS;&%, the Cr froﬁ 6.6% to 30.7% and
the T; Qaries from 0.0 (not a calculated positive amount) to 3.1%.
The ﬁon—zero lévels of Mo varied from 2.5% to 8.7% and the non-zero
amount of W varied from 0.8% to 5.0%. The sample standérd deviation
for each element is shown in Table 12 and is-less than one third the
range of the respective element. This suggests that the spread in
compositions is significant when compared to the experimental errors.

The compositions in this investigation- compare well with those
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observed in references 4, 12 and 13, Of the 4 alloys.whose Y has
the greatesf Al content, 3 contain W. This suggests that W may in-
crease the solubility of Al in 'y whicﬁvis consistent with the
phase diagram'fbr Ni—Al-W.6 The one exception contained Mo and:no
W. Where both Mo and W are present, the maximum Al content of the
y is 7.5% compared to 15.4% when only W is present and ll.é% when
only Mo is present. This suggeéts that the solubility of Al may be
related to an interaction between Mo and W. It can also be seen that
the largest observed solubility of the refractory elements is for Cr
and the solﬁbility was 36.7%. "The least observed maximum solubility
was of Cr, Mo and W for W and its largest observed solubility was
5.0%. This decrease in Solubility is consistent with increasing
atomic diameter from Cr to Mo and W, The difference in solubility
of Mo and W, however, cannot be explained in this manner.

Coﬁparison.of the composition of the y phase with the éomposi-
tién of the y' phase (Téble 9 and Table 12) indicafed that Cr and
Mo pértition;mdstly.tq the vy. Aluminum and Ti partition m&stly to
y'. Tungsten appearsvto partition more in one phase or thé other
oﬁiy as a function of composition. On the averagé it tends to
partition toward the vy', but it does not do so in -all the alloys

observed.

Gamma - Gamma Prime Relationship
The compositions of the y in Table 12 and y' shown in Table
9 are compositions of the phases- from two phase alloys. These com-

positions therefore represent points on the solvus hypersurfaces and
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when coﬁsidered in pairs (one y and one y') from a heat they are,
in fact, the compositions of conjugate phases.

To obtain a more useful description of these solvus hypersur-
faces, the data points from each extraction were fitted with curves

45

using a multiple linear regression computer program. The model

equation used to fit both sets of data was:

AL = By + B x Cr+ By x Mo+ By x TLi + By x W + Bg x Cr? +

2

B6 X Mo® + By x Ti2 + B8 X W2 + B9 X Cr x Mo. +

BlO X Cr x Ti + Bll X Cr x W + Bl2 X Mo x T; ¥

Bjg x Mo x W + By, x Ti x W + Byjg x Cr'x Mo x Ti #
: ]

Bjg x Cr x Mo X W+ By7 x Cr x TL x W +
Byg X Mo x Ti x W .+ error

where: Al, Cr, Mo, Ti and W are in atomic %
By is a constant
By Byy « « «y Byg are coefficients.

For both solvus hypersurfaces, the regression program rejected
coefficients with less than a 25% significanée levél.‘ The low
significance-level was chosen because it is recognized that the inde-
pendent variables have error associated with them. Although it is
desirabié té simplify the equ;tions, the regréssion analysis
assumption that fhe indepéndent variables.are known without

error is violated. The low significance level is believed to avoid
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rejecting significant terms.

The constant and coefficients for both solvus equations are
shown in Table 13. The multiple regression coefficient (R2) for
the y is 0.89 and for the y', R® is 0.87.

These two equatidns may be used to:plot sections of fhe hyper-
éurfaces or simply to estimate the amount of a particular element
in a phase if-four others are known. The usefulness of these equa-
tions could be increased if they could be used to estimate the
compositions of coﬁjugate phases, given the composition of a two
phase alloy.

The compositions obtained in tﬁis investigation for y and
v' are the.compositions of conjugate phases., Therefore a tie line.
is known to pass through tﬁe Y composition, the alloy composition
and the y' composifion. Direction numbers for the tie lines were

calculated by:

ry - Cry!
where: DN; = direction nqmber for the ith element
1 = composition of I ih ‘y
I = éomposition of I in vy'
Cr = composition of Cr in vy
C; = compééition of Cr‘in y'
These direction numbers for each element (Cr being 1.) relate the

change in amount of the element along a tie line per unit change in

Cr. These, in effect, describe the slope of the tie lines.
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To’determine the phase compositions from the alloy composition
by using fhe tie lines, the direction number of the tie line needs
to be known as a‘function of the composition éf fhe alloy. To
permit the estimation of the direction numbers from the alloy coﬁ-
position, the NEWRAP programus was—used t§ fit thebdirecfion numbers

for Al, Mo, Ti and W to equations of the form:

DNi = B0 + Bl

x Al + B, x Cr + By x. Mo + Bu‘x Ti +

B5 x W + error.

The-full model was used for later work because the uncertainties
involved in rejecting terms of low significance seemed large when
compared to the small gain obtéined in simplifying these.equations.
The values of the constants and coefficients for these equations are
summarized in Table 14,

The two phase region of this alloy system can now be described
by using the equations for the solvus hypersurfaces and those which
relate theldirection numbers of the tie lineé to the alloy chemistry.
In. principle, these equations could be solved simultaneously to find
the composition of the 'y and y' ‘for an alloy of known composition.
This approach was not used because errors resulting from the least
squares curve fitting were expected to (and did) result in conditions
where the tie lines fail to intersect the solvus hypersurféces.
Furthermore, because the solvuses are parabolic in shape, it is
possible that two real and positive solutions exist.

The procedure used to find the compositions of the conjugate
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phases from the composition of a tw0bphase alloy is described
below. It was brogfammed in FQRTRAN IV for a time-sharing IBM 360
computer. The program is-pm&mpted iﬁ'the Appendix. AFirst, the
coﬁpositiqn of the allo&Iis used to establish direction nu@bers
for Al, Mo, Ti and W by using the equations from Table 1li. Next,
the‘alloy composition is changed by an increment of Crvand the new
values for the other elements are calculated fr§m the direcfign
numbers. The éoﬁpositién is therefore still on the tie line.‘ The
new values of Cr, Mb, Ti and“w are used‘in the solvué equation to
calculate the Al for the solvus, if the other U elements were as
~just estimated; This procedure is repeateaAuntil the Al composi-
tions on the tie line and on the éolvus agree to within .065% or

until it is obvious that no intersection will be found. If it appears

~ that asecond solution is likely, the procedure is repeated. If no
intersection is located, thé closest approach of the tie line to the
solvus as défined by thé least difference in Al, is displayed as a
solutionf

To solve for vy compééition, the Cr is_inqreased from the
alloy composition. To soive for the ¥ compositién, the Cr is
decreased from the alloy composition. The closest approach is taken
as a solution if no intersection is found for <y when Al is 0% or
Cr is 40%. The closest apéroach is used for y' if Al is 30% or
Cr is 0%.

The results of this calculation for the two phase experimental

alloys are compared to the experimental results in Table 15. Where




39

two intersections were found, Table 15 shows the higher Cr solution
for’ vy and the lower Cr solution for +y'. These results appeared
to be closer to the experimental value. The experimental composi—
tions and those‘éalculated by the phase analysis procedure are in
good agreement except for fhe 'y of alloy 14 aﬁd alloy 31. It
appears that a lower ér solution was not identified in these two
alloys, perhaps because of an accumulation of errors. It should
also be noted that alloy 14 had .u4% residue with the HCl extraction.
The analysis of the phases in this case is more in error than most
of the other alloys. However, it is doubted that these errors could
be of the size required to explain the difference between the calcu-
lated and experimental_compositions. No unusual behavior is asso-
‘ciated with ailoy 31. It'appears thaf the estimation technique is
in reasconable agreement with the observed compositions except for
two'ofJSO ahalyses.

"To aséist in visualization of the system, a series of quasi-
ternary sections were prepared by solving the solvus equations for
Al as Cr was varied. The other elements were held constant for a
given_diagram; This procedure was programmed for the time sharing
IBM 360 and the results Qere plotted using a film plotting procedure.
The plot is displayed on a cathode ray tube énd is photographed on
35 mm film. These plots were then replotted as an orthographié
projection of a solid figuré where a third element was varied aldng
an axis pérbendicular to the Gibbs triangle. The results of this

pfocedure for an alloy haviﬁg the composition 8.5 Al, 13.0 Cr, 2.5
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Mo, 1.75 Ti, 1.5 W are shown in Figures6(a), 6(b) and 6(c). The y for
this alloy is expected to have the composition 5.8 Al, 17 Cr, 2.9

Mo, .8 Ti, .5 W and the y' the composition 15.7 Al, 5.3 Cr, 1.6

Mo, 3.6 Ti, 3.4 W, To prepare Figure 6, the elements which are not
varied are held constant at.the values expected for the predicted
éompositions for y and +vy'.  For example when Al, Cr and Mo are
~varied (Fig. 6(a)), the thhas .8 Ti and .5 W; while ' hés 3.6
'Ti and 3.4 W. . By using this procedure each diagram containé one set
of conjugate points.

Figure B(a) shows that as Mo is increaéed, the solubility of
"Al in ¥y increases slightly at high Cr content, but the Al solubil-

ity decreases with.increasing Mo at lower Cr content. .Additions of
Mo to «y' appears to causeffhe solvus to rotate about an axis near
C1b Aliénd 4 Cr such that at low Mo contentvthe solubility of Al in
y'. increases with increasing Cr, but as the Mo is increased this
effect reverses. At 4.5% Mo the Al conténf of y! is decreased as.
the Mo is increased.

The effects of Ti additions to y and y' are shown in Figure
6(b). Addition of Ti to vy increases the Al solubility at high Cr
but lowers it at low Cr. The ;ddition of Ti to y' appears to
decrease the Al solﬁbility at all Cr contents. The decrease in Al
~ solubility is épproximately equal to the Ti addition.

Ingreasing W in th Yy causes the solubility of Al to be
lowered for a W content above 1% (Fig. 6(c)). From 0 to 1% W the

solubility of Al in vy 1is increased with increasing W. Increasing
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W in thé y; caﬁses the Al content to be decreased at a‘consfant
Cr. The améunt.Af fhis reduction in Al solubilitykis greater at
higher Cr contént.v |

| Figures 6(d),‘6(e) and‘6(f) are similar diagrams fof an.alloy
with-the.same composition, except that if is Mo—free; The ailoy
composition is 8.5 Al, 13.0 Cr, 1.75 Ti, 1.5 W and Ni is the | |
balance. fhe expected vy composition is 6.6 Al; 15.7>Cr,-0.9 Ti,
0.7 W and the y' composition is 9.9 Al, il.O ér, 2;4 Ti, 2.1 W.
Coﬁparing Figure 6(5) with figure E(d), it is noted.that alioying
Mé has a similar effect on the Mo-free system.as on the Mo-bearing
nsystem. Figurés 6(b) and 6(e) show that the.efféct of Ti addifiéns
on the ! are similar for the Mb-free andbMo-bearing compositions.
Tﬁe Al concehtration at a given Ti content for tﬁe Mo-free vy |is
éréatef at low Cr éontent and lower at hithCr content than for the
Mo-bearing 'y.f The similarity 6f thé effect of W on Mo-free and Mo-
beéring ailoys is apbarent by comparing Figure 6(f) énd Figure B(C).
fhévsolubiliFy of Ai'in Mo-free is greater thén in‘Mo;beafing Y
for_given Cf‘ana W contehts.

Tﬁe effects of alioyiﬁg on a W-free composition are shown in
Figures 6(g), 6(h) and'6(i). The allby has a>composition of 8.5 Al,
13;0 Cr,'2.5 Mo, l,fS Ti and thg balance i; Ni. For this. composi-
tion fhe Y is expected to Be 3.8 Al, 18.8'Cr, 2.9 Mo, with the
balance as Ni; the y' is.12.8 Al, 7.8 Cr, 2;1 Mo, 3.4 Ti, balance
Ni, Comparison éf Figures 6(g), 6(d) and 6(a) indicates thé similar

behavior when Mo is added. At high Mo, however, the W-free vy
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has a lower solubility for Al at high Cr contents than the W-bearing
Y phaéé.. Titanium additions effect the W-free phases in essentially
the same ﬁanner as it affects the W-bearing phases. Tﬁis similarity
is shown by comparing Figures 6(h), 6(a) and 6(b). The effects of
W édditions to w-free phases are indicated in Figure 6(i). The
general effects afe similar to those previously noted for phases
bearing W and Mo (Figs., 6(c) and 6(f)). The greatest difference is
the low solubility that the W-free <y has for Al at high Cr content.
At low Cr contents, W additions increase the solubility of Al in .

It is pointed out that the tie lines do not usually fall in the
volume of these figureé. This type of presentation is intended only
to assist in?visualizing the influence that alloying has on the
éystém. Fér”greater detailsvconcerning the composition of conjugate
phases, mathemétical models of the type shown in the Appendix are
required.’ Itvis fﬁrther noted that the investigator knows of no
fundamental basis for the model equations used to fit the solvus
hypersurfaces or the direction number equations for the tie lines,
It should be recognized that a large numbef of functions should be
capable of describing this system. The author restricted his work
to the use of low degree functions of simple polynomials.

The functions selected have bgen shown to be capable of de-
scribing an isothermal section of the Ni-Cr-Al-Ti-Mo-W system
where vy and <vy' are conjugate phases. This was accomplished by
preparing essentially the same number of melts as reported in

reference 3 where a quaternary portion of the system was studied

|
i
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and tie lines were not made available.

Lattice Parameters of Gamma and Gamma Prime
The lattice parameters of y and y' for the experimental
alloys are shown in Table 7. ‘The values observed compare well with

those obtained in other'investigationss’u’s’lo’l;

where three or more
components were studied.

The. lattice parameter data shown in Table 7 was fitted to
the linear. equation suggested by»LOomi’s.'4 Thé results of the.
regression analysis are summarized in Table 16. The multiple corre-
lation coefficient (R2) is 0.74 for y and 0.66 for y'. The value
-of the coeffiéients for relating tﬁe lattice parameter,and .composi-
tion of y were found to be smaller than those proposed byaLoomis.u
Except for the coefficient for Ti, which is not significant at a
high.level in this investigation, the relation between the other
. coefficients is comparable in both studies, For example Mo and W
have -essentially the same effect on the lattice parameter of v
and Cr is only about -one-fourth as effective as Mo or W in changing
. the lattice parameter. .The results of using Loomis's” equation on
data from this study are shown in Figure 7(a). It can be seen that
Loomis's equation is effective in predicting the lattice parameter
of vy ‘for this study. Oﬁly two data points fall outside of 3¢
limits based on the regression analysis performed in this study.

% assumed that the same coefficients used to calculate

Loomis
the vy lattice parameter could also be used to estimate the lattice

parameter of +y'. The only difference in his two equations was in
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that the constant used to estimate the lattice parameter of y' was
0.0032 A° smaller than for <y. The agreement between his equafion
and the one developed from data in this study is not as good as for
determining the lattice parameter of y (Table 16)., Both investi-
gations show that Mo and W are equally effective in changing the
lattice parameter of ', This study suggests that Ti is slightly
more effective than Mo and W in changing the lattice parameter of
y', while Loomis” suggested that Ti was slightly less effective than
Mo and W in changing the lattice parameter of «y'. Loomis" suggested
that Al and Cr additions expand the y' lattice, whereas this in-
vestigation suggests the opppsite is true. The magnitude of the
coefficients determined in this study are about 1/10th the magnitude
of those used by Loomis., The results of applying Loomis's equation
to the y' data of this investigation are shown in Figure-?(b);
Five predictions fall outisde of the 3¢ 1limits based on the
regression analysis performed in this study.

Since the equations developed in this study were based on the
data obtained in this study, these equations predict the behavior of
this data better than the equations of Loomis, If one considers that
the simplest alloys examined in this investigation.were guaternary
alloys and that Loomis used binary data to develop his equations,
the agreement in the equations is remarkablé. The equations'developed
- in this study used only the compositions of phases at the.phase
boundaries, whereas the earlier study used mostly single phase alloys.

Because the lattice parameters and chemical analyses in the earlier
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were taken from bulk samples, the prediction.of lat%ice‘paramefer
from chemical aﬁalysis should be more accurate. The present work
tends to account for possible interactions among the elements and
reflects the rather constant'iaftice pérametér of the «y'. ThisA
constant parameter, resﬁlts from the fact that tﬁe composition of
y'  at the phase boundary is relatively constant as compaféd to Y
‘at its phase boundary;

The standard error of the estimate (0);ilis shown in Tabie
16 to be 0,0043 A° for the lattice parameter of y and 0.0026 A°
,;for estimating the lattice parameter of y'. If these equations
Weré used fo detéfmine %he lattice mismatch; the.standard error of
the mismatch would be 0.006§‘A° or approximately 0.2% of the param-
_eter, This standard error is.of the magnitude of the mismétch
observed in many alloys, therefore it is of questionable value as
an alloy development tool. It is not known whether a mofe complex
model can substantially reduce the standara error and be more
capable of estimating the lattice mismatch in alloys, but it does
apﬁééf:that a largé amount of the error results from  chemical
énéiyéisﬁwheré the standard deviation of Mo and W (the two most
effective.eleﬁents for changing the lattice paraméter of y) are
0.2§ﬁ and.0i374. Thése'staﬁdafd aeviations are 5 - ld% of the

mean analysis for these elements,

Degree of Order in Gamma Prime
‘The long range order parameter (S) was calculated for those

y' compositions for which the intensity of the (100) reflection
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could be measured and for whichlthe chemical composition of the «y'
was known., The data used to determine the long range order parameter
(S) was the X-ray data from Table 7 and the composition of y' shown
in Téble 9. Tﬁe order parameter (S) was taken as the square foot'
of the ratio of the measured intensity ratio (IlOO/IQOO) to the
~calculated valﬁe of the same ratio. For the calculated intensity
ratio value, the chemical formula shown in Table i7 waslassﬁmed for
the y'. The intensity ratio was calculated using the compﬁter pro-
gram POWD2.%2 'The long range order parametgr (S) is shown in Table
.17, | : |

The long range order parameter was leagt squares fitted to a
linear equation in terms of the composition of the «v'. The're—

sulting eQuation:
S = 1,08 - 024 AL~ ,0070 Cr + .0051 Mo - .015 Ti + .096 W

where S = long range order parameter

Al, Cr, Mo, Ti and W = at. % in ¥
had a multiple regression coefficient (R2) of 0.79. The coeffiéients
for Al, Ti and W were significant at greater than 0.95, whépeas the
coefficients for Mo and Cr were not significant at 0.51.

The results of this analysis were anticipated since Cr and Yo
have scattering fact§rs not substantially different from Ni and the
range of composition of Cr.and Mo in y; is small.

Increasing W increases the order parameter probably because it

was assumed to occupy Al sites in preference to Ni sites., If W is
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assumed to occupy only Al sites, the calculated intensity ratio will
be at a minimum. If W has the tendancy to occupy Ni sites, the ob-
served intensity ratio will tend to be greater than the caléulated
intensity ratio. Therefore the presence of W will appear to increase
the long range order parameter even though the actual order is de-
creased. These data are in%erpreted to indicate that the order of
the vy' decreases as the alioy content is increased, However
specific details are masked because it is not obvious how to define

the fully ordered state for a 4 - 6 component phase.

Occurrence of Other Phases

Phases other than ¥ and y' were identified in 22 alloys.
The phases observed were sigma, mu and 2 body-centered-cubic phases.
One body—pentered—cubic phase had a lattice parameter similar to Cr
and.the other had a lattice parameter similar to Mo and W. Table 6
lists the alloys, the phases observed in the alloys and the amount
of residue collected with HCl and ammonium sulfate electrolytes.
Table 18 summarizes the occurrence of the phases and the compositions
of the alloys.

Inspection of Table 18 reveals that only 2 alloys (3 ana L)
contain more than 70% Ni. No alloy which formed phases other than
y and y' had more than 75% Ni. Five of the alloys (15, 31, 37,
38 and 49) which formed either only y or y and y' had less
than 70% Ni (converted to atomic % from the data in Table 2). All
of these a;loys which formed either just y or y and ¥y' .had more

than 65% Ni. It appears that-alloys with greater than 75% Ni will
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not form phases other than Y and Y‘{ while alloys with less than
65% Ni are virtually éuaranteed to férm additionél phases. This
‘compares well with the observétions feported in reference 35 show-"
ing the vy to vy + o0 boundary to lie between 64 and 61%
(Ni + Co) at 843° C and also compares well with reference 9 which
shows the y to vy + d vboundary t§ be essentially constént at 60%
‘Ni at 850° C. Reference 9 also shows that for the vy + y' to
a + vy + y' Dboundary at 850° C, the Ni is nearly constant at 62%.

The compositions of the alloys shoWn in Table 18 were used to
estimate the compositions of y and ¥ using the éomputer progfam
shown in the Appendix. It was observed that the Al direction number
(dAl/dCr) was greater than 0. for 8 alloys. This occurrence was-not
‘observed for fhe 2 phase alloys where the greatest value for the Al
direction number was -0.22, Thirteen of the multiphése alloys were
observed to have Al direction numbers greater than -0.20. Referring
to Figure 2, it can be seenithat the slope of the tié lines between
y and y' tend to rotate toward higher Ali:Cr ratios as the Cr is
increased and the two phase to three phase boundary is approached.
The boundary between o + y and o + y + y' does in fact have a
slope such that Al:Cr is ;pproximately ~0.2, The use of the Al
direction number as a measure of whether phases other than vy and
y' may form in the alloys can in part be justified from the ternary
‘phase diagram shown in Figure 2.

It is assumed that alloys having less than 67% Ni will form

phases other than vy and +vy'; and that .alloys with Al direction
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numbers greater than -0.2 also form phasés other than Y énd Y'.
When the presence of the phases observed are compared with these
assumptions, théSe assumptioné are followed except for alloys.B, by
9, 13 and 44, which would not be expected to form phases otﬁef than
y and ¥y', but do and for alloy 15 (65.5% Ni) thch would be
expected to form phases other than y and y', bﬁt does nof.

Two additionél assumptions: first, that the same compositional
limit for two pHase alioys apﬁlies to just the ¥ ‘phase of the
alloy, or that phéses other than y and y' will form if ¥ ha;
Ni less than 67% and, second, that Mo and W are l.75.more potenf

35 can bevmade. Under these

than Cr in promoting additional phases,
conditions additional phases should be expectéd if Cr + 1.75 (Mo + W)
is gfeater than 33. Adding these assumptions to thé-two previous
ones leaves bnly alloys 4 and L4 that were multiphase when éxpected
ito be two phase,‘and alloys 15 and 35 which were two phase when
expected to be multiphase alloys.

The composition of the HCl extraction residues from seleéfed
heats are éhown in Table 19. The X-ray diffraction pattern for
heats 17 and 24 were those for Cr. Table 19 shows that the residues
from these heats contain in excess of 91% Cr. Small amouﬁts of Ti,
Ni, and Zr were found in the residues. The Zr was not intentionally
added to the mé;t and probably came from the zirconia crucibles.

The compositioﬁvof these residues is taken as confirmation that the

diffraction pattern is that of the Cr terminal solid solution as

compared with an intermediate beta phase which could have a similar
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X-ray diffraction pattern, but wouldrhavg substantially higher Ni
contents (25% minimum).

The composition of the mu phase extracted from heats 13 and 42
suggest .a formula of (NiaCrb)(CrcModWeTif) for the phase, The Al
content was neglected because of its low level. The compositions of
the residues from heats 9 and 45 are consistent with the phase anai—
yses. Heat 44 appears from the chemical analysis to be intermediate
in composition to alloys 13 and 45, except for the higher W content
in 44, It is therefore assumed that heét 44 contains mu and W
phases. The»bresence‘of sigm; phase appears unlikely because Kirby35
reported sigma phase to have approximately 55% Cr.. The Cr in the
residue from alloy 44 is low.

Table 18 also shows that no alloys were observed to contain both
Cr and ﬁu,v This same mutual exélusion can also be npticed in refer-
ence 34, No other possiblevmultiphase fields weré absent but the
previously noted exception excludes the existence of fields con-
taining more than 5 phases. The reduced phase rule would suggest
that 6 phase fields might be observed. (It is assumed that the
invariant point of 7 phases cannot be observed in this type of

experiment., )

Morphology of Phases
Gamma and ‘Gamma Prime-Scanning electron micrographs of selected
alloys are shown in Figure 8. The darker phase in the micrographs
is believed to be y'. The amount, shape and size of the y' <can

be seen to vary widely. None of these variaticns could be correlated
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with specific alloy elements or the composition of the alloy.
References 4 and 21 suggest that a éorrelationﬁexists between
the vy - ¥' lattiéé mismatch and the shape of the y'. - Specifi-
cally, reference 4 suggests that at a lattice misﬁatch near 0.005 A°,
the Yf 'ié round. Changing the mismatch causes fhe ‘y'" to become
"glébﬁlaf", then "blocky" and at a mismatch of approximately 0.003
A° the ' y' 'shape is described as square. The range of mismatch ob-
éervéd in reference 4 was -0.02 to 0.03 A°, bThe range of mismatch
in this investigation varied from —0.013 to 0.028 A°, but no sérong
correlation between y' shape and lattice mismatch was obsérved.
A example of round y' is shown in alloy 33 (Fig. 8(a)) where the
mismatéh is unknown. The +y' in alloy 39,.where the mismatch 'is
0.001 A°, is "globular" (Fig.'S(b)). The diétinctibn between
"blocky" and square was somewhat vague in reference u; but the' y'

u

in alloy 99 (Fig. 8(c)) is similar to what Loomis™ called "square"

while the 'y' in alloy 37 (Fig. 8(d)) could be "blocky".
Examples of primary vy' are shown in Figures 8(e) and 8(f).

' with a "kidney'" or rounded shape are

The regions of large ¥y
believed to have formed directly from the liquid. The coarse Y’
adjacent to the ﬁrimary y' 1is typical of that which precipitates
at high temperétures. The very fine ' is typical of that which
precipitétes at low temperatures and is assumed to have precipitated
during the 850° C aging treatment.

Figures 8(c) and 8(d) show v particles which have precipi-

tates in grain boundaries. In commercial alloys carbide precipita-
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tion is usually observed to occur at grain boundaries. The '
which is observed at the grain boundaries in the commercial alloys
is commonly associated with the carbide precipitation.

The two ¥' sizes in alloy 7 varied in diameter by approxi-
mately 30 times (Figs. 8(g,h)). The fine Y' appears "blocky",
but the.coarse y' appears to be 'globular'. Following the reason-
ing of refe}ence 4, one would assume that the lattice mismatch is
different for Fhe two shapes (sizes): Theré‘was no evidence of
this occurrence in the X-ray diffraction patterns.»

Additional Phases - Figure 9 éhows micrographs selected to
show the morphology of the phases other than vy and v' which_were
observed in this study. Thevbody-centered-cubic phase which is an
Mo=W éolid soiution could be easily observed in the unetched speci-
mens. Figure 9(a) shows alloy 4 unetched. This alloy contained only
Wy and «y', fherefore the phase observed in the unetched specimen
can be assumed to be W, The same phase in alloy 6 has a '"chinese
script" sﬁape (Fig. 9(b)). :In alloy 10 (Fig. 9(c)) the phase is
similar to that in alloy 6 except that it is slightly finer. In
.alloy 25 (Fig. 9(d)) the W phase is a rather coarse interdendritic
phase.

The W phase in alloy 8 is shown in Figure 9(e). This phase
appears as a dark star like figure with a ring around it. Micro—
probe analysis of this mdrphology indicated that the core region of
the star was very . rich in W and Mo, but low in Cr, Al, and Ti. The

ring was rich in Cr, but low in the other elements. X-ray diffraction
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analysis of this alloy indicated that both the Cr and W phases were
present. The structure is believed to show a W-Mo solid solution
which is coated with a Cr solid solution. Although the miscibility

6,147 is ﬁormally thought to be a solid

gap between (W,Mo) and cr?
state reactioﬁ, the morphology shown here suggests that fhe miscibil-
ity gap manifests itself as a péritectic reaction in these alloys.

The Cr phase was normally visible in unetched specimens such as
seen in Figure 9(e), but it was diffiéult to obtain sufficient con-
trast to prepafe suitable micrographs., This phase could be easily
detected Qhen the specimen was etched with KOH. The phasé can be
seen as fine pafticles in alloy 17 (Fig. 9(f)), and in alloy 24
(Fig. 9(g)). The very fine pfecipitate in‘alloy 17 can be seen to
be needles in a scanning electron micrograph (Fig. 9(h)).

,. 1t appears.that the Cr phase méy precipitate either from the
liquid as in alloy 8 or in the solid state as in alloys 17 and 24.
In the solid state a plane of coherency can easily be established
between the (110) or Cr and the (200) of the Ni rich solid solution.
The X-ray diffréction patterns of these phases show these lines to
be almost coincident.

The'presence of sigma and mu phases could only be established
in etched samples. The mu.phase appeared as fine particles in the
grain boundaries and as needles or plates in the grains. Exémples
of mu phase in alloy 3 (Fig. é(i)),shows the appearance of mu iﬁ a
sample with little of the phase present. Figure 9(j) shows.the

appearance of mu phase in alloy 13 which contained a larger amount
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.of the phase.

_The sigma phase appeared as finevplates or needles and could
not be distinguished from mu phase. Figure 9(k) shows alloy 6
etched with KOH. The "chinese script" is W and the fine plates or
needles are sigma phasé. |

. The morpho;égy of the sigma and mu phases suggest that they

lhave_pregipitated in the solid sfate. It is assumed that fhey
precipitafed at the 950? Cvaging temperature whiqh has been shown to
be near the temperature of ma#imum precipitation rate in commercial
al;pys.6229’30’33 The mQrpﬁolpgy of these phases appear the séme
in this inveSfigation as in several studies.of commercial Ni-base

s_v._zper’alloys.16’27"33

Application to Commercial Alloys
" The composition and heat treatment of the alloys from reference
12 are shown in Table 20. These alloys are typical of current
: commeTCial‘Ni—base superalloys. The heat tfeatments:for the alloys,
 :except for Udimef 700,_are typical of the condition in which the
élloys'mayvbe ﬁlaceduin service.

In‘additiqn'to the 6 elements studied- in this investigation, it
caﬁ be seen that the commercial alloys contain C and may have inten-
‘tional additions of Co, Nb, Fe, Ta and V. These alloys usually have
0.01 - 0.05‘wt; % B although it was not reported in reference 12.

The compositions from Table 20 were used to determine whether
the "ﬁhase diagram“-from this investigétiop could be applied to

commercial alloys. The tests for additional phase formation were
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also applied to these alloys. f'inally the reported lattice'parameter
of y' for these alloys ié compared with avpredicted one.

To test tlie "phase .iagram', the compositions from Table 20
were first converted to atomic percent. The composition was then
adjusted for carbide formation by using the procedures suggested in
reference 19, The adjusted composition was then treatedlas an alloy
composition using the program in the Appendix. The procedure in
effect treated all elements other fhan Al, Cr, Mo, Tiiand W as if
they were Ni., This appears to be a reasonable assumption for éo and
Fe, but Ta and Nb are shown in reference 12 to be y' formers. |

The results of these calculations of y and y' compqsition
are compared to the ¢ompositions reported in reference 12 iﬁ Table -
21, The compositions of vy calculated compare well with those re-
pérted except for alloys IN 100, Mar M 200, Nimonic 115 and Nicrotung.
For the y' compositions, only alloys Inconel X-750 and Unitemp
AF 1753 failed to show good agreement between the calculated and ob-
served values. For alloy Unitemp AF 1753, the estimating procedure
reported the alloy composition for the Y compésition. This can be
considered to indicate the alloy to be single phase.

The '"phase diagram' of this investigation is able to usefully
describe one phase in all of the commercial alloys examined. Of the
six phase énalyses which were not in reésonable égreement, four were.
for the y phase. This is probably because it was the «y' compo-
sition which was directly determined in both this investigation and

reference 12, A greater uncertainty should therefore exist concern-
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ing the composition of the y phase. For the two alloys for which
the y' estimate was poor,‘it can be seen in Table 1(a) that they
had the lowest weight fraction'. y' of the alloys examined. Errors
-in estimating the tie line direction numbers Would‘be expected. to be
seen as an error in the composition of the phase more distant from
the alloy composition because of a leverage effect. This is what

is observed.

The results of the above comparisons indicate‘that the tech-
qiques developed in this investigatiqn should be capable of béing
adapted for use in commercial alloys. It appears thatithe dis-

_ qrepancies between the estimates based on the.current work and
referencé 12 are_partly the result of thg fact that the alloys in
reference 12 were heat treated for shérter times and at different
tgmperatures than the current work. The other obvious source of
differences is that the current work made no attempt to account for
additional elements, except as they enter into carbide reactions.

Because the formation of phases such as sigma and mu have been
- correlated with undesirable changes in mechanical pr~oper~t1’.es,l6’27'33
it is desired to be able to predict their forﬁation. It was observed
in this investigation that alloys having the folléwing were likely
to form phases dther than y and vy': less than 67% i in the
alloy; y greater than 33Cr+ 1.75 (Mo + W) or an Al direction number
. greater than 0.2. To examine the commercial alloys reported in
réference 12, it was assumed that the sum Ni + Co + Fe could be

substituted for Ni in the 67% rule. Although the occurrence of
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additional phases was not reported in reference 12, the same com-
mercial compositions, except GMR 235, were evaluated relative to
the formation of additional phases in reference 16. It is recog-
nized that the compositions of the specific alloys may be somewhat
different but the relative tendency toward additional phase forma-
tion should be similar between the alloys in references 12 and 16.
The three¢paraméters used to evaluate the alloyé are
summarized in Table 22. No alloy with greater than 69% Ni + Fe + Co
formed sigma or mu phase. The alloys which formed sigma or mu had
a y phase which had more than 29.2 Cr + 1.75 (Mo + W), Of the’
alloys which had an Al direction number greater than -0.3, only
Nicrotung did not form sigma or mu phase.
It appéars that.the critical points for establishing if an
alloy will form phases other than y and v' are'slightly different
for the alloys in reference 12 than for the alloys in this étudy.
The stability trends, however appear to be the same for both sets
of alloys. The differenées may result partly from the fact that the
alloys in reference 16 were aged 1500 hdursAaf 871° C and that the
compositions of the alloys in reference 16 are different from those
in reference 12. This investigator has probably over-simplified the
treatment of the elements not included in this investigation, but it
appears that the basis for determining if additional phases will
occur in Ni-base superalloys proposed here can be easily related to
commercial .alloys.

The lattice parameter of the y' for the alloys in reference
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12 were.estimated using the y' compositions from referenco 12
and the regression coefficients from reference 4. The regression
coefficieots from this investigation were not used because the
coefficients for Co, Fe and Nb are not known. The estimated
parameters are compared to the lattice parameters reported in
reference 12 in Table 23. It is evident that the equation proposed
by Loomisu is capable of ostimating the latfice‘parameter of ¥
in commercial alloys. Only Mar M 200 of the 12 alloys for which all
: the requ;red regression coefficients were known, exhibits a difference
between the observed and estimated parameters over 0.003 A°,

It has been ghown that the phase relationship between vy and
y' identifiéd in the current work for a 6 component.(Ni—Cr—Al—Ti—
Mo-W) system at 850° C éppeérs fo be generally appropriate for
: _oommercigl Ni—oaoe sooeralloys. Three simple parameters which are
available from the current work appear capable of estimating whether
phases such as sigma or mu will form in the commercial alloys. This
'work’and reference 4 have shown that the lattice parameters'of. y'
in’commercial alloys can be estimated using rogression coefficienfs
derived from simple systems, Because(the oooffioients used to
estimate the y lattice parameter are similar to those for y', it
_is assumed the estiﬁates obtained for both phases should be equally
reliable. Although this technique currently does not show the
_degreo of accuracy required‘to exploit its use in alloy design{ the
potential of the approach is clearly established. \

It is suggested that by coupling the data of this investigation
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with data to account for the behavior of C, Nb, V, Hf, and Ta, the
hore obvious sources of errors can be taken into account. It
appears that Co and Fe are not now a major source of error since
they appear to behave much the same as Ni in the commercial alloys‘

studied in reference 12,



V  SUMMARY AND CONCLUSIONS
Fifty one Ni-base alloys wefe melted and heat tréated‘for 4
hours at 1190° C followed by 1008 hours at 850° C to obtain infér—‘
mation on the manner in which some of the more important. alloying
elements in Ni-base superailoys are partitioned between vy and «y'
phasés. The Ni-base alloys were prepared with variations of the
alloying elements ovef the following nominal ranges: Ai 4,0 to 13
atomic %, Cr 6.5 to 20.5%, Ti 0.25 to 4.75%, Mo 0.0 to 6.0% and
W'0.0 tolu.O%. The object of the investigation was to produce a
mathematical model of the Ni-rich region of the Ni—Al-Cr-Ti-Mo-W
~ system at 850° C, | |
The following conclusions result from this investigation.
(1) It was determined that y' had the following range of
éompositions for the various elements contained in this phase:
Ni 72.1 to 78.0 atomic %
Al 7.8 to 17.3%
Cr 1.5 to 8.9%
Ti 0.3 to 13.9%
Mo 0.0 to 3.9%
W 0.0 to 7.2%
The Ni varied only slightly from the 75% which is the correct
stoichiometric ratio for NigAl.
(2). The composition of the y: determined experimentally varied

60



61

as follows:

Ni is balance

Al 1.9 to 15.4 atomic %

Cr 6.6 to 30.7%

Ti 0.0 to 3.1%

Mo 0.0 to 8.7%

W 0.0 to 5.0%
W additions to the y appeared to increase the solubility of Al
slightly in the y. Mo and W added together decreased the solubility’
of Al in y and the effect appeared to be greater than the reduction
of Al solubility observed when only Mo was present.

' (3) Equations of the third degree based on the experimental

data were fit to the solvuslhypersurfaces. - The multiple correlation
coefficients (R%) were relatively good for these equations: 0.87 for
the vy and 0.89 for the y'. A computer program wés written to
determine the composition of y and y' by locating the intersection
of the tie line of a two phase alloy and the solvus hypersurfaces.
This program was basgd on the equ;tions of the solvus hypersurfaces
and an experimentall& determined relationship between the alloy com-
‘position and direction numbers for tie lines. The phase compositions
 calculated by this program agreed well with experimental cbservations
for 48 out of 50 analyses of the resulting phases. The same program
could be applied to commercial Ni-base superalloys and yigld satis~-
factory agreement with reported phase analyses for 24 out of 30

analyses.
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(4) The elements Al and Ti partitioned more to the y' than to
the y. Mo and Cr partitioned more to vy than to y'. Tungsten
ipartitioned more to one phase than the other only as a function of
the alloy composition.

(5) Tﬁe amount of y' varied from 0.0 to 55.7 weight %. The
émount of y' could not be correlated to tHe composifion'of the
“alloy using equations of 15t to 3rd degree.

. (6) The fésults of the X-ray diffraction studies indicated that
- the-lattice parameter of both .y and yf ~could be estimated from
-the phase composition using 1st degree.linear equations. - Tﬁis form
of equation predicted the lattice parameters fér Y! ip commercial
- Ni-base superalloys which were in good agreement with published values.

(7) Phases other than y and y' were cbserved in this investi-
gation.. . Two body-centered-cubic phases, one éppeéring to be a Cr
terminal sélid solution and the other a Mo-W solid solution were
Aideﬁtified.' Sigma and mu phases were also identified in some alloys.
_The Cr solid solution and mu were neyér observed to occur as conju-
gate .phases.

(8)'Experiﬁental alloys with less than 67 atomic %_Ni, or
~for which the quantityv(Cr + 1.75 (Mo + W)) was greater than 33 are
very likely to form phases other than vy and y'. 'Iﬁ addition, when
ﬁhe Al direction ﬁumber (dAl/dCr) of the tie line was greater than
-0.2, the alloy is verx‘likely to form phases other.than y and «v'.
It appears that these same griteria wiﬁhvminor modifications may be

applicable to commercial Ni-base superalloys.
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(9) The investigation has demonstrated that a two phase field
of a 6 component system can be mathematically modeled. With the
aid of a digital computer, the model can be examined to provide the
same information that is available in isothermal sections of clas-
sical phase diagrams. In addition to the phases present, the
lattice parameters of these phases can be determined from the

phases' compositions.,
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TABLE 1. - SUMMARY OF PHASES IN Ni-BASE SUPERAI..LOYS_]'2

(a). Amount of gamma prime

) Alloy _ Amount gamma primel;
' ' wt. % :
.| GMR 235 _ 21.4 E
% Inconel 700 ’ | 25.9 |
. Inconel 713C 50.0
; Inconel X-750 _ 14,5
N 100 ' 64.0
. Mar-M200 ' 55.8
Nicrotung _ 57.4 :
Nimonic 115 47.0 f
% René 41 23.9
% TRW 1900 63.3
; Udimet 500 : 33.u
é Udimet 700 35.4
Unitemp AF 1753 ’ _ 19.7 - |
Waspaloy 22.1
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TABLE 1. Continued. SUMMARY OF PHASES IN Ni-BASE SUPERALLOYS1Z

(b). Composition of gamma phase

Alloy i Element, at. %, Ni is bélé&ce
B-1900: . . | S.i_?.18.3 é 16.1 5.4 - -
QMR 235 5 3.8 20.6 f - 3.2 - . 12.3
Inconel 700 1.0 4o 19.4 E 32.2 2.4 - T
Inconel 713C 1. 8.1 24,3 - . 3.9 - -
Inconel X-750 - 1.2 .6 .- 17.9 = - - - 17
IN 100 ) 5.8 24,00 23.1 3.1 - - . -
Map-M200 . 0. | 3.2 2004 0 134 - 4.0 . -
Nicrotung 1.0 2- .9 f 26.1 i 15.2 - 29 L -
Nimonic 115 ;6‘é 4.6 26.5 § 19.7 2.9 - -
Rene 41 . .7 % 1.3 26.8 § 12.8 7.0 - - -
TRW 1900 7 H 76 é 2u,1 | 15.4 % - 3.0 -
Udimet 500 .6 E_2.3 | 28.6 % 25.1 | 3.0 - -
Udimet 700 1.5 5.3 24,3 : 23.5 3.9 - . -

Unitemp AF 1753 1,1 ! 2.4 22,5 ° 8.9 ~ 1.1 2.7 . 12.0

Waspaloy . .70 1.1 25,0 0 16.1° 3.2 -. =



(c). Composition of gamma prime phase

TABLE 1. - Concluded. SUMMARY OF PHASES IN Ni-BASE SUPERALLOYS1?
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Element, at. %, Ni is

Alloy balance %
j Ti AL | cr Co | Mo W Fe Others ;
% B-1900 1.917.2 | 3.0 | 5.8 2.35 - - 1.9Ta
% GMR 235 5.1 17.6 | 2.3 - 1.4% - 2.7
iInconel 700 6.7113.6 | 4.3 | 119 | 1.2 - E -
EInconel 713C | 1.3 19.2 3.5 - 1.5 - % - 1.5 N
gInconel'X-750 12.8 6.3 2.3 - - f - %1.9 2.8 Nb
éIN 100 'é 8.6 1u.d 3.4 | 9,7 .7 - 5 - 31.4 v
' Mar-M200 - % 3.7i14.8 | 3.1 7.5 | - u.o? - ' 1.1 Nb
Nicrotung 7.6 1 14,9 | 3.3 | 6.3 | - 2.3§ -
| ‘
Nimonic 115 7.2015.7 | .1 | 7.5 | .6| = | - ° )
Rene 41 10.9| 9.2 3.5 2.3 | 1.3} - - é E
| TRW 1900 1.4 17.4 | 3.9 | 6.5 | - [2.6 = 21.2 Nb
| Udimet 500 7.9]13.5 | 2.9 5.5 | 1.0 - - %
Udimet 706 8.1{13.9 2.7 8.0 9l - -
“Unitemp AF 1753 | 11,6 | 11.6 1.3 | 2.8 ;3§ 1.8 -
§Waspaloy 12,5 9.5 2.4 2.7 1 - é -
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TABLE 2.

- COMPOSITION OF- ALLOYS - -

~— ™ O ND OO T DM WA 0w m o DWW oOMMmO e~ e} OO MMNO O N
) e ® & s & s e * 8 ° s s s e e & & 3 8 s s e s s s » e 8 ® e & 8 v s 8 s e e 8 e s+ & e & o s s ¢ & =
[ D OO0OO0OONAQUOUUNONHNLNWOOODWWYWINOOOOONHAAMWOnooo oot T FTOMNOIFOO
<< ‘ —~ —~ o~ - oA )
=
m =) OO FTWOWANOONWON M M N T~ WNODLWnOo ~ WY WO OO
. cl‘4-c'00-lc'.oolot-.nln-occaco-.-oca.nao.-.ooo-000
<C QO OO0 NTNWOWOANNNOOWOWOOOWWWOOONNNTIOwOwWWwWOOoOOTOCOOITIT TR T OO
’ — — ~ e e B e |
— W NNNAODOAONOONAH®MIVODTHNNDONOOONNHANTNOROOONHROOANDNSHMM® ™
o © e s s+ e & s e e o 8 s s v e+ e s ¥ T & a4 & » s s e s+ & & s s e T s 8 s s e e & & e s s e_,e * e & 8
. M — Ao T - A A AN ™ ~N A AN+ O ~ ™ o~ m - M~
o
o -
g CONNNTOTOANNNNTITOLITONNNNANDONDODBDOWONNNDO T~ ANTOANDLDONNMODNIL OO
ed e e 2 e s e . & 8 s & e+ e e s s s s s e e & & s e & o e s s e s & & & & o 8 4 s s e o o o o s 8 s s W
< o~ N ~N -3 m o~ e~ m Tt A A d MmO m Ao AT A® — m m N - ™ —
ﬂ DO TONNOOONFNTOOATOHODNDO A TOOOITROOOCOENTONBLAONDDDIO®MONN O |
oc..o-o.oo-..to.ooot.-oclo-o.uaoﬁco.lononno-.--000
of [~ OCMPONHOLETDONTNO ALV OLAIWODT T AN O HN OO HANNDO T T OO W
4 << NN NONLON OO ONOOWOONEEON O~ OO ONOOWRMNOININSONINWOONSIS
= s
z m CQOVOV IO AWLTITORTOONDINVLFTOOAFT FTODOVIAULBMLOOAHWLMITOOLOBAANNNDDONMAHO A F
. « o e e 4 e & s e e e s 2 a4 s e o = s & e s + s s e e s s e 3 e s s e e e o ® e 2 4 + e e e o s 0 e
" < T T O~ N ODDS FTTOONSDAOGIN G, D AW O~ LMo ®BO Ao D N~ NDOA~N T OMmWn T
m. NN OO NN OO0 N0 NN ONONOOO OO ONNSSESOSNSS S
o j
+ . . .
o — ™ 0w o~ @ @® O o 0 o — N ™ N - o~ @ @ © o~ ~N W 0 Mmoo N Oo MW oW
0 o} e e 4+ & e a4 e 8 s s e s & & e 8 s+ s & s e e s 8 * 4 e e s e & 8 o 4 s 8 s s s s e o e o s s 0 8 e o
m. Am 090nw90480u'890u.905m055905m04800,490590.4M6u.60637367300
§ |2 _
@] m o —~ ™ 0 &+ —NWnw o~ o @© Mmoo, oo ™ N o m ~ ™ W wn o T OSNOOHO F
. e 4 e s e s e 8 e o e ® e ® s & s s s 2 s.w e s e e ® s v s » s e & s e & e % s e o e s a 3 e e e 4 s
< o m OO0 FTOOMNOOTHOTAOHOWWRHOW N O OO0 FTOODOWNWOOLW m OCMWOWMWUOMWWOMOO
3 ! . .
— T NOWLAOALOENOVIT-TONITOLOOWIIAINANODLMHOOMHWONTOHMFTONDONONDWOINSDON N W N
I © e e s 4 4 s e s 4 e s w 8 4 & = e e s & e e ® s e s s s s s 8 s & 4 8 e e e e v e v e e e e e e
o D H DN ONVOONIAHOLDMWLWOOWANNMNWWHONOOODFTOONDTNNMIDOMNMNOFMNDAW OO
< << — o~ = —~ N~ ~ o~ N A ~ o™ —~ — S~ — o~~~ ~ o~ - Lo B B B B |
O . f . .
= COONOHTOHONOOVUSTNVDONDIVOFTHENIOITNTODODNHMODIT OO AOOMAOAM-MPOLONWOINSO
1o « e 4 4 e e s & ® s e o s+ e s s % s e s.4 e & e sie s s e & e s o % & s s 2 s e+ e s s s = o s e e o
< CONOANLFNLDANN AL AHONROONDLDALOVNE AN TONOLNOIIANOAODWALWL OIS ®
— -~ — ! — — — [ B B B = o~ — — I B — - e | ~N -
ﬂ PO AN OO A OT NN OISO DOMANTDONOD AMODTONOANO OO O W
o0.o.'lo-n.nnoo-o-,.ocA.o-Q-\oann.--ooat-..o...‘olll-
Anm aNOATFT N AONO AT AOTOoONATEITNAAI-OADE AT I ANTINON0N A TON AT NN
< 4. : :
£ COOMELEONNDNVOANDDLWONMOBDOINNNE AT OONEDNONODOXON DO A
o e ¢ = 4 4 e o s s e ® s s & s e e e v e s e e e s te s & & s s e = % e+ e e ¥ + e a2 e s s+ v s s s e o =
< T ATOOAFTTONOHTTOMATITDTOAATNOATOANDTOAATOOOOWDDAOWLOL OV T O
" B R
lg¢] DN AN T HOIDOODOANODFINDONODOPOANDFTWHWOSNDODOANDTWHLOSNOODOANMIFW WSO
9] [e)le)) A A A A A A A A AN N ANNNANNNNNOROOOOOMOO I F I T F
jany . N . )




76

TABLE 3. - EXPERIMENTAL DESIGN

B /.J.loying addition, at. %, Ni is balance
Element Level ' , Heat Number '
'1—36 : o 37-49
: Low 4.0 4.0
High 113.0 12,0
Low 0,25 0.25
Ti Med ium LTS 1.75
High 4,75 13,75
' Low | 8.5 S 6.5
" Cr . Medium " 13,5 : 12,5
 High © 20,5 : 18,5
Low 0 0
W Medium ' 2.0 1.5
High 4.0 3.0
: Low 0 0
Mo Medium 3.0 2,0
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TABLE 4, - RAW MATERIALS

Element Form Purity, wt. %
Aluminum Granulated ingot 99.8
Chromium Electrolytic . 99.8
Molybdenum " Chips 99,5
Nickel Electréiytic. 99.9
Titaniuﬁ Sponge 99.3
Tuhgstén . 99.95

Powder
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TABLE 5..- COMPARISON OF CHEMICAL ANALYSIS

Heat Element vt %
AL | e | Mo i W Lab.,
2 .3 | 13.3 | u,8. 0.2 -—- a1
4.1 12,5 4.8 .2 -— by
4,3 17.5 5.1 .2 -—- CAim
12 3.9 5.5 4,2 0.2 11.8 1
' 3.7 5.5 4,6 .1 13.7 ”
Gy O 5.5 h.7 .2 2.0 | Aim
14 7.0 5.2 - 1.5 S 1
6.4 5.7 - 1.4 5.5 2
6.7 6.0 - 1.5 6.6 Aim
15 1.9 18.9 4,7 1.2 6.5 1
2,2 20.0 5.1 1.5 6.1 y
1.8 17.9 4,9 1.u 5.2 Ain
15 1.8 6.0 9,3 3.6 -—- 1
1.9 6.5 10.2 3.9 ——— 2
1.8 5.8 9,8 3.9 - Aim
19 T 15,1 4,9 0.1 6.8 1.
4.6 15.9 5.2 . 6.5 2
u, s 18,4 5.0 .2 6.3 Aim
2 1.9 11.7 i, 3 1ok ~—— 1
1.8 12,1 502 1.5 - z
1.9 12.2 5.0 1.5 - Aim
23 4,5 5.9 g, i 1.4 _— ]
4,8 £.3 10,3 1.5 -— 2
4,2 5.9 10,0 1.5 ——— Aim
28 8.0 5,7 - 0.1 12,2 1
Tl 6.3 - W 11.3 2
5.4 5.7 - o2 1.8 Aim
34 2.4 12.4 - 4,1 ——— 1
.1 13.3 - 3.9 _— 2
Lo © 12.5 - 4,1 ~— Adwm
35 Cou,5 5.9 5.0 u,1 -— 1
b, 7 5.4 T 3.6 _— P
4,2 6.0 5.1 g1 - Alm
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TABLE 5. - Concluded. COMPARISON OF CHEMICAL ANALYSIS

8Lab 1 is an independent chemical laboratory.

brap 2'used bnly spectrographic analysis. - The technique is
the same as was used to analyze the extracted residues,

Cpim is the charge ratio of eleménts. No attempt was made
to compensate for melting losses., '
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TABLE 6.' - MULTIPHASE ALLOYS

AMOUNT OF VARIOUS RESIDUES PRODUCED WITH. TWO ELECTROLYTES

Heat - . Yield, wt. %,electrolyte Phases
HCl (NHq_)zSOq,
3 C187 mu
4 7.6 3y
) "12,0 W, sigma-
8 11.0 Cr, W, sigma
9 0.8 mu, W
10 12,0 W, sigma
13 Bl . mu
17 .6 - 19.6 Cr.
18 14,3 Cr, sigma
19 0.06 37.0 mu, W
20 14,5 sigma, W
© 24 .9 8.6 Cr, 1 line 2.21
25 9.5 . - sigma, W .
26 15.0. sigma, mu, W
27. 4.5 W, Cr
29 M 5.0 W
30 7.1 W, mu
32 14,2 . “Cry W, sigma
36 1.4 g Cr, W, sigma
43 1.0 . 52.8 mu
Ly 0.9 30,3 unidentified
45 3.7 28,7 mu, W

4§ and Mo solid solutions cannot be differentiated by X-ray

diffraction.

that. of W or Mo,

W is used to identify a bcc phase with an A, near




81l

TABLE 7TffSUMMAR¥.QF X-RAY DIFFRACTION DATA OF GAMMA AND GAMMA PRIME

{ Heat I1(100) - . | Lattice parameter,Aj. Density,
Izo0y Y 10-10'y (&) g/ce
Obs. Calc. vyl oy Sy Y-

98 1.5 1.1 3,582 ©3.566 8.4 . 8.9
99 |. 7.2 13,5 3.580 3.582 7.9 8.5

2 7.4 17.4 3,570 3,566 7.9 8.4

5 3.574

7 nil | . S.4 3,578 3.557 8.2 8.6
12 | ni1 . .3 3,576 3,574 | 8.6 9,3
1y 3.1 | 2.2 3.570 3.571 8.4 8.1
15 3,2 3.5 3,583 3,589 - 8.2 8.5
16 | 3.4 | 10.7 3.587 3,587 7.9 8.6
17 5.5 - 3.580 3,580

19 1.8 3.576 3.588

21 | 3,548 :
22 3.8 |- 6.8 3,577 3,565 8.1 8.5
23 3,9 | 12.7 3.577 3.579 7.9 8.6
24 15,2 | . 3,576 3.570
28 nil .8 3.574 3,574 9.6 8.2
29 | nil | ’ 3,577 3,590 .

31 nil | 6.3 3.578 3,579 8.1 8.2
34 {. 8.3 [ 17.2 3,584 3,556 7.8 8.3
35 5.4 | 10,5 3,579 3,578 7.9 8.3
37 | nil 6.5 3.578 3,585 8.1 8.6
38 | 7.3 16.0 3,578 3,578 7.8 7.9
39 6.3 | 9.5 3,571 3,570 8.0 . 8.3
40 nil 2.7 3,577 3,576 8, Ut 8.2
41 nil :| 1.0 3.586 3,579 8.5 8.6
42 nil 4,3 3.575 3,579 8,2 8.3
b3 | 3,0 3,579 3,581
4y nil | - 3.580 | 3.588

45 nil |- 1 3,588 . 3.595
u6 1.4 .9 3,581 3,582 8.5 8.8
47 3.2 5.3 3,578 3.578 8.2 8.2
48 5.2° | 17.0 3,578 3,568 7.8 8.1
49 - | 6,7 17.8 3,570 3.570 7.8 7.9
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TABLE 8. - EXTRACTION SUMMARY FOR TWO PHASE ALLOYS

Heat Extraction yield, wt. %
HCl ~gamma prime
98 0.1 40,1
99 .5 - 39.4
2 nil 29.3
5 .1 as, g
7 " nil 39,2
12 nil 31,9
14 yn 18.4
15 nil 16.8
16 20.3
21 WU
22 8.5
23 44,5
28 32.1
31 41,3
33" al.u
34 21.5
35 ¢ 54,5
37 .06 35.3
38 nil 34,2
.39 l uy,7
4o~ 55.7
41 .05 23.9
42 nil 27.1
u6 Ol 29.3
¥7 .07 55.6
48 .06 38.7
49 nil '51.9

aElectrolyte was H3P04.
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TABLE 9.. - COMPOSITION OF GAMMA PRIME

0.851

Heat | Element, at. %
Ni Al Cr Mo Ti W
98 78,0 12.5 2.7 - 3.7 3.1
99’ 76.1 13.8 2.6 2.9 3.9 -
2 74,5 17.3 5,1 2.4 .7 -
5 75,7 13.3 2.1 1.1 5.1 2.7
7 76.9 11,7 2.4 - 7.1 1.9
12 77.8 14,6 1.9 1.5 .3 3.9
14 73.3 15.9 4,2 - 2.8 3.8
15" 74,3 11.3 4,9 1.1 6.3 2.1
16 .75.6 10,3 1.5 2.3 10.3 -
227 76.2 7.8 8.9 2,2 4.9 -
23 74,2 15,9 2,7 3.9 3.3 -
28 72.1 16.9 3.5 - .3 7.2
31 74,3 16,0 4,0 - 3.3 2.4
33 77.1 10.8 2.4 2.4 5.9 1.4
34 73.1 10.1 2.9 - 13,9 -
35 77.3 12.1 2.3 1.7 6.6 -
37 . T4.7 .15.7 2,7 1.7 3.5 1.7
38 74,7 15,1 3.5 1.6 5.1 -
39 77.5 15.5 3.2 3.5 .3 -
40 76.0 15.1 3.3 - 2.3 3.3
41 72,4 10.6 2.1 2.9 9.5 2.5
42 73,6 17.5 4.6 1.3 .3 2.7
u6 76,6 14,9 2,9 1.7 . WU 3.5
47 .75.8 15,3 3.2 1.3 2.4 2.0
48 76.1 13,1 3,9 - 6.9 -
49 75.9 15,3 2.7 - 2.7 -
S 0.336 0.502 0.852
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TABLE 10, - COMPARISON OF AMOUNT OF GAMMA FRIME IN ALLOYS

Heat Observed 1 Calculated
vol. % : wt; % o vol. %
98 52 | wo 41
99 43 39 Y
2 B 24 29 30
.15 ' 13 | 17 | “ 17 -
21 AT .5 : %na |
23 55, 58 _ s | 50
29 T 5 ang
a1 | us I owm Cw
38 | 8 1 (g0 | %ha
. : 20 a1 Y
39 _ .50 45 o 46 -

'ana, not available because density of = ¥y could not be
determined.
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- COMPARISON OF OBSERVED AND CALCULATED DENSITIES

Density, g/cc

Observed

VAT FTOOLNNATONTOOND O
e o e e+ 4 ® s 4 s s s s a e » e s e e e s s
CO €O CO OO OO O QO OO €O 00 CO OO0 0 O [~ €O 00 00 €0 C0 O b~ [~

Qalculated

MO NTANDFITOLODONNHTONNDONNS NO O
e s e e e e e e e e e e e e ey Ty e e e,
00 00 GO 00 CO CO 0 G0 O GO GO GO Q0 OO [~ G0 OO0 OO 0O G0 O 0 ~

TABLE 11.

Heat

98
99
2
7
1y
15
16
22
23
28
31
3y
35
37
38
39
40
41
42
46
47
48
ug
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- COMPOSITION OF GAMMA

TABLE 12.
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TABLE 13. - REGRESSION ANALYSIS OF GAMMA AND GAMMA PRIME .

B Phase
Y y!
coefficient, coefficient, factor,
n B "B F
. n n n
.0 '13,3992 7.42647 . constant
1 -1,07392 3,59713 Cr
2 1,80069 0,0 Mo
3 0.0 ., 843058 Ti
m . 15.3168 -,589230 W
5 T ,0318507 -.292157 cr?
6 - ..0U455815 . 149930 Mo?
7. 1.53473 -.0256415 712
8 . =2,59870" -.0398181 W2
9 - ,100793 -,127831 Cr x Mo
10: - .204796 |  -.310730 . Cr x Ti
11 T- 504191 ° '.290021 Cr x W
12 -2,12721 -.245979 Mo x Ti
|13 .598921 .876515 ° Mo x W
14 =7.75600 -.155343 Ti x W
15 " ,153165 .0675603 Cr x Mo x Ti
116 . ~0.0 . =.275617 Cr X Mo x W
417 . 486625 0.0 Cr x Ti x W
18 ~1,43936 .0226054 Mo x Ti x W
R? .89 .87
n=18
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"TABLE 14, - LEAST SQUARES ANALYSIS OF ‘DIRECTION NUMBERS

Element
Al Mo’ Ti W
coefficient, | coefficient, | coefficient, | coefficient,| factor,
n B, ' B, B, B, F
» : [
0 -2,4316 -.0032572 -1.04691 -.52841 constant -
1} .066096 | --,0010339 046595 -.054240 Al
2 .059819 | -.013136 030941 .030041 Cr
3 .0088685 | ,087981 .026712 .020858 Mo -
y . 14622 . 021598 - .070565 054511 Ti
5. - .090661 . 024404 . 040548 .14031 W
R? L6l .72 .76 .37
T .35. .09 .96 .29
n=5
Equation: Direction Number = 2 B, x Fy
n=0

3T is the

significance level of the least significant coefficient.
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~ COMPARISON OF OBSERVED AND ESTIMATED

TABLE 15.

élement, At.

PHASE COMPOSITIONS IN EXPERIMENTAL ALLOYS

9
%

est

3.2

4,
5

obs

3.1

NA

o2

NA

Ti

-est

5.

5.1

0

0

y

obs

NA

0

NA

1.

Mo

est’

3.

6

3.2

obs

o]

NA

5

NA

4.

Cr

| ést

‘13.

(V)

17.

is.

3.

22

13.

10.

1.4

10.

12.

18.

9

11.

obs

16

2.7

19

2

17

S

2.1

10.

2.4

1.8

4.2

26.

13.

9

10

2.7

8.5

29.

4.0

2.4

17

2.9

10

.3

2

Al

'best

12.7

14.8

12.9

8.0
11.3

13.6

13.7
17.

15.9

12.5

6

5.

3obs

.5

12

8

i3.

.3

17

3 |10.7

13.

11.7

6

4,

9-15.3

15.

15.9 |1k4.8

y
9

15.

16.

0

16.

NA
10.

8

10.1 |12.0

12.1 12,7

phase

.Yl

.Yl

.Y'

heat

a8

99

12

14

is

16

22

23

28

31

33

34

35
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COMPARIéON OF OBSERVED AND ESTIMATED

- Concluded.

TABLE 15.

PHASE COMPOSITIONS IN EXPERIMENTAL ALLOYS
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3sbs is the experimentally cbserved value.

b

est is the value estimated by the calculation.

°NA not available.
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TABLE 16. - REGRESSION ANALYSIS OF GAMMA AND GAMMA PRIME

LATTICE PARAMETERS

coefficient, Ag/at. %
Y y'

element currenf work breferencezu current work.

AL 00106 ,00186 ~ -,000736

Cr ,000753 ,00105 | -.000910

Mo -~ ,00261 , 00435 ' .000508

Ti - 2..000597 ,00337 - ,000518

W , 00215 ©,00412 ' , 000490

Nb - ., 00645 ‘ -

Fe - ,00115 | -
constant 3,545 | 3.5040 i 3,587

R? . .75 - .66

o . 0043 - .0026

8The coefficient for Ti in vy is not sighificant at .51, but all
others in this study are significant at .84,

bReference 4 uses che same coefficients for y', but the constant
is 3.5208. ’ ‘ B ‘
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TABLE 17, - DEGREE OF LONG RANGE ORDER IN-GAMMA PRIME

qformula

heat | (Ni | Cr) | 3| (AL | Cr| Ti| Mo | W Ni) bg

98 - | 1.0 - 50 | w11 ) .as| - | .12 |2 | 1.0
99 | 1.0 - 55 | .11 | s | w12 | - .05 .73
2 .99 | .01 .68 | .20 | .03 | .09 | - - .65

14 .98 | .02 64 | L10 | L1 | - | .15 - 1.0
15 | ,99 | .0on| | .us | .17 .26 .ou| .08 | - .96
16 1.0 - 4l |06 ] ow1 ] J10| - .02 .56
22 | 1.0 | - 32 | .36 | .20 .08 | - ou | .75
23 .99 | .01 .63 | .08 | .13 .16 - - .55
3y .97 | .03 | IR Y U - R - .69
35 | 1.0 | - e | .09 | .26 | o7 | - | .09 .72
38 .99 | .01 61 | .12 | 20| Lo7 | - - .68
39 | 1.0 - | | .62 | .13 | .01 24| - .10 .81

w6 | 1.0 .| - .60 | .12 | .02 .07 .18 | .06 | 1.0
47 1.0 | - } .61 | .13 | .10 .05  .08 .03 - .78
48 | 1.0 .| - 52 | .16 | .28 - | - o .55.
[ 49 | 1.0 - .61 | .24 | 11 - - . 0L .61

anrmu;a assumed for perfect order (S 1.0).. Example heat 98
Nis(Al:. 500.’(‘° llTi,isw.l2Nio12)

bs is the long range order parameter.
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TABLE 18. - OCCURRENCE OF PHASES

Element, At. % Phase
Alloy | A1 | cr | Mo Ti W Ni cr | Mo,u o I
3 14,6 | 8.4 5.5 2] - 71.2 ' X
4 12.9 | 11.9 | - 1.3 | 4.1 | e9.8 X
6 7.3 | 21.6 5.6 | 1.4 | 3.8 60.5 X X
8 13.1 | 21.9 | 2.8 4.3 | 1.8 56.1 X X X
9 4,0 .| 1u4.8 5.4 5.1 | 2.1 68.6 X X
10 9.7 | 23.5 6.4 TR T 55.4 X X '
13 8.8 | 15.2 5.5 1.6 | 1.8 67.1 . X
17 8.6 | 23.u4 - 4.3 - 63.7 X
18 15,3 | 1.0 3.0 4,9 - 62.9 X X
19 9.9 | 17.8 3.1 a0 2.1 67.0 X X
20 15.7 | 13.1 | 5.4 .2 | 2.0 63.5 | . X X
24 14,2 | 20.7 - u | - 63.6 . X
25 13.3 7.1 | 2.9. | s.6 | 3.y 68.6 X X
26 3.9 | 22.8' | 5.6 | u.5 | 3.6 60.6 . X X X
27 7.1 | 17.0 - 4,6 | 4.0 67.2 X X
29 4,1 | 22.7 3.2 .1 | 3.8 | 66.1 X
.30 9.8 | 1u.8 5.8 .1 | 3.8 5.7 X X
32 1,7 | 13,7 3.1 1.7 | 1.9 65.3 X X X
36 14,8 | 21.0 6.4 4.5 - 55.3 X X X
43 12:9 | 12.5 4.1 4.9 | 1.3 64,2 X
4y 10.9 | ‘6.4 2.0 3.3 | 2.9 ] 74.5 . unidentified
45 3.6 | 19.8 4.1 3.9 | 2.6 66.2 X X

Mo and W cannot be differentiated by X-ray diffraction. BCC Phase with Ay at a
approximately 3.15 A°, '
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TABLE 19. - COMPOSITION OF HC1l EXTRACTION RESIDUES
element, at. %
heat | phase | Al Cr Mo Ni rTi W Zr
9 | u,W 0. | 18.4 | 33,7 | 36.4 5.9 | 5.6 0.
13 u 0. | 23.3 | 85.7 | 3u.8 .3 | 5.8 0,
17 Cr 0, 91.2 |. o. 2.7 .| .2 | o. 1.9
24 Cr 0. | 94,3 0. | 1.7 3.9 | 0. 1
43 | w 2.3 23.5 | 22.9 | us.2 | o | s 2.9
ws o | % 1w 15.0 | 25.6 _'29,4: 2.9 | 25.8 0.
45 W - | .3 26.6f‘> 21.4 33.7 | -1.8 16.1 0.

4The X-ray diffraction pattérn‘could not be identified. -




95 .

TABLE 20, - COMPOSITION OF COMMERCIAL SUPERALLOYS

#Value higher than

Heat Weight percent (balance is nickel)

treat- - . . -

ment :

Cr Co Al Ti W Mo Nb Ta \ Fe | C

B-1900 1 7.9 9.8 | 5.9} 1.0 -— 5.7 - 4.5 - J - | 0.09
GMR 235 1 15.9 -- 3.5! 2.0 - 5.0 | -~ - | - 9.8 .15
Inconel 700 - 2 4.3 | 28.5| 3.0§ 2.5 - 3.9 - - - .7 .12
Alloy 713C 1 12,6 -- | %.8 .8 - 4.7 | 2.1 - - - 1 .18
Inconel X-750 3 4.6 -- .81 2.4 - - .8 - - 6.5 .04
IN 100 1 9.8 | 15.0 | 5.6[@5.7 |. -~ 3.1 - - 0.9 - .19
‘Mar-M 200 1 8.9 9.5 | 4.5] 1.9 ] 12.3{ - 1.1 - - - .16
Nicrotung 1 11.0 9.9 1 4.4 4,2 8.0 - - - - - .07
Nimonic 115 4! 14,8 | 1u.8| u.8) 3.9 3.5 - - - - .1b
René 41 - 5- 19.0 | 10.7 | 1.5} 3.1 - 9.7 - | - - - .09
TRW 1900 - 1 10.1 | 10.3 | 6.7 1.0 9.2 - [ 1.6 - - - .1u
Udimet -500 6 18.7 | 19.3 | 2.9 3.0 - { 4.3 - - - - .07
Udimet 700 7 " | 15.4 | 18.8 | u.u! 3.4 - 5.0 | - - - ~ .06
Unitemp AF 1753| 8 16,4 7.7 |.2.0| 3.4 8.3 | 1.5 | =~ - - | 9.0 .23
Waspaloy 9 18.6 | 13.0 l.u| 2.9 - 4,2 - - - - .05

AMS specification for alloy..

Heat treatment

Description

As cast

1180° é/
© 1150° ¢/
' 1190° ¢/
10660 c/

1080° c/

1170° ¢/

1080°.¢/

- 1170° ¢/

hr/air cool + 870° C/ 4 hr/air cool

hr/air qool + 843° C/ 24 hr/air cool + 704° C/ 20 hr/air cool
1/2 hr/air cool + 1100° C/ 6 hr/air cool

hr/air cool + 760° C/ 16 hr/air cool -

hr/air‘cool + 843° C/ 24 hr/air cool + 760° C/ 16 hr/air cool
hr/air codl + 1032° C/ 136 hr/air cool

hr/air cool +‘899° C/ 6 hr/air cool

hr/air cool + 843° C/ 24 hr/air cool + 760° C/ 16 hr/air' cool
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TABLE 21. - COMPARISON OF OBSERVED AND ESTIMATED PHASE

COMPOSITIONS IN COMMERCIAL ALLOYS
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3obs is the experimehtally observed value (ref. 12).

b

est is the value estimated by the calculation.
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TABLE 22, - PHASE OCCURRENCE IN COMMERICAL ALLOYS

- Parameters
Alloy 3110y aGamma Cr + 1.75 | PAL DN | CPhase
: Ni+CotFe | x (MotW) at. % GT -0.3
at. % 7
Inconel X-750 | 78,9 | 179 | 4
Mar M 200 - | 73.1 274 | n
Inconel 700 7&.6 23.6 | n.
B~1900 72,5 27,0 , h
Nicrotung 7007 31,2 - . X n
Waspaloy | " 70.5 30,6 o n
GMR 235 69,9 26,2 | -
| TRW 1900 69.1 oo ' . n
IN 100 %687 29,4 o | signa
| Unitemp AF 1753| 68.4 29.2 o ' n
Nimonic 115 67,7 , 31.6 ' X sigma
Udimet 500 67.6 33,9
Udimet 700 67.5 aLa , X
Inconel 713C ©67.5 : 3.1 ‘ ’ -
| René ul | 65.6 39,1 - mu

a .y .
Compositions from reference 12,

Dpl direction number calculated using composition in reference 12
and computer program from the Appendix.

CPhases were taken from reference 16.
dn - no sigma or mu was reported.

€Composition did not meet AMS specification for alloy.
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TABLE,QS; - LATTICE PARAMETER Or GAMMA PRIME IN COMMERCIAL ALLOYS

Parameter, A°
Alloy A S a6bserved Destimated
GMR .235 X © 3,580 ~ 3.582
Incopel 700 _ 3,582 3.581
Inconel 713C 3,581 3.581
‘Inconel X-750 3,598 13.599
Mar M 200 | 3.582 3.589
Nicrotung. 3.591 3.588
TRW 1900 13,581 ' 3.582
Udimet 500 3.584 3.581
Udimet 700 - 3.582 | 3,582
Unitemp AF 1753 3.580 3.592
WaSpaléy ‘ 3.590 3.587

SReference 12.

Pooefficients from Table 16 and reference b,
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FIGUREg



100

Cr =« Ni

(a) Quaternéry section showing 1 phase fields

Niﬁcr 20 15 10 5 NijAl
Cr., atomic 7
(b) Pseudo~ternary section at 75% Ni

FIGURE 1 Ni-RICH REGIOI\\T OF Ni-Al~Cr~-Ti SYSTEM AT
’ 750°C (ref.3) ’
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Al, atomic %

FIGURE 2 Ni-Al-Cr SYSTEM AT 750°C (ref.6)

Al, atomic %

FIGURE 3 Ni-Ti-Al SYSTEM AT 750°C (ref. 10)
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FIGURE 4 EXPERIMENTAL CASTING

(A )
R m

APPROX "9 “cm

A - Metallography
B - Extractions
C - Chemical Analysis

FIGURE 5

SPECIMEN LAYOUT




0 Ni+yW+zMo

103:

i ATOMIC %’

“0 Ni+xTi+yW

~am

FOR ALLOY 85 Al,

- ()EFFECT OF Mo FOR ALLOY 85Al,

(b)EFFECT OF Ti

130Cr,25Mo,175Ti, 15 W

130Cr.,25M0 ,175Ti,I5W

FIGURE 6 THE Ni-RICH REGON OF THE Ni-Cr-Al-Mo-Ti-W SYSTEM AT 850°C
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Mo, ATOMIC %
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W,ATOMIC %
< (\']

(f)EFFECT OF W FOR ALLOY 85 Al,

FOR = ALLOY 85Al,

130 Cr, 175Ti, 15 W

130Cr,I75Ti,I5W"
(CONTINUED)

N

(e) EFFECT OF Ti

FIGURE 6
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IS
% JINOLV ‘M

-0

(i) EFFECT OF W FOR ALLOY 85A
130Cr, 2.5 Mo, 175 Ti -

FIGURE 6 (CONCLUDED)

L
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z
% 3.59
~
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o 3.58
(V]
P
1]
. B
, @
5]
[V}
A~ 3.57
bl
]
4+
2 30 From this work
2 3.56
— o]
]
© °
(o]
3.55 | | |
3.55 3.56  3.57 3.58  3.59

Observed Parameter, A°

" (a) Lattice Parameter of ¥y

FIGURE 7 COMPARISON OF LATTICE PARAMETER ESTIMATION
METHODS.
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.61

3 30 From this work

.56

| | | |
3.55 3..56 3.57 3.58 3. D9
Observed Parameter, A°

(b) Lattice Parameter of y'

FIGURE 7 (CONCLUDED)
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(a) ALLOY 33 - ROUND y' MAGNIFICATION: 10000

(b) ALLOY 39 - GLOBULAR ¥y' MAGNIFICATION: 5000

FIGURE 8 SCANNING ELECTRON MICROGRAPHS SHOWING y AND vy'
MORPHOLOGIES ETCH: MIXED ACIDS
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(c) ALLOY 99 - SQUARE y' MAGNIFICATION: 5000

L 4
e 'Y .,‘. L ] ':i

®
- e, - Lf'&
islape

(d) ALLOY 37 - BLOCKY v' MAGNIFICATION: 10000

FIGURE 8 (CONTINUED)



112

(e) ALLOY 35 - PRIMARY vy MAGNIFICATION: 2000

(f) ALLOY 40 - PRIMARY v MAGNIFICATION: 2000

FIGURE 8 (CONTINUED)
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R. ’oi.o v ‘o‘q‘)’i""
4~. IR

.'O"Vl,’f ""Mn.

(g) ALLOY 7 - DUPLEX y' SIZE MAGNIFICATION: 2000

(h) ALLOY 7 - FINE-BLOCKY +' MAGNIFICATION: 5000

FIGURE 8 (CONCLUDED)
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(a) ALLOY 4 - W PHASE
UNETCHED MAGNIFICATION: 250

(b) ALLOY 6 - CHINESE SCRIPT W PHASE
UNETCHED MAGNIFICATION: 250

FIGURE 9 MICROGRAPHS SHOWING THE MORPHOLOGY OF PHASES
OTHER THAN y AND y'
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(c) ALLOY 10 - CHINESE SCRIPT W PHASE
UNETCHED MAGNIFICATION: 250

(d) ALLOY 25 - INTERDENDRITIC W PHASE
UNETCHED MAGNIFICATION: 250

FIGURE 9 (CONTINUED)
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(e) ALLOY 8 - W PHASE WITH Cr RING
ETCH: KOH . MAGNIFICATION: 250

(f) ALLOY 17 - FINE Cr PHASE
ETCH: KOH MAGNIFICATION: 500

FIGURE 9 (CONTINUED)
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(g) ALLOY 24 - Cr PHASE
ETCH: KOH MAGNIFICATION: 750

(h) ALLOY 17 - Cr NEEDLES
ETCH: MIXED ACIDS MAGNIFICATION: 5000

FIGURE 9 (CONTINUED)
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(i) ALLOY 3 - Mu PHASE
ETCH: KOH MAGNIFICATION: 500

(j) ALLOY 13 - Mu PHASE
ETCH: KOH MAGNIFICATION: 500
FIGURE 9 (CONTINUED)
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(k) ALLOY 6 - SIGMA AND W PHASES
ETCH: KOH MAGNIFICATION: 500

FIGURE 9 (CONCLUDED)
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120

APPENDIX

PROGRAM TO FIND GAMMA AND GAMMA PRIME COMPOSITION
THE INPUT IS IN ATOM PER CENT OF 2 PHASE ALLOY

THIS CONTAINS ONLY FIRST DEGREE TERMS FOR DIRECTION NUMBERS
REAL MO :

DIMENSION TITLE(20)

WRITE(7,10)

FORMAT('0*, AL CR MO T1 W)

READ (5420)AL+CRyMO,TI,W

READ(S,1S5)TITLE

FORMAT(20A4)

IF(AL.LE.OO1 . AND.CReLE.<0O01.AND.TI.LE..001) GO TO 100
FORMAT(5(F5.2,1X))

CALCULATION OF DIRECTION NUMBERS

DAL=-2,4316+.0661%AL+,.,05982%CR+,008869%M0+.1462*TI+,09066%W
IF(DAL.GT.0.) DAL=0.
DM0O=-,003257-.001034*%AL-.01314%CR+.08798*%M0O+.0216*TI+.0244%W
IF(DMO.LT.0.) DMO=0.
DTI=-1.0469+.046595%AL+.030941%CR+,0267122%M0-,070565*TI+.040548%4W
IF(DTI.GT.0.)DTI=0.
DW==45284-.05424%AL+.03004*%CR+.02086%¥M0O+,05451*T]+.1403%W
JK=0

L=0

LL=0

LLL=0

TAL=AL

TCR=CR

TMO=MO

TTI=TI

TW=W

N=0

A=,.05

[=0

KK=0

J=0

NN=0

IF(AL.LE.O.) DAL=O0.

IF{CR.LE.O.) DCR=0.

IF(MO.LE.O.) DMO=0.

IF(WeLE.O.) DW=0.



30
40

50

21

22

51

52
53

55

60

121"

IF{DAL.GE.O.) GO TO 300
GO 7O 50
CONTINUE

GAMMA SURFACE

GAL=13.399-1.0739%TCR+1. 8007*TMO*15 317®TW+, 031851‘TCR‘*2-.0455815
*2TMO%X*241.534T*TTI%%2-2,59876TWx¥2~
%1 .43936%THETMO*TTI+.153165%TTI*TCR*TMO+.48662
*SETWETCR*TTI-,100793%TCRETMO--
%,204796*TCRE*TY[-,504191%TCR*TW~-2., 12721*TMO*TTI*.598921*TMO*TH—7 75
*6%TTI*TW

IF(TAL.LE.O..AND.GAL.LE.O0.) GO TO 70

TEST=TAL-GAL

ATEST=ABS(TEST)

IF(N.EQ.O) STEST=ATEST

IF(ATEST.LE.STEST¢AND. ABS(A)eGT ¢004+AND.TAL.GT..5) GO. TO 21
GO T0 22

STEST=ATEST

SAL=TAL

SCR=TCR

STI=TTI

SMO=TMO _ '
SW=THW ’ .
CONTINUE

IF(ATEST.LE..005)G0O" TU 70

IFIN.EQ.O)GO TO 55

IF (TEST)1514524+53

CONTINUE

IF(NN.EQ.-1) GO TO 70

IF(N.EQ.-1) GO TO 60

IF{A.GT.0..AND.NN.EQ.O) NN=1-

IF{(N.EQ.1) A=-,.001-

GO TO 60

GO 10O 70

CONTINUE

IF(NN.EQ.1) GO TO 70

IF(N.EQ.1) GO TO 60

IF(A.GTo0ssANDJNNLEQ.O) NN=-1

IFI(N.EQ.~1) A=-,001

GO TO 60

CONTINUE

IF{TEST.GT.0.) N=1

IF(TEST.EQ.0.) GO TO 70

CONTINUE

IF(NN.EQ.O) I=0

IFINNNELO) I=T1+1



70

901
915

71

995

80

81

122

IF{1.GT.20000) GO TO 100
IF(LLL.EQ.L1ILL=1

TCR=TCR+A

TAL=TAL +A%DAL

TMO=TMO+A*DMO

TTI=TTI+A%DTI

TW=TW+A%DW : -
IF(MOLEQ.0.)TMO=0.
IF(TI.EQ.0.)TTI=0.

IF{W.EQ.0.) TH=0.

IF‘TCR.LE.O.)TCR'—'O.
IF{TM0.LE. 0. ) TMO=0.
IF{TTI.LE.O0.)TTI=0.

IF(TW.LE.O. ) TH=0,

IF(KK.EQ.1) GO TO 110

IF{TAL.LE.DO.) TAL=0.
IF(TALLLE.D+«OR,TCR,GT.40.,) GO TO 80
IF{TAL.GT.AL) GO TO 80

GO TO 40

CONTINUE .

IF(JK.EQ.1) GO TO 71

WRITE(6,901)

FORMAT('-")

WRITE(64915) TITLE

FORMAT (1X,20A4%)
WRITE(6995S0)ALCRyMO,T1 oW

CONTINUE ' .
IF(TALLGT.0.) WRITE(6+995)TAL,TCRyTMO,TTITHW
IF(JK.EQ.1) GO TO 81 :
IF{TALLLE.OIWRITE(6,995)SAL,SCR,SMO,STT +SW
FORMAT(*0* ¢ *GAMMA?* ,T19,1X,5(F4.1,2X))
GO 1O 81 :
CONTINUE

IF(JK.EQ.1) GO TD 81

WRITE(6,901)

WRITE(6,4915) TITLE

WRITE(6,900)

WRITE(6,950) ALLCR,MO,TI, W
WRITE(6,995) SAL,ySCR,SMO,STI,SW
CONTINUE

[F(JK.EQ.1) GO TO 101

T=TAL+TTI

IF{T.GT.9.) JK=1

[F{JK.EQel) N=0O

IF{JK.EQ.1) NN=0O

IF{JK.EQ.1}) A=2,
IFIJK.EQ.1.AND.A.GT.1.9)} GO TO 60
G0 TO0 101



900
950

101

110

121

122

120

130
140

123

e

FORMAT( 0%, *THIS MAY BE SINGLE PHASE?')
FORMAT('O',TZI"AL"TZ71'CR"T33"H0'1T39"TI"T45"H'/'O' *ALLOY?
*,7T13,
*'AT PCT*y1X95(F5.2,41X))
CONTINUE
KK=1
NN=0
TAL=AL
TCR=CR
TMO=M0
TTI=T1
TH=HW
== 05 ’
CONTINUE
IF(TAL.GT.30.0R.TCR.LE.O.) GO TO 210

GAMMA PRIME SURFACE

GPAL=T.42647+3.59713*%TCR+0.*TM0O+. 84906*TTI ¢58923%TH-.29215T*TCR**
%24 ,14993%TMO*%2-,0256415%TTI*%2

‘*-.039818*TH**2-.12783*TCR*THO—.31073*TCR*TTI* 29002*TCR*TH—.245979

24 THOSTTI+.876515%TMOTH
%= ,15534*TTI#TW+,0226054% TWETMO®TT1 -, 2756 LT* TWETCRETMO+, 0675603 % TT1
*#TCRATMO~0. *TWTCRETTI

TEST=TAL-GPAL

ATEST=ABS(TEST)

IF({J.EQ.0) STEST=ATEST
IF(LLL.EQ.1.AND.A.LE.~.15.AND.JJEQ.0) GO TO .122
IF(ATEST.LE.STEST) GO TO 121

GO TO 122

STEST=ATEST

SAL=TAL

SCR=TCR

STI=TTI

SMO=TMO

SW=TH

CONTINUE

IF(J.€Q.0) GO TO 150
IF(ATEST.LE..005) GO TO 200

IF(TEST) 120,130,140

CONTINUE

IF(J.EQ.~1)GO TO 60

IF(ALE.OeAND.NNoEQ.O) NN=1

IF(NN.EQ.-1) GO TO 200

IF(J.EQ.1) A=,001

GO TO 60

GO TO 200

CONTINUE
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 IF({J.EQ.1) GO TO 60
IF(ALLE.OJ.ANDJNNLEQ.O) NN==1
IFI{NN.EQ.1} GO TO 200
IF(J.EQ.-1) A=.001
GO TO 60
150 CONTINUE
IF(TEST.GT.0.) J=1
IF(TEST.EQ.0.) GO TO 200
CIF(TEST.LT.0.}) J=-1
GO TO 60
200 CONTINUE
WRITE(6+1960) TAL,TCRyTMO,TTI ,TW
TR=TCR+TMO+THW.
IF(TR.GT+14..AND.LL.EQ.O) A=~5,
IF{TR.GTol4eoAND.LLEQ.OINN=0
IF(TR.GT.)‘}. «ANDLLL.EQ.OILLL=]
IF(TR GTelé4 e AND.LL .EQ.D)KK=1
IF(TR.GV.14,.AND.LL.EQ.O) J=0
IF(TR GTe144,,AND.LL.EQ.0)GO TO 60
960  FORMAT{'0*,*GAMMA PRIME®,T19,1X45(F&4.142X))
GO YO 100 . ' ’
210 VHRITE(6'960)SAL'SCRtSH0 ST[,SH
WRITE(649701} ’
. GO 70 100
300 CONTINUE
WRITE(64915)TITLE
WRITE(6,920)
WRITE(6,9501AL,CRyMO,TI W s -
920 FORMAT('0*,*AL DIRECTION NUMBER IS 0O, THE ALLOY IS UNSTABLE').
970 FORMAT( 0"y *NO GAMMA PRIME INTERCEPT!')
100 CONTINUE
GO 101
END
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