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ABSTRACT 

A study was made of the heat treatment response 

and hardening mechanism of an expe imental obalt-base 

superalloy, AR-213. Solution treatment temperatures 

in the range of 1Boo0 to 2250° F and aging t mper tu es 

from 1200° to 1900° F were investigated. Sele ted aged 

specimens corresponding to the 2200° F solution reat­

ment were intensively studied using optical and electron 

microscopy and x-ray techniques to determine the 

hardening mechanism. 

The results of the study show that a maximum 

aged hardness of Re 47 is obtainable. The hardening 

mechanism is the precipitation of CoAl from the super­

saturated matrix at temperatures between 1400° and 

1600° F. This precipitate overages relatively rapidly 

a temperatures above 1600° F. A tantalum-zirconium 

carbonitride was also present in the alloy in a 

surprisingly large amount. 

xi 



I . THEORY OF ALLOY STRENGTHENING 

1.1 General Remarks 

Except for specialty applications requiring 

a particular property of a metal, very little use is 

made of pure metals in structural or load carrying 

materials. However, 1f it were possible to obtain 

pure metals having shear strengths approaching the 

theoretical minimum of 0/30, where O is the shear modu­

lus, then it would be possible to select pure metals 

for these applications on the basis of their melting 

point or some other parameter. The whole basis of the 

need for alloy strengthening 1s that, with the exception 

of whiskers in the form of perfect single crystals, the 

theoretical strength limit is not even closely approached 

in pure metals. 

It has been established quite conclusively that 

the prime reason for the large discrepancy between the 

theoretical and actual strength of a metal is the 

existence or dislocations . Since slip, or yieluing, 

results from the movement of dislocations through the 

crystal lattice to the surface, two approaches are 

available for strengthening a metal . The first is to 

1 



obtain a metal with no dis ocations. U fortunately, 

except for the aforementioned metal whiskers, metals 

in such form are not available in practical quantities. 

A second approach is to hinder or halt he motion of 

di locations in the lat ice. This tte effect an 

be a comp11shed by alloying the pure metal. 

The p ocess of alloying can 1m d dislocation 

mo·v me t by many different method , bu he most common 

are phase t ansformation hardening, o d r-disorder 

hardening, dispersed-phase hardening, so d-solution 

hardening and pre ipitation hardening. Subsequent 

discussion will be concerned with the latter two methods 

wh1c are most applicable for superalloys. 

1.2 Sol1d-S:>lution Strengthening 

Solid-solut1o strengthening is brought about 

by ose solute atoms which are present in the matrix 

or superalloys but not combined as carbides or inter­

m allic compounds. The effect of solute atom 

st engthen ng in a single phase mater al has long been 

obs rved and u ilized, but it was not until dislocation 

theory was introduced and developed that the actual 

eas ns for the tre hening could be expla ned. Solute 

atom affect the st ength of am tal by two general types 

2 



or interactions with dislocations. These interactions 

can be broadly classed as those which impede the onset 

or dislocation movement and those which impede the 

moving dislocatione themselves. 

1.2.1 Effect or Solute At ms on Initiation 
of Dislocation Motion 

The intera tion here is b tween th "atmos­

pheres" of solute atoms and the gr wn- n Frank network 

dislocations. Only a fraction of these d1slocatio s 

lie in slip planes and are orientated for glide; however, 

the fac that these pinn .. d portions do lie in slip plane 

makes hem available to act as Frank-Read sou es for 

dislocation multiplication. Cottrell (1953) has shown 

how the stresses around a dislocation can be rel eved 

by a suitable arrangement of the nearby solute atoms. 

Fleischer (1964) conside s twos parate types of inter­

actions between disloca ions and solute atoms in metals. 

These are elastic and chemical. 

The elas ic interactions arise because the sub-

stitutional solute atoms, due ither to slze difference 

or a modulu difference, cause symme 1c 1 lat ce 

distortion in th matrix. It st1tia 

also cause a d1sto tion, bu on w 1 

olute tom 

s u symmet ical. 

When considering substitutional om mo h res, several 

3 



possibilities arise, depending on whether or not the 
substituted atoms are larger o smaller than the matrix 
atoms. Oversized substitutional solute atoms w11 be 
attracted to the tension side of a positive edge dislo­
cation while undersized ones will ~end to the ompres­
sion side. Likewise, interstitial atoms will migrate 
toward the tension side and vacancies owa d the om-
pr s ion side. Te eff ct of such behavior is to 
increase the st ess needed to mov the dislocation away 
from the "atmosphere" . 

Chemical interactions a ise from the mig t1on 
of solute atoms to the stacking fault egion between 
separated partial dis ocations. This migration results 
in a lowering of the energy of the system in the region 
between the partials Subsequent displacing of the 
partial dislocations away from this region of lower 
energy necessitates an increased stress. This result 
is the so-called Suzuki hardening. 

The effect of either chemical or elastic inter­
actions of" mospheres" with grown-in dislocations is, 
hen, to increas the stress required to ini late 

movem t of those ortions which happen to e in lip 
planes. 

4 



1.2.2 Effect of Solute Atoms on Movins 
Dislocations 

The preceding section considered the 

stresses which initiate dislocation motion and which 

lead to the yield point phenomenon. However, once such 

dislocations have broken free of their binding atmos­

pheres, whether by applied stress or an increase in 

temperature, the stress required to keep them in motion 

decreases. The primary effects of solute atoms upon 

moving dislocations thus occur through solute atom­

dislocation interaction and the dragging of the atmos­

pheres previously discussed. The elastic strains 

developed by substitutional solute atoms 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 atmosphere 

dragging can occur only at such combinations of stress 

and temperature which permit solute atoms to diffuse 

at the same rate as dislocations. The viscous, dragging 

effect leads to some of the hardening observable under 

certain high temperature-low stress conditions. 

In general, interstitial solute atom effect a 

higher degree of hardening than do the substitutional 

ones; however, of those constituents used in superalloys 

5 



for solution strengthening, the substitutional type 

greatly predominate. 

1.3 Precipitation Hardening 

Both olid-solution stren thening and precipi­

tation hardening effects are utilized in most commercial 

alloys designed for high temperature service. Thermal 

activation, however, is much more effective in allowing 

dislocations to bypass solute atoms than t ~. bypass 

larger precipitates or clusters of atoms. Thus, the 

relative effectiveness of precipitation hardening is 

greater at higher temperatures than is solid-solution 

strengthening. Fritzlen et al. (1959) have discussed 

the practical applications of precipitation hardening 

to cobalt-base alloy, but a more thorough discussion 

of e 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 data on aluminum binaries and simi-

la systems, but almost no discussion of complex alloys 

such as are utilized for high temperatu •e applications. 

A study of the simple systems, however, yields the 
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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 Solution 

Quench; supersaturated solid solution 

7 

Excess vacancies ➔ Loops/helices/ stacking faults 

+ 

Solute atoms ➔ Clusters ➔ Zones 

Intermediate precipitates .!. 

' Equilibrium precipitates 

1.3.1.1 Solid Solution and Clustering 
Phases 

The ability to achieve precipitation 

hardening depends upon being able to obtain a supersaturated 



solid solution. This state depends upon a decreasing 

solubility of one phase in another with decreasing 

temperature. A knowledge of the phase diagram is there­

fore essential or highly desirable. The supersaturated 

solid soluti n is generally obtained by quenching the 

alloy from the single phase terminal solid solution so 

that a metas t able condition is achieved. At the same 

t ime , quenching gives rise to a non-equi J. ibrium number 

of vacancies. 11he e excess vacanc ... a have been observed 

to precipitate into loops or onto dislocations. In 

other cases (apparently), they are not precipitated, 

but are he din solutio, probably as a result of inter­

action wi t h excess solute atoms (Thomas, 1959). Where 

t ere are no excess vacancies present, the growth of 

ny clusters (segregation of solute atoms) will practi­

cal ly stop. Thus, at least in aluminum alloys, the 

f rmati on of dislocation loops in dilute alloys and the 

condensat ion of vacanci sat dislocations in concentrated 

a l.oys must be accompanied simultaneously by solute 

lustering. The rate of clustering depends upon the 

quenchi g temperature and the alloy concentration. 

This reac t ion of solute atoms and vacancies 

ads t o the formation of clusters. These clusters 

have been observed to form during solution treatment, 
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during quenching and during aging. They are relatively 

stable and the atoms occupy normal lattice sites, being 

completely coherent with the matrix. The growth of such 

clusters results in their detection by x-ray 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 that are different 

from the matrix. 

1.3.1.2 Intermediate and Equilibrium 
Precipitates 

The next stage in the process is the 

formation of intermediate precipitates. These may be 

partially or wholly coherent, depending on the system, 

but their presence is usually 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-

ne sis presumed to result from overlapping coherency 

strain fields. Continued growth of the coherent 

precipitate may raise interracial shear stresses to 

a value too high to be sustained and the precipitate 

the be omes incoherent. Friedel (1964) considers 

that non-coherency occurs when the precipitate becomes 

so large that the elastic energy due to the difference 

9 
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in atomic volume of matrix and precipitate becomes 

greater than the surface energy. 

A list of precipitate shapes and habit planes 

has been tabulated by Kelly and Nicholson (1963) . The 

most common are spheres, discs, rods or needles, cubes 

and plates. or these, the disc is a minimum energy 

shape for a highly strained precipitate and is the most 

comnon shape for intermediate precipitates. In fact, 

the reason that metastable precipitates form in pre­

ference to stable ones is that for stable precipitates, 

a large surface energy exists between the stable phase 

and the matrix, whereas for G.P. zones and certain 

intermediate _hases, this surface energy is small since 

the zone is strictly just a perturbation of the matrix 

(Fine, 1964). 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 i n describing 

the initial precipitate where the structure of the 
/ 

precipitate is simi.lar to that of the matrix. The 

majority of alloys show transition precipitates, but 

the exact reasons for their ~Yistence s 111 remain 

somewhat in doubt and, in fact, some of them are stable 

only when nucleated on dislocations. 

10 



The equilibrium precipitate is that stable 

structure which the intermediate precipitates finally 

take as a result of diffusion toward equilibrium con­

ditions. Here again, the degree of coherency depends 

upon the system. The importance of coherency in all 

stages of precipitation is that it determines ihether 

a glide dislocation in the matrix has a Burgers vector 

the same or nearly the same as in the precipitate, or 

whether it is quite different. 

1.3.2 Precipitate-Dislocation Interactions 

For full comprehension of the hardening 

process, an understanding of the actual precipitation 

mechanisms must be accompanied by an understanding of 

the precipitate-dislocation interactions. All three 

of the precipitate types -- G.P. zones, metastable 

pr~cipitates and stable precipitates -- can interact 

with moving dislocations to give rise to strengthening, 

though to different extents. For actual slip to occur, 

a dislocation must either move around the particles 

or shear through them. The path of lowest energy will 

be the one followed. 

11 



1.3.2.1 Non-intersecting Interactions 

The dislocation has two ways of moving 

around a particle. The first is to leave the slip plane 

either by cross slip for screw dislocations, or climb 

for edge dislocations, where the temperature is such 

12 

that climb can occur. The second is by the Orowan mechan­

ism. These non-1.ntersection types of hardening generally 

occur with non~coherent, nondeformable precipitates 

having a crystal structure different from 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 dislocation can then bul e 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 ring with each following dislocation adding 

an additional ring. With increasing deformation the 

number of encircling rings also increases until the rise 

in shear stress can break down a particle at which time 

it ceases to function as a slip deterent for that par­

ticular slip plane. The Orowan expression for the yield 

stress is = 

,..,. 
= , d + 

b 
q G d 



where dis the dislocation driving stress, q is a 

dimensionless parameter approximately equal to one, 

G is the shear modulus, bis the interatomic spacing 

in the slip direction and dis the distance be tween 

adjacent precipitates. Thus, the overaging phenomenon 

corresponding to a coagulation of particles and a cor­

respond ng increase ind can be accounted foro This 

express on does, however , break down at very low values 

of d co1·responding to the solid-solution hardening 

situation. 

Both of the previous mechanisms, while not 

i nvolving the intersection of dislocations w th pre­

cipitates, do involve a lengthening of the dis l Jcation 

line itself. This process necessitates an energy 

increase, and the stress required for this has been 

found to be proportional to~ as in the Orowan expres­

sion. 

1.3. 2.2 Intersecting Interactions 

The sheari ng of precipitate particles 

by dislocations becomes more energetically favorable 

13 

than by-passing them when the particles are weaker, more 

closely spaced and mor cohe ent with the matrix. Thomas 

(1963 ), in a r view of transmission elec tron microscopy 



results, observed that d slocations generally cut 

throug coherent and partially coherent precipitates 

but they avoided non-coherent precipitate . Fine (1964 ) 

listed three basic factors involved in particle cutting: 

elastic misfit stresse increase in particle surface 

area and increase of flow stress necessary to move a 

dislocation inside the particle. 

Elastic misfit stresses arise be cause the vol um 

occupied by N atoms in the matrix is, in general, not the 

same volume as is occupied by N precipitate atoms. Three 

separate situations exist for the distribution of a given 

volume fraction of precipitate. First, the 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 

situation is essentially that which exists for a solid 

solution, and since the dislocation lies on an equal 

14 

number of stress "peaks" and stre s "valleys", v ry little 

strengthening is realized. The second an most important 

case from the strengthening standpoint is that in which 

the minimum radius of curvature of a dislocation is 

approximately equal to the particle spacing. In this 

instance, the dislocation can take an e uilibrium posi­

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



be in ts owe t energy configuration. An applied 

stress, nee s ary to move this dislocation, will have 

to force :1.t through the stress "peaks" t affect slip. 

This is the situation resulting in maximum hardn ss 

ad is the reason that an optimum dispe son exists 

for prec i pita e . The hid case 1s the si ua ion or­

responding to overaging. Her the pa i cle spacing is 

quite large compared with he minimum b d adius of a 

dis ocatlon. The dislocat on is now able to bend 

betwe n ad ave d he seco d phase, therefore facil itat­

ing slip . 

The seco d basic process involved n pat cle 

cutting i an increase in surface a ea of the cu 

par i 1. The otal energy increase nvolve the 

1 ere s n matrix-precipitate inte fac al energy 

plus h chemical energy of misfit due to chemical 

ompo on differences across he t face. Also 

c n deed s the tructu al misfit at the . nte fa e 

due d fferent atomic spa ings (K lly and Nicholson, 

196 ). 

The f nal process in st engthen ng by inter 

cted par i les is due o he di f rec in the fl w 

s for moving a disl cati hep e !pita 

ve sus moving it in the ma X o O e cons d ra io n 
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is p ocess 1s the work done in disordering an ordered 

precipitate o A second is the work consumed in pulling 

immobile jogs through the precipitate (the jogs result 

when he slip planes of matrix and precipitate are no 

parallel). 

The lative effec of each of hese sub-

m chan ms, na urally, va ies with each particular 

lloy syst m; 1owever, in gene al, for thick precipi­

s, hew rk don in di orde ing is p edon,inan. 
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II. PHYSICAL METALLURGY OF COBALT-BASE SUPERALLOYS 

2.1 Basic Alloy Composition 

2.1.1 Background 

The need for a material for use in turbo­

superchargers appears to have provided the real impetus 

for the development of cobalt-base superalloys. It is 

a strange fact that Vitallium, an alloy originally 

developed for dental use, became the first cobalt-base 

superalloy and was subsequently developed into Haynes­

Stellite Alloy No. 21 (HS-21). Years later, the turbo­

jet engine extended the requirement or ma t rj als w· h 

an even higter temperature capability ~ The list of 

alloys which has evolved since that time is quite 

lengt y. Known principally by their trade names due 

tote lack of any standa dization in nomenclature, 

their compositions and characteristics are not readily 

apparent. They are bes evaluated int rms of the alloy­

ing elements they most frequently contain and their high 

temperature properties. Such properties include, among 

others, creep-rupture strengt, oxida ion resistance, 

thermal shock resistance and metallurgical stability. 
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The use or cobalt as the basis material rather 

than simply as an added element is the characteristic 

whi h distinguishes the cobalt-base from ion- or nickel­

bas alloys. In many allo , however, the basis ma erial 

constitutes less than 50- or the weight of the alloy so 

that the distinction is not always obvious. In general, 

th elem nt of greatest concentration d termines h 

omencla ure. The nominal range of cobalt in ob 1 -

base alloys vari s between 40 and 70 weight percent. The 

maj r alloying elements are C, Mn, , C, Ni, Co, Mo, 

W, "Cb, Ta, Ti, Al, Fe, Zr, and B. The effect of each s 

not always clear cut, especially when it is p esen w th 

several other elements in the alloy. In gene 1, how ve 

the elements present in the alloy under study, AR-213, 

provide the following effect. 

Chromium imparts oxidation res stance, as it 

do in iron and nickel-ba e alloys, and contributes 

t o solid solution strengthening. Aluminum also aids in 

oxidation resistance and is available to precipita e as 

an intermetallic . Tungsten and tantalum aid in solid­

solution str ngthening, and tantalum also forms s ble 

a bide ne works and p omo es oxida 

Manganes and silicon are de-oxid 

n sls an . 

Zirconium 1 

a scav nger element and also p emote h h mpe tu e 
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str•ength. The effect of iron, if any, is not clear. 

The presence of carbon is necessary for the formation 

of carbides which are a source of str ength for practi­

cally all cobalt-base al . oys . 

The amounts of each element must be tailored, 

within narrow limits, to provide the d sired effects. 

Wheaton (1965) has an excellent discussion on t his 

particular poin 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 emphasizing any single property at the expense 

of others. In this way, a balance of creep-rupture 

str ~ngth, oxidation resistance, thermal conductivity 

anc stabi lity was obtained. 

The amount of carbon in the superalloys demon­

strates well the optimization criterion. Carbon concen­

trations range from approximately 0.07 to 0.9 weight 

pe cent. The higher values provide an abundance of 

carbon for carbide strengthening, but large concentra 

tions of carbides may adversely affect thermal conduct 

vity and promote brittleness. To prov de he ecessa y 

s rengt in those alloys with low amounts of carbon i 

is n cessary to add sufficien amounts of refractory 
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metals and/ or elements which can precipitate as inter­

metallic compounds. 

2.1 .2 Solid-Solution Streng hening 

ome degree of solid-solution strengthen ng 

is provided by any element not ti.ed up in seconda y 

pases. In this respect cer ain leme nts e much more 

effec i ve than others. The most effec ive and widely 

used are the high-melting refractory me al, an alum, 

tungsten, columbium, molybdenum and ch omium. In addi­

tion to their high melting points, the large atomic size 

diffe rence of these elements also contributes o the 

trengthening effect (Nisbet and Hibbard, 1953). 

Habraken and Coutsouradis (1965 ) recently com­

pleted a more fundamental investigation of solid­

solution strengthening effects in cobalt-base alloys 

utilizing transmission electron microscopy. In parti­

cular, they studied the influence of alloying elements 

on stacking-fault energies and on the asso ated partial 

dl locations parations. Whereas in pure cobalt the 

s a k g- ault energy was approximately 20 ergs/cm2, 

n a Co 27Cr- 20Fe alloy it was about 5 rg /cm2 and he 

observ d partial dislocation separation was rea er. 

A still wider eparation was ob erved in a stronger 
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Co-20Cr-15W-10Ni alloy. The authors concluded that the 

Suzuki mechanism 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 temperature prop rties. The 

most important strengthening mechanism in current alloys 

is the precipitation of refractory carbides which results 

from their decreasing solubility with decreasing tempera­

ture. Hardening may also be achieved through precipi­

tation of intermetallic compounds; however, this method 

has not been extensively utilized to date. These harden­

ing mechanisms will now be dis ussed in detall. 

2.2 Carbide Precipitation Systems 

Carbides are present in superalloys in many 

distr~butions and in several crystallographic forms. 

From the distribution standpoint, it is possible to 

distinguish between the carbides which form duri ng 

solidification from the melt and those which are sub­

sequently pre cipitated duri ng aging treatments. The 

former include the MC M6c, M23c6 and cr7c3. Those 

whi har e usually precipitat ed are primarily M23c6 and 

M r: 6 • The effect which any carbide dispersion will have 
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on strength depends upon the size of the particles and 

the:tr distribution. Thus, the carbide networks formed 

during solidification are often not as effective as 

those formed by subsequent solution treatment and preci­

pitation. 

Titanium, zirconium, columbium and tantalum are 

among the strongest of the MC carbide formers (Wagner 

and Hall, 1962). These carbides are quite stable, have 

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 found almost 

to the exclusion of the other carbide 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 CbC and effectively suppressed 

formation of cr7c
3 

and M6c while greatly limiting the 

amount of M23c6 present. 

The MC carbides are not generally involv~d in 

precipitation systems; however, the solubility in cobalt 

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

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), i n 
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an investigation of N-155, which contained three and 

one-half times as much tungsten as columbium, found 

no WC but a great deal of CbC and suggested that tungsten 

does not form its own carbide lattice, but instead, 

substitutes in the M6c and CbC structures. In that 

same study no Mo2c or w2c were reported in any of the 

various cobalt alloys investigatedo This account some­

what agrees with the findings of Rosenbaum (1948) who 

listed various carbide formers in order of decreasing 

effectiveness - Ti, Cb, W, Mo and Cr. The l~rge amount 

of chromium in all the above alloys results in this 

element being a major constituent in M6c and M23c6 even 

though the more active carbide-forming elements are 

present. Unfortunately, for comparison purposes, tanta­

lum and zirconium were not present in the alloys investi­

gated by Rosenbaumo These elements rank with titanium 

as the most powerful carbide formers. An indication of 

their tability is given by their melting points shown 

in Table I. The values range from 7010° F for Tac down 

to 2800° F for M23c6. The relative stability of the MC 

carbides over the others, however, does not imply that 

these are stoichiometrically perfect compounds. A good 

example of this is in Waspalloy in which the primary 

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



Pennington, 1961). Presumably, this substitution is 

prevalent in all carbides found in similar alloys. 

Tantalum carbide with a maximum solubility of 

3 percent in cobalt at 228o° Fis unlikely to partici­

pate in useful precipitation reactions. It is usually 

found in the as-cast material and its distribution is 

little changed by solution treatme t. 

The general trend suggested by the above beha­

vior is that hardening by carbide precipitation usually 

results from the M23c6 and M6c rather than the MC type. 

This condition requires a close balance in chemistry 

between the amounts of carbon and carbide formers . A 

large excess of the strong carbide formers can tie up 

all the carbon and prevent its participation in 

effective precipitation. Fortunately, it appears that, 

for columbium at least, this element must exist in a 

quantity appreciably above that theoretically required 

in order to combine with all the carbon in the 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. In the presence 

of the strong carbide formers mentioned previously, this 
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behavior results in the formation of nitrides and 

carbonitrides, instead of the pure carbides . 

2.3 Intermetallic Compound Precipitation Systems 

Although of academic importance, the use of 

intermetallic compound precipitation hardening has not 

bee~ utilized extensively in cobalt-base superalloys. 

The hardening of these alloys, to date, has relied upon 

carbide strengthening. This procedure is in contrast 

to the nickel-base systems in which Ni3A1, Ni3Ti, or 

Ni3(Al,Ti) are primary hardeners in many alloys. 

Fritzlen, et al. (1959) listed aluminum, colum­

blum, tantalum and titanium as elements which can form 

intermetallic precipitates in cobalt alloys. Tungsten, 

molybdenum, chromium and vanadium were also listed as 

poss ble intermetallic oompound formers. Unfortunately, 

very little work other than investigation of the b nary 

and some ternary alloys of these element with -cobalt 

has been accomplished. A summary of this information 

follows. 

Tantalum and columbium have quite similar phase 

diagrams with cobalt (Morral, 1958). These show only a 

2 percent d~crease in solubi , ity with decreasing tem­

perature o Nevertheless, for dilute alloys of from 3 to 
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12 percent columbium or tantalum, appreciable hardness 

inc eases are found in the 1250 to 1500° F aging tem­

perature range (Fritzlen, et al., 1959). In antalum, 

his hardness increase is associated with he precipi­

ation of co3Ta, whereas in columbium o2Cb is sugges ed . 

In ommercial alloys neither tantalum nor columbium are 

available in sufficient amounts to form inte me allies. 

These elements are tied up as arbides or ni rides or 

a e i n solid solution. 

Titani um, on the basis of its use in nickel-base 

alloys, has been considered a prime candidate for harden­

ing in the cobalt systems. The phase diag am hows a 

de crease in solubility from a maximum of 11 percent at 

208o° F to 7 percent at 4oo° F. Fou t ain and Forgeng 

(1959) confirmed the presence of Co2T1 in aged titani um-

obalt alloys containing 3 to 30 percent ti t anium. In 

addition, a new fe e structu e was fou d which has since 

been identified as co3Ti. Ti(C,N) phases will form 

preferentially to the 1ntermetallic ompounds, however, 

and this suggests severe problems in using titanium as 

an intermetallic precipitate . 

The solubilities of molybdenum and tungsten n 

cobalt are quite extensive. Molybdenum has a solubili y 

of 21 percent at 1860° F which decreases to 2 percent at 
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4oo° F, while the solubility of tungsten is 32 percent 

at 2010° F and decreases to 3 percent at 650° F. Sykes 

and Graff (1935) obtained a maximum aged hardness of 

Rockwell C-63 for a cobalt-15 percent molybdenum al oy. 

The precipitate contained approximately 22 atomi per­

cent molybdenum; however, no crystal structure was 

determined. Whatever the precipitate, averaging o curred 

at a relatively low temperature since at 1290° F the 

maximum hardness had passed after 5 hours. 

In the tungsten system, Sykes (1933) found the 

15-20 percent tungsten additions most effective on a 

per atom basis, but obtained a maximum hardness of Rockwell 

C-65 with a 35 percent tungsten alloy. As to the eff ct 

of averaging, the hardness was described as unusually 

persistent at temperatures as high as 1290° F to 138o° F. 

According to the phase diagram, aluminum should 

be useful as the basis for a pre ipitant in cob lt. The 

solubility ranges from 8 percent at 2550° F to almost 

zero at 200° F. Wheaton (1965) states that although use ­

ful as an element to promote oxidation resistance, aluminum 

ha a deleterious effect on creep-rupture strength. How 

ever , since AR-213 contains 5 percent aluminum, it will be 

of in erest to consider the intermetallic mpound 

hardening possible with this element. I alloys ontaining 



up to 34 percent aluminum, the precipitate is CoAl . 

This phase is bee having the CsCl structure. The com­

position of CoAl is quite variable since he phase may 

contain from approximately 43 to 52 atomic percent co­

balt at 4oo° F. For this reason, its lattice pa ame er 

ranges from 2.8505 to 2.8565 A. 

Fritzlen, et al. (1959) show data on the aging 

behavior of cobalt-aluminum binary allors conta ning 

4. 9 to 15 percent aluminum. The maximu;n aged hardness s 

were obtained by aging at 1110° F for the high aluminum 

alloys and aging at 1470° F for the low aluminum alloy. 

Above those temperatures, ov raging and a pronounced 

softening occurred indicating that perhaps CoAl may no 

be too useful as a hardening agent above 1400° F for a 

5 percent aluminum compositlon. 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 

guide toward predicting composition relationships for 

useful alloys. 
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III. OBJECTIVES 

The objectives of this investigation of an 

experimental cobalt-base alloy, AR-213, were essentially 

threefold and consisted of: 

a. The determination of the heat treatment 

response of the alloy over a range of 

solution and aging tempe ratures and times o 

b. The determination of the actual hardening 

mechanism in the alloy through study of 

any observed precipitate dispersion as a 

function of heat treatmen. 

c. The determination, where possible, of the 

actual ,~omposition of the various phases 

existing in the alloy. 
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IV. EXPERIMENTAL PROCEDURE 

4.1 Procedural Summary 

The experimental work consisted of three inter­

dependent phases. In Phase I, the specimens were pre­

pared from a casting and then solution treated and aged . 

Hardness readings were obtained for various treatments 

and then used to select the "optimum' heat treatment. 

Phase II consisted of an extensive optical and electron 

microscopy study in which the hardening mechanism was 

determined. An x-ray evaluation was then undertaken in 

Phase III to determine the exact nature of the phases 

present in the alloy. 

4.2 Preparation and Heat Treatment of Specimens 

The as-cast AR-213 was supplied as cut bars 

approximately o.8" x o.8" x 3" long. These wer~ obtained 

from the gate of a casting which had been used to furnish 

multiple cast tensile specimens. The chemical analysis 

was as follows, in weight percent: 

30 



Cr - 20 . 3 Zr - 0. 34 

Al - 4. 8 Mn - 0.3 

w - 4.5 Si - 0.28 

Ta - 2.3 C - 0.12 

Fe - o.6 Co - balance 

A total of 414 specimens appro imately 0.4" x 

0.4' x 0.25" were prepared from the cast stock, utiliz­

ing an alumina cut-off wheel with a high flow of cooling 

fluid. Great care was exercised in cutting to insure 

that the specimen temperatures remained as low as 

possible in order to preclude any extraneous aging 

effects. 

The specimens were then divided into 18 groups, 

placed i n steel boats, and solution heat treated accord­

ing to the schedule shown in Table II. All heat treating 

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

tained within+ 7° F of the desired value. Upon com­

pletion of heat treatment, the specimens were remove 

from the furnace and emptied out in front of a fan for 

rapid air cooling . Three specimens were then selected 

at random from each condition and five Rockwell "C" 

hardness readings were taken on each . The average of 
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these 15 readings was designated as the solution­

treated hardness and is shown in Table II . 

Following solution treatment, each specimen 

was stamped with a letter indicating its particular 

treatment to preserve its identity through he subse­

quent aging treatments. The aging cycles comprised 

an 18 x 24 matrix as shown in Table III. In essence 

each solution treatment was represented in one of the 

24 different aging conditions . The large number of 

specimens involved precluded duplicate specimens. 

Following aging, five hardness readings were taken on 

each specimen. In all cases the specimen surfaces were 

hand ground to 600 grit paper smoothness prior to the 

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 

32 

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 

or 8 hours, including the as- ast, the as-cast plus 

solutio treated, and the six aged specime s correspond­

ing to aging at 1200, 1400, 1600, 1700 , 1800 and 1900° F 



for 32 hours. The basis for selection of this particu­

lar set will be discussed later. 

The specimens were prepared for microscopy as 

described in Appendix c. The optical microscopy was 

done at 100 X and 700 X magnification on a Leitz metallo­

graph. The el~ctron microscopy was performed on an 

Hitachi HS-7 microscope with the photographs, shown in 

Figs. 9 through 48, being taken at 5000 X and 10,000 X 

magnification. The interpretation of these photograph 

is discussed in the next section. 

In conjunction with the microscopy phase, a 

limited amount of work was done using a mt rop obe 

analyzer. From a procedural standpoint, the only varia­

tion necessary was to remount the specimens in a con­

ducting resin in place of the lucite mounts. 

4.4 X-Ray Diffraction 

Attempts were made to identify the va ious 

phases in the alloy by means of x-ray diffraction using 

a General Electric XRD-5 diffraction unit. This lnves­

tigation took several forms in an attempt to identify 

all the significant phases. Three techn ques were 

attempted : diffraction from extracted residues, dif 

fraction from powders of the bulk specimens, and 
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diffraction from the bulk specimens themselves . Chromium 

radiation was employed in all cases to avoid fluorescence. 

The extraction technique for carbides wa • lte neJ 

after that of Lane and Grant (1952) . This was an elec r o­

lytic separation using a pure tantalum cathode with the 

alloy specimen as anode. The electrolyte 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 current of 2 amps 

was quite sufficient to dissolve the alloy. A magnetic 

stirrer at the bottom of the cell greatly accelerated 

decomposition of the specimen so that a time of four 

hours yielded an abundance of residue. This residue 

was then agitated in the electrolyte and allowed to s~t 

for various time intervals. The relatively large, heavy 

particles settled rapidly and were left as a res due 

when the liquid was poured off in one or two minutes . 

This residue was then placed on a glass slide for x-ray 

analysis . This procedure simultaneously extracted 

the pr ecipitated phase and the mino phase n the matrixo 

For the powder specimens , f ings were g ound 

from the samples and screened o obt i n th f ac lon 



less than 300 mesh. This fine powder fraction was 

vacuum sealed in a pyrex tube and stress relieved at 

750° F for one hour. It was then spread on a va eli ne 

coated glass slide for diffraction. 

The bulk diffraction specimens simply were 

ground flat on 600 grit paper and were then ready for 

analysis . 

For fluore scent analysis of the residue, a 

plati num t ube was employed with a LiF crystal . This 

allowed detection of elements down to chromium. 

The x-ray data are tabulated in Appendix E. 
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V. RESULTS AND DISCUSSION 

5.1 Heat Treatment Phase 

The work in this phase was directed toward 

determining an optimum solution treatment for AR-213, 

and then evaluating the aging responses corresponding 

to this solution treatment. From an engineering 

standpoint, however, it was desirable also to deter-

mine the 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 III. Solution temperatures extended from 1800° F 

to 2250° F and aging temperatures from 1200° F to 

1900° F. 

It is evident from Table II that solution tem­

peratures 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 Re 25.7 was not quite reached 

even after 8 hours at this temperature. A marked 

softening did occur at 2250° F; however, at this 
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temperature molten oxide formed on the surface of the 

specimens. In addition, danger from incipient melting 

was present at 2250° F, particularly if any appreciable 

temperature gradients existed in the furnace o From 

the practical t andpoint, therefore, the 2200° F - 8 

hour solution treatment was selected as "optimum" and 

thus subjected to a more extensive evaluationo I t is 

to be noted, however, that the highest aged hardness 

obtained in the study, Re 47.1 was the result of a 

1400° F aging of a specimen solution treated at 2250° Fo 

Nevertheless, all work conducted in subsequent phases 

was given the 2200° F solution treatment. 

From the large amount of hard ess data tabula t ed 

in Table III, only selected portions were plotted in 

Figs . 1 through 8. The criterion used to fit the curves 

to t he data points was that of obtaining a smooth curve . 

In several instances this resulted in a curve not pass­

ing throug a data point. However, since single spec i ­

mens were used and since composit i on can vary fairly 

widely in a casting, it was felt that small hardness 

differences were not necessarily meaningf ul. 

Figure 1 shows the effect of solution time and 

t emperature upon hardness. There is a consistent, 

though small, decrease in hardness for longer solut on 
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times. There is no reason to assume tha still longer 

times would not further soften t e alloy; howev r, f om 

the engineering standpoint, such longer times probably 

would not be practical. Figures 2 throug 7 show the 

effect of aging upon the alloy solution treated at 

temperatures of 1800° to 2250° F. Analysis of these 

curves determined the selection of 2200° a he op imum 

solution temperature as discussed prev ously. As n be 

seen (Figs. 2 through 5), temperatures below 2200° serv d 

only to age the as-cast structure. 

Figure 6 provided the basis for select. ng the 

specimens to be utilized in the mi croscopy and x-ray 

portions of the investigation. The six sp ci ens com 

prising the 32-hour aging curve were those which were 

subsequently studied in those two phases. Figure 6 

shows the expected re sult, nam ly, ha as the aging 

time is increased, the peak hardnes occurs at a lower 

and lower temperature. In retrospect ) i wou l d ave 

been desirable to have examined the 1300° and 1500° F 

aging temperatures to pinpoint the peak hardne es more 

accurately. 

Fi gure 8 is simply a cross plo of F g. 6, 

presenting the data in the conventional ha dness vs 

aging time relationship. Several featu res deserve 



commento The averaging phenomenon observed at 1200°, 

although small, is a real effect. No attempt was made 

to explore it further since it ap~ared to have little 

engineering s1gnif1canceo The 1400° curve continues to 

rise sharply at 32 hours and could be expected to 

approach the Re 45-47 range in hardness at some longer 

timeo Aging temperatures of 1600° to 1900° Fall pro­

moted overaging effects prior to 32 hou s, with over 

aging occurring at 1900° Fin less than 4 hours . 

Te reasons for the observed responses to heat 

treatment will be covered next in the discussion of the 

microscopy phaseo 

Microscopy Phase 

5.2.1 Optical Microscopy 

The purpose of this phase was to correlate 

the heat treatment responses with microstructures in 

order to determine the hardening mechanism in the alloy. 

In most cases the caption associated with the micro­

structure of each of the figures from 9th ough 48 is 

sufficient to explain it. First, h wever , a famil i ari ty 

with the identity of the phases which appear in the 

microstructures is necess ry. Figures 9 and 10 are 

good representative structures and can be used to 
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describe the appearance of the phases observable in 

the various photomic r ographs. 

The dark grey phase of Fig. 9 is primary CoAl 

in a cobalt-rich solid solution. The stringer- l i k 

phase is a carbonitride with a probable compositi on of 

(Ta,Zr ) (C,N). Figure 10 shows the only other phase of 

interest - the general precipitate in the ma t r ix. This 

phase will be called secondary CoAl so that the two CoAl 

phases will not be confused . The two t r iangular inclu­

sions at t he upper-center in this picture should also 

be noted. Lund and Wagner (1962), in a report on 

constituents in superalloys, reported that nitrides 

high in carbon often have a black dot in their cent ers. 

This photomicrograph supports the premise of a carboni­

tride in the AR-213 alloy. 

The basis for calling the dark phase CoAl is 

three-fold. First, the cobalt-aluminum phase diagram 

predicts this phase due to the lack of any appreciable 

solubility of aluminum in cobalt (see Section 2.3). 

Secondly, research by w. J. Boesch, unpublished, but 

reported by Fritzlen, et al. (1959), shows the micro­

structure of a 92 percent cobalt - 8 percent aluminum 

alloy which is very similar in many respects to aged 

AR- 213. Finally, x Pay data in the present study 
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confirms the presence of the CoAl str~cture. This 

finding will be discussed in more detail later. 

With the above-described phase identifications 

as a basis, the full set of photomicrographs may now be 

analyzed. As stated previously, all the microscopy 

work shown in Figs. 9 through 48 was performed on speci­

mens which were solution treated at 2200° F f or 32 hourso 

The sequence of pictures is presented in a definite 

order to best show the aging characteristics of the 

alloy. Figures 11 through 26 show the change in struc­

ture from the as-cast through the aged conditiono Each 

optical photomicrograph at 100 and 700 X corresponds to 

a given heat treatmento 

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 Figo 13 for the solution treated conditiono The 

carbonitride phase is now clearly accentuated. Some 

smaller particles of CoAl are now present in the matrix 

in Fig. 14; however, these are the result of a redis­

tribution, not a precipitation of this phaseo 

Figures 15 and 16 represent the lowest aging 

temperature - 1200° F. The matrix is st 11 quite clean 

and, in fact, shows almost no di ference fr om the solu­

tion treated condition. 
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While Fig. 17 shows no change in microstructure due 

to the higher 1400° F aging, Fig. 18 shows the first 

indication of the general matrix precipitatio which 

is associated with the maximum hardness for t hi s 

series. The precipitate is CoAl which is beginning 

to come out of solid solution. 

F1.gu r es 19 through 26 show the overaging effects 

of the higher temperatures. Not only is overagi ng 

occurring at these higher temperatures, hut i n Fig. 22 

it can be seen that the primary CoAl i s beginning to 

change morphology. By analogy to the aforementioned 

work by Boesch, this change is associated with the 

"precipit tion" of cobalt solid soluti on in the CoAl 

phase. Fi ure 26 shows this effect even more clearly, 

along with enuded zones adjacent to the CoAl. 

Finally, Fig. Z7 shows a str nger - l i ke phase 

which was observed in the solution treated conditio. 

A microprobe analysis of this phase showed that it 

contained a much hi gher percentage of tantalum than 

di d the adjacent matrix. Its probable compos ·· tio is, 

therefore, T' C. Under the optical microscope, this 

phase appeared white, whereas the carbon t r i de previous l y 

mentioned had a quite distinctive pink col or. 



5.2.2 Electron Microscopy 

The pictures in this series are arranged 

in the same sequence as were those in the preceding 

section. No attempt will be made here to discuss each 

photograph since the captions are self-explanatory o 

In most cas s, correspondence with the associated opti ­

cal microscopy can readily be made. 

In the as-cast structure one point worthy of 

mention ~s the high degree of homogeneity of the CoAl 

phase as seen in Figs. 29 and 30. Figure 30 shows 

very nicely the typical arrangement of the constituent 

phases in the alloy. The carbonitride phase at the 

left generally formed 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 yet visibl 

in Figs. 34.or 35, whi ch were taken of the 1200° F 

aged specimen; however, in Fig. 35, the first indicat on 

is present of the break-up of the CoAl. This trend 1s 

even clearer in Figs. 36 through 39 which show "de com 

position" of this phase at 1400° F. Figu e 38 should 

be compared with Fig. 18 to get an appreciation of the 

distribution of the hardening precipitate . A definite 
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Widmanstatten pattern is evident in the initial p eci­

pitation. Unfortunately, no specimens were heat 

treat~d between 1200° and 1400° F so that this pie ure 

represents the first detection of the particles . 

The overaging of the precipitates can be seen 

in Figs. 42 and 43, showing a specimen aged at 1700° F. 

Continuous precipitation of CoAl along the same crys a 

lographic planes has formed rod- like particles oft e 

phase, many of which have coalesced. Simultaneou s 

with this precipitate growth is the general break-up 

of the CoAl phase shown in Fig. 44. This is striking 

evidence of what Boesch termed "precipitation of solid 

solution within the CoAl phase". 

Figures 45 through 48 show overaging of the 

precipitates and further break-up of the primary CoAl. 

5.3 X-Ray Phase 

The purpose of this phase of work was to deter­

mine the exact nature of the metallogr phic phases 

present. From the micr oscopy work which had just been 

completed, four such phases needed to be identified . 

These were : 

a. The matrix 

b. The primary phase in the matrix 
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c. The precipitate in the matrix 

d. The pink inclusions. 

The matrix was obviously cobalt solid solution 

but determin tion of the other phases required identi­

fication by x-ray diffraction. Using procedures 

described in Section 4.4, a residue of extracted 

material was obtained and analyzed by diffraction. 

Typical re sults are shown in Table IV. Based upon 

the chemistry of the alloy, Tac and perhaps smaller 

amounts of M23c6 or M6c were expected. Instead, the 

prime constituents identified were a face-centered 

cubic structure having a
0 

= 4.56 i and a simple cub i c 
0 

structure with a
0 

= 2.88 A. The first of these corres-

ponded exactly to ZrN (NaCl structure ) as seen in 

Table IV. Matching of the first six lines for this 

compound verified its presence. Further, since the 

melting procedure for this alloy involved an air melt, 

and in e ZrN is the most stable nitride formed from 

the metals present, the procedural hictory also poi nts 

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 was present and 
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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 cl ear up 

the identifica tion of the hard phase, an x-ray f l uor -

cent nalysis was performed on the same extr acted 

particles. The results of this are shown in Table V. 

As can be seen, the extractions contained a much 

higher percentage of zirconium and cantalum than did 

the matrix. It seemed possible, the r efore , t hat he 

inclusions were a compound based upon Ta, Zr , C and No 

The structure and parameters of the poss ible car bides 

and nitrides involved are: 

TaN hep 

Tac fee ao = 40456 

ZrN fee ao = 4.56 

ZrC fee ao = 4.696 

Al though ZrN and Zr·C arc known t o f orm a con­

tinuous series of solid solutions, TaN and Tac do not 

form a single stable solid solution (Samsonov and 

Umanskiy, 1962). 

In view of the above information Ta(C, N) does 

ot exist as a single phase . Si nce , with t he exception 

of a few isolated white carb i de stringers, only one 

har d phase was observed, this singl e pink phase mu st 

contain both the zirconium and tantalum and is presumed 

to be of the form (Ta,Zr)(C,N). 
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The only other identifiable x-ray pattern 

obtained from the residues corresponded to CoAl (Table 

I V) . The identification of this compound became possible 

only after investigators at AiResearch produced pure 

CoAl and obtained a diffraction scan from it. The infor­

mation obtained suggests that the ASTM card file or CoAl 

is incomplet. The pattern actually obtained for CoAl 
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is of the CsCl type, indicating tha the CoAl p ase s 

ordered. This fact is also indicated by the presence of 

the (100) reflection. Since his comp und exists through­

out the matrix at all times, its presence as t e preci­

pitate phase cannot be irectly confirmed by x-rayo 

However , on the asis of microscopv and because no new 

phases were resent in the x-ray diffraction patterns 

for the aged alloy, it seems rea onable to conclude that 

the precipitate observed is CoAl. 

Th . di fraction data obtained from the powdered 

alloy were of no value in the investigat i on o The only 

lines obtained were those presumably as ocia ted with 

the solid-solution ~atrix hase. Neither the carboni­

tride nor CoAl peaks were present. 

Diffraction from the su ace of the bulks e i men 

was impossible due to the large grair1 s ze of the caQt 

material. 



5.4 Suggest ons for Additional Work 

Three prime areas of this investigation warrant 

further study in more detail. 

a. It is believed that direct aging of the 

as-cast structure would result in hardnesses 

comparable to those obtained by solution 

treating and aging. This could be read ly 

determined. 

b. The longest aging time employed in this 

work was 32 hours. The phase morphology 

and stab lity should be determined after 

100 and 1000 hour exposures at temperatures 

to 1900° F. 

c. The exact nature of CoAl precipitation in 

a cobalt matrix should be examined, pre­

ferably using transmission electron micro­

scopy·techniques. This study should 

concentrate on the 1200° - 1400° F nge. 
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VI. CONCLUSIONS 

1. AR-213 is a precipitation-hardenable cobalt­

base superalloy which requires a minimum temperature of 

2200° F to obtain complete solutioning. 

2. The precipitate phase is CoAl which allows 

for a maximum aged hardness of Re 47. The CoAl preci­

pitate overages rather .rapidly at temperatures a ove 

1600° F. 

3. An excess~ve amount of a hard phase iden-

lfl~d as (Ta ,Zr) (C, N) wa s ·esent n the alloy indicating 

that excessive amounts of zirconium and/ or nitrogen were 

present. Other than in isolated stringers, no distinct 

carbide phase was found . 

4. The hardening effect in the alloy was, 

therefore , associated completely with the precipitation 

of CoAl . 
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APPENDIX A 

TABLES 

Hardness and X-ray Data 



TABLE I 

Heats of Formation and Meling Points for 

Carbides and Nitrides 

Compound M.P.°Fa -6H Kcal/mol 

Tac 7010 + 300 38o5 

CbC 6330 + 30 33.7 

ZrC 5490 - 6460 44.1 

TiC 5480 - 5880 43o9 

WC 4710 - 5220 9.1 

Mo2C 4870 + 40 - 4.2 

cr3c2 3430 21 .0 

cr7c3 3150 + 90 42.5 

Cr23c6(c4c) 2800 + 30 16.4 

AlN 4050 76.5 

TaN 5230 - 5590 59o0 

TiN 5340 + 50 80.4 

ZrN 5400 + 50 f57. 3 

a . Hague, et al. (1963 ) 

b. Metals Reference Book (1962 ) 
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TABLE II 

Hardness of Solution Treated AR-213 Alloy 

Temperature Time Hardness 
OF hr. Re 

1800 2 40.5 

1800 4 39 .7 

1800 8 38.9 

1900 2 37.6 

1900 4 37 0 5 

1900 8 36.9 

2000 2 34.4 

2000 4 34 . 0 

2000 8 32. 1 

2100 2 31.2 

2100 4 31.3 

2100 8 30.6 

2200 2 27 .1 

2200 4 26.1 

2200 8 26.3 

2250 2 25.2 

2250 4 24.5 

2250 8 23.2 

Note: As-Cast Hardness was 25.7 



• 

TABLE III 

Hardness of Aged AR-213 Alloy (Ra) 

Aging Treatments 

Temperature 1200° 1400° 1600° 

(OF) 
Time 
(hr) 4 8 16 32 4 8 16 32 4 8 16 32 

18oo0 
, 2 39.i 41.1 40 .0 40.7 42.0 42.8 41.1 42 .6 41. 

4 39 . 39 .9 40 . 8 39 . 3 42.2 41.2 41.0 41 .6 41. 
8 39.4 40.7 41.2 39.5 41.l 42 .0 41.0 40 .6 42. 

1900° 
2 37 .8 39.2 39. 5 40 . 2 41.5 41.6 41.5 39 .8 41. 
4 37 .s 38.8 38.3 40.1 41.4 41 .0 39.6 40 .9 41. 
8 37 . 5 37.4 38.3 38.6 40 .0 41 .5 39.8 40 .6 40. 

2000° 
2 36.2 37 .2 37 . 2 38.2 39 .3 39 .6 40.5 41 .8 41. 
4 35 . 8 36.9 36.6 36.2 39.l 38.9 37 . o 40 .l 40. 
8 34 .1 34.6 3!1 . 9 35 . 4 38.6 38. 8 35.7 37. 7 40. 

2100° 
2 33.1 33 . 8 34 . 1 34.3 36.8 .39 .1 36 .o 38.1 40 . 
4 31 . 9 33. 3 31.1 33.3 35.3 57. 8 37 .2 39 .7 40 . 
8 30.8 32.2 33.1 33.3 34.6 39.5 37. 2 38.8 39 . 

2 32. 0 2i. 1 32.l 20 2 · 32 .6 31.9 36 .8 43 .7 39 .5 42 .0 39 .7 41. 
2200° 

., . 
4 30 .9 2 . 8 28. 3 22.5 29.2 30. 5 36 . 8 43 .3 40.7 41 .0 42 . 4 41. 
8 28.6 29 . 8 31 . l 28.0 30.6 30.7 34 . 8 40 .9 39.5 38.3 42 .0 40 . 

2250° 
2 26 .8 28.5 26 3 26.2 40.3 47 . 1 42.0 4?. .7 43 . 
4 '27 . 8 '27 . 4 30 .5 28.7 38.6 44 .3 41 .8 43 .2 42 
8 26 . 3 26.1 '27 .7 26.9 37 .7 42 . 2 40 . 8 43 .6 42 
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TABLE III 

Hardness of Pged ~R-213 Alloy (Rc, ) 1 
-

' ' Aging Tre~tments 
' 

1400° 16C.o0 n.100° 1aoo0 

' . 
4 8 11~, 32 4 8 16 32 4 ◄s 16 32 4 8 • 

--.--. 

40.7 42 ,C 
11 

ll • .• 8 41.1 42 .6 41 .i· 41.8 41.4 40.0 ' 39.3 42 .. ' • . .. 2 41.0 41 .6 41 . 41.3 ia.4 39 7 'l • 1 ' 

39. 5 41. : 1, ,0 41.0 40.6 l~2 . 3 40 .7 39.2 40.9 1, 
l I b 

40 . 2 41 . j R ,- .. 6 41 .5 3.,-. I 1.9 39 .7 
j 

40 .8 36 .3 38.9 l J 
40 .1 I 41. I' f 4 . . , Q 39 .6 4 0 'l • 40.4 39.9 39 .1 39.0 3q 
38.6 0. •. J '~ . ,) 39 . 8 )• ) / C,, .-~ ~ 40 . 2 38.9 38.9 39 .5 3 • • 

·•--' ~-~ ·-
38.2 39 .. # 

-i-;- --; 40 .5 . .. g ! . 40 . 1 39. 40 . 1 37 .6 31 . ., 
36 . 2 39.1 38. 37 . o 40 .1 40.0 39 .0 39.9 39.5 37 .4 3 • 
35 . 4 38.6 38. 8 35 .7 37.7 40 .0 35 .6 I 39 . 2 38.3 36 . 8 3t 

34.3 36 .8 39 .1 36 .o 38. 1 40 .5 38. 2 39 .7 39 . 5 37 . 8 3 i 
33 .3 35 .3 37 . 8 37 . 2 39 .7 40 .0 39 .4 37 . 9 37 . 8 37 . 1 3. 
33 .3 34 .6 39 . 5 37 . 2 38. 8 39 .3 36.9 38.9 37 .3 37 . 8 3 I 

32 .6 31 .9 36 .8 43 .7 39 . 5 42 .0 39 .7 41 .7 3~.2 3S.9 38.4 39 .1 36 .4 38.o 3~ 
29 . 2 30 . 5 36 . 8 43 .3 40 .7 41 .0 42 .4 41 .5 3 . 3 3S. 8 37 .9 38. 8 34.9 37 . 4 3; 
30.6 30 .7 34 .8 40 .9 39. 5 38.3 42 .0 40 . 2 37 .9 38.6 36 . 3 38.o 36 .4 36 .9 3! t 

26 . 2 40 . 3 47 . 1 42 .0 42 .7 43.0 40.6 40 .9 40 .1 38.o 3', 
28.7 38.6 44 .3 41 . 8 43 . 2 42 .9 40 .9 38.8 40 . 2 37 . 2 5i 26.9 37 .7 42 . 2 40 . 8 43 .6 42 .6 39. 8 39 .5 39 .7 37 . 4 
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l 
I 
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I' 
I 5 6 

I 

I 
i 

I 

ooa 1100° 1aoo0 1900° 

' 4 13 16 32 4 8 16 32 4 8 16 32 
I 41 .8 41.4 40.0 

41.3 41.4 39.7 
I 40.7 

I 
39.2 40.9 

3. f 39.7 
I 4,). 8 36.3 38.9 39 .4 37.5 

31 I 40.4 39.9 39.1 39.0 39.2 39.1 
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3! t 37 .9 38.6 36 .3 38.o 36.4 36.9 35.9 36.o 36.7 34.3 33.3 31.9 

3' a 40 .6 40 .9 40.l 38.o 37 .1 37 .s 35.5 33.8 35 .0 

~ I 40 .9 38. 8 40.2 37 .2 37 .4 37 . 2 34 . 3 34 .1 34.4 
39.8 39.5 39 .7 37 . 4 • 36 .4 36 .o 34 .9 34.5 32.8 
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APPENDIX B 

HEAT T.REATMENT CURVES 
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APPENDIX C 

OPTICAL AND ELECTRON MICROSCOPY PROCEDURES 
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1. Opt cal M tal ography 

2. 

• The s ecimens were mounted n luc e or 

bake ite and ground on 80 hrough 600 g 

a ers. 

b. Init al pol sh1ng was one on a felt wheel 

us ng L nde 11 A' alumina. 

c. F nal poltsh ng wa.s ace om 1 hed on a 

vibratory pol sh r m oylng a slu ry o 

Linde 11 B" alumina . A ol hin time of 

2 to 4 hours was employed with longer 

t mes accen uating he relief be ieen t e 

hard hase an the of er ma x. 

d The spec men e e etched for 10 to 20 

seconds in a solut on co osed of 40 ercent 

H2o, 30 crcen cone . HC 

of a 3 H2o2 olu ion . 

n 30 e cen 

HCl as added 

to e H2o2 an allowPd o s an fo 5 

m u es pro o ad 1ng he ater. 

Elec ron croscopy 

a. Ste s a through d bov we 

tat he e ching im was 

second. 

rep ted exc 

UC. 0 7 0 10 
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b. The s ecimen urfac hen cleaned 

ce by b Shi a solu on o c llu os 

aceta ave e SU ce an he ress-

ng a cellulos aceta e aeon 1e s r-

face . eta e w ped o ihen 

dry and disc re . 

c . The r plica wa • 1 a ed b l c g 

several dro sofa solu ion of ol s y 

ssolved n ethyl ne dichloride on he 

• 

clea ed sur ace . 

was allowed to dry 

he polys yre e 

leas 15 hou 

o be ng .str ped of . Two ecau 

necess1 a s long y 

lm 

on 

od. 

rior 

First h s olu on ssolv a luci 

mou t bu no a bakel e o r and second , 

f too v cous o y ·y e o ,u o a 

u 

w 

11 ull" occ d 'lh n he po 

which 1 d to a ,fac • 

fin 1 

Th olys y ene ftl w st V 

lac din a 

and shadowe h pl 

at a 45° ang n h 

ang e. P or • ·o h v po a on 

y ·ene 

he 

e , 

0 ' 

a l um 

90° 

w 
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impe:ratiV"e to allow the polys y ene f lm 

to ecover from the atr tch· ng t 

received du • ng the st.ripp • ng rom the 

surface . Unless allowance for his 

stre ching was made . he shadowe repl ·ca 

crazed during the next cut 1ng opera.ton. 

12 hour inte v 1 between ~tr pp ng nd 

sha ow ng was suff1cien 

era ng .. 

o reven he 

e . The shadowe rep ca was hen cut no 

squares and placed, carbon side up on 

the 400 mesh cope grids used to hod 

the repl ca in e Hitach , mlcrosco e. 

f . The grid,s 1ere then place on a ucreen 

wh ch just to ched the surface of an 

ethylene d c lorl e bath . This solution 

dissolv d he olystyrene aw y from 

unde. sl of he ca bo and le the 

shadowed carbon l •ca lying on th g id 

ready for v ,ewing in the mi c osco e . 
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APPEND X D 

OPT CAL AND ELECTRON ICROSCOP p. OTOGRAPHS 

7 2 



Theo tical and electron microscopy ho ogr~ hs 

represent a series consisting of as-cast, as-cast lus 

solution treated and as-cas plus solution rea e 

plu aged specimens. Al age s ecimens received te 
11 optimum11 solution treatment of 2200° F for 8 hour,a. 

All agings were for 32 hours at the e pera ures 

indJ.catea. 

Eac s ecimen was etched with a solu ion of 

40 percent H~O, 30 percen . concentr ed HCl and 30 

percent of a 3% H2o2 solution. 

The 0ptical microsco y ( P g'· . 9 • h. ough zr) 

was done at 100 and 700 X and the p ctures are n ed 

at the original magnification. The elec ron mic o coy 

photographs (Figs. 28 through 48) wee taken at ei her 

5000 or 10,000 X an were magnif ed 1.8 t me for 

rep eduction. 
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Figure 9. AR-213 Aged at 1200° F (unetched) 
700 X 

This unetched specimens ows the ty cal loca ion 
of the carbon tr de hase a the interr ce of the 
matrix and p mary CoAl. 

Figure 10 . AR-213 Aged at 18oo° F (une ched ) 
700 X 

Note the black dot n the c nter of he triangu 
lar ca bon1t 1 e phase. This do cha acte 1st c 
of n trides high in carbon con n . 1 phase 

s actually ad st nc ive p nko 
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Figure 11 . As-Cast AR-213 
100 X 

Typical cord casting hewing pr ry CoAl n 
matr x. 

Figure 12. As-Cas AR-21 
700 X 

Same struc ureas above showing prima y CoAl n 
a quite clean matrix. 

Ha ness - Re 25.7 
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Figure 13. Solution Treated AR-213 
100 X 

The carbonitride stringers are much more evid nt 
after solution treating. Otherwise, there is not 
much change from the as-cast condition. 

Figure 140 Solution Treated AR- 213 
700 X 

Same structure as above showing primary CoAlo 

Hardness - Re 2603 
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rigure 15. AR-213 Aged at 1200° F 
100 X 

No change in microstructure f om the solut on 
treated condition. 

Figure 16 . AR-213 Aged at 1200° F 
700 X 

The morphology of the primary CoAl has no yet 
changed . Note that at this aging emperature 
no precipitate has yet appeared. is corres-
ponds to the absence of any significa t harness 
increase for this aging temperatureo 

Hardness - Re 28.0 
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F gure 17 . AR-213 Aged at 1400° F 
100 X 

The appearance of the matrix a th s magni ica­
tion shows just a slight general darken ng . 

Figure 18. AR-213 Aged at 1400° F 
700 X 

At this higher ma nification a very fine 
precipitate is ev dent. The prec pitate 
a con ary CoAl. Tis microstructure co 
to he maximum aged hardnesso 

Har ·ness - Re 40.9 

general 
1s 

spends 
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Figure 19 . AR-21~ Aged at 1600° F 
100 X 

There is still not much change 1 restructure 
at this magnification even a the hig e r ag g 
temperature . 

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

The general mar x precipit ton is now quite 
well defined along referred cyrs allo a ic 
d rec ions. 

Hardn ss - Re 40 . 2 
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F1gure 21. AR-213 Aged at 1700° F 
100 X 

'The recipitat on in the ma rix has coarsened 
enough to be vis bleat his magnifica io. 

Figu e 22 . AR-213 Aged at 1700° F 
700 X 

Noto ly has the matr x p ec 
but the decomposit on of the 
evident. 

Ha dness - Re 38.o 

ita e co r ned 
rimary CoAl snow 
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Figure 23 . AR-213 Aged at 1800° F 
100 X 

The matrix now exhibits a uite coarse general 
precipitate . 

Figure 24 . AR- 213 Aged at 1800° F 
700 X 

A high degree of coalesce e of he precipi a e 
1s now evident. 

Hardness - Re 36 .0 
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Figure 25. AR-213 Aged at 1900° F 
100 X 

The overaging of the matrix precipitate and 
further decompcsition of the primary CoAl are 
clearly shown . 

Figure 26 . AR-213 Aged at 1900° F 
700 X 

Further coalescence of the precipitate is evident 
as is the decomposition of the primary CoAl. In 
addition , t appears that perhaps some of the 
precipitate has gone back into solution as evidenc d 
by the large denuded zone .around the primary CoAl 
phase . 

Hardness - Re 31 . 9 
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Figure 27 . Solution Treate AR-213 - Carbide 
Stringers 

The long stringer was determined by Microprobe analys s 

to contain a high p,rcentage of tantalum. Its com­
position was , theref0re, assume to be Tac. Te black 
circular spot was that caused by the micro robe du ing 
examination. 

Magnification: 100 X Enlarged: 1.8 imes for 
rep o uction 
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Figure 28 . As-Cast AR-213 - General Matrix 

Typical view of cast matrix. The lager part cles 
are CoAl. 

Magnification: 5000 X 
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Figure 29. As-Cast AR- 213 - P 1mary oAl in Matrix 

The homogeneous areas are p 1ma y oAl in the matrix . 
The rhombohedral shape is charact sic fo 1 
phase. 

Magnification : 5000 X 
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Figure 300 As-Cas AR-213 - Mat ix, CoAl and 
Carbonitride 

This specimen shows pr ..1.mary CoAl andw ch d be ween 
a carbonitride particle on the left and the ma rix. 
This position for the carbon tride ls typ cal n 
this alloy. Its color is a distinc ive pink. 

gnifica ion : 10 000 X 
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Figure 31. Solutio Treated AR- 213 - General Marx 

Typical view of matrix w h several oAl pa icleso 

Magnification: 5000 X 





Figure 3"' Solution Treated AR- 213 - General Mat ix 

Less typical view of matrix showing several CoAl 
particles in the "clean" matrix. 

Magnification: 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 



r 8q



Figure 34 . 0 AR-213 Aged at 1200 F - Gene al Matrix 

Typical view of primary CoAl in the mat x. 

Ma nification : 5000 X 
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Figure 35. AR-213 Aged at 1200° F - Primary CoAl 
in Matrix 

The precipitate or decomposition occurring in th 
prima r y CoAl at this low aging tempera ture is 
unex lained. This is the first stage in the chan~ 
in orphology 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 dec omposition 
of the CoAl due to a higher aging tempe ra ture . 

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

This is a more highly magnified view of the preceding 
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 CoA1 

This microstructure corresponds to the condition of 
peak hardness for the alloy . The precipitate align­
ment along definite crystallographic planes is 
evide t . The large primary CoAl phase is undergoing 
decomposi tion. 

Magnification: 5000 X 
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Figure 390 AR-213 Aged at 1400° F - Primary CoAl 

The structure here is similar to that in Figure 37 . 
The interface between the matrix and CoAl shows the 
d~composition of the CoAl very clearly. 

Magnification : 10 , 000 X 





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 41. AR-213 Aged at 1600° F - Carbonitr~de 
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 . Their morphology is shown by 
this view in which both the end-on and top views a e 
visible . 

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, shows the 
agglomeration of precipitate in the matrixo 

Magnific~tion: 5000 X 
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Figure 44. 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 1s CoAl. 
Precipitated in the CoAl is Co solid solution. 
Note the similarity in texture between the preci­
pitate and tre 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 18oo° F - CoAl 
Decomposition 

Precip tation of Co solid solution within the 
pr mary CoAl hase . Again, the black areas are 
artifacts n the replica . 

Mag 1f1cat1on: 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 480 AR- 213 Aged at 1900° F - CoAl 
Decomposi tion 

Precipitated Co solid solution within primary CoAl. 

Magnification : 10,000 X 
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