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ABSTRACT

& study was made of Tthe heat treatﬁenb response
and hardenihg meehanism of an experimental cobalt-base
superalloy, AR-213, Solution treatment temperatures
in the range of 1800° to 2250° F and aging teﬁperatures
from 1200° to 19000 P were investigated, Séleoted aged
Speoimens corresponding to the 2200° F solution treat-
ment were intensively studied using obtical and electron
minoécopy and x-ray techniques o determine the
hardening mechanism.,

The results of the study show that a maximum
aged hardness of Ry U7 is obtainable, The hardening
mechanism is the @reeipitation of CoAl from the super-
Saturated matrix at temperatures between 1400° and
1600° F, This preeipitate_pverages reiatively rapidly
at terperatures above 1600° F, A tamﬁalﬁmmzircgnium
carbonitride was also present in the alloy in a

surprisingly large amount,

xi



I. THEORY OF ALLOY STRENGTHENING

1.1 General Remarks

Except fof speciaity applications requiring.

a particular property of a metal, very little use is
madevof pure metals in structural or load carrying
materials, >HOWever3 if it were pogsible to obtain'

pgre metals having shear strengths‘approaghing thew
theoretical minimum of G/30, where G is the shear m@da:
lus, then it would be possible to select pure metals
fpf.these appiications on theubasis @f their melting‘
point or some other parameter. The whole basis of the
need for alloy strengthening is fthat, with the exception
of whiskers in the form bf perfect single crystals; the
theoreticai strength 1imit is not even clesely approached
in pure metals.

It has been established quite conclusively that
the prime reason feor the large discrepancy between the
theoretical and actual strengbh of a metal is the
existence of‘dislccati@nsu Sinee sliﬁ, or yielding,
results from the movement of dislocations through the
érystal lattice to the surface, two approaches are

" availlable for Strengthening a metal, The first is %o



obtain a metal with no dislocations, Unfortunately,
.except for the aforementioned mg@a}vwhigkeps{_mgﬁqls

in such form are not available in practical quantities.
A second approach is to hinder or halt the motien of
Qisloeatibng‘in the lattice. This latter effect can

be accomplished by alloying the pure metal;

The process Of‘alloying caﬁ impede dis;ocapiqgw
movement by_many differemt methods, but the most common
are phase ftransformatieon hardening, ord@r;disorder -
hardening, dispersed-phase hardeming,‘solid;sq;uﬁien
hardening and precipitation hardening. Subsequent
@iaeussion will be concerned with the 1atper‘tm© methods

which are most applicable for superalloys.

1.2 Solid-Solution Strengthening

Solid-golution strengthening is brought about
by those solute atoms which are present in the matrix
of superalloys bubt not combined as carbides or inter;
metallic compoundsg. The effect of solute atom
stfengbhening'in a single phase material has long been
observed and utilizedglbmt it was not until dislocation
theory was imﬁrodueéd and developed that the actual
reasons for the strengbthening could be exﬁlained; Solute

atoms affect the strength of a metal‘by two general types



9f”interactioﬁs with disloeaﬁionsé These interactions
can be_broadly classed as those whicﬁ”impgde the:©nset
of dislocatién movement and‘th@se Which impede the
moving dislocations themselves,

1.2,1 Effect of Solute Atoms on Initiation
of Dislocation lMotlion

The interaction here is betweenrther"aﬁmgs;
pheres" of solute atoms and the grown-in-Frank network
dislocations, @ﬁly a fraction of these dislocations
1ie in slip planes and are orientated for glide; hewevgr,
the fact that these pinned portions do lie in slip planes 7:
makes them avallable to act as Frank-Read sources for |
dislocation mulbiplication, Cottrell (1953) has shown
how the stresses around a dislocation can be relieved
by a sultable arrangement of the nearby solute atoms,
Fleisecher (1964) considers two separate types of inter-
actions between dislocations and solute atoms in metals.
These are elastliec and chemical.

The elastic interactions arise because the sub-
~ stitutional selute atoms, due either to a size difference
or a modulus difference, cause a symmetrical lattice
distortion in the matrix, Interstitial solute atoms
also cause a distortién,,bmb one wWhieh is unsymmetfigalo

When considering substitutional atom atmospheres, several



pessibilities arise, depending on whether or not thev
substituted atoms are larger 6r smaller than the matrix
atoms, Oversized substitutional solute atoms will be
attracted to the tension side of a positive edge dislo-
cation while undersized ones will tend to the comprés-
gion side,' Likewise, interstibialratoms will migrate

. toward the tension side and vacancies toward the com-
pression side. The effect of such behavior is to
increase the stress needed to move the dislocation away
from the "atmosphere",

Chemical interactions arise from the migratibn
of solute atoms to the sftacking fault region between
separated partial dislocations. This migration results
in a 1éwering of the energy of the system in the region
between thé partials, Subsequent displacing of the
pantial‘disloeations away from thils region of lower
energy necessitates an increased stress, This result
is the so-called Suzuki hardening.

The effect of either'chémical or elastic inter-
actions of."atmospheres" with grown-in dislocatidns is,
then, to increase the stress required to initiate
movement of those portions Which happen to lie in slip

planes.,



l.2.2 Effect of Solute Atoms on MOVlng
Dislocations

The preceding section:cogsidered the
stresses Whioh initiate dislocatioﬁ motion and_which."
lead to the yield point phenomenon., However, once such
dislocations have broken free of their binding,atmps;
pheres, whether by applied stress or an increase in
temperature, the stress required to keep them in m@tion
7d§ereases, ‘The primary effects of selute atoms upon
moving dislocations thus occur through 501ute atom;
dislocation interaction and the dragging of the atmos;
pheres previously discussed, The elastic éﬁfains
developed by’substibutional solute atems are not com-
parable to those of precipitates in precipitation
hardened systems. AlSo, particle spacing is too small
for optimum hardening. The hardening due to atm@sphere
dragging can occﬁr only at such combinations sf‘stress
and temperature which(permit solute atoms tokdiffuéé‘
at the same rate as dislocations, The viscous; dragging
effect leads to some of the hardening observable under |
certain high témperature«lqw stress conditions.

In general, interStitial solute atoms effect a
higher degfeé of hardening than do the substitutional

ones; however, of those ceanstituents used in superalloys



for solutionvstrengthening, the substitutional type

greatly predominate.,

1.3 Precipitation Hardening

Botb solid-solution strengthening and precipi;,
tation hardening effects are ﬁtilized in més@ commercial
alloyé designed for high temperature sérvice0 Thermal
activation, however, 1s mu@h more effective in alléwing
dislocations to bypass selute.atoms than to bypass
larger preeipitates or clusters of atoms., Thus, the
relative effeotivéness 6f precipitation hardening is
greater at higher temperatures than is solid;solution
ébrengthening, Fritzlen et al, (1959) have discussed
the practical applications of precipitation hardening
to cobalt-base alloys; but a more thorough discussion
of the theoretical aspects*of this hardening mechanism
is pertinent at this point.

| Several excellent reviews on the subject of
precipitation hardening are available in the literature
(Kelly and Nicholson, 1963; Hardy and Heal, 1954), Each
contains extensive daﬁé on aluminum binéries and”simif
lar systems, but‘almost no discﬁssion of complex alloys
such as are utilized for high temperature applications.

A study of the simple systems, however, yilelds the



principles upon which all such precipitation-hardened

alloys depend,

1.3.1 Precipitation Process

Thomas (1963) proposed the following"model
to explain the various aspects of the precipitation

process,

Solid Solutieon

W

Quench; supersaturated solid solution

Excess vacancies — Lobps/heiiees/stacking faults
+

Solute atoms — Clusters - Zones

Y

Intermediate precipitates £

Equilibrium precipitates

1.3.1.1 Solid Solution and Clustering
Phases . :

The ability to achleve precipitation

hardening depends upon being able to obtain a supersaturated



sqlid solutilon, This state dgpends”upon_a'decregging
so;ybiliby Qf one phase in\another with decreasing
temperature. A knowledge of the phase diagram is_@herQ;
fore essential or highly desirable, The4superSaturated
solid1801ution is generally obtained by quenching the
alloy from the single phase terinal.sq;id solutionvSo
that a metastable condition is achieved, At thehsame
time, quenching gives rise to a non-equilibrium aumber
of vacancies, These excess vacancles have been observed
o precipitate inte 1oops'orvoﬂto dislocations, In
other cases (apparently), they are not precipitated,
but are held in solution, probably as a result;of inter;
action with excess solute atoms (Thomas, 1959). Where
therevare no .excess vacancies present, the grbwth.of
any clusters (segregation of solute atoms) will pfaetié
cally stop. Thus, at 1eas£ ih aluminum alloys, tThe
formation of dislocation loops in dilute alloys and the
condensation of vacancles at dislocations in concentrated
alloys must be accompanied simultaneously by soiute
clustering. The rate of clustering depends upon the
qmeﬁching temperature and the alloy congentpatiéna

This reaction of sclute atoms and vacancies
leads to the fbrmaﬁion;pf clusters. These clusters

‘have been observed to form during solution treatment,
) ~ ~| !



T e

during quenching and durlang agingp They are PGl@bively
stable and the atoms occupy normal ;atbice si§e§5 beigg“
completely coherent with the matrix, The growth,pf sucp
clustérs results in their detectlion by x—fay techniques.
They are then termed Guinier-Preston (G.P.) zones. As
these zones grow they may undergo internal ordering and
may or may not have lattice types fthat are different
from the matrix.

1.3.1.2 Intermediate and Equilibrium
Precipltates

The next stage in the process is the
formation of intermedlate precipitates. These may be
partially or wholly coherent, depending on the system,
but thelr presence isg usuallj associated with the peak
hardness. The degree of coherency is quite critical
to the amount of hardening obtained since it determines
the strain energy in the matrix. In fact, peak hard-
ness 1is presumed to result from overlapping coherency
strain fields. Continued growth of the coherent
precipitate may raise interfacial shear stresses to
a value too high to be sustained and the precipitate
then becomes incoherent, Friedel (1964) considers
that non-coherency occurs when the~precipitate‘becomes

so large that the elaétie energy due to the difference



10.
in atdmio volume of matrix and precipitate becomes
greater than the surface energy.

A 1list of precipitate shapes and habit planes
has been tabulated by Kelly and Nicholson (1963). The
most common are spheres, discs, rods or needles, Qubes
and plates. Of these,. the disc is a minimum energy
shape for a highly strained. precipitate and is the m@st
common shape for intermediate precipitates. In fact,
the reason that metastable precipitates form in‘préf
ference to stable ones 1is that for stable precipitates,
a large surface energy exists”bgtween the stable phase
and the maﬁrix, whereas for G,P, zénes and certain
intermediate phases; this surface energy 1is small since
the zone 1s strictly Jjust a perturbation of the matrix
(Fine, 19614)o Kelly and Nicholson (1963) also empha-
sized that there is often little to distinguish the
G.P. zones from intermediate phases and they concluded
that the term G.P. zone is most useful in describing
the ianitial prec%pitate where the structure of the
precipitate is similar to that of the matrix. The
majoriby of ailoys show transitien precipitates, but
the exact reasons for their exisbence still remain
somewhat in doubt and, in fact, some of them are stable

only when nucleated on dislocations.



11
The»equilibrium precipitate is that stable

struéture which the intermediate precipitates fina;;y
take_aé_a result of diffusion toward equilibrium con:
ditions. Here>again9 the.degree oflcoherency depends
upon the system. The lmportance of coherency in all

stages of precipitation is that it determines whether

a glide disiocation in the matrix has a Burgers vector

the same or nearly the same as iIn the precipitate, or

whether it is quite different,

10302 Precipitate-Diglocation Infteractions

For full comprehension of the hardening
process, an understanding of the actual précipitation
‘mechanisms must be accompanied by an understanding of
the precipitate-dislocation interactions., All three
of the precipitate types -- @.,P. zones, metastable
precipitates and stable precipitates'-— can interact
with moving dislocations to give rise to strengthening,
though to different extents. For actual slip to eccur,
a dislocation must either move around the particles
or shear through them., The path of lowest energy will

be'the one followed.
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1.3.2,1 Non-intersecting Interactions

”The dislocation has two ways of meving
aroqnd a particle, The,first is to leave the slip piane
either by cross slip f@r écrew dislocations, or climb
for edge dislocations, where ﬁhé‘témperaturé is such
thaﬁtclimb can occur, The second ié by the Orowan mechan-
ism. These non-intersection types of hardéning~genera11y
occur with nénéooherent, nondeformable precipitates
haviﬁg a cryétal gtructure different ffém that of the
matrix, In the Orowan theory (Orowan, 1954) the slip
plane containing the hard precipitates is considered as
being traversed by a dislocation which is held up by the
particles, The diélocation can then bulge between the
particles until neighboring bulges meet, fuse together
to reform the dislocation line, and continue along the
slip plane, The particles are left encircled by a
dislocation fing with each following dislocation adding
an additional ring. With increasing défofmation the
number of encircling rings also lncreases until the rise
in shear stréss capn break down a particle aﬁ which time
it ceases to function as a slip deterent for that par-
ticular slip plane, The Orowan expreSsion for the yleld

stress is:

= Ty + acg



where de is the dislocation driving stress, q is a
dimensignless parameter approximately equal bQ one,

G is the shear ﬁodulus, b is the interatomiézspécing
in the slip direction_amd d is the distance betweenrrr
adjacent precipitates. Thus, the overaging phenomenon
corresponding to a coaguiabion of particlés agd a cor- -
respénding inecrease in d can be accounted for, This
expression does,'however, break down at very 10@ values
of d c@rresponding to the solid-solution hardening
situation,

Both of the previous mechanisms, while not
involving the intersection of dislocations with pre-
clpltates, do 1nvolve a lengthening of the dlslocatlon
line itgelf. This process necessitates an energy
increase, and the stress required for this has been.
fpund to be proportional to %gx as in ﬁhe Orowan expres-

sion,

l.3.2.2 Intersecting Interactions

The shearing of precipitate particles
by disl@cabioﬁs becomes more energetically favorable
than bypassing them when the particles are weaker, more
closely spaced énd more coherent with the matrix, Thomas

-

(1963), in a review of transmission electron mlcroscopy

13
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Pesults, observed that dislpcations generally cut.
through coherent and partially coherent prgcipitates
but they avoided non-coherent precipitates. Fine‘(lééé)
listed three basic factors involved in particle cuttingé
elastic misfit stresses, increase in particle surface
area and increase of flow stress necessary to move a
dislocation inside the particle,

Elastic misfit stresses arise because the volume
occupied'by N atoms in the matrix is, in general,”not the
same_volume as 18 occupied by N precipitate atomso_ Three
separate situations exist for the distribution of a given
volume fraction of précipitate° First,ﬁthe particles
- can be so small and well distributed that the particle
spacing is smaller than the minimum radius of curvature
of a dislocation bent under an applied stress, This
gituation is essentiall& that which exists for a solid
solution, and since the dislocation lies on an'equal
number of stress "peaks" and stress “valleys", very little
strengthening is realized. The second and most important
case from the strengthening standpoint is that in which
the minimum radius of curvature of a dislocation 1is
approximately equal to the particle spacing. In this
instance, ﬁhe dislocation can take an equilibrium posi-

tion in the stress "valleys'" of elastic misfit and thus



L
be in its lowest energy configuration, An_applied
stress, necessary to move this dislocation, will have”
to force it through the stress "peaks" to affect slip.
This is the situation resulting in maximum hardness |
and is the reason that an optimum dispersion exists

for precipitates, The Ehird case is the situation cer;
' responding to overaging. Here the particle spacing is
Quite large compared with the minimum bend radius of a
dislocation., The dislocation is now able to bend
between and avold the second phase, therefore facilitat;
ing slip.

The second basic process involved in particle
cutting is dn increase in surface areé of the cut
particle, The total energy increase involves the
increase in matrix-precipitate interfacial energy
plus the chemical energy of misfit due to chemical
composition differences across the interface, Also
congidered is the structural misfit at the interface
due to different atomic spacings (Kglly and Nicholson,
1963) . |

The final process in strengthening by inter-
sected particles is due to the difference in the flow
stress for moving a dislocation in the precipitate

versus moving it in the matrix. One congideration in

15



this process 1s the work done in disordgring gnu9rdep¢d
precipitate° A second is the work consumed_i@ pulling
immobile Jogs through the precipitate (the jogs result
when the glip planes of matrix and precipitate are not
parallel). |

The relative effect of each of these sub-
mechanisms, naturally, varies with each particular
alloy system; howevef,,in general, for thick precipi-

tates, the work done in disordering is predominant,
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II. PHYSICAL METALLURGY OF COBALT-BASE SUPERALLOYS

2,1 Bagic Alloy Composition

2,1, 1 Background

The need for a material for use in turbo¥
superchargers appears to have provided the rea; impetus
for the development of cobalt-base superalloys° It is
é strange fact that Vitallium, an alloy originally
devéloped for dental use, became the first cobalt-base
supérallby and was subsequently developed into Haynes;
Stellite Alloy No., 21 (HS-21). VYears later, the turbo-
jet engine extended the requirement for materials with
an even higher temperature capability. The 1list of
alloys which has evolved since that time is quite
lengthy. Known principally by their trade names due
to the lack of any standardization in nomenclature,
their compositions and characteristics are not readily
Vapparenta They are best evaluated in terms of the alloy-
ing elements they most frequently contain and their high
temperature prbpertieso Such properties include, among
others, creep-rupture strength, oxidationaresistance,

thermal shock resistance and metallurgical stability.

17
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The use of cobalt as the basis material rather
than simply as an added element is the Qhar@gtepis@iqA
which distipguishes the cobalt;base from iron; orwnickeif
base alloys., In many alloys, however, the basis matefial
constitutes less than 50% of the weight of the alloy so
that the distinction is not always obvious, In general,
the element Qf greatest concentration determines the
momenclaturéo The nominal range of cobalﬁ in«c©ba1§—
base alloys varies between 40 and 70 weight percgnto AThe
major alloying elements are C, Mn, Si, Cr, Ni, Co,'Mog
W,EGb; Ta, Ti, Al, Fe, Zr, and B. The effect of each is
not always cleaf cut, especially when it is present with
several obherjelements in the alloy. In general, however,
the elements present in the alloy qndef study, AR-213,
provide the following effects.

Chromium imparts oxidation resistance, as it
does in iron- and nickel-base alloys, and contributes
to solid-solution strengthening., Aluminum élso aids in
oxidation resistance and is available to precipitate as
an intermetallic, Tungsten and tantalum ald in solid-
solution strengthening, and tantalum also forms stable
carbide networks ahd promotes oxidation resistance.
Manganese and silicon are de-oxidizers, Zirconium is

a scavenger element and also promotes high temperature
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strength, The effect of iron, 1f any, is not clear,
The presence of carbon is necessary for.the formation
of carbides which are a'sourge of strength for practi;
cally all cobalt-base alloys.

The amounts of each element must be tailoredﬁ
within narrow 1imitsg to provide the desired’affectse
Wheaton (1965) has an excellent discussion on this
particular point in a recent paper dealing with the
development of a new castable cobalt-base alloy (MAR-M
.509), The composition of this alloy was determined by
the desire for an attractive combination of properties
without emphaéizing any single property at the expense
of others., In this way, a balance of creepmrupturé
strength, oxidation resistance, thermal conductivity
and stability was obtained.

a '.The amount of carbon in the superalloys demon-
strates well the optimization criterion. Carbon concen-
trations range from}appreximatély 0,07 to 0,9 weight
peréenta Thexhigher values provide anlébundanée of
oafbon‘for carbide strengthening, but large ooﬁcentra»
tions of carbides may adversely affect thermal cpndu¢t1~
vity and promote brittleneéso To provide the necessary
strength in those alloys with low amounts‘of carbon it

i8 necessary to add sufficient amounts of refractory
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metals and/br“elements which can precipitate as inter-

metallic compounds,

2,1.2 Solid-Solution Strengthening

~Some degree of solid-solution strengthening

1s provided by any element not tied up in secondary
phases, In this respect certain eleﬁents are much more
effective than others. The most effectlive and widely
used are the highfmelting refractory metals,“tantalum,
tungsten, columbium, mélybdenum and chromium., In addi;
tion ﬁo thelir high meltihg points, the 1arg§ atomlc size
difference of these elements also contributes to the
strengthening‘effeot (Nisbet and Hibbard, 1953).

Habraken and Coutsouradis (1965) recently com-
pleted a mofe fundamental invéstigation of solidf
solution stremgthéning effectﬁ in o@balﬁubase alloys
utiiiéing transmission electron microscopy. Iﬁ parti-
culéry they studied theoinfluence of alloying elements
on Stackingmfault energies and on the associated paftial
dislocation sepérationso Whereas in purevcobalt the
stacking-fault energy was approximately 20 ergs/cmg,
in a Go~éTGP—QOFe alloy it was about 5 ergs/bmg and the
observed parﬁial dislocation separation ﬁas greater,

A still wider separation was observed in a stronger



GQ;QOGP515W—1ON1 alloy. The authors concluded that the
Suzuki mechan?sm was quite important in the hardening of
cobalt alloys.

While solid-solution strengthening,is,a necessary
factor in superalloys, no current alloys depend solely
upon it for good elevated temperaturé properties. The
most important strengthening mechanism in current alloys
is The precipitation of refractory carbides which results
fromwtheir decreasing solubility with decreasing tempera;
“ture, Hardening may also be achieved through precipi-
tation of intermetallic compounds; however, this method
hag not been extensively utilized to date, These harden-

ing mechanisms will now be discussed in detail.

2,2 Carbide Precipitation Systems

Carbides are present in superalloys in many
distributions and in several crystallographic forms,
From the distribution standpoint, 1t is possible to
distinguish between the carbides which form during
solidification from the melt and those which are sub-
Séquéhtly préoipitated during aging treatments, TheA
former include the MC, MC, MyCo and Cr,C;. Those': .
whiieh are usuailywpre@ipitabed are primarily'M2306‘and

M6C2° The effect which any carbide dispersion will have



on strength dépendg upon the size of_the pa?ticles and
their‘distributiono ‘Thusy the‘ca?bide netwgfks formed

during solidification are often not as effective as

those foymed by subsequent solution treatment and preci-

pitation,

Titanium, zirconium, columblum and tantalum are
among the strongest of the MC carbide formers (Wagner |
and Hall, 1962), These carbides are quite stablegAgave
high melting.points, and resist going into solution,

In general, where there is an excess amount of the MC
carbide-forming element over the amount necessary to tie
up all the carbon, the MC carbide will be fqund almost
to the exclusion of the other cérbide forms, This was
clearly shown in Weeton's and Signorelli's (1955)‘inves;
tigation of S-816 where ‘the high columbium content
allowed formation of GbC and effectively suppressed
formation of QrTGB and M6G while greatly limiting the
amount of M23G6 present, _

" The MC carbides are not generally involved in
precipitation systems; however, the solublility in cobalt

of WC and CbC is 22 and 5 percent respectively, at

22

2280° F (Fritzlen, et al,, 1959). The possibility exists,

then, that these carbides could be precipitated after a

solution treatment. However, Lane and Grant (1952), in
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an investigation oer5155,7whioh contained}@@ree#gnd'
Qne;half times as much tungsten.as qolumbium,.found”m -
no WC but a great deal of CbC and suggested @hat tgngsten
does not form its own carbide lattice, but instead,
substitutes in the M6G and CbC structures. In that
same*étudy no MOQG or WQG were reported in any of the
various cobalt alloys investigated. This.aecogntrsomea;
what agrees with the findings. of Rosenbaum (1948) who
listed various carbide formers in ofqer of decréasing‘
effectiveness - Ti, Cb, W, Mo and Cr. The large amount
of chromium in all the abeve alloys results in this
element being a major constituent in M6G and M23G6 even
though the more active carbilde-forming elements are
pregsent. Unfortunately, for comparison purposes, tanta-
lum and zirconium were not present in theAalloys investi-~
gated by Rosenbaum., These elements rank with titanium
as the most powerful carbide formers., An indication of
their stablility is given by their melting points shown
in Table 1. The values range from 7010O BF for TaC down
to 2800° F for M23G6° The relative stability of the‘MC
carbides over the others, however, does not imply that
these are stoichilometrically perfect compounds. A good
example of this is in Wasballoy,im which the primary

carbide is not pure TiC, but (Ti,Mo)C (Radavich and



Pennington, 1961)_o Presumably, bhis.subgtitutiqnuis
prevalent in all carbides found in similar alloys.

Tantalum carbide with a maximum solubility of
3 percent in cobalt at 2280° F is unlikely to partigif
pate in useful precipitation reactions. It 1s usually
found in the as-cast material and its distribution is
little changed by soiution treatment.

The general trend suggested by the above beha-
vior is that hardening by carbide precipitation usuall?
hesults from the M2306 and M6C rather than the MC type,
This condition requires a close balance in chemistry
between the amounts of carbon and carbide formefso' A
large excess of, the strong carbide formers can tie up
all the carbon and prevent its pérticipatién in _
effective precipitation, ‘Fortunatelyg it appears that,
for columbium at least, this}elemeﬁt must exist in a
quantity appréciably above.that théoretically required
in order tovcombine with all the carbon in tﬁe alloy
(Rosenbaum, 1948),  This condition may also apply to
tantalum, | |

Finally, nitrogen in the superalloys acts quite

similarly to carbon and its. presence can be considered

as an increase in the carbon content, 1In the presence

of the strong carbide formers mentioned previously, this

2h
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behavior results in the formation of nitrides and

carbonitrides, instead of the pure carbides,

2,3 Intermetallic Compound Precilpitation Systems

Althdugh of academié importance, the use of
intermetallic compound precipitation hardening has‘nqt
been utilized extensively in cobalt-base superalloyso_ 
[The hardening of these alloys, to date, has relied upon.
carbide strengthening. This procedure is in contrast |
to the nickel-base systems in which NiAl, NiJTi, or
NiB(Al,Ti) are primary hardeners in many alloys.

- Fritzlen, et al. (1959) listed aluminum, colum-
bium, tantalum and titanium as elements which oan_form»
intermetallic precipitates in cobalt alloys. 1Tungsten,
molybdenumg chromium and vanadium were aléo listed as
possible intermétallic gompound formers. Unfortunately,
very little work other than investigation of the binary
and some ternary alloys of these eiements with cobalt
has been accomplished. A sﬁmmary of this information
follows.

Tantalum and columbium have quite similar phase
diagrams with cobalt (Morfal, 1958). These show ohly a
2 percent decrease in solubility with deoreasing tem-

perature. Nevertheless, for dilute alloys of from 3 to



12 percent columbium or tantalum, appreciable hardness
increases are found in the 1250”to 1500? P aging tg@;A
perature range (Fritzlen, et al., 1959). In'tantalum,
this hardness increase is associaﬁed with the precipi-
tation of’ Go3Ta; whereas in columbium GOECb is suggesﬁedo
In commercial alloys nelther tantalum nor columbium are
available in sufficient amounts to form intermetallies°
Theéeyéiéments are tied up as carbides or nitrides or
are in solid solution.

Titanium, on the bagis of its use in nicke1~base
alloys, has been considergd a prime candidate for harden-
ing in the cobalt systems, The phase diagram shows a
deéréasé in solubility from a maximﬁm of 11 percent at
2080° F to 7 percent at hOQ? F., PFountain and Forgeng
(1959) confirmed the presence of GoeTi in aged titanium-
cobalt alloys containing 3 to 30 percent titanium. In
addition, a new fce strﬁoture.was found which has since
been ldentified as.G‘o3’I:‘i° ,Ti(G?N) phases'will form
preferentially to‘thelintermeﬁallic compounds, however,
and this suggests severe problems‘in using titanium as
an intermetallic precipitate,

The solubilities of molybdenum and tungsften in
cobalt are quite extensive.  Molybdenum has a solubllity

l

of 21 percent at 1860° F which decreases to 2 percent at
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400° F,.while the solubility of tungsten is 32 percent |
at 2010° F and deoreéses to 3 pergent,ét 6500_F° Sykes -
and Graff (1935) obtained a maximum aged hardness of
Rockwell C-63 for a cobalt-15 percent molybdenum alloy.
The precipitate contained approximately 22 atomic per;
cent molybdenum; however, no crystal structure was
determined., Whatever the precipitate, overaging occurred
at a relatively low temperature since at 1290O F-the
maximum hardness had passed after 5 hours,
~In the tungsten system, Sykes (1933) found the
15-20 percent tungsten additions most effecéive on a
per atom basis, but obtained a maximum hardness of Rockwell
C-65 with a 35 percent tungsten alloy, As to the effect
of overaging, the hardness was described as unhusuvally -
'persistenb at temperatures as high as 1290O B to 1380o F.
According to the phése diagram, aluminum should-

be useful as the basis for a precipitant in cobalt. The
golubility ranges from 8 percent at 2550O F to almost

zero at 200° F, Wheaton (1965) staﬁes that although use-
ful as an element to promote oxidation resistance, aluminuﬁ
has a deleterious effect on creep-rupture strength, How-
ever, since AR-213 contains 5 percent aluminum, it wiil be
of interest to consider the intermetallic-compound

hardening possible with this element. In alloys containing

ol
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up to 34 percent aluminum, the precipitate is CoAl.
position of CoAl 1s quite variable since the phase may
contain from approximately 43 to 52 atomic percent_co;
palt at 400° Eo For this Peasqn;‘its lattice parameter
ranges from 208505 to 2ﬁ8565 A, | o

Ffitzlen, et al, (1959) show data on~the“ag;ng'
Jbghavicr of’ coﬁaltwaluminum binary alloys contaiéing
Moé‘to 15 percent aluminum, The maximum aged hardnesses
were bbtained by aging at lllOo_F for the highQalumiagg
allojs and agiﬁg at‘IATOO vaor the low élﬁﬁinumfalloyo
Above those te&peraﬁures; overaglng and a prbnéunced
.softening occurred indicating that perhaps CoAl may not
be too useful as a hardening agenﬁ abbve 1400° F for a
5 percent aluminum oompositioh° Of course, this behavior
of CoAl in the binary alloy can be expected to change'
somewhat in an alloy of commercial composition. Indeed,
all of the data obtained on binaries serve only as a
gulde toward predicting ooﬁposition relationships for

useful alloys,



III. OBJECTIVES

The objectives of this investigation of an

experimental oobaitwbasekalloy, AR-213, were essentially

threefold and consisted of:

a,

The determination of the heat treatment
response of the alloy over a range of
solufion and aging temperatures and time§o
The determination ofjthe actual hardening

mechanism in the alloy through study of

~any observed precipitate dispersion as a

function of heat treatment,
The determination, where possible, of the

actual composition of the various phases

existihg in the alloy.
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FF; FEXPERIMENTAL PROCEDURE

h,1 - Procedural Summary

o

The,expepimental work consisted of three inter-
dependent phases. In Phase I, the spéeimens were prg; -
pared from a casting and then solution treated and aged.
Hardness éeadings were obtained for various treatmén@s
and then used to seléct‘the "optimum" heat treatment.
Phase II consisted of an extensive obtipal and electron
microscopy study in which the hardeniné meéhanism was
détermined; An x-ray evaluation wag then undertaken in
Phase III to determine the exact nature of thé phases

present in the alloy.

h,2 Preparation and Heat Treatment of Specimens

» The as-cast AR-213 was supplied as cut bars
approximateiy 0.8" x 0,8" x 3" long, These were obtained
from the gate of a casting which haa béen used to furnish
multiple cast tensile specimens, The chemical analysis

was as follows, in weight percent: 1
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Cr - 20.3 Zf‘;' 0,34
Al . 4.8 ¥n - 0.3
Wo- k5 - Si- 0,28
Ta - 2?3 ¢ - 0.12
Fe - 0.6 Co - balance

| A total of 414 specimens approximatelyyooﬂ” X
0.4" x 0,25" were prepared from the cast stock, utiliz%v
ing an alumina cﬁtw?ff wheel with a high flow of éooling
fluid; Great care was exercised in cutting to insure
that the specimen temperatures remained as low as
possible in order té preclude any extraneous aging
effects,

The specimens were then divided into 18 groups,
placed in steel boats, and solution heat treated accord¥
ing to the schedule shown in Table II, All heat ftreating
was done in a Despatch tube furnace in air atmosphere,
This furnace was capable of holding a 12-inch constant
temperature zone and the temperature was readily main-
talned withinvi_7o F of the desired value. Upon com-
pletioh of heat treatment, the specimens were removed
" from the furnace and emptied out in front of a fan for
rapid air cooling. Thfee specimens were then selected
at random from é;ch condition and five Rockwell QCQ

hardness readings were taken on each, The average of
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these 15 readings was designated as the seluﬁion~
treated hardness and 1s shown in Table II.

Follewing solution treatmept, eaeh speeimen
was stamped with a letter indicating_its ﬁarticu;ar
treatmentkto preserve its ddentity through the subse;
quent aging treatments; The aging cycles-oomprised'
an 18 x 24 matrix as shown in Table IiI° In:eseenceg
each solution treatment was represented in one of»the
24 different aging conditions. The large numberuof
specimens involved precluded duplicate specimens,
Following aging, five hafdnese‘readings were taken on
each specimen. In all cases the specimen surfaces were
hand ground to 600 grit paper smoothhess pfior torthe
hardness measurements. The complete hardness results

of the aging treatments are shown in Table III and

Figs. 1 through 8,

4,3 Optical and Electron Microscopy

Upon completion of the hardness data, the micro-
scopy phase was initiated., Eight specimens were selected
from the group which had been solution treated at 2200° F
for 8 hours, including the as-cast, the as- cast plus
solution treated, and the six aged specimens correspond-

ing to aging at 1200, 1400, 1600, 1700,‘1800 and 1900° F
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for 32 hours. The basis for se;ection of this particu;
lar set'Will be discussed later,

The specimens were prepared for”micrqscqpyras
described in Appendix C., The optical mieroscopy was
done at,iOO X and 700 X magnification on a Leitz metallo;
graph, The electron microscopy was performed on an
Hitaqhi HS-7 microscope with the photogréphs, shown in
Figs, 9 through 48, being taken at 5000 X and 103000 X
ﬁagnificationg The interpretation of these photographs
is discussed in the next sectlon,

In conjunction with the microscopy phase, a
limited amount of work was done using a microprobe
analyzer. From a procedural standpoint, the only Variaé
tion necessary was to remount the specimens in a oon;

ducting resin in place of the lucite mounts,

L. 4 X-Ray Diffraction

Attempts were made tp identify the various
phases in the alloy by means of x-ray diffraction using
a.General Electric XRD-5 diffraction unit. This inves-
tigation took several forms in an attempt to identify
all the significant phases, Three techniques were
attempted: diffraction from extracted residues, dif-

fraction from powders of the bulk specimens, and
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diffraetiog from the bulk specimens themsg;yes?-_dhrgmigm”
Padiation was_employed in all_cases to_avoid fluoreécenceo
. The extraction technique for carbides was patbernedi
after that of Lane and Grant (1952). This was an electro;
1ytic separation using a. pure tantélum cathode with the
alloy speeimen ags anode. The electfoiyﬁe was a bath
containing equal volumes of: “

a. A solution of 25% phosphoric acid, and

b, A solution of 25% sulphuric acid with 5%

tartaric acid, '
An applied voltage of 2 volts and a curren@ of 2 amps
wds Quite sufficientkto\dissolve the alloy, A magnetic
stirrer at the. bottom of the cell.greatiy éccelerated
decompbsitidn bf the specimen so that a time. of four
hours yielded an abundance of residue. This résidue
was then agitated in the eléctroiyté and allowed tb set -
for va}ious time intervals, The relatively large, heavy
particles seﬁtled rapidly and were left as a residﬁe
when the liquid was poured off in one or two minutes.,
This residue was then pladed on a glass slide for x-ray
analysis. This procedufe simultaneously extraéted
the precipiﬁated phaée»and the minbr phase in the matrix,
| Fér the powder speclmens, filingszePe ground

from the samples and screened to obtain the fraction

+
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1ess'than 300 mesh, This fine powder fragtion'wgs
vacuum seéled in a pyrex tube and stress pelieved at_
7500 F for one‘houro It was then gpread onia vaseline
coated glass slide for diffraction,

The bulk diffraction specimens simply were
ground flat on 600 grit paper and were then ready for
analysis, | |

~ For fluorescent analysis of the residue, a
platinum tube was-employed with a LiF crystal. This
alloﬁed detectilon df elements down to chromium,

The x-ray data are tabulated in Appendix E,;



V. RESULTS AND DISCUSSION

5.1  Heat Treatment Phage

The work in this phase was directed toward
determining an optimum solution treatment for AR5213?
and then evaluating the aging responses corresponding
to this solution treatment., From an engineéring
.standpoint, however, 1t was desirable alSonto deter-
miné'ﬁhe heat treatment response of the alloy over a
wide range of solution and aging temperatures and Times,
The purpose of this overall procedure was to detect any
incongruous behavior which might occur over the tempera;
ture range. The heat treating parameters are shown in
Table IIT, Solution temperatures extended from 1800° F
to 22500'F and aging temperatures from 12000 F to |
1900° F, | |

It is evident from Table II that solution tem-
peraturéé below 2200° F were, in effect, aging treat¥
ments for the as~cast alloy as noted by the hardness
increases over that of the as-cast structure, In fact,
the as-cast hardness of RG 25.7 was not quite reached
even after 8 hours at this temperatﬁreo A marked

softening did occur at 2250° F; however, at this

36



37
temperatupe molten oxlde formed on the surface of the
specimens., In addition, danger from incipient.mel?ing
was present at 2250O F; particularly if any appreciable
temperature gradients'exisﬁed in the furnacéo- From
the practical standpoint, therefore, the 2200° F - 8
hour solution treatment was selected as "optimum" and
thus subjected to a more extensive evaluation. It is
to be noted, however, ﬁhat the highest aged hardness
obtained in the study, R 47 1, was the result of a
1400 F aging of a specimen solutlon treated at 2250 F,
Nevertheless, all work conducted in subsgquent phases
was given the 2200° F solution treatment.,

From the large amount of hardness data tabulated
in Table III, only selected portions were plobtted in |
Figs, 1'through 8., The criterion used to fit the curves
té the data polnts was that of obtaining a smooth curve,
In several instances this resulted 1in a curve not pass-
ing through a data point. However, since single speci-
mens were used and since composition can vary fairly
wldely in a casting, it was felt that small hardness
differences were not necessarily meaningful,

Figure 1 shows the effect of solution time and
temperature upon hardness, 'Theré is a conéistent,

though small, decrease in hardness for longer solution
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times, There 1s no reason to assume that still longer |
ﬁimes‘woﬁld not further soften the alloy; however, from
@be engineering standpgintg such,longer4times pquaply
would not be practical. ’Figufeé_z through 7 show the
effect of aging upon the alloy sglution treated at |
temperatures of 1800° to 2250O F, Analysis of these
cuPVes determined the selection of 2200° F as the optimum
solution temperature as discussed previously. Aé»can_be
seen (Figs. 2 through 5), temperatures below 2200° served
ionly to age the as-cast structuréo i

Figure 6 provided the basis for selecting the
specimens to be utilized in the microscopy and x-ray
portions of the investigation. The six specimens com-
prising the 32-hour aging curvevwere'those which were
subsequently studied in those two phases., Figure 6
sh@ws‘the expected result, namely, that as the aging
time is increased, the peak hardness occurs at a lower
and lower temperature. ih retrogpect;, it would have
been desirable to have examined the 1300° and 1500° F
aging temperatures to pinpoint the peak hardnesses more
accurately.

Figure 8 is simply a cross-plot of Fig. 6,
presenting the data in;éhe.oonventional hardness vs‘

aging time relationship. Several features deserve
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comment. The overaging phenomengn o?servgq_atwlgoqogr
although small, is a Peal>effgoto No attémptrwa§_ﬁé@g
tQ explore it furthef sigée it appeared_to haverlittle_
engiﬁeering significance, TherluoOo curve continues to
rige sharply at 32 hours and could be expectedrtc
apprpaqh the RC 45-47 range in hardness at some ICnger
time., Aging temperatures of 1600° to 1900° F all pPGQ
moted overaging éffects’prior to 32 hours, with évef% 
aging occurring at 19060 F in less than 4 hours.

The reasons for the observed responses to heat
treatment will be covered next ié the discussion of the

® u ’ .
microscopy phase,

5.2 Microscopy Phase

5.2,1 Optical Microscopy

The purpose of this phase was to correlate
the heat treatment Pespohses with microstructures in
order ﬁo determine The hafdenihg mechanism in the alloy.
In most cases the caption associated with the micro-
structure_of each of the figures froﬁ.9 throﬁgh 48 is
sufficient to explain it., First, however, a familiarity
with the identity of the phases which a?pear in the
microétructures is necessary. Figures 9'and 10 are

good representative structures and can be used to



describe»the appearance of tpe phases observable in
the various photomicrographs. o )

The dark grey phase of Fig, 9 is primary CoAl
in a cobalt—ridh solid solution., The stringer=1ike
phase 1s a cgrbonitride with a probable composition of
(Ta,zr){C,N). Figure 10 shows the only other phase of
interést - the general precipitété in the.matrixou This
phase will be called secondary CoAl so that the two CoAl
phages Will not be confused, The two triéngular inclu-
sions at the upper-center in this picture should also
be noted. ILund and Wagner (1962), in a report on
constituents in superalloys, réported that nitrides
high in carbon often have a black dot in their centers,
This photomicrograph supports the premise of a carboni;
tride in the AR-213 ailoy; |

éhe basis for calling the dark phase CoAl is
three-fold, First, the cobalt-aluminum phase dlagram-
predicts this phase due to the lack of any appreciable
solubility of aluminum in cobalt (see Section 2,3).
Seoohdly, research by W. J., Boesch, unpublished, but
reportedAby Fritzlen, et al. (1959), shows the micro-
structure of a 92 percent cobalt - 87percent aluminum
alloy which is very similar in many respects to aged

AR-213. Finally, x-ray data in the present study
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coﬁfirms_the presence of the QoAl structﬁre,' This
finding will be dis¢ussed in more detail later.

With the above;described_phase identifigatiqns
as a basis, the full set of photomicrographs may now be
analyzed, As statgd previously, all the microscopy
wérk shown in Figs. 9 through 48 was performed on specimn
mens which were solution treated at 2200° F for 32 hours.
The sequence of pictures is presented in a definite
order to best show thé aging characteristics of the
alloy, Figures 11 through 26 show the change in”stfucf
tufe from the as-cast through the aged condition., Each
optical photomicrograph at 100 and 700 X corresponds tb
a given heat treatment.

The cast structure of AR-213 (Figs. 11 and 12)
is typically cored with the primary CoAl being quite “
angular, A marked increase in homogeneity can be seen
in Fig. 13 for the solution treated condition, The
carbonitride phase is now clearly accentuated, Some
smaller particles of CoAl are now present iﬁ the matrix
in Fig. 14;: however, these are the result of a Pédis~
ﬁributiong not a precipitabion'of this phase,

Figures 15 and 16 represent the lowest aging
temperature - 1200° F. The matrix is still quitg clean
and, in fact, shows almost no difference from the solu-

 tion treated condition,
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H@ih. < While Filg. 17. shows n@*@hange~in'mierﬁstruoture due
to the higher 1400° F aglng, F1g°_18 shows the flrst
1ndlcatlon of the general matrlx pr601p1tatlon whlch )
is a35901ated w1th the maximum hardness for th;s__f
series, The ﬁreeipitaﬁe is GQAl which is beginning
to come out of solid solution,

Figures 19 through 26 show the overaglng effects
of the higher temperatures. Not only is overaging
occurring at these higher temperatures, but in Figo 22
it can be seen that the primary CoAl is beginning to
change morphology,‘ By analogy to the aforementioned
work by Boesch, this change is associated with the
"precipitation" of cobalt solid solution in the CoAl
phase, Figure 26 shows this effect even more clearly,
along with denuded zones adjacent to the CoAl,

| Finally, Fig., 27 shows é stringerglike phase
which was observed in the solutiothreated'oonditiono
A microprobe analysis of ﬁhié phase showed that it
 contained a mucﬁ higher percen@gge of tantalum than
did the adjacent matrix., Ifs ﬁrobable composition 1is,
therefore, TaC. Under the optical microscope, this
phase abpeared white, whereas the carbonitride previously

mentioned had a duite distinctive pink'colorg
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5.2,2 Electron Microscopy

1

The pictures in this sefies afe‘arranged
in the same sequence as were those in the-preceding
sectlon, No attempt will be made here to disduss éach
photogfaph since the captions are self-explanatory,.

In most cases, correspondenoe with”the.associated opti-
cal microscopy can readlly be made.

In the as-cast structure one point worthy of
mention is the high degree of homogeneity of the‘CoAl
phase as seen in Figs, 29 and 30. Figure 30 shows
véry nicely the typical arrangement of the constituent
phéses in the alloy. The carbonitride phase at the
left generally férméd between the matrix and the primary
CoAl,

'The solution-annealed series (Figs. 31 through
33) all show primary CoAl in a matrix free from general
precipitation, No general precipitate is yebAVisible
in Figs, 3L or 35, which were taken of the 1200° F
aged specimen; however, in Figo 35, the first indication
is present of the break-up df}the CoAl., This trend is
even clearer in Figs. 36 through 39 which show "decom-
position" of this phase at 1400° P, TFigure 38 should’
be compared with Fig. 18 to get an appreciation of ﬁhe

distribution of the hardening precipitate, A definite
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Widmanstatten pattern is evident in the initial preci-
pitation, Unfortunately, no specimens were heat o
treated between 1200° and 1400 F so that this plcture
represents the flrst detection of the partic;esa
The overaging of ﬁhe precipitates can be seen .

in Figs. 42 and M3,xshowing a specimen aged at 1700° F,
Continuous precipibgtion of ColAl along the same cryétal;
lographic planes‘haslformed rod=1ike bérticles of fthe
phase, many of whilch have coalesced. Simultaheous
with this precipitate growth is the general break-up
of the COAl phase shown in Fig. UL, This is striking
evidence of what Boesch termed ﬁprecipitation of solid
solution within the CoAl phasé”°

N Figures 45 through 48 show overaging of the

precipitates and further break-up of the primary CoAl,

5.3 X-Ray Phase

t

The purpose of this phase of work was to deter-
mine the exadt néture of the'metallqgraphic phases
present, From the microscopy work which had‘just been
completed, four such phases needed to be identifi§d°
These were:

T8, The matrix

b, The primary phase in the matrix
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Co The precipitate in phe matrix

d, The pink inclugionsa__

The matfix was obViously cobalt solid solution
but determination of the other phases required identi;
fication by xmréy diffraction. Using pfocedureé
described in Section 4.4, a residue of extracted
material was obtained and énalyzéd by diffraction.,
Typical results are shown,ih Table IV, Based upon
the chemistry of the alloy, TaC and perhaps smaller
amounts of M2366 or M6C were expected., Instead, the
prime constituents identified wéré a face-centered
cubic structure having a, = 4,56 K and a simple cubic
étfﬁoture with a = 2,88 Ko The first of these corres-
ponded exactly to ZrN (NaCl -structure) as seen in
Table IV, Matching of the first six 1ines'for this
compound verified its presence. Further, since the
melting procedure for this alloy involved an air melt,
and since ZrN is the most stable nitride formed from
the metals present, the procedural history also points
to ZrN as the identity of this compound., Remaining to
be determined at this stage was the disposition of the
carbon in the alloy. Since tantalum wag present and
is known to be a powerful carbide former, it was expected
that the carbon would be found combined in the form of

TaC,



Since the.diffraction data did not clear up
the ldentification of the hard phase, an x-ray fluor;
'QS@Eﬁtfanalysis was perfqrmed;on the same extraeted -
particles. The results of tThis are shown in Table V,
As can be seen, the extractions contained a much
higher percentage of zirconium and tantalum than did
the matrix, Iﬁ seemed possible, therefore, that the N
inclusions were a compound based upon'Ta, ZP,‘C and N,
The structure and parameters of the possible carbides

and nitrides involved are:

TaN hep -—--
Tal fee a, = h{456
ZrN fee a, = 4,56
ZrC fce a, = 4,696

Although ZrN and ZrC are known to form a con-
tinuous series of solid solutions, TaN and TaC dd~not
form a single stable solid solution (Samsonov and
Umanskiy, 1962). |

In view of the above information Ta(C,N) does
not exist‘as a single phése° Since, Witﬁ the eiception
of a few isolated white carbideAstringérs, only one
hard phasé wag observed, this single pink phasé must
contain both the zirconium and tantalum and is présumed

to be of the form (Ta,Zr)(C,N);

L6
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The only other ildentifiable x-ray pattern
obtgined'from the residues corresponded to CoAl (Tgb;g _
IV). The identification of this compound”beqame:possible
oniy after investigators at AlResearch produgéd pﬁre_
CoAl and obtained a diffraction scan from it. The infor-
mation'obﬁained suggests that the ASTM card file for CoAl
is idcompleﬁe, The pattern actually obtained for CGoAl
is of the CsCl type, indicating that the CoAl phase is
ordered. Thils fact is also indicated by the presence of
thé (100) reflection., Since this compound exists through-
out the matrix at all times, its presence as the pyeoi—
pitate phase cannot be directly confirmed by X;Payo
However, on the basis of microscopy and because no new
phases wefe present in the x-ray diffraction patterns
for the aged alloy, it seems reasongble to conclude that
the ?recipitate observed is CoAl, -

The diffraction data obtained from the powdered
alloy were of no value in the investigation. Thetgnly
lines obtained were those presumably assoclated with
the solid-solution matrix phase. Neither the carboni-
tride nor CoAl peaks were presént°

Diffractién from the surface of the bulk specimen
was lmpossible due to the large grain size of the cast

material,
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5.4 Suggestions for Additional Work

“Three prime areas of”this investigation warrant

further study in more detall.

=

Co

It is believed that direct aging of the
as-cast structure would resﬁit in hardnesses

comparable to those obtained by solution‘m

treating and aging. This could be readily

determined,
The longest aging‘time employed in this

work was 32 hours. The phase morphology

" and stability should be determined after

100 and 1000 hour exposures at temperatures
t6 1900° 7,

The exact nature of CoAl precipitation in

a cobalf matrix should be examinéd, pre-~
fefably using transmission electron micro-
scopy techniques., This study should

concentrate on the 1200° - 1400° F range.



VI, CONCLUSIONS

1. AR-213 is a precipitation-hardenable eobalté
base superalloy which requires a minimgm temperature of
EQOOQvF to obtain complete solutioning.

2, The precipitate phase i§ CoAl which allows
for a maximum aged hardnéss of Ry 47, The CoAl ppeci;
pitate.qveragesvratherlrapidly at temperatures above
1600° F.

3. An excessive amount of a hard phase iden;
tified as (Ta,Zr)(C,N) was present in the alloy ihdicating
that excessive amounts of zirconium and/br ﬁitrogen were
present, Other than in isolated stringers, no distinctA
carbide phase was found,

b, The hardening effect in the alloy was,
therefore, assoclated completely with the precipitation

of C’oAio
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TABLE T

Heats of Formation and Melting Points for

Carbides and Nitrides

Compound M,P,OFa -AH Kca;/molb
Tac | 7010 + 300 38,5
cBe 6330 % 30 33.7
71 5490 - 6460 4,1
TiC 5480 - 5880 43.9
We 4710 - 5220 9.1
Mo ,C 4870 + L0 - b2

CrgCy 3430 210
Cr,C 31§? J_r_90‘. 42,5
Cr 5306 (C)C) - 2800 + 30 16. 4
A1N hos0 - 76.5
Tal 5230 - 5590 59,0
TN 5340 4 50- 80,4
ZrN 5400 + 50 87.3

a., Hague, et al, (1963)
b, Metals Reference Book (1962)
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TABLE IT

Hardness of Solutlon Treated AR-213 Alloy

Temperature
°p

1800
1800
1800
1900
1900
1900
2000,
2000
2000
2100
2100
2100
2200
2200
2200
2250
2250
2250

Note:

Time
hr,

WENMOEDOELD®ED OEND S

As-Cast Hardness was 25,7

Hardness

R

40.5
39.7
38.9
37.6°
37.5
36.9
34,4
34.0

32,1
31,2
31.3
30.6
27.1
26,1
26,3
25,2
2,5
23,2
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Temperature

( Time
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33.
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Hardness of Aged AR-213 Alloy
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Aging Treiatments

1400°

31.9
30.5
30.7

TABLE III
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TABLE IV

X-Ray lefractlon Data for Extracted Particles

Lattloe plane Relaclve Probable' Millér
Spaolng (A) : Intenéityb ' Sﬁrudﬁure Indices
Observed Calqulatedc I o hkl
2.90 2,85 o7 ' CoAl ' (100)
2,64 2,64 100 7N (111)
2,28 2,28 88 ZrN (200)
2,23 : ' 14 Unknown ——
2,04 2,02 88 ~ CoAl (110)
Ta61 © 1,61 BT . ZrN ~ (220)
1.43 21 CoAl ~(200)
1.38 62 71N ©(311)
1.32° | 29 71N (222)

1517 : 59 CoAl (211)

a, gxtractlons obtained from AR-213 solution treated at 2200° for
hours,

b.  Based on a value of 100 for the highest peak

Co, Based upon ASTM card file for ZrN and upon AlResearch 1aboratory
data for CoAl,

L5



TABLE V

. X-Ray Fluorescent Aﬁalysis of Extracted Partiglesa'

X~-Ray Line b
Element Degignation Intensity
: Matrix Yo ~ Extractions
Zr KA1 3 | 5
W LAl 6 6
Co KA 200 90
Fe KA 9 1
Cr KA 26 ' ‘ ' 6
&,  Extractions obtained from AR-213 solution treated at 2200° F
for 8 hours,
b. Inbensity units simply represent the peak heights as

recorded on the chart paper.
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Optical Metallography

Qo

The specimens were mounted in lucite or
bakeliﬁe and ground on 80 through 600 grit

papers,

Initial polishing was done on a felt wheel

using Linde "A" alumina. -

Final polishing was accomplished on a
vibratory polisher employing a slurry of
Linde "B" alumina,:_A ﬁblishingvtiﬁe of
2rto L hours was employed, with longer
times accentuating the relief beﬁwéen the
hard phase and the softer matrix,

The specimens were etched for 10 to 20

seconds in a solution composed of 40 percent

H 0, 30 percent conc, HCL, and 30 percent
of a 3% H,0, solution, The HC1 was added
to the H202 and allowed to stand for 15

minutes prior to adding the water,

- Electron Micrdsoopy

69

8o Steps a through d above were repeated except
that the etching time was reduced to 7 fo 10

seconds.



C.

70
The specimen surface was thenrclganed ‘
twice byvbrushing a solution of cellulose
acetate over. the sﬁrface and then press;
ing a cellulose acetate tape on the sur-

face, The tape was stripped off when

dry and discapdedu

The replica was initiated by placing

several drops of a solution of polystyrene

'diSSOlved in ethylene dichloride on the

cleaned surface. The polystyrene film

/

was allowed to dry at least 15 hours prior

- to being stripped off., Two precautigns

necessitated -this long drying period,
First, this solution dissolved a 1uci€e
ﬁount but not a bakelite one, énd second,
if a too viscous‘polystyfene soluﬁion was
used "pulls" bécurred when the polystyrene

was stripped which led to artifacts in the

- Tinal replica,

3

. The polystyrene £ilm was then inverted,

placed in a Mikess vacuym:evaperabon;.
and shadowed first with platinum-palladium
at ahﬁ5o angle and then carbon at a 90°

1

angle. Prior to the evaporation it was



imperative to allow the polystyrene film
to recover from thevstretching it
recelved during the stripping from the
surface, Unless allowance for”this”
stretching was made, the shadowed repliqg
crazed during the next cutting operation,

A 12-hour interval between stripping and

shadowling was sufficient to prevent the

crazing.

The shadowed replica was then cut into
squares and piaced, carbon side up, on
the 400 mesh copper‘grids used to hold
the replica in the Hitachi microécopeo
The grids: were then placed on a screen
which Just tbuched the surface of an
ethylene dichloride bath, This solution
dissolvédzthe polystyrene away from the
underside of the carbon and left the
shadowed carbon replica 1lying on the grid

T
ready for viewing in the microscope.
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»The optical gnd eleq@rqn microsogpy photographs
represent a serles consisting of as-cast, as-cast plus
solutioﬁ trééted5 a@d as-cast plus solution tyeated
- plus aged speéimens° All aged specimené recéivgd_tpe
”optimum” solution treatment of 2200° F for 8 hours.
A1l agingﬁ were for 32 hours at the temperatures
indicated, | -

) Each specimen was etched with a solution of
i%e) percént'HEO, 36 percent cogéentrated HC1 and 30
percent of a 3% H,0, solution, -

The oﬁtioal microscopy %Figs;.9 throﬁéh 27)
was done at 100 and 700 X and the pictures are printed
at the original~m@gnification, The electron microscopy
phbtographs (Figs. 28 through 48) were téken at either
5000 or 10,000 X and were magnified 1,8 times for

reproduction,
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Figure O, AR-213 Aged at 1200° F (unetched)
‘ TOO X .

This unetohed specimen shows the typlcal location

of the carbonitride phage at the interface of the

matrix and primary CoAl,

Figure 10, AR-213 Aged at 1800° F (unetched)
700 X

Note the black dot in the center of the trlangu~
lar carbonitride phase. This dot is characteristic
of nitrides high in. carbon content, This phase

is actually a dlstlnctlve plnk ' L



Figure 10
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Figure 11, As-Cast AR-213
o 100 X

Typical cored eastlng show1ng prlmary CoAl in
matrix,

Figure 12, As-Cast AR-213
T 700 X

Same structure as above show1ng prlmary GoAl in
a quite olean matrle

Hardnesgs - R 25, T

’



Figure 12
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Figure 13, Solution Treated AR-213

100 X
The carbonitride S@Pingérs are much more evident
after solution treating., Otherwise, ThHere is not
much change from the as-cast condition.

Figure 14, Solution Treated AR-213
700 X

Same structure as above showing primary CoAl,

Hardness - RO 26,3



Figure 14
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Figure 15, AR-213 Aged at 1200° F
100 X

No change in mlcrostructure from the solutlon
treated condition,

Figore 16, AR-213 Aged at 1200° F
- 7000 X

The morphology of the primary CoAl has not yet
changed, Note that at this agifig temperature
no precipitate has ye{ appeared. This corres-
ponds to the absence of any signlficant hardness
increase for thls aglng temperatureo

Hardness - B 28.0



Figure 15

Figure 16
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Figure 17. AR-213 Aged at 1400 F
100 X

The appearance of the matrix at this magnifida~
tion shows Just a slight general darkening.,

Figure 18, AR-213 Aged at 1&00 P
- 700, X :

At this higher magnification a very fine general
précipitate is evident. The precipitate is
secondary’ CoAl, This microgtructure corresponds
to the maximum aged hardnesso

Hardness - RG 40,9
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Figure 19, AR 213 Aged at 1600 F
. 100 X o

There is still not much change in mlcrostructufé
at this magrification even at the higher aging,
temperature. - -

Figure 20, . AR-213 Aged at 1600 F
700 X - ,.

The general matrix precipitation is now quite
well defineéd along preferred cyrstallographic
directions.

\

Hardness - Rj 40 2
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Figure 21, AR-213 Aged at 1700° F
100 X

The precipitatidn in the matrix has coarsetied
enough to be vigible at this magpnification,

Figure 22, AR-213 Aged at-1700° F

| 700 X
Not only has the matrix pre01p1tate coarsened
but the’ decompos1tlon of the prlmary CoAl is now
ev1dent

Hardness - R 38 0
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Figure 23, AR-213 Aged at 1800° F
. 100 X~

The matrilx fow exhibits a quite coarse general
preon.pl’ca’ceo o

Figure 24, AR-213 Aged at 1800 P
- 700 X

A high degree of coalescence of the preclpltate
iIs now evident.,

Hardness —’RC 36.0
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Figure 25, AR-213 Aged at 1900 F
100 X -

The overaging Qf,the'matrix precipitaté and
further decomposition of the primary CoAl are

clearly shoun.
°l

Figure 26, AR-313 Aged at 1900° F
- 700 X

Further coalescence of the preclpltate is evident

as is the decomposition of the primary CoAl, In
“addition, it appears that perhaps somé of the '
precipitate has gone back into solution as evidenced
by thé large denuded zone,around the primary CoAl
phase.

Hardness - RG 31.9
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Bigure 27, Solution Treated AR-213 - Carbide
Stringers

The long stringer was determined by mlcroprobe analysis
to contain a high percentage of tantalum, Its con-
position was, therefore, assumed to be TaC. The black
ciréular spot was that caused by the mlcroprobe during

- examina CZLOIl°

Magnification: 100 X Enlargedz 1.8 times for
o reproduction
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Figure 28, As-Cast AR-213 -. General Matrix

Typical view of cast matrix,: The larger particles

are CoAl, \

- Magnification: 5000 X
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Figure 29, As-Cast AR-213 - Primary CoAl in Matrix
Tbe homogeneouS’areas are primary CoAl in the matrix,
The rlhombohedral shape 1is characteristic for this
phasge. '

Magnification: 5000 X
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Figure 30. As~-Cast AR-213 - Matrix, GoAl and
Carbonitride

This specimen shows primary CoAl sandwiched between
a carbonitride particle on the left and the matrix,
This position for the carbonitride is typical in
this alloy. Its color is a distinetive pink.

Magnifications: 10,000 X
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Figure 31, Solution Treated AR-213 - General Matrix
Typical view of gnatrix with several CoAl paftieleéo

~ Magnification: 5000 X
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Figure 32, Solution Treated AR—213 - General Matrix

Less typical view of matrix shoiing several CoAl
particles in the "clean" matrix,

Magnifications 5000 X
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Figure 33, Solution Treated AR-213 - General Matrix

Typical view of CoAl in the matrix, The long scratch
running through the lower end of the CoAl phase shows
its. greater hardness with respect to the matrix. .The
star shaped indentations are unexplained,'

Magnification;‘ 5000 X
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‘Figure 34, AR-213 Aged at 1200° F - General Matrix
Pypical view of primary CoAl in the matrix,

Magnification: 5000 X
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Figure 35, AR-213 Aged at 1200° F - Primary CoAl
) - in Matrix

The precipitate or decémposition occurring in the
primary CoAl at this low aging temperature is
unexplalned This is the first stage in the change
in morphology of the CoAl,

Magnification: 5000 X
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Figure 36, AR-213 Aged at 1400° F - Primary CoAl

This structure shows the next change in decomposition
of the CoAl due to a higher aging temperature.

Magnification® 5000 X
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Figure 37.  AR-213 Aged at 1400° F - Primary CoAl

ThlS is a more highly magnified view of the precedlng
figure. Note that the texture of the background |
within the decomposing CoAl 1s the same as that of
the matrix. '

Magnification: 10,000 X
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Figure 38, AR-213 Aged at 1400° F - Primary and
. Secondary CoAl

This microstructuré corresponds to the condition of
peak hardness for the alloy, The precipitate align-
ment along definite crystallographic planes is.
evident, The large primary CoAl phase is undergoing
decomposition, -

Magnification: 5000 X



Sf

o®

o\

Figure 38

£S

/&

94



Figure 39, = AR-213 Aged at 1400° F - Primary CoAlu
The ‘structure here 1s similar to that in Figure 37,
The interface between the matrix and C6Al shows the
decomposition of the CoAl very clearlyﬁ '

Magnification: 10,000 X
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Figure 40, AR-213 Aged at 1600° F - Primary and
. Secondary CoAl

This not-too-typical structure shows a region where
the CoAl has almost dissolved in the matrix,

Magnification: 5000 X
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Figure 40
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Figure 41, AR~-213 Aged at 1600° F - Carbonitride
in Matrix

The second phase in this structure is that of the.
carbonitride in the matrix,

Magnification: 5000 X
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Figure 42, AR-213 Aged at 1700° F - General Matrix

This structure shows the coalesced precipitate at a
higher temperature., Thelr morphology is shown by
this viéw in which both the end-on and top views are
visible, ’ L

Magnification: 5000 X
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Figure 43, AR-213 Aged at 1700° F - General Matrix

This structure, as did that of Figure 42, ghows the
agglomefation of precipitate in the matrix.

Magnification: 5000 X

v
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Figure L&,  AR-213 Aged at 1700° F - CoAl
Decomposition

The decomposition of the CoAl phase at the higher”
temperatures is by a somewhat different mechanism.
The light continuous phase in the center is CoAl,

Precipitated in the CoAl is Co solid solution,

- Note the similarity in texture between the preci-

pitate and the matrix,

* Magnification: 5000 X
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Figure 45, AR-213 Aged at 1800° F - General Matrix

The second phase is agglomerated CoAl in the matrix,
The black ‘areas are artifacts on the replica.

Magnification: 5000 X
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Figure 46,  AR-213 Aged at 1800° F - CoAl
Decomposition -

Precipitation of Co solid solution within the
primary CoAl phase., Again, the black areas are
artifacts in the replica,

Magnification: 10,000 X
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Figure 47. - AR-213 Aged at 1900° F - General Matrix

- Agglomerated precipitate in the matrix, It is also
suspected that some of the CoAl has started to go .

back into solution at this temperature. . ,

Magnification: 5000 X
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Figure 48,  AR- 213 Aged at 1900° F - CoAl
Becﬁmpos¢tlon

Precipitated Co seolid solution within primary CoAl,

Magnification: 10,000 X
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Figure 48






