
THE UNIVERSITY OF MANITOBA

A STUDY OF PRECIPITATION AND DIFORMATION MECHANiSMS

IN Co-Ni-Cr-BASE SUPERALL0Y CONTAINING Nb and Al

COMONDORE RAViNDRAN

A DISSIRTATION SUBMITTED TO THE FACULTY OF GRADUATE

STUDIES OF THE UNIVIRSITY OF MANITOBA IN PARTIAL

FULFILLMENT OF THE REQUIREMENTS OF THE DEGREE OF

DOCTOR OF PHILOSOPHY

DEPARTMENT OF MECHANICAL ENGINEERING

METALLURGY

l,li nni peg , Mani toba

August, 1982

by



A STI]DY OF PRECIPITATION AND DEFORMATION MECHANISMS

IN Co-Ni-Cr-B¡\SE SUPERALLOY CONTAINING Nb and A1

BY

COMONDORE RAVINDRAN

A tllesis submitted to the Faculty of Graduate Studies of
the University of Manitoba irr partial fulfill¡nent of the requiremerrts

of the degree of

DOCTOR OF PHILOSOPHY

@ t982

Permission has been granted to the LIBRARY OF TFIE UNIVER-

SITY OF MANITOBA to lend or sell copies of this thesis, ro

the NATIONAL LIBRARY OF CANADA to nricrofilm this

thesis and to le¡rd or sell copies of the filnr, and UNIVERSITy

MICROFILMS to publish an abstract of this thesis.

The author reserves other publication rights, and neither the

thesis nor extensivc extracts from it may be printed or other-

wise reproduced without the author's written permission.



a.

ABSÏRACT

The precipitat'ion hardenìng behavìour of two Co-Ni-Cr-Al

aììoys containing Nb or Ti has been studied. 0n aging between 873K

and 1073K, the ma'in strengthening phase in both the alìoys was

observed to be a hornogenou s prec'i pi tat'i on of Y ' phase wh1 ch has an

ondered Cu^Au type F.C.C. structure. The shape of the v' phase
J

changed from spherical to cubical in the in'itial stages of aging,

and the cube edges were alìgned aìong the (100) d'irect'ions. 0n

aging for pnolonged periods at 1073K, the partìcles coalesced to

form irregular shapes. The formation of y' follows the Engeì-Brewer

theory of the structure of compounds based on el ectroni c cons'iderat'ions.

Carbon, present as an impurìty eìement, was seen to form

NbC/T'iC prec'ipitate. Th'is prec'ipitate, when present at the grai n

boundary, gave rise to a precipitate free zone around the boundary.

l,l'ithìn the gra'in, NbC precipitated in association with stacking

faults. Discontinuous prec'ipitation of Y' occurs by ìocal'ized

dissolution of grain boundary NbC/TiC precipìtate at sharp graìn

boundaries and seems to be initiated by the process of grain boundary

strai ghteni ng. Occasi onaì ìy aci cuì ar sigma phase was al so observed

at the grain boundaries. Thjs is in contradiction of predìctions by

Engeì-Brewer and PHACQMP Anaìyses, and is considered to be due to

I ocaì i sed chemi cal i nhomogene'ity.

In the small particle size range of 7-20nm diameter deformation

of the Co-Ni-Cr-Nb-Al alloy occurs by the shearing of Y'particìes
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by pai rs of movi ng di sl ocat j ons. Di sl ocat'ions bypass I arge partì c'les

(over 20nm in dìameter) by the Orowan loopìng mechan'ism. In the

diameter range of 9-20nm a transition stage encompassìng a pnogressive

'incnease of ìooping actìvity is seen. The alìoy in the underaged

state is strengthened by the order harden'ing mechanism proposed by

Brown and Ham. The shear modulus-corrected yìeld stnength values for

underaged specimens d'id not ìncrease with temperature in the range

77 lo 373K, thus elìminat'ing coherency hardening as a contrìbutory

mechanism to strengthening in the underaged condition. In the

overaged alloy, deformat'ion occurs by the 0rowan ìooping process,

and the experìmental results are 'in excelìent agreement wìth the

mechanisms proposed by Hirsch and Humpltreys and Bacon et al. Also,

there is an excelìent agreement between the observed incremental

CRSS and theoretical incremental CRSS predicted by the Ashby mechanjsm

'if the average incremental CRSS for edge and screw djslocat'ions is

considered.



SYHB0LS

F Aver"age part'icle sìze

ã nverage cube edge of partì c'le

F Average particle s'ize at the onset of coarseningo-
ã_ Average cube edge of part'icle at the onset of coarsen'ingo-
D The coefficient of d'iffusion of solute in the matrix

C- The concentrati on of sol ute ì n equ'i I i bri um
e

wìth a particle of infinite size

ô The 'interf aci al f ree energy of the partì c'le/matri x i nterf ace

V The molar volume of precipìtate
m

p A numerical constant related to the distribution of
c

parti cl e si zes

R The molar gas constant, 1.987 cal/mo'le K

p The dimens'ionl ess measure of parti cl e si ze , r/-r

t(.¡)f(t)¡b¡ HelR functions defined 'in sectì on 2.4.2

T The l'ine'tensi on of dì sl ocati on

Lt The effective interpìanar spacing between panticles or the

average d'istance between the parti cl es ì n the s'li p pì ane

r Appìied shear stress resolved in the sf ip directjon

on the sl i p p'lane

O Included angle between the arms of a dislocat'ion

at an obstacle

F The force required to shear a partìcìe by a dislocatìon

NR The number of particles per unit area intersecting

the sl i p pl ane
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B A constant used 'i n secti on 2. 5

y Particle/matrjx interfacial energy
S

f The volume fraction of precipitate
v

R The Partì cl e radi us

y" The stacking fau'lt energy of precìpitate
I

y^ The stackìng fauìt energy of matrix
¿

õ Mean ribbon width of stackìng fault

K Parti al d'i sl ocati on separati on f orce

q Parti al d'isl ocat'ion separat'ion di stance

G The shear modulus of matrix

L" The average distance between fonce centres

r The average rad'ius of a particle intersected by a
s

slìp band , (2/3)l/2,

r Inner cut-off radius
o

vr The el astì c repul s'ion between the strong'ly pai red

dìslocations, wh'ich is usualìy taken as un'ity

yApg Ant'iPhase BoundarY EnergY

v Poi sson's rati o

L The spac'ing between two obstacl es

L- The mean p'l anar spac'ing of obstacl es; Orowan spaci ng,
0

0.81N.-r/2
A

L- The squa re I att'i ce spaci r,n , *O-t"
s

a The I att'ice parameter of l' prec'ip'itate
p

a The Iattice Parameter of matrix
m

r I M'i nìmum di sl ocat'i on ì oop rad'i us
o

o o.2% tensile yield strength of the matrix
o
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o o .2% tens'iì e yì el d strength of the aì loy

V.tr,\ft Constants used 'in the cal cul cat'ion of APB energy

by a theoretical method

ZRg The number of first nearest neighbour atoms

FA,FB Atomic fractions of A and B atoms

T The criti cal orden'ing ternperaturet 
-.,ok The Boltzmann Constant, 1.38 x lO-'"ergs /deg.

e The constraìned lattice straìn, or t/t'lattice misfìt

at Incremental flow stress
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1. IIITRODUCTIOË

The recent, 'interest i n energy conservat'ion has renewed

emphasi s on the devel oprnent of hi gh temperature materi al s s'ince many

processes operate more effic'iently at higher temperatures. Cobalt-

base supera'l ì oys have shown promì se 'in vi ew of thei r demonstrated

advantages, vì2., h'igh structural stability at elevated temperatures

and excellent thermal-fatìgue resìstance. Also, cobalt-base

superalloys can be used at temperatures a few hundred degnees h'iqher

than nìckel-base superalìoys.1 CoOult-base and nickel-base supera'lìo"vs

are mostly strengthened by the precì pitat'ion of Y' , N'i3(Al ,Ti ,Nb)

phase wh'ich has an ordered L1r-type F.C.C. structure.

From the literature review 'in the next chapter, it is

ev jdent that the str^engthen'ing mechani sms of cobalt-ni ckel -base

superal'loys have not yet been ful ìy ana'lysed. Most of the v¡ork has

been carried out on the precipitatìon strengthen'ing of nìckel -base

superaì I oys.

In v'iew of this s'ituation,'it was decided to investigate

the precipitation and partìcìe growth phenomena in Co-Nì-Cr-Al aìloys

with niobìum or titan'ium additions. The dislocation-precipitate

interaction and its influence on the mechan'ical propertìes were

al so stud'i ed.
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2. LITERATURE REYIEI{

2.L GENERAL

In the last twenty-five years, considerable attention has

been focussed on the metallurgy of nickel-base and cobalt-base

alìoys because of the high temperature appìications of these

materials. The commercial development of age hardening superaì'loys

containing aluminum and/or titanium has enhanced the interest in the

preci p'itati on of i ntermetaì I 'i c compounds as wel I as i n the correl ati on

of structure and properties.

Superal'loy technol ogy is great'ly dependent on the understandì ng

of precìpitatìon of phases; type, d'istribution, morphology and the

mechan'isms of strengthening. Most of the ear'ly work was on the age

hardening of nìckel-base alloys2-6. However, considerable attention

in the following years was given to the strengthening mechan'isms in

chromi um-ni ckel austeni ti c steel s7-10. Several authorsll-14 huu.

reviewed the effects of titanium and aluminum add'itions to nickel-

rìch alloys. In most of the instances, the nickel-base superaììoys

are strengthened by the precìpitation of an ordered F.C.C. Tr phase.

Carbide phases also precipitate'in these alloys. Essentiaììy, the

preci p'itati on of these phases and sol j d sol uti on strengtheni ng 'in

the F.C.C. matrix are the main causes of strengthen'ing in superal'loys.

In the case of cobalt-base a]loys, it is common to find only Yr and

carbides. Strength in cobalt alloys is obtained principaìly through
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a combi nati on of sol i d-sol uti on

Simsl has revìewed the subiect

al I oys.

Cobal t-n'i ckel -base

general group of nj ckel -base

by the precipitat'ion of Y',

F.C.C. structure.

AlloYs with an austenitic

are favoured by most designers for

effects and carbi de preci pitatì on.

of strengthening ìn cobalt base

aìloys are in most cases sìmilar to the

aììoys in that they can be strengthened

Nì 3(Al ,Ti ,Nb) whi ch has an ordered

matrix and high cobalt content

hìgh temperature and long-tìme

2.2 CHEMICAL COMPOSITION

The ì og.i cal devel opment of cobal t-ni ckel -base a1 
'loys can

be seen from the periodic table of elements as'illustrated by S'ims

I
(Figure 1)I. The first class cons'ists of elements that prefer and

constitute the F.C.C. austenitìc matrix. These are from Group V, VI

and VIII and include nìckel, cobaìt, i ron, chromi um, moìybdenum,

tungsten and vanadìum. The second class of eìements prefer and

const'itute the Y' prec'ipitate Nj3Al . These elements are f rom Group

I I I , IV and V and i ncl ude al um'i num. Ti tani um, n'i ob'i um and tantal um

can subst'itute for aluminum in N'irAì. Magnesium, boron, carbon and

zircmium make up a third class of elements that segregate to grain

boundaries. These elements are from Group II, III and IV and are

very odd sized in atomic dìameter.

?.3

2.3.1

STRUCTURAL FEATURES

The Austenitic Matrix
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FIGURE I

ELTMENTS IMPORTANT IN

OF COBALT-NICKEL-BAST

THE CONSTITUTION

SUPERALLOYS( 15)
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exposure in air atmospheres. These a'lìoys can be used up to 0.8Tm

(meìting point) and for times up to 100,000 hours.

The cobal t-ni ckel -base al'loys of fer a comb'inati on of the

following properties of the cobalt-base and n'ickel-base alloys:

1. The cobalt-base aììoys are more stable at hjgh temperatures.

2. The cobalt-base aììoys have slightìy higher thermal

conductivity compared to nickel-base al'loys and have

slight'ly lower thermal expansion properties.

3. Nickel has a high tolerance for alìoying without phase

instabiì'ity ow'ing to its nearly fiìled th'ird electron

shel I 15.

4. These a'lloys, with chrom'ium additions, tend to form

CrrOr-rich protective scales having ìow cat'ion vacancy

content, This film restricts the outward diffus'ion of

metalljc elements as well as the inward diffusion of oxygen'

n'itrogen, suìfur and other aggressive atmospheric elementslS.

5. These alloys tend to form AlrOr-r'ich scales at high

temperatures wh'ich have excepti onal resi stance to oxi dat'i on.

2.3.2 Solid-Solutìon Strengthening of the Matrix

Cobalt, nickeì, chromium and titanium often exhibit

bivalency while niobium and aluminum are often trivalent. Aìso' it

can be seen that all these elements are reasonabìy close together

(Co,Ni: Group VIII; Cr: Group VI; Nb: Group V; Al: Group III) in the

periodic table of elements. Figure 1 shows that cobaìt, chromium,
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titanium, niobjum and alumjnum d'iffer from nickel by 1- 18% 'in

atom'ic diameter. From the forego'ing statements, it iS reasonable to

expect solid-solution formatìon on the bas'is of Hume-Rothery's

rul.r16. Furthermore, the size factor being wìthin the favourable

limìt (15%) for solid-solution format'ion, couìd lead to hardening as

a result of lattice expansìon due to differing diameters. Hardening

could also result from the lowering of stackìng fauìt energy by the

a'lìoying elements whìch would make cross slip in the matrix more

d'ifficult.

2.3.3 The Gamma Prime (r') Phase

The cobalt-nickel-base superalloys are, in most cases'

strengthened by the prec'ipitatìon of Y', N'i3 (nt,Ti, Nb) phase wh'ich

has an ordered F.C.C. structure. In many cases these precìp'itates

occur as smal I cubes with s'ides para'll eì to [rooJLT-20. It has been

observed that there is a strong tendency fon these cubes to be

al i gned al ong the (100) di rect'i on121. Accord'i ng to Ardel I and

Nichol ,rn22, a modu'lated structure develops from an 'initialìy random

precip'itate distribution gradualìy changìng to one where cube

preci pitates ane al ì gned a'l ong <100> di recti ons.

In commercial superalloys, the shape of individual Yr

precip'itates varies from perfect'ly sphericaì to perfectìy cubìcaì '
a'lthough most particìes have some intermediate shape. Hageì and

t
Beatt'ie' have suggested that spheres are formed when the lattice

misfit between l' and the matrix is less than 0.5 pct. while cubes
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are formed for misfits'in the range 0.5 - 1.0 pct. When the misfit

is greater than 1 pct., t'precìp'itation is inhibited and onìy a

discont'inuous precip'itation occurs. Cubical T' precìpitates have

been observed jn Nimonjc alloy with a misfjt of less than 0.1 pct.23.

Th'is ìnd'icates that the Hage'l-Beattie suggestion js only partìaììy

valid. It has been suggested by d'ifferent workers24'25 thut particles

wh'ich are spherjcal when small often become cubical upon increasing

'in size. Kelìy and Nicholson26 have suggested that thìs type of

effect may be assoc'iated w'ith the loss of coherency of the partìcle

at an 'i ntermedi ate stage 'i n the agì ng p rocess. Such an 'i dea coul d

be correlated with those of Brooks2T and Frìedel28 fo. loss of

coherency, predìctìng that coherency should bneak down for Y' particle

s'izes of the order of 30 - 75nm. However, analysis of diffraction

effects from th'in fojl studjes29 on a binary Ni-41 al'ìoy ìndìcates

that Such "l oSs of coherency" 'is not necessa¡i]y 'impì ìed when I '

partìcles cease to be sPherical.

It was stated earlier that the r' phase frequently contaìns

dissolved elements that lead to the substitution of solute atoms'in

both the "Ni" and "A1" portions of the'ideal Ni3Ai stoichiometric

precipitate. The common repìacements for A1 are T'i or (Ti+Nb). It

i s known that the Al/Ti ratì o p'lays an important rol e 'in governi ng

the kinet'ics of r' precipìtation. Nordheim and Grant30, Beattie and

Hageì31 and Hughes3z among others have discussed the role of the AilTi

ratio at ìength. However, an example of the effect of substitution

of a th'ird solute element such as niobium is worth considering.
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Al ternately , the ef f ect of addi t'i on of al um'i num

conta j ni ng ni ob'i um coul d be exami ned. Such an

be parti cul arìy worthwhi I e 'i n the I i ght of the

many al I oys Y' i s a metastabl e phase overag'ing

Ni3Nb phase33 or hexagonaì n-Ni3Ti98.

to a superaì1oy

'i nvesti gati on coul d

suggestìon that in

to orthorhombi c

2.3.4 The Carbìde Phases

The common classes of carbides are MC, MZ3C6, M7C3 and MUC.

The MC carbides are general'ìy ident'ified as the primary carb'ides. They

take a nandom cub'ic morphoìogy and have a F.C.C. structure. They

occur from sìmple combination of carbon w'ith react'ive and ref ractory

metals (Ta, Nb, Ti, V, etc.) and often precipitate at the grain

boundary. The MZSCO carbides show a marked tendency for precipitation

at the grain boundary. The MUC carbides often exhibit, in add'ition

to graì n boundary preci pitati on, a W'idmanstätten, 'intergranul ar

morphology. The MrC, carbides normaìly take a blocky intergranuìar

form.

2.4 PROCESS OF PARTICLE COARSENING

The compìicated process of Ostwald Rìpening35 in which

'large partic'les grow at the expense of small ones by a diffusion-

controlled mechanism, was independent'ly soìved by Lifshjtz and

Slyozov36 and Wagnen37. In its originaì form, the Lifshitz-Wagner

Theory is app'licable to spherical particles dispersed in a fluid

matrix, but Li and 0rian'i38 have shown that many of the factors that
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compl i cate the coarseni ng process for part'icl es of arbi trary equ'iì i bri um

shape in solid matri..r39 can, 'in p¡incipìe, be accounted for

quanti tati ve'lY.

2.4.L Growth of Average Particle

For diffusion-controlìed transfer of solute in the matrix

and the ideal case of sphericaì part'icles coarsening in a flu'id

matrix, Lifshìtz and S'lyozou36 and wagne,^37 have derjved the folìowi ng

equations for the growth of the average particle as a function of

tìme:

F3-Fl=tt (1)

where F is the average partìcle radius at tìme t, Fo ts the average

particle radius at the onset of coarsen'ing. The rate constant k'is

gi ven by:

o2 RT
c

where 6.is the interfacial free energy of the part'icle/matrix interface,

D is the coefficient of diffus'ion of the solute'in the matrix, C. is

the concentrati on of sol ute 'in equi l'ibri um wi th a parti cl e of

infinite size, V, is the moìar volume of precipitate, o. is a numerical

constant rel ated to the di stribut'ion of partì cl e s'izes (theoreti caì'ly

3/2) and R and T have their usual meaning.

Followìng Ardeì140, fo. cubo'idal particles F is replaced

by ã/Z where ã is the average length of a cube edge. Therefore, the

2ôD C V2. emk =-



Li f shi tz-l'lagner expressi on becomes :

-3 =3 64 oC.v2t
a -oo=-9-T+=k't

2.4.? Theoretì cal Di stributi on of Part'icl e Si zes

10.

(3)

The dìstrìbut'ion of particle sizes evolves towards a

"quas'i-steady-state" distribution3T, f(.,t) *h'ich is independent of

final d'istribution f(.,o). The distribution function is:

'(.,r)=f(t) 
P'n,o) ..' (4)

where f1¿¡ is a function of time only,

and h(o) is given bY,

h(o) =(#-,J''{ng;'/'".{.,fr) .. (5)

where o(0.=3/?t n(o) =0i p)or=3/2-

The size d'istribution is such that partìcle sizes greater

than 1.5 i should not exist. The function o2 h1o¡ is time-invariant

and has the property that:

p =lF'

!r'n(o) 
dp=pl o . . . . (6)

The "cut-off" radius, oa = 3/2 enters into the !'lagner

formulation through the above equation, and is the onìy parameter

associated with the theoretical distribution of particìe sizes in

the kinetic equations for coarsening.
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?.4.3 Coarsen'ing Ki netì cs of 'r '-Form'ing Al I oys

Kriege and Ba.ir41 detenn'ined the composition and volume

fraction of v'prec'ipitate in several commercial aììoys. Ar¿ell40

and others42'43 demonstrated that in t'-form'ing binary and ternary

a'lloys, growth of the v' precipitate obeys a diffus'ion-controlled

coarsening modeì where the average particle radius increases linearly

with time to the one-third power. Van der Molen et al44 *o.kjng on

Udimet 700 and more recently, Chaturvedi and Chung45'46 on Co-Ni-Cr-Tj

aììoys found that the coarsening kinetics of v' precipitate followed

the time-ìaw predictions of the Lifsh'itz-llagner Theory of diffuion-

controlled growth at al'l aging temperatures.

2.5 STRENGTHENING OF TI.IO.PHASE ALLOYS

Second-phase particles can increase the strength of

an alìoy by one of two mechanir*r47. The part'icles may act as

impenetrable obstacles to dislocations and force them to bow out and

by-pass them via the 0rowan mechanir*48. Alternateìy, the particìes

may be cut or sheaned by dislocations at stresses below the Orowan

stress. Under these conditions the strengthening effect of the

pant'icles is due to the additional work required to make the

disìocat'ion cut the particìe. In either case, the theoretical

treatments of second-phase particle strengthening are based on the

fol I owi ng model , whi ch i s physi ca] ly dep'i cted i n F'i gu re 2. The

glide dìslocation bows out between the part'icles, and the angle I
between two arms of the dislocation is determined by the strength of

the particle. llhen this angìe reaches a critical value, the



12.

FIGURE 2

A COUPLED PAIR OF DISLOCATIONS INTIRSECTING

DIFFERTNT ORDERED PARTICLES, SHOI.JING THE

EFFECT 0F BEND ANGLE ø 0N OBSTACLE SPACING.

SHADID AREA REPRESENTS ANTIPHASE BOUNDARIES(55'68).
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dislocation breaks away from the parìcle. At this critical point,

the obstacle strength F is related to the d'islocation l'ine tension T

by the equati on

F=2TCos(6tZ¡ .. .(7)

when breaking ang'le þ = 0, the particle behaves as an

impenetrabìe obstacle (Qrowan harden'ing). For I ) 0, the particle

can be sheared by the 9ì'ide dislocation with the requìred shear

force equal to F. The shear stress required to cause the dìslocation

to break away from the particle will be

rrbLt=F

OF, ,f = 5j;-1

= 2T cos (6tZ)--q
where L, ìs the effective spacing between the part'icles.

In realìty, there will be a d'istribution of F and L,

values such that the calculation of flow stress involves selecting

some average value of F and L, and thereafter subst'ituting these

val ues i nto Equatì on (8) .

A number of definitions of 'Lf' are possìble - the

,voìumetric, spacing, the 'planar' spacing, and the 'mean free

path,47. For the case of a d'islocat'ion mov'ing on a slip plane, the

'p'lanar' spacing, Lf (i.e., the average distance between particles

in the sìip plane) is the most appropriate. This spacing is related

(8)
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to NO, the number of particles ìntersect'ing a unìt area of s'lip

plane, by the equat'ion

_1 /? . . . . . (g)Lt = B(No) Ltc 
" "

=BL

where B is a constant of the order of unity. Therefore, L = (nO)-1l2.

For weak particles which are sheared by gl'ide dislocations,

the value of effective particle spacing, Lf,'is g'iven by the Friedel

rel ati onshì p

,-,=(tr),'=(5;"'

where t, is the stress requ'ired to cause the dislocation to break

through the array of particles. Subst'ituting this value of L, into

Equati on (8) g'ives the express'ion for tf .

", = T (*o)t" lcos(6/?D3/2 = ff [.0, (øtz¡f/z (il)

The exact value of particìe spacing has been a subiect of

considerabìe discussion in the literature34'49'52. For a regu'lar

square array of impenetrable particìes, Lf = L. For a random array

of particles, sophisticated calculations for the value of L, bv

Kocks50'78 and Foreman and Makin49'51 gìve L, = 1.191 and 1.231

respect i veìy.
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2.5.L Deformable Particìes

In the case of particles that are cut by gl'ide dìslocations

(d > O¡ the force F required to cut part'icles or the value of breaking

angle É must be calculated and substjtuted into Equatìon (8) or (11).

The cal cu'lati on of th'is add'iti onal shearì ng f orce F 'is ma'in'ly based

on two strengthening mechanisms:

(a ) order strengtheni ng

(b) m'isf it or coherency stnengtheni ng.

(a ) 0rder Strengthenì ng l'lechani sm

Ham53 has shown that when a 91ìde d'islocatìon acting under

a shear stress tt cuts an ordered particle, the force rrb on the

dislocation, negìecting the particle-matrix interfacial energy, must

balance the antiphase boundary energy (APB energy) created. Accordìng

to Ham,53'54

"rb=a#
or 'r =+#
where tApg is the APB energy and r, is the average radius of part'icìe

intersected by a slip p'lane (., = (U3)1/2. *h..e r is the particìe

rad'ius).

since*o=*andL=(tJ".,
nFs

where fu is the volume fraction of the precipitate particles, the

(12)
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" 
=(fl5¡"'

Substituting Equat'ion (13) 'into Equation (12)'

necessary to force the dislocation through the partìcìe
3/2

_ _ i'oiB f4rvrslt"'I = --b- \n-rl

2., 
_ l4tnpgfu..\12 

rTf

1T-\--T-) j#r',r*

Fri edel spaci ng ( Equat'i on 10) becomes

The upper l'im'it on th'is f racti on for i ncreasi ngly

is set by the condition r, = T/YA'B for wh'ich Lt

the po'int of Orowan bowing

(13)

the stress

i s g'iven by

. . (14)

The f racti on of di sl ocat'ion l'ine cutt j ng partjcl es i s gi ven by

2r
5̂

-=
L,

I

t-
s

th'is criti caì

zr / qt */2
+=\+)
T/ tRpg

fracti on, the

voo, /+tu{/2.I = __b_\ 
" /

be below the Orowan bowi

conti nue.

(15)

bent di sl ocatì ons

= L; i.e., iust at

. . . . . (16)

stress to shea r a pa rt'i cl e

. . (17)

ng stress in order for

where

At and above

becomes

This stress must

particle shear to
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Zr
The lower limit of * rEquatìontI

of L, for a perfectly straight d'isl ocati on

case of very smaìì Particles, i.ê.,

?r - îTf..-,s 
= f r <--JI; 'v, 's=4tApB

is given by the value

corresponds to the

16)

and

l,/hen the f i rst d'i sl ocati on i s i ust cutti ng the parti cl es

as in Figure 2, the second dislocation is puì1ed forward by the

APB energy remaining in all particles cut by the first dislocatì0n53-56.

If the two dislocations assume the same shape and the separatìon x

(see Figure 2) between the two dislocations is sufficientìy small

(but larger than rr) the second dislocatìon may lie outs'ide of all

the particles. Then, at equ'il'ibrium, the total forward stress on

the second dislocation balances the repulsive force between the two

di sl ocati ons. Thus,

t rlb =

The term (l-u) in the above equation is appìicable for edge dislocatìons'

and equals unity for screw dislocations.

In general, however, the second dislocation does not come

into contact with APB and is nearìy stnaight. The more APB cut by

the second dislocation, the less effective the particles become as

obstacles. Then, refenring to Figure 2, the force balance is as

fol ì ows :

Gb2
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for r- a J-,t 
'APB

YApB_ =_T

For r- , J-, Equati ont 
'APB

Equati on (22).

ïAPB
lngnr , = T

flo'oortu', \ t/t
L\---" r- /

(24) is modìfied bY

(20)

(2r)

simul taneously, the f o'l'lowi ng

dislocat'ion ìs obtained.

(24)

tquation (16) in

(25)

0n d.istocarion r, 'o - 2¡f\! - 
tAPB-dI 

=

on dislocarion II, .b * + -$. =Q

rel ati on

and (21)

the fì rst

d_
rAPB JtI

0n

for

sol vi ng Equatì ons ( 20)

the forward stress on

2rb + 
tRledil 

-
II

since the second d'islocation is observed to be stra'ight

during shear by the f i rst dì s'locati on, Equat'ion (18) may be substituted
d_ - d,

for III and Equation 15 tor l. Then Equation (22) becomes
LII - tI

zrb+'ApBru=Ë'^itl'I;ul}ßr .... (23)

Rearrangi ng Equati on ( 23) ,

,, I
us'ing

rTf
For r, a 1*ft.' uslng Equat,lon '(18) i-n Equation (22)'

r=0
This can be seen from an exam'ination of Equation (24).
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The flow stress given by Equat'ion (24) would reduce to one

half the stress given 'in Equat'ion (14) for single disl ocation. Figure 3

gives a schematic summary of the bas'ic features of this model.

(b) Coherency Strengthening Mechanism

There have been attempts to relate the influence of coherency

strains to CRSS. However, these attempts fajled to explain the

dependence of CRSS on part'icle size. Subsequently, a model has been

developed by Gerold and Haberkorn5T *h... the interaction between

dislocations and elastic strain fields around coherent precipìtates

is assumed to pìay a dominant role. TheirST model begins with the

fol I owi ng express'ion for the i ncrease i n fl ow stness due to i nteract'ion

of di sl ocati ons w'ith the stra'in f iel ds.

Âr-K6¡-,, " " (26)

where K is the maximum repelìing force of the stra'in field of a

sing'ìe pant'icle on a mov'ing d'islocation and L" is the average distance

between the force centers. The problem is to fìnd the appropriate

express'ions for K and 1". K is found to be equa'l to or less than T,

the Iine of tension of an edge d'islocation. For L", instead of

usìng the Friedel spacing (Equat'ion 9), theys7 have used the folìowing

express'ion in which the obstac'le spac'ing depends on the bend angle,

e = l/2(n-6).

Accord'ing to them,

. L/2 9nfr-"=þþ2,+<s<3/2 " '(?7)
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FIGURE 3

SCHEMATIC AGE-HARDENING CURVES ILLUSTRATING

RELATION BET"I^IEEN ORDER STRINGTHENING AND OROWAN

BOltJING AS A FUNCTION OF PARTICLE SIZE(56)
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The angle to wh'ich a dislocation is bent by the force K before

escapì ng the part'icl e 'i s gi ven by

2 sin e:åT ( 28)

Combining Equat'ions (26), (27) and (28), the wìde1y used expression

for the CRSS of edge dislocatìons has been obtained by Gerold and

Haberkorn5T.

At = s',rrr(+)t' . . . . .(zs)

In the above equation, for edge dislocations

grTf , 3le lr^
#<--6- <r/2

and ß= 3

and for screw disìocations,

%r , li ltt 
< rlzTtr \ --6-

and ß = 1.

Based on experimental data for Cu-Co and Al-Zn alìoys, it

was concludedsT that edge dislocations control the CRSS. It was also

concludedsT that for small part'icles (rr/b ( 20), the particles cut

the precipitates, and for larger particìes dislocations will by-pass

the particles by the Orowan mechanism.

GleitersS has also discussed the effect of coherency

strain fields on CRSS in a two-phase alìoy-. He has folìowed the



steps outlined above but w'ith different assumpt'ions as to the

f I ex'i bì 1 i ty of d'i sì ocat'ion I i nes and the averagi ng procedure f or

obstacle distribution. He has obtained the followjng expression.

= pa rt'i c'l e/matri x

= volume fraction

= parti cl e radi us.

The Harkness and

fol I ows:

interfacial energy,

of precipitate and

Hren versionS9 gives

22.

. . . . . (30)

a different value

The majn difference between Equations (29) and (30) is the

volume fractjon Parameter.

Àt = u.B Ge 
3/2 r5/6(þJ"

According to Keììy and Nicholson26,

{3fr= î t, f'

(c )

i.
0ther I'lechani sms for Strengtheni ng due to Deformabl e Parti cl es

Surface Hardeni ng

Additional energy is necessary to create a partìcìe/mat¡ix

when a particle is sheared by dislocatìon.i nterface

where r,

f

R

fq¡ t ôS

60.4
T=--

b"
(*)-"' (rr)3/2 n2rz

ll.

Difference between the stacking-fault

and matrix could cause a hardening particuìarly

the same crystaì system.

energì es

if both

of parti cì e

be'long to
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According to H'irsch and Kelly60, the value of t due to

stacki ng fau'lt hardeni ng i s g'iven by rz

* (#)' n \î -5- /\ 
E

- (' - #J" $)z/3

parti cl e radi us

stacking-fauìt energy of the matrix

stacking-fau1t energy of the precipitate

mean ribbon width

partiaì dislocation separation force tirnes the

separati on di stance

)*

(33)

where R =

v-

2

Y-

1

6=

K(c) =

Gerold and Hartman6l have derived the follow'ing express'ion.

aaaa

where I, = u complex funct'ion of R and the stacking-fau'lt energy

the preci pitate.

i i i . Modul us Hardeni ng

The differences between the elastic moduli of matrix and

particle lead to this type of hardening. Knowles and Keì1y62 have

derived the following expression.

' = (+J" ,Ë#j'i*J" rtlz \n

'= # ff)" [o'8-o'143rn(n7n113/2

x (R)t/2 (r¡t/z

(34)

of

. . . . . (35)



24.

where ÁG = d'ifference'in shear modulus between matrix and precipitate

and G = rrâtrix shear modulus (and R>zb).

According to Weeks et a163, ho*.uer, the value of t is

gi ven by,

However, the strengthening of the underaged a'lìoy is

considered mainìy due to coherency and/or order mechanìsms.

2.5.2 Superposit'ion of Order and Coherency Mechan'isms

Mihalisin and Decke14 and Fin.64 ,uggest that the maior

contr j but'ing f actor to Y' - formi ng al ì oys i n the underaged cond'iti on

is the coherency strains. However, V. A. Phillipr65'66 and Singhal and

Martin6T d.t.*ined the two effects, namely coherency strengthening and

order strengthening to be add'itìve i.e., each mechanism contributìng

to the CRSS the value it would contribute'if it were act'ing a1one.

Raynor and S'ilcock68 attributed hardening of t' containing alloys

with h'igh TilAl ratio mainìy to order strengthening.

Chaturvedi and coworkers69 .*plained the behav'iour of

Co-Ni-Cr-Ti aìloys strengthened by r' phase in the partìcìe-shearing

stage on the basis of Brown and Ham's modei54'91 of an order strengthenìng

mechanism. Munjal and Ardelì70 observed that the strengthening

of the Ni-Al alloys containing smaìì r'particles and small volume

fractions of Y'to be primarily due to order strengthening in the

. =ofl[É.'. i]
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underaged cond'ition. This was confirmed by ArdellTl on the bas'is of

temperature independence of precipìtat'ion hardening in the underaged

Ni-41 aììoys. Melander and PerssonT2 .on.luded for Nimonic 804,

that order strengthening contributed about 60% to that portion of

the strength attributable to the'r' precipitates in the underaged aììoy

and about 451. in the peak-aged a]'loy.

More recentìy, Chaturvedi and Han73 determined that the

yielding of underaged Inconel 718 occurs by shearing of the coherent

ordered BCT - Y" and ordered F.C.C. v' prec'ipitates by g'lide

dislocations which move in pairs. They suggest that the yield

strength of the material could be adequateìy accounted for main'ly by

the coherency hardening mechan'ism. Therefore, it seems that the

appìicability of a part'icular strengthening mechanism varies from one

aììoy system to another.

2.5.3 Non-deformable Part'icles

The particle cutting modeìs agree that as the particìes

grow beyond a c¡itical size, the dislocations may by-pass them by

bowing. The 0rowan bowing model43 i, genenaììy considered to be

most applicable for austenitic superaì'loys. This model is illustrated

in Figure 4. The increment in flow stress Ât due to bow'ing is given

by consideration of the radius of curvature to whjch a flexible

dislocation can be bent by an applied stress.

¿. b =* . . . . (37)
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The minimum value of p is half the interpart'icle spacing of the

particles, L and corresponds to 0 = T as shown in Figure 2. Therefore,

tquation (37) becomes

¡tb=4 ..L ... (38)

T is often assumed to be equal to the ì'ine energy of the disìocat'ion,
^,2

roushìy þ.

Equatìon 38 has been modified by AsnuyT4-26 assumìng a

bul gi ng of di sl ocat'ions between equal'ly spaced parti cl es. Accordi ng to

him, the buìging dislocation is in a critìcal configuratìon, requiring

the maximum appìied stress when the two arms of the disìocation,

one on each side of the partic'le, first become paraìleì. The

dislocatjons shown in Figures 5 and 6 are in th'is configuration. It

can then be argued that at each part'icle a small forward dìsplacement

pu11s out a dipole of w'idth equa'l to the particle diameter, Zfs.

The critical, or Qrowan stress is then that stress which is iust

capabìe of elongating appropriate dipo'les of width 2r, sPaced L

apart. Thus, according to AshbyT4-76,

r -1 Gbr^ 2"
'edge=ã'Ëln i ""'(39)

and

'r...* =r;1l;¡fÞtn t (40 )

where ro is the inner cut-off radius, b the Burger's vector, G the

matrix shear moduì us and v the Po'isson's rati o.
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FIGURE ¡I

THE OROI^¡AN MECHANISM(77)
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FIGURE 5

A DISLOCATION BENDING BETWTEN PARTICLES(74)
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FIGURE 6

THE SHAPE OF AN EDGE, A MIXED, AND A SCRTl^l

lìlHICH BULGE BETWEEN EQUALLY SPACED PARTICLES

ARMS ON EACH SIDE OF SINGLE PARTICLE ARE JUST

D I SLOCATI ON

SUCH THAT THE

PARALLIL(74)
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FIGURE 6
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In reality, a'll the part'icles do not have the same spacing,

and a distribution of partic'le spacings wi'll ex'ist. Kocks78, and

Foreman and Makìn52 huu. anaìysed the effect of random spacing.

Every spacing between a pair of particles has its own pass'ing stress.

At a gi ven appl'ied stress, o, a di sl ocati on segment wh'ich has success-

fulìy bowed through one "tranSparent" spac'ing may find itself pressed

against some others wh'ich may not be transparent. KocksTS and

Foreman and Mak'in52 have shown that extensive s'li p can f ì rst occur

at the critical value of the applied stress, such that about one

th'ird of the spacings between the particles is transparent. If the

critical configuration is that at wh'ich the ang'le I between the two

arms of dislocation is zero, then a statist'ical factor about 0.85

relates the macroscopic flow stress of the random array to the

average local 0rowan stress by the relation

The particle size 2r

l,lhen this is so, L

s = 0.85t

oedge - omatrix = O.eS tr fn

oscrew - omatrix = O.eS 2;fu

, is usuaììy much smaller

shouìd be repìaced bY (L

?r"
ln + ... (43)

o

than their spacìng L.

- 2r ).s'

2r
s

o

The Qrowan loopìng process has been discussed by Hirsch and

HumphreysTT. They conclude that both edge and screw dislocations will

bypass particles at the same Stress. They have used the statistical

theory of Kocks78, and computer calcuìations of Foreman and Makin52,
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wh'ich show that the parti c'le spaci ng Lo i s 0.8t n-1/2. Assumi ng

the shape of the ìoop to be an eììipse, Hjrsch and Humph..yr77 huu.

determined the CRSS as folìows.

" = 0.81 Gb, ,o rn lb . o . (44)
zn Lo( l-u ) 

r/ ' 'o

The effect of dislocation self-interaction on the 0rowan

stress for collinear, impenetrable circular obiects has been anaìyzed

by Bacon et a179. They have developed an express'ion for the flow

stress of a self-interacting dislocat'ion moving through a random

array of impenetrable obstacles.

, =(ln 
rrrt'" 

=nP 
.,n 2r,

' =h.Ll) ?nLo .o ' (45)

where fÞ r, the classical Orowan va'lue, ìn t accounts for the
to to

interactions over one bowins ìoop and(ffiJ/t o""t'bes the

effect of mutual loop interactions and the randomness of the obstacle

a rray .
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EXPERIIIEIITAL PROCET}T'RES

3.1 PREPARATION OF ALLOYS

50 gm melts of Alloy A and Al'loy B (Table 1) were made ìn

an argon-anc furnace for study of hardness and stt uctural changes.

The alìoying elements were 99.99% pure except for niobjum which was

gg.g% pure. The alloys always contained some carbon as an ìmpurìty.

A positive pressure (250 mm Hg) of argon was maintained in the

furnace du¡ing the melti ng process. The 'ingots were 1 cm 'in

thickness and 8 cm in 'length.

650 gm melts of Alìoy A were made in an induction furnace

for study of tens'i ì e properti es. Here al so ' a pos'itì ve pressure of

argon was maintained as described above. All the elements except

alum'inum wene melted in a zirconia crucible. Aluminum was held in a

hopper inside the furnace and was added only after comp'lete meìt'ing

of the other elements. The melt was then sand cast jnto ingots

2.6 cn? in area of cross-section and 10 cm in ìength.

3.2 HEAT TREATMENT OF ALLOYS

The ingots were homogenized at 1473K and coìd-rol'led/co'ld-swaged

with frequent intermediate anneals at 1473K. The final products of the

alloys melted in the argon arc funnace were rods 5 mm in diameter.

These rods v{ere used for hardness specimens, extractions replicas and

for the electro]ytic extraction of prec'ipitates for determìnation

of volume fraction of precipitates and X-ray diffraction.
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TAELE I
COMPOSITIONS OF EXPERIMTNTAL ALLOYS

(Heighr %)

ALL0Y A 40.0 Co 38.0 Ni 17.0 Cr 3.5 Nb 1.5 A1

ALL0Y B 40.0 Co 38.0 Ni 17.0 Cr 3.5 Ti 1.5 A1
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The alìoy meìted in the induct'ion furnace (Aì'loy A) was

given similar treatment as described in the previous paragraph to

produce stri ps lmm th'ick. Some stri ps werè f urther rol I ed w'ith

intermed'iate anneals to produce strips 0.22nn thick.

The f.inal solution treatment temperature was always 1473K.

All heat treatment were carried out with specimens sealed in argon-

filìed vycor capsu'les followed by a rapìd quench in iced brine.

3.3 HARDNESS MEASUREMENTS

Hardness specimens (3mm in thickness and 5mm in diameter)

were aged between 873 and 1073K for various lengths of t'imes and the

hardness values were deter-mined usìng a Vickers Hardness Tester.

Each value was obta'ined as an average of twenty measurements.

3.4 VOLUME FRACTION OF GAMMA PRIME PRECIPITATE

AND X.RAY DIFFRACTION ANALYSIS

The volume fraction of Yr jn the aged samples was measured

by an extraction method. Extraction of l' precipitate was performed

by anodic dissolution of the matrix us'ing an e'lectroìyte composed of

I pct ammonium sulfate and 1 pct. citric acid in water80. The

eìectroìysis was carried out at 8 volts. It is kno*n8l that the

volume fraction of y'can be taken as the weight fraction of l'and

that the extraction method is more reliable than replica electron

microscopJ, in view of the targe scatter in the latter techn'ique.
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precise lattice parameters of filed and annealed specimens

as well as extracted precipitates were detemined us'ing Co-Ko radiatìon

and the Nel son-Ri ì ey techni que.

3.5 ELECTRON MICROSCOPY

3.5.1 Spec'imen PreParat j on

Thin fo'ils of electron microscopy were prepared by a

modi fì ed Bol I mann techni que usì ng a so'l utì on of 10 pct perchl ori c

acìd 'in methanol at 233 to 223K.

Extract'ion repì'icas of various aged specimens were also

prepared. Polished spec'imens were etched'in a solution of 50 pct

lactìc ac'id,33 pct hydrocloric acìd and 10 pct n'itric ac'id to reveal

the.r' partìc'les, which were then shadowed wìth carbon at 2 x 10-5mm Hg

pressure. The carbon films were loosened by e'lectroìysis in a solutìon

of 10 pct suìphuric acid in methanoì, and were subsequentìy co'llected

on copper grids.

3.5.2 Electron Microscopy Procedure

The r' particle sizes were determ'ined using dark field

m'i crographs obtai ned wi th ( 100) superì atti ce spots, the f o'i I pl ane

be'ing (100) .

In addi t'i on to the morphol ogi cal stud'ies rel ated to Y'

particles, the g¡ain boundary pnecipitates (such as carbides, sigma

phase, etc.) were also analysed with respect to size, shape and

compos'i ti on.
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Systemati c investi gatì on

interactions t{ere carried out using

and deformed tensiìe sPecìmens.

3.6

3.6.1

TENSILE TESTS

of the r' parti cl e/d'isl ocat'ion

th'in fo'i'ls prePared f rom aged

(lmm and

and 12mm

Tensi I e Specimen PreParati on

Flat tensiìe sPecimens (AlloY

0.22nn ) were prePared. TheY

9au9e width (Figure 7).

A) of two different thicknesses

were all of 35mm gauge ìength

The gra.in size of the lmm thick tensile specìmens was

56 x 10-4cm The grain size of the 0.22mm thick tens'iìe specìmens

was 21 x 10-4cm The grain sizes were all measured subsequent to

solutìon treatment at 1473K and checked after ag'ing to various tìmes

at 1073K. Extreme care vJas taken to maìntain the same final grain

size in the specimens of the same th'ickness.

The extracted I' prec'ipitate was anaìysed by the ava'il abl e

atomic absorption technique. 0n'ly Ni, Co and Cr could be analysed,

and therefore, the balance was deduced to be (Nb and Al) content. It

has been observedS0 thut the ratio of Ti and Al in l' is the same as

that present in the parent al1oy. This observation was extended to

the experimental aììoy (Aìloy A) to calculate the amount of Nb and A1'

From th'is analysis, the composition of the residual matrix (i.e. the

composition of matrix from wh'ich all of l' phase was precipitated)



37.

FIGURE 7

TENSILE SPECIMEN
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was determi ned. Tensi ì e specìmens wi th th'is composi t'ion

(Co - 42.9 w/0, Ni - 36.30 w/0, CF - 18.43 w/o, Nb - 1.73 w/o

and Al - 0.74 w/o) were prepared and tested in the solution treated

cond'iti on.

3.6.2 Tensile Test Procedure

The specimens wene tested in unìaxial tens'ion at room

temperature on an Instron testing machine at a constant strain rate

"1of 3 x 10-'min- .

The 0.2 pct proof stress was determined for each lmm.

th'ick tensi ì e specimen. The 0.22mm thi ck tens'iì e specimens were

deformed to 1 - 3% plastic strain and were used subsequent'ly for

el ectron mi croscopy.

3.6.3 Spec'ial Tensile Tests

Several tensile specimens were solution tneated at 1473K

and aged at 1073K for 1,2 and 16 hours. Thereaften, the spec'imens

were tested in un'iaxjal tension at 77, I77, ?93 and 373K on an

Instron testjng machine at a constant strain rate of 3 x 10-3 min-i.

Two strain gauges (one on the front surface and one on the rean

surface) were mounted on each specìmen to elìm'inate ambiguìty ìn

strain readings due to any elastic deformatìon of the frame of the

machine. Adequate care was taken to ensure stability of the strain

gauges at the test temperature. Modulus corrected 0.2% yield

str"ength values normalized w'ith respect to the 77K data were

determ'i ned.
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4. EXPERII{EIITAT RES'LTS

4.1 HARDNESS MEASUREMENTS

The ag'i ng ki neti cs of the two al I oys were f oì ì owed by

hardness measurements and the variation in hardness with aging time

at 873,973 and 1073K are shown in Figures 8 and 9. It is seen

that both the aìloys exhìbit norma'l agìng behaviour i.e., as the

temperature of aging is reduced, the time requ'ired to attain both the

peak hardness value and a particular hardness value is increased.

4.2 VARIATION OF VOLUME FRACTION OF Y' PRECIPITATE t.jlTH TIME

The results of volume fraction anaìysis of Y' precipitate

are shown in Figure 10, wh'ich is a p'lot of volume fraction of Y'

against agìng time of Aììoy A at 1073K. It is seen that the volume

fraction increases up to 10 hours of ag'ing and then remains constant

up to 1000 hours of aging. This would suggest that the growth of Ï'

parti cl es mi ght f o1 I ow "0stwal d Ri pen'ing"35 or the Li f sh'itz-Wagner

theory of diffusion controììed coarr.ning36-38. A detaiìed ana'lysìs

of growth of r' particles is presented in Section 4.5.

4.3 VARIATION OF THE LATTICE PARAMITERS OF Y AND Y' I.JITH TIME

The variation of the lattice parameter of r (matrix) and r'

(extracted precipitate) for Alloy A is shown in Figure 11. The

lattice parameter of the matrix (i.e., solution-treated and quenched

alìoy) was 0.3558nm. The lattice parameter of the matrix decreased
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FIGURE 8

THE EFFECT OF AGING ON

SPECIMENS OF ALLOY A AGED

THE HARDNESS VALUIS OF

AT 873K, 973K, and 1073K
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FIGURE 9

THE EFFECT OF AGING ON THE HARDNESS VALUES OF

SPECIMENS 0F ALLOY B AGED AT 873K, 973K, and 1073K
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FIGURE IO

VARIATION OF VOLUME FRACTION OF T' PRECIPITATE

WITH TIME DURING AGING OF ALLOY A
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FIGURE 11

VARIATION OF LATTICE PARAMETERS OF Y AND Y'

l,lITH TIMT DURING THE AGING OF ALLOY A



E
Ê

É,
L¡J
þ
UJ

=,
É.

È,

t¡JI
t--

k
J

o.35s b

tr- /'EXTRACTEDo_ / MATRTX

ro
AGING TIME, HRS.

FIGURE 11



44.

on aging to t hour at 1073K and thereafter nema'ined almost constant

at0.3555nmonagingupto1000hours.Thelatticeparameterofthe

extractedprecìp.itatewasconstanta]throughtheagingperiodat

0. 3603nm .

4.4 ELECTRON MICROSCOPY OF PRECIPITATION

The structural changes on ag'ing were determj ned ma'in]y by

electron microscopy. The maior precip'itation react'ion at all the

ag.ing temperatures was the formation of Y' phase which has an ordered

Cu,AutypeF.c.c.structure.Averyl.im.itedamountofcarbjde

precip.itate with'in the grains as well as at the grain boundaries,

and sigma phase at the grain boundaries were also observed. The

precìpitatìon and growth of these phases is described below'

4.4.I Early Stages of Preci p'itat'i on

In the early stages of aging, the presence of Y' particìes

gave rìse to a modulated matrix structure (F'igure 12) and superlattice

spots ìn the d.iffraction pattern. The earlìest stage when the

individuai Y' partìcles could be clear]y seen was on agìng for two

hours at 1073K. A dark field m'icrograph w'ith the (100) super'lattice

spot of v , i s shown 'i n F'i gure 13. The part'i cl es are about 4nm i n

rad'ius and they seem to be of m'ixed shape' 'i 'ê" cubic as well as

spher.icaì. In certain areas, they seem to be alìgning themse]ves in

the (100) di recti ons.

Asagìngv.Jascont.inued,thev,partìc]esdeveìopedawe]l

defined cub'ic shape and aligned themselves along (100) direct'ions'
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FIGURE T2

MODULATED MATRIX STRUCTURT IN SPICIMEN OF ALLOY A

AGED FOR 1 HOUR AT 1073K

FIGURE 13

I]ARK-FIELD MICROGRAPH SHOl^lII{G V'PARTICLE IN SPECIl'4EN OF

ALLOY A AGED FOR 2 HOURS AT 1073K



FIGURE 12

FIGURE 13
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example of this is shown in

a spec'imen of AlìoY A aged

Figure 14 which is the microstructure

for 64 hours at 1073K.

4.4.? Overagi ng

0ncont.inuedaging,Ï.particjesstarttoagg]omenatewhile

contìnuìng to be aligned aìong <100> direct'ions (Figure 15)' At the

same t.ime, these partìcles start to lose coherency and start to reveal

extinction fringes due to depth periodjcity of the transm'itted beams

at the precipìtate/matrix interface' Also' 'in several of the

precipitates,]inesofcontrastperpendiculartotheextinct.ionfringes

arevisib]ewhicharestructuraldislocationsintroducedìnthe

interface to reduce the strain energy due to misfit between the

precipitateandthematr.ix.Suchafeaturecanbed.ist.inctlyseen

infoìlsofAììoyAagedto3000hoursat1073K(Figure16).The

transìtion poìnt of coherent to noncoherent precipitate could not

bedeterminedaccurately.However,suchnetworksofinterfacial

dislocations were not seen in specimens aged for less than 1000 hours

at 1073K.

Ag.ingwascont.inuedupto4000hoursatl0T3Kbutthe

structure of Y' part'icles remained ordered F'C'C' Nonetheless'

further coarsening occurred during the agìng to 4000 hours' showing

merg.ingoftwopart.icles(F.igurel7),andsubsequent.lyfourpartìcìes

intoshape]essmasses(Fìgures18and19)withdist.inctwa]lsof

dislocations around them'



FIGURE 14

DARK-FIELD MICROGRAPH SHOl.lING

SPECIMEN OF ALLOY A AGED FOR 64

Y.PARTICLES IN

HOURS AT 1073K

FIGURE 15

DARK-FIELD I'lICROGRAPH SHOl^JING Y' PARTICLES IN

SPECIMEN OF ALLOY A AGED FOR 2OO HOURS AT 1073K
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FIGURE 16

DISLOCATIONS AT THE PARTICLE/MATRIX

INTTRFACI IN SPECIMEN OF ALLOY A

AGED FOR 3OOO HOURS AT 1073K

FIGURE 17

AGGLOMERATION OF Y' PARTICLES IN SPECIMEN OF

ALLOY A AGED FOR 4OOO HOURS AT iO73K
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FIGURE 18

AGGLOMERATION OF Y' PARTICLES IN SPECIMEN

OF ALLOY A AGID FOR 4OOO HOURS AT 1073K

FIGURE 19

AGGLOMERATION OF TI PARTICLIS IN SPECiMEN

OF ALLOY A AGED FOR 4OOO HOURS AT 1073K
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4.4.3 Carb'ide PreciPitation

The l'im'ited amount of carbon wh'ich was present as an

impurity gave ¡ise to NbC or TiC precipitatìon dependìng on whether

it was Al'loy A or Alloy B. The presence of these Carb'ide phases was

conf i rmed by X-ray powder djf f racti on anaìys'is, and they appear^ed

ma'in1y at the graìn boundaries as shown 'in Figure 20. The presence of

the graìn boundary prec'ip'itate was always accompanied by a precipitate-

denuded zone around the grain boundary (F'igure 20). Qua'ìitatìvely,

the width of the denuded zone was directly proportìona'l to the size

of the NbC particles at the grain boundaries i.e., the width of

the denuded zone assoc'iated with larger carbìde part'icles was a'lways

greater than that associated w'ith smaller NbC particles.

The s'ize of the gra'in boundary carbi de was observed to

'increase with continued aging as did the width of the associated

denuded zone around the grain boundary. Typicaì values of the width

of y'precìpitate denuded zone determined'in thin foils of Alloy A

wìth (100) orientation are given in Table 2.

4.4.4 Stacking Fault Pnecìpitatìon of Carbìde

and Associ ated N'i ,Nb Preci pi tati on

In addjt'ion to grain boundary prec'ip'itation, Nbc was also

observed to occur, occasionally, ìn assoc'iation with stacking faults.

An exampìe of this is shown'in Figure 21. The dark-fjeld structure

was obtai ned wi th a (002) refl ect'ion i n a near two beam cond'iti on.

The nature of the stacking fault was determ'ined by analysìng the
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TYPICAL VALUES

ON EITHER SIDI

TABLE 2

0F hJIDTH 0F Y' PRECIPITATE DENUDED Z0NE

OF GRATN BOUNDARY IN THIN FOILS OF ALLOY A

Aging Treatment Subsequent
to Sol uti on Treatrnent

App rox'ima t e
l,Jidth, um

973K/200 hours

973K/500 hours

1073K/11 hours

i073K/100 hours

1073K/200 hours

1073K/500 hours

1073K/1000 hours

1073K/3000 hours

0.04

0.06

0. 13

0. 15

0. i6

0.33

0.40

0.60
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FIGURE 20

PRECIPITATE-DENUDED ZONE IN SPECIMIN

OF ALLOY A AGED FOR 1 HOUR AT 1073K

FIGil'RE 2I

STACKING FAULT PRECIPITATION OF NbC IN

SPECIMEN OF ALLOY A AGED FOR 10 HOURS AT 1073K
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dark field image and bY

extrinsic in nature, ìie

those observed in other

84.85sreets '

They were determi ned to be

'ix pì anes and were sim'il ar to

and austen'iti c stai nl ess

Gevers rrl e82.

on lril] matr'

83
supera I I oys

0n conti nued ag'i ng, stack i ng f aul t preci pi tat'ion of Nbc

was not observed but laths of orthorhombic B-Ni3Nb precipitate were

observed. Figure 22 is a bright field photograph and Figure 23 is 'its

dark f i el d 'image taken w'ith (012) refl ecti on of e-Ni tNb 
phase. It j s

poss'ibl e that thi s ß-N'i3Nb phase i s produced by the transformati on

of NbC as observed by Chung and Chaturvedi36.

4.4.5 Sigma Phase PreciPitation

0ccasiona'lly, tetragona'l s'igma phase was al so present at

the grain bounda¡ies in spec'imens of Al'loy A aged for over 1000

hours at 1073K. An exampì e of th'is phase i n a spec'imen aged f or

2000 hours i s shown i n Fi gure 24. The I att'ice parameters, by e]ectnon

diffractìon were calculated to be ao = 0'8895nm and to = 0'4656nm'

These wene confirmed by X-ray powder diffract'ion data and are jn

close agreement w'ith those of Cr-Co sìgma phase87.

4.4.6 D'iscontinuous Precipitation

Discontinuous precipitation of T' phase was observed as a

localìzed phenomenon in thin fojls of both Alloy A and B aged to

various times at 1073K. Figure 25 shows the brìght-field structure

of such a feature in Alìoy A aged for 3 hours at 1073K. The thjn
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FIGURE 22

BRIGHT-FI tLD MICR0GRAPH 0F 0RTHORHOI'îBIC s-N'i3Nb I N

A SPECIMEN OF ALLOY A AGED FOR 64 HOURS AT 1073K

FIGURE 23

DARK-FIELD MICROGRAPH OF ORTHORHOMBIC

B-Ni^Nb IN FIGURE 22J
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FIGURE 23



DARK-FITLD MICROGRAPH

SPECIMEN OF ALLOY A AGED

FIGURE 24

0F Cr-Co SIGMA PHASE IN

FOR 2OOO HOURS AT 1073K

BRIGHT.FIELD MICROGRAPH OF

OF T, IN SPECIMEN OF ALLOY

FIGURE 25

D I SCONTI NUOUS

A AGED FOR 3

PRECIPITATION

HOURS AT 1073K



F I GURE
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fojl normal of the specimen is near [310]. F'igure 26 and 27 show

the dark-fjeld structures taken with (001) superlattìce reflection of

Yr precipìtate at two different magnificat'ions.

Figure 28 ìs a brìght-field electron micrograph of a thìn

foil of Alìoy B aged for 210 hours at 1073K. The micrograph also

shows a discont'inuous precipitation. The precipitate partìcle was

ident'if ied to be Y ' .

These mi crographs demonstrate the fol'l owì ng:

(a) The r' precip'itates form in these local'ized reg'ions

by di sconti nous preci p'itatì on;

(b) Such local'ized grain boundary regions are genera'lìy

devoid of carbide precipìtates, or have carbìde precì-

pitates of relativeìy small size;

(c) The r' precipitates fonmed grew into each other; and

(d) The above phenomenon appears at grain boundary w'ith

sharp corner, and appears to be accompanìed by

"strajghtening" of the curves in the graìn boundary

on either s'ide of the sharp corner, as in Figures 25

and 26 (straìght portion of grain boundary indìcated

by an arrow 'in F'igure 26).

4.5 COARSENING 0F v' PRECIPITATE

The gr"owth characteri sti cs of Y ' part'icl es were studi ed

w'ith particular interest in the appìication of the Lìfshitz-Wagner



57.

FIGURE 26

DARK-FIELD MICROGRAPH 0F SUPERLATTTCE (100) Sp0T

SHOI.JING DISCONTINUOUS PRECIPITATION OF Y' AS IN FIGURE 25

FIGURE 27

DARK-FIELD MICROGRAPH AS IN FIGURE 26

BUT AT A HIGHER MAGNIFICATION



FIGURE 26

FIGURE 27
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BRIGHT-FIELD MICROGRAPH OF

IN A SPICIMTN OF ALLOY

FIGURE 28

DISCONTINUOUS

B AGED FOR 210

PRTCIPlTATION OF

HOURS AT i073K

Yr
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theory of diffusjon controlled coarsening. As discussed in Section

2.4.1, according to this theory, the s'ize of cubic precìpìtate partic'le

fol lows the relationship4o'88'89

-3 _3 o+ooc"vfrt
o-u o gRT

(3)

whe re ,

ã = âvêtâge cube edge ìength of the particle after time t,

ã^ = average cube edge ìength at the start of coarsen'ing pnocess,o"
ô = ìnterfacial free energy of the matrix/particle interface,

V = molar volume fraction of the prec'ipìtate,
m

C = concentration of solute in equilibrium with a particle of
e

infinite radìus,

R = gas constant, and

T = absolute tempenature.

The above expression can be rewritten as, u3 - ul = o't

To eval uate the growth k'ineti cs of Y¡ i n Al I oy A i ts

partìcle size was measured'in spec'imens aged for various times at

1073K. These measurements were made ìn thjn fojls maìnìy in \ fOOJ'L

orientation and occasionaìy it fffO] orientation where cube edge
L

on'ly aìong (100) direction was measured. The edge ìength of cubes,

a was p'ìotted against the cube root of aging time t. This pìot ìs a

stra'ight line (Figure 29), and suggest that the growth of Y'particles

follows the L'ifshitz-Wagner theory of djffusion controlled growth. It

should be noted that the value of a at t = 0 is not zero, wh'ich suggests

that the nucleation of Y' had occured before the measurements

were made, as observed in other a1ìoys ulro86'90.
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VARIATION OF

AGING TIME FOR

FIGURE 29

MEAN.T' PARTICLE

SPECIMENS OF ALLOY

SIZE I^IITH

A AT 1073K
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4.6 DTFORMATION TESTS

The def ormatì on mechan'i sms i n Al 'l oy A we re stud'i ed by

(i) room temperature tens'ile test'ing of spec'imens aged at 1073K'

(2) examination of the deformed structure of specimens aged at 1073K,

and (3) tensìle test'ing of underaged and peak-aged spec'imens in

77 -373K temPerature range

4.6.1 Room Temperature Tens'i I e Tests

The 0.?% yield strength values of specimens aged for

varjous lengths of time at 1073K were determined, and the agjng

curve obta'ined'is shown 'in Figure 30. This exhib'its a classical

aging behaviour wh'ich is in agreement with the hardness-aging t'ime

curve Shown 'in Figure 8. It 'is seen that the peak strength i s

attained at approximately 32 hours of aging at that temperature.

Incrementa'l yield strength va'lueS due to Y'precipitat'ion were

determined by subtnacting the 0.2% yield strength oo, of the matrix

from the yield strength values o, obtained for aged specimens.

The value of oo was determined as follows. The compos'it'ion of

y, prec'ip'itate was determined using the Atom'ic Absorption Spectrometer.

Fnom the data obtained and assum'ing80 n'iobìum and aluminum to be

part'iti oned 'i n the same rat'io as i n the ori gì nal a'l ì oy , the

compos'ition of the residual matrix was determined to be:

Chromi um Ni obi um Al um'inumCobal t
w/o 38.87

Nì ckel

16.01 16 .85 -------Bal ance------
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FIGURE 30

THT EFFECT OF AGING ON THT YIELD STRTNGTH OF

SPECIMENS OF ALLOY A AGED AT iO73K
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A melt of thìs compos'it'ion was prepared and solution treated to

obta'in the 0.2% yield strength of the matrix (oo). It was assumed

that solid solutjon strengthening of the res'idual matrix resuìt'ing

from niobjum and alum'inum js not very signìficant. The increase'in

the critical resolved shear stress (CRSS), y¿as then obtained by

d'iv'id'ing (oy - oo) by the Taylor factor of 3.0. This value of

Tayìor factor for F.C.C. materials ìs in close agreement with a

value of 3.1 used by Chaturvedi and Han73 drring their study of

Inconel 718, a value of 3.03 used by Melander and PerssonT? in

their study of N'imon'ic 80A a1loy and a value of 3.06 suggested by

o?
Thompson". Fi gure 31 shows the parti cl e si ze dependence of CRSS 'in

Alloy A. It seems that as the partìcle s'ize increases, the CRSS

fìrst increases and then decreases. The peak in the CRSS'is seen to

occur at a Y'partìcle radjus of 10nm. In the early stages of aging

'i.e., up to peak-aged condition or 32 hours at 1073K, the APB model

of Brown and Ham91 (Equat'i on 24) and the coherency rnodel of Gerold

and Haberkorn5T (Equati on 29) were used to determ'ine the stnengthening

mechan'ism in the a'lìoy.

where T

and

If either/or both of

pìot of Ât vs. (rs)1/2 shoula

the above equations are satìsfied,

yield a straight ìine. F'i9ure 32

=ånot

Âr = B e(e¡3/2 (+J" (2s)
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FIGURE 3I

THE Y' PARTICLE SIZE DEPENDENCE OF

CRSS IN ALLOY A AGED AT 1073K
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FIGURE 32

The Square Root of Part'icle Size/CRSS Increase

Rel at'i ons hi p fo r Al 'l oy A aged at 107 3K
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shows such a straight ì'ine for particle whose radii are in the range

of 3.5 -7nm. Thereafter, Ât starts to decrease w'ith increasing

partìcle size.

4.6.2 Temperature Dependence of Y'iel d Stress

The influence of temperature on the yield strength of

specimens of Alìoy A aged at 1073K was also studìed to determjne the

strengtheni ng mechani sms operat'i ng i n the undenaged a'l 
'l oy. The

spec'imens of Alloy A aged for 1,2 and 16 hours at 1073K were subiected

to tensile tests at 77, 160,293 and 373K. By using straìn gauges,

the modulus of elastìcity was also determìned, from which the shear

modulus was calculated. The shear modulus corrected y'ield strength

values normalìzed with respect to the 77K data are in Table 3.

4.7 ANTIPHASE BOUNDARY ENIRGY

In order to calculate the theoretìcal CRSS by order

harden'ing modeì the antiphase boundary energy was determined.

Raynor and S'ilcock68 have determ'ined the ant'iphase boundany

energy by two djfferent methods, viz., (a) Minimum Orowan-loop Size

Method, and (b) D'islocat'ion-paìr Spacing Method. They found that the

latter method gave vaìues of A.P.B. energy 20% lower than the former

method. S'inghaì94 hu, modified the Raynor and Silcock expression6S

for determinìng the A.P.B. energy by the Minimum Orowan-loop Sìze

Method. He took into account the presence of coherency straìns around
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TABLE 3

EFFECT OF TEMPERATURE ON THE YIELD STRENGTH

OF AGED SPECIMENS

[(r,nr) r (",,rn,)]
160K 293K77K

Treatment

37 3K

t hr at 1073K

2 hrs at 1073K

3 hrs at 1073K

1.00

1.00

i.00

0.99

0. 99

0. 89

0.7 7

0. 911

0. 89

0.85

0.87

0.77
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the r' part'icles. Thus, the A.P.B. energJ tApg ìs given by the equation

r--- = ú g+ r.5 + r---,. ,b - zGb lit (46)'APB - Fr^ t-v D applied" - Lue a '-'O m

whe re

G = shear modul us

b = Burgers vector

rl = m'inimum ì oop rad'ius
o

v = Poi sson's rati o

tappl 'ied = appl i ed shear stness

a_ = lattice parameter of Y' precipitate particle
p

and

â- = lattice parameter of the matrix.
m

In order to determ'ine the A.P.B. energy of Alloy A, the

above expression was used. The minìmum loop was determ'ined by

measuring approximateìy 50 ìoops in a specìmen aged to 2 hours at

1073K and deformed. The average m'inimum 'loop radi us meaSured was

5.2nm and the average particle rad'ius was 4.3nm. l^l'ith G = 60 GN/m2,

r---1,^, = 233 MN/mZ and a^ = 0.3603nm and ô- = 0.3556nm, yApB *âs-applled p m

calculated to be 182 nJ/n2.

The above value fon APB energy was verifìed by an

independent method.

Flìnn55 has theoret'ically derìved an expression for the

energy of an ant'iphase boundary in 11, type ordered structure.



According to him, the APB energy/unit area associated

alz <I00> type A.P.B. is given by the equatìon

,rrr, 
h

YAPB = 

T
where

utt,

T = the critical ordering temperature, oC

c

FA,FB = atomic fractions of A and B atoms

and

ZAB = number of the first nearest neighbour atoms'

Mar^cinkowski95 hu, proposed a more accurate

Urr, O.t.d on quas'i chemìcal treatments, as follows:

r/ =kr''LI| 0.82

N

k

k r (112)
_c

= h2+k2+r2

= the Boltzmann constant

= 1.380 x 10-16 ergs/deg.

69.

wi th an

. . . . (47)

expressi on for

(+zn)

H'igh-temperatune X-ray studies by Guard and llestb.ook96 h.u.

indicated that the compound Ni3Al remains ordered at least up to 1273K.

Based on their finding and the successful use of their data by others97,

T^ is assumed to be I273K (1000'C). Thus, we get tApB = 184 mJ/m2.
c

This is'in excellent agreement with the value determined for APB

energy by the minimum 0rowan loop Size Method.
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4.8 DEFORMATION STRUCTURES

To study the dislocation - precipitate 'interaction, the

deformat'ion Stnuctures of variously aged specimens were examined.

Solution treated and aged tensi'le specimens of A'l'loy A were deformed

to l-4% p'lastic strain at room temperature. Thin foiìs prepared

from the gauge ìength part of these specìmens were then exam'ined.

In specimens of A'lìoy A aged for 15 minutes at 1073K'

d'islocations often appeared to be paìred as shown in F'igure 33.

There was little evidence of cross-slip. At this stage, the Y'

par.t'ic'les were not v'isible, and the matrix surface showed a modul ated

structure. Cl ear evi dence of parti cl e cutt'ing and very 'l im'ited

bowing was observed in specimen aged for 2 hours as shown in Figures

34 and 35. In the spec'imen aged for 3 hours, the precipitate particìes

continued to be cut by pairs of dislocations. An exampìe of this is

shown in Figure 36. When an ondered particle is sheared by a g'lide

di sl ocat'ion an ant'iphase boundary i s created w'ith'in a parti c'le.

This causes a second dislocat'ion to be puìled forward remov'ing the

d'isorder within the particle. Therefore, whenever ordered particìes

are sheared, dislocat'ions Are seen to occur in pairS. The presence

of dislocation paìrs in the aged and deformed specimens suggests that

the deformation of underaged specimens of A]loy A occurs by the

shearìng of ordered prec'ipitate particles by gìide dislocations.

In the near peak-aged specimens 'in addition to pair-w'ise

motion a certain amount of bowing of leading dislocation was also



7r.

FIGURE 33

DOUBLE-DISLOCATION PILE-UP IN ALLOY A AGED FOR i5 MINUTES

AT 1073K AND DEFORMED AT ROOM TEMPERATURT
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FIGI'RE 34

PARTICLT CUTTING IN ALLOY A

AGED FOR 2 HOURS AT 1073K

AND DIFORMED AT ROOM TEMPERATURT

FIGURE 35

PARTICLE CUTTING AND LIMITED BOl^lING IN ALLOY A

AGED FOR 2 HOURS AT 1073K AND DEFORMED AT ROOM TIMPERATURE



FIGURE 34

T

FIGURE 35



73.

observed. This is shown in Figure 37 which 'is the structure of a

specimen aged for 5 hours at 1073K. However, the presence of

djslocat'ion-pairs suggests that pant'icle shearing continued to occur.

0n aging the specimen to the peak strength a well defined

transition in the d'islocatìon-precipitate'interaction had occured.

i.e. , the d'isl ocat'ions were obsenved to be bowì ng out i n between the

part'icl es I eavi ng Orowan I oops around them. An examp'l e j s shown ì n

Figure 38, whìch is a structure of a specìmen aged for 32 hours at

1073K and subsequently deformed. Figures 39 and 40 show the above

features under hi gh magni f i cat'i on. Arrays of di sl ocatì on ì oops ì eft

behi nd i n sl'ip bands can be seen ì n Fi gures 41 and 42.

In the overaged specimens of Alloy A, arrays of individual

dislocat'ions were seen to move between columns of agglomerated y'

prec'ipitates until stopped by them. Complex entanglements were seen to

occur between the r/r' i nterfacial dj sl ocati ons and the d'i sl ocati ons

generated durìng deformatìon. F'igure 43 shows these features.

The forego'ing results suggest that shearing by pa'irs of

d'isl ocati ons was the mode of preci pitate/d'isl ocati on 'interactì on i n

the ear'ly stages of aging. At peak-aged condition, a transitjon

from particle-cutting to particle-looping could be seen. In the

overaged condition, the arnays of dislocations were seen to move and

'loop'ing of dislocations around particles cont'inued to be a major

featu re.



74.

FIGI'RE 36

DiSLOCATION-PAIRS TOUCHING THE SAME PARTICLES

IN ALLOY A AGED FOR 3 HOURS AT 1073K

AND DEFORMED AT ROOM TEMPERATURE

FIGURE 37

BOI,II NG AND LOOP I NG

ALLOY A AGED FOR

AND DEFORMED AT

OF DISLOCATIONS IN

5 HOURS AT 1073K

ROOM TEMPERATURE
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FIGURE 38

OROI^JAN LOOPS IN ALLOY A AGED FOR 32 HOURS

AT 1073K AND DEFORMED AT ROOM TEMPERATURE
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FIGURE 39

DISLOCATION LOOPS IN ALLOY A AGED FOR 32 HOURS

AT 1073K AND DEFORMED AT ROOM TEMPERATURE

FIGURE 40

DISLOCATION LOOPS IN ALLOY A

AGID FOR 32 HOURS AT IO73K

AND DEFORMED AT ROOM TEMPERATURT
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FIGURE 4I

DISLOCATION LOOPS IN SLIP BAND IN ALLOY A

AGED FOR 32 HOURS AT 1073K

AND DEFORMED AT ROOM TEMPERATURE



FIGURE 41



78.

FIGURE 42

DISLOCATION LOOPS IN SLIP BAND IN ALLOY A

AGED FOR 32 HOURS AT 1073K

' AND DEFORMED AT ROOM TEMPERATURE
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FIGURE 43

DISLOCATIONS IN BROAD SLIP BANDS

PILING AGAINST V, RAFTS IN ALLOY A AGED FOR 5O() HOURS

AT 1073K AND DEFORMED AT ROOM TEMPERATURE
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DISCUSSIOII

The results of the pnesent 'investigatìon have shown that

on agi ng i n the 873-1073K range the ma'in preci pitat'ing phase i n both

the alìoys was v'. However, some carbide and sìgma phases were also

observed. In th'is chapter, the precipitatìon process is d'iscussed

in the'light of the Engel-Brewer theory of intermetallic phase

formati on. Th'is i s fol I owed by a d'iscussi on of the strengthen'ing

mechanisms that m'ight be operative in the underaged as well as

overaged al I oys.

5.1 APPLICATION OF ENGEL-BREWER THEORY TO PRECIPITATING PHASES

The major precipitation reaction in both the aììoys was

the formation of 'r' wh'ich has a 11, tyRe or ordered F.C.C. structure.

In the previous study of an aluminìum free a'lloy with a similar

compos'it'ion, the chief precip'itat'ing phase was found to be orthorhombic
oa

NioNb'". Therefore, it is concluded that the addition of 1.5%
J

aluminum promotes the formation of Y' precìpitate 'in Alìoy A.

According to the Engel-Brewer correlatjons based on valence
ooelectrons" the number of s and p e'lectnons determ'ine the crystaì

structure of an element, solid solut'ion or compound. Quìst et ali00

have extended the Engel-Brewer anaìysis to the formation of Y'.

Accord'ing to them the 11, type of structure is favoured by an (s+p)

electron concentratìon between 2.75 and 3.0. Aluminum with an e/a

value of 3.0 (F.C.C.) wouìd not only favour the formation of t'
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precipitate but would also dìscourage the format'ion of D0rrtlVe

Ni3Nb phase (B.C.T.) whìch is a favoured stnucture when e/a values

are in the range 2.50 to 2.62. An attempt was made to evaluate the

app'licabil'ity of these suggestions to Aììoy A. Qn'ly Nj , Co and Cr

contents of the precipitate could be ana'lysed by the available

atomjc absorption technique. Therefore, the balance waS deduced to

be (Nb+41) content. It has been observedS0 thut the ratìo of Tì and

A1 iny, is the same as that present in the parent a1'loy. Th'is

observation was extended to the pnesent alloy101 in order to calculate

the amount of ltb and A1 present 'in the r' precip'itate. The composition

of ï,was estimated to be Ni - 52.97 A/o, Co - 13.68 A/0, Cr'3.83 A/0,

Nb - i2.23 A/o and A1 - 18.03 A/0. The e/a ratio for th'is compound

.is calculated to be 2.68. Simjlarly, the e/a ratìo of ß- Ni3Nb

orthorhombì c prec'i pi tate observed i n an A1-free Co-Ni -Cr al I 0y98,

was calculated to be 2.32.

Precip'itat'ion of y' ìn Alìoy A is in fairìy good agreement

wjth the observations of Quìst et a1100. Also, the e/a rat'io of

several orthorhombic phases quoted in the lìteratur.92 u.. between

2.1 and 2.5. Therefore, the occurrence of ß - Ni3Nb is in agreement

w'ith this and the observations of the previous studyg8. It may be

concluded that the addition of A1 whose e/a ratio is 3.0, increases

the e/a ratio of the precipìtate from 2.32 to 2.68 thus caus'ing the

prec'ip'itatì on of y ' . However, the pnesent resul ts are 'i n di sagreement

w'ith the suggestion of Quist et ali00 und that of Hageì and

Beatti e2,I02 that for the precipitatìon of Y', the lattice mismatch

should be under L.0%, since in the present aììoy it is about 1.3%.
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It has been proposed that in the case of s'igma phases,

aluminum donates 'its own valence electrons (3 per atom)i03. UsÍng

the e/a values listed in the literatur.lO3, the e/a value for the

b'inary sigma phases NbZAI and TarAl is calculated to be 2.5. 8."*..104

has suggested an (s+p) electron concentrat'ion in the range I.2 - 2.9

for the occurrence of sigma phase. It is known that aluminum

stab'il'izes s'igma phase ìn the ternary V-Nb-Al , V-Ta-41 and Ti-Ta-41

,yrt.*r105. However, aluminum has a destabi'lizing effect on (V-Fe)o

and (Cr-Co)o presumabìy because as an electron donor ìt tends in

these cases to increase the electron concentration above the opt'imum

u.1u.l05. Therefore, it ìs concluded that the formation of (Cr-Co)o

phase is this alloy ìs a local'ized phenomenon and not a genera'l effect.

5.2 APPLICATION OF PHACOMP ANALYSIS TO SIGMA PHASE PRECIPITATION

Phase Computation Analysìs (PHAC0MP) based on electron

density caìculations106-i08 *u, also made with a view to predìcting

the fonmatìon of sigma phase. This is the standard method for

predicting the potentìaì for the formation of sigma phase ìn supera'lìoys

and, in essence, depends upon calculating the average periodic column

position of the matrix composition. The res'idual matrix compositjon

was determ'ined for both Al'loys A and B following the method of

l,loodyatt et a1107. The electron vaìency numbers were calculated as

Ñu = 2.164 for A'lìoy A and Ñu = 2.405 for A'lìoy B. Murphy.t al108

suggest that below a general value of Ñ.. = ?.52, s'igma phase is not
v

expected to fonm. It has been observedlli th.t PHACOMP does not

take into account the temperature dependence of s'igma phase formation.

However, occasìonal pnecipitation of sigma phase suggests a possibility
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that iocal'ized chem'ical heterogeneìty in the vicinity of graìn

boundaries could have caused the value of Ñ to rjse above 2.5?,
v

thus confirming the earlier observat'ions (Section 5.1) based on the

Engeì -Brewer Analysì s.

5.3 PRECIPITATION OF .T 'PHASE

5.3.1 Shape of the v'Particles

The r' precipitate partìcles'in the two alloys nucleate

homogenously throughout the matrix and ane coherent with the parent

lattjce. The particles initiaìly observed to be sphericaì or cubic

(Figure 13) deveìoped ìnto clear"ìy discernìble cubes (Figune 14) as

Al'loy A was aged from 2 houns to 64 hours at 1073K. The shape of a

part'icle is known to depend on ìts ,ìr.109 and particles whìch are

sphenes become cubes when they are large. The subsequent tendency to

coalesce to cubic or rectanguìan shape (F'igure 15) and continued

a'l'ignment of such partìcles is in agreement with earl'ier observations22'110.

0n ag'ing Aìloy A for 1000 hours and over at 1073K, part of the coherency

stra'ins are seen to be relieved as suggested by the presence of interfacial

dislocat'ions (Fìgures 16-19), and the resulting interface may be semi -

coherent. The precipitate/matrix interface changes are attrjbuted to

particle size effect and/on Y/Yr m'isfit12. The r/v' mismatch (Fìgure 11)

has not changed significantly as Al'ìoy A is aged at 1073K. It ìs therefore

suggested that the precip'itate/matrjx interface changes observed are

due to the partìcle s'ize effect alone
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5.3.2 Lattice Parameters of I'latrix and v'Precipitate

0n ag.ing the specimens of Alìoy A, an initìal decrease'in

the lattìce parameter of the matrix was observed (Figure 11). The

extracted Y'precipitate has a lattice parameter'larger than that of

matrìx. The prec'ip'itate partìcles wìll therefore be restrained from

expandìng by the compress'ive elastic forces ìn the matrix. Attention

has been drawn by Baker et al1i2 to hydrostatic stresses arising durìng

the growth of a coherent precip'itate. The v' precìpitate can cause

a depìet1on of aluminum and n'iobium in the matrix and thus lead to a

decrease in the lattice parameter of the matrix, since the lattice

parameters of A1 and Nb are greater than those of Co, N'i and Cr

atoms. (Atom'ic rad'ii : A1 = 0.143nm, Nb = 0.146nm, Co = 0.125nm'

Cr = 0.I27nm and Ni = 0.124nm).

5.4 GRAIN BOUNDARY PRECIPiTATTON OF NIOBIUM CARBIDE

Grain boundary precìpìtatìon of NbC was always accompanied

by a precipìtate free or denuded zone around it. The presence of

such a zone around a grain boundary has been explaìned in dìfferent

þ/ays as fol I ows :

1. The boundary acts as a sìnk for vacancjes sQ that there

are ver^y few vacancies 'in the regìon near the boundary.

Thus, there is a lack of nucleì in this regìon'113

?. The growth of crrrcu on the boundaries causes a dep'let'ion

of chrqni um I ocal'ly, and ì n that regì on Y' i s more solubl e

because the lower chromium content ìncreases the solubi'lìty

of Y' .114
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3. Grain boundary PreciPitation of

the solute content of M in its

precipitate f.e. ron..86

MC type carbides reduces

vic'in'ity, and creates a

The average size of Y'particles in aìong the edge of the

denuded zone was the same as that 'in grajn ìnterio¡'. Previous

workersll5'116 observed that the average part'icle size was ìarger

a'long the edge of the zones formed due to vacancy dep'letion. In the

case of Aìloys A and B, no tendency was Seen for the development of

a'larger average size of precipitate particle along the edge of the

zone. Also, the width of the denuded zone and the gra'in boundary

carbi de partì cl e si ze 'i ncreased w'ith agi ng temperature and time.

Therefore,'it is concluded that the denuded zones around the gra'in

boundaries are not due to vacancy dep'letìon-

In thjs alloy the second mechanism does not operate as the

carb'ide was NbC, not MZSCO. Also, the w'idth of the precìpìtate free

zone around gra'in boundaries was, quaf itat'ive1y, found to be dependent

upon the NbC prec'ipitate s'ize. Therefore, it would seem that the

precipitate free areas around the grain boundarìes are due to a lack

of Nb atoms.

5.5 STACKING FAULT PRECIPITATION OF NIOBIUM CARBiDE

The extrins'ic stacki ng f auì ts observed 'in the earìy stages

of precipitationlOl'117 (for example, 10 hours at 1073K as in F'igure 21)

were associated wìth NbC precip'itation. It has been found that an

extrinsic stack'ing fault can form by the dissoc'iatìon of a matrix

dislocation'in the folìowing manner if it does not lie on its own
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sl ì p p'lane.

I/? ltlOl -> i/3 [111] + t/6 UIz)

A normal di sl ocati on cannot sp'l 'it i n thi s þray. The f ol ì owi ng

model for the nucleation and growth of stacking fault prec'ipitatìon

of NbC i n austen'it'ic steeì , proposed by S'i I cock and Tunstal I 
118 

and

confirmed by ChaturvedillT shorld be app'l'icable to Alloy A. It is

knownl18 t¡,ut an expans'ion of 23% is associated with the format'ion

of the F.c.c. Nbc particle from the F.c.c. matrix. As a resu'lt,

the preci p'itatì on of NbC on dì sl ocati ons emì ts di sl ocat'ion I oops

wh'ich move by climb. Part of such loops may l'ie on p'lanes which are

not thei r sl'ip p'lanes and can d'issoci ate 'into a Frank and Shockì ey

part'ia'l boundi ng an extri nsi c stacki ng f auì t. The Frank parti al

prov'ides nucl eatì ng sites for NbC preci p'itates. As these par^ti cì es

grow, strai n 'i n the matr j x due to si ze d'i f f erences between the NbC

and matrix unl't cells ìs accomodated by the vacancìes produced by

the climb of the Frank partìal to a new pos'ition. In its new pos'it'ion

the Frank partì aì prov'ides new nucl eati ng s'ites for the NbC pnec'ipi tates

and the pnocess cont'inues until the supply of Nb and/or Carbon atoms

js exhausted. The presence of planar array of fine NbC partìc'les

(Fìgure 21) are in agreement with such a mechanism.

Undissolved NbC particles have been observed frequently at

grain boundaries in quenched specimens of Aì1oy A (Fìgure 20).

Hh.i I e these coul d 'i ncrease the nucl eati on si tes by i ncreasi ng the

dislocation density with the concomitant incnease in stacking fauìt

format'ion, the excess vacancies retained during quenching couìd

retard the growth of these faults.



The same sPec'imen of

32 houns at ('i .e.., for a total

pìates as in F'igures ?2 and 23.

the formation of e-NirNb is 'in

in other al loys86'119'120.

87.

A'lì oy A, on agi ng f or an addi t j onal

of 64 hours at 1073K) shows ß-Ni3Nb

The di ssol ut'ion of NbC i n favour of

agreement with s'imilar observatìons

5.6 DISCONTI NUOUS PRECI PITATION

0ccasional discont'inuous precìpitatìon (Figures 26-28) was

seen in grain boundaries w'ith no carbìde particles or wìth small

carb'ide partìcles. Ph'illipr121 in his study of a Cu - 3.1 w/o Co al'loy

found that the discont'inuous precìpìtation appeared to proceed by a

mechanism of graìn boundary mì9ratìon, and that the drìving force

for thi s mi grat'ion was derived f rom res'idual supersaturati on i n the

graìn being consumed and from the free energy released by re-so'lution

of precìpìtate. The dissolution of gra'in boundany precip'itate

has also been observed by Sìnghaì and Mart'in.i16

The absence of any grai n boundary preci p'itate 'in dì scont'inuous'ly

precipìtated region coupled with the observatjons of Philliprl2l

and S'ingha'l and Mart'inll6 rugg"rts that d'iscont'inuous prec'ipitat'ion

of y' observed duri ng present i nvestì gat'ion i s al so assoc'iated

w'ith the dissolut'ion of grain boundary precip'itate.

The chrom'ium content of both the a'l'loys, A and B is 17 w/0.

The observed discontinuous prec'ip'itat'ion ofY' in these two alìoys'is

in disagreement with the observat'ions of Hagel and Beatti"I?z.
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During their investigation of five superalloys, they found that the

djscont'inuous precipitat'ion of Y' was a feature in alìoys w'ithout

chromium, and was absent'in al'loys contaìning chromium in the range

16.74 - 20.84 w/o. However, the facts that the Y' particles overìapped

in the discontinuously precipitated region, and the measured lattìce

mismatch of Alìoy A is 1.3% corroborate with the suggestionl22 thut

ìattice mismatch values of over 1% are essentìal to promote cellular

prec'ipi tates , whi ch grow to impi nge 'into each other.

tlilliams and Edìngton123 in their study of Al-Li aììoys

concluded that the reaction is in'itiated by grain boundary straighten'ing

or localized coarsening of particles touchìng the gra'in boundary. The

"straightening" of the gra'in boundary on either s'ide of corners (as in

Fìgunes 25 and 26), and the grow'ing of t' particles into each other

in these regions (as in F'igure 28) are in agreement with thei1123

concì usi ons.

5.7 STRENGTHENI NG MECHANI SMS

A study of the deformat'ion structures revealed that in the

early stages of aging, when the particle d'iameter is 7-20nm, particìe

shearing by pa'irs of dislocations'is a predominant mode of deformat'ion.

However, deformation by Qrowan'looping is seen to be preva'lent at

part'icle diameter values of 20nm and more. Although' occasional

looping vras seen at a particle diameter of 8nm (specimens aged for

2 hours at 1073K). Such ìoops may be due to presence of larger Y'

particles in this area. The presence of particles as'large as 2.5 r,
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has been observed. However, both shearing of particles and formation

of ìoops around part'icles were seen in the transition range of

particle diameter, 9-20nm.

5.7.1 Strengthening in the Early Stages of Aging

when the particles are sheared by mobile dislocatìons, the

strengthening of the alìoy can be due to (a) coherency strain hardening,

(b) order hardening, (c) surface hardening, (d) stacking-fault

hardeni ng, and (e) moduì us hardeni ng.

Surface hardening can almost be cons'idered as part of

order hardening6S, and both surface harden'ing and modulus hardening

have been foundT0 to be negl'igible relative to measured values of

CRSS, Âr. Stack'ing fault hardening is not expected to contribute to

strengtheni ng of th'is al'loy. The strengtheni ng of the underaged

aì'loy should be mainìy due to order and/or coherency strengthening

mechani sms.

The relative contributions of the two mechanisms, nameìy

order strengthening and coherency strengthenìng has been a matter of

considerable debate, and various investjgators have assumed or

concl uded :

1. that the contributions of order strengthen'ing and coherency

strengthening should be additive65'67 (misfit: 0.0042 and

0.0057) and each mechanism contributes to the yieìd stress

as if it were acting aìone;
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2. that the major contribution to strengthening 'is due to

coherency strainsl24 (mismatch: 0.0068-0.0078) ;

3. that stnengthening is entìreìy due to order harden'i¡968'70

(mi sf i t : 0.0019 and 0.0036 ) ;

4. that the order strengthen'ing contributed to about 60% of

CRSS'in the underaged state and about 45% of CRSS'in the

peak-aged stateT2 (mi sfit: 0.0035) ; and

5. that the preci p'itati on hardenì ng of underaged Ni ckel -base

aììoys can be accounted for perfect'ly adequately by the

theory of order^ hardening, without any need to 'invoke other

strengthenì ng mechani smsTt (*t sfit: 0.00225) .

Therefore, the strengthening of the underaged spec'imens wjll

be d1scussed 'in terms of the coherency and order hardeni ng mechani sms.

5 .7 .2 0rde n St rengt hen'i ng

The contrjbution of CRSS, Ât due to order strengthening by

sphericaì precìpitates9l is gìven by:

o"=(+il)Kryj"-r,l e4)

where T = 3/8Gb2

The regression line obtained by pìotting the theoretical CRSS

values calculated using the above expression against the experimenta'l

CRSS values is shown in F'igure 44. The slope of this line is

0.889 + 0.069, and demonstrates fajrìy c'lose agreement between the

theoretical and experimental CRSS values (Table 4).
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FIGURE 44

RELATIONSHIP BETh,EEN THEORETICAL AND EXPERIMENTAL CRSS

INCREMENTS IN THE UNDERAGED CONDITION OF ALLOY A
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TABLE 4

Relationship between Experimental and Theoretical cRSS -

Underaged Condi ti on

Agi ng Tìme
at 1073K

Coherency Model
Gerold & Haberkorn

MN/mZ

APB / 0rder Model
Brown & Ham

MN/m2

r
S

nm

0bs e rved
(Exptl. )

Mrq/m2

t houn

2 hours

5 hours

10 hours

32 hours

45.3

r22.2

159.0

178.8

195. 5

42.r

121.8

167 .3

210.9

28?.3

3.5

4.3

5.6

6.8

9.6

42.07

106.1

t4?.4

179.8

zrt.7
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5.7.3 CoherencY Strengthenjng

The incremental CRSS due to coherency hardening was

determ.i ned usi ng the rel at1 on devel oped by Gerol d and HaberkornsT '

(2s)

where B = constant (usually, 3 for edge djslocat'ions
and 1 fot^'screw O'islocat'ions)'

However, the average value used for ß has varied widely (for

example, Gleiter5S: 11.8, Munjaì and ArdellT0: 6.i4). Accondìng1y,

the calculated at can vary wìdely' In a recent study on

cu _ I .2 at. % ïi s.ing.le crysta.ls, Gr eggi and Soffal25 found that

a value of 1.3 for ß gave a reasonable fit to their data' The

ca]culatedAtva]ueswereplottedaga.insttheexperimentalvaluesand

the regression line obtaìned (Figure 44) has a slope of 0'632 ! 0'283'

This suggests that the results agree significantly better wìth those

pred.icted by the order harden j ng mechan'ism (Tabì e 4).

No attempt was made to use the express'ion for coherency

hardenìng as mod'ified by Gleiter5S (Equat'ion 30) as'it is obv'ious

that th'is w'il I resul t i n Ât val ues several times l arger than that

predì cted bY Equat'ion (29).

S.T.4contributionsofOrderandCoherencyMechan.isms

to Strengthen'ing of Underaged Alloy

Theexpress.ionforincrementa]CRSS,Âtduetocoherency

harden.ing (Equation 24) suggests that the linear portìon of the

At=s Ge3/?(+J"
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At Vs. ,rtft plot (F1gure 32) should pass through the orig'in when

extrapo'lated. However, ìt is seen that the extrapolated portìon

gives a negative y-ìntercept. According to the expression for order

strengthening (Equati on 24), the extrapo]ated 'intercept of the linear

portion is - (tf/?b). This can be used to calculate the value of

ApB energy. such a calculation gives a value of igi.45 mJ/m2 for

APB energy wh'ich i s i n excel'lent agreement wjth the val ues obtai ned

c

frorntheflowstress('ooa=I82nJ/nC)andbyfolìowingthetheonetical

method of Flìnn55 (rnpg = 1g4 m.l7m2¡. Thìs also suggests that the

strengtheni ng of th'is al 'loy ì n the underaged condi ti on i s by the

order harden'i ng mechani sm.

The temperature dependence of CRSS was also used to determ'ine

the roles of order and coherency mechanisms 'in strengthening of

th.is al 1oy i n the underaged condi tì on. The i ncrement 'in the CRSS

duetocoherencystrengthening,obeysanequationofthetype'

At c Ge 
3/? rsl/z (see Equati on 29) '

Here, e 'is the constraìned lattjce misfit, and 'is strong'ìy temperature

dependent. For exampì .70, i n the Ni -A1 system whi ch 'i s prec'i pi tat'i on

hardened by N.irA1-r' precip'itate, the value of e has been observed

to 'increase f rom 0.?55% at 77K to 0.355% at room temperature' In

the peak-hardened Cu-Co ,yrt.t126 where the strengthen'ing 'is ent'i reìy

due to coherency harden'ing mechan'ism, aS the testing temperature is

increased from 77K to 303K the value of flow stress 'is also seen to

increase in proport'ion to the increase in the value of e' Therefore'

in the present alloy, if the two mechanisms are complementary in
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some proportjon, the shear modulus corrected y'ield strength would be

expected to increase systematical'ìy and measurably with tempenature.

However, the data in Table 3 demonstrates that there js no such

increase.in yield strength jn Alloy A w'ith increasìng temperature'in

the range 77-?73K. Therefore, coherency strengthening does not seem

to be operat'ive in the underaged condition of Alìoy A. It js concluded

that the strength of Alìoy A in the underaged condjtion js almost

entireìy due to order hardening.

5.7.5 Strengthenì ng i n Overaged Al I oy

In the overaged condit'ion,Orowan ìooping was the predominant

deformatjon mechanism. In this range, the expressions due to

Hirsch and Humph..y177, (Equatìon 44), Bacon et al79 lrqrut'ion 45)

and AshbyT4'76 (Equations 42 and 43) were used to analyse the

precip'itatìon strengthening mechanisms.

0.81Gb r - 
2"

6-ç = 
--:-:-::---¡2 

tn fzrLo(l-u)"- 'o

À'l=(+þJi,'&*
2r

S

Ât
edge = 0.85rþ,n 11

--o to

o'r...* = o'85 tfir- r' t

(45)

(42)

(43 )

2.,
r

o
pa rtì c'l e

Accord'ing to these equations' a plot of at ut' f tn
o

should yie]d a straight line. Fìgure 45 shows such a pìot for

diameters jn the range of over 14nm.
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The observed 'incremental cRss and the theoretical cRSS

determ1ned using the expressions (Equatìons 42-45) of AshbyT4'76,

Hirsch and Humph..yr77 and Bacon et a1.79 ure shown ìn Table 5. It

can be seen that the experimental values of CRSS are almost average

values of the CRSS determìned fnom the Ashby expressjonrT4-76 fo.

screw and edge d'isl ocat'ions. However, the theoret'ical CRSS determi ned

using the equat'ion proposed by Bacon et al80 resrlt in an excellent

correlation with the experimental CRSS (F'igure 46) the slope of the

line being 0.952 + 0.086. It is also observed that the pìot between

the theoretical values and experìmental values due to the H'irsch and

Humphreys expressionTT ..rrlts in a ljne of sìope 0.901 + 0.077. The

term (0.g1/Lo) in the H'irsch and Humphreys expr".rion77 takes 'into

account the mean planar spacing between a random array of point

obstacles based on the statist'ical theory of KocksTS and computer

cal cul ati ons by Forman and Mak'in52. The term (l-u) 'is the correct j on

for screw dislocation. In the expressìon of Bacon et a179, th.
I n2r

term ,r'.j takes 'into account the randomness of the obstacle array.
o

Thus, it js not surprisìng that both the above expressions nesult in

almost identical theoret'ical CRSS values.
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FIGURE 45

RELATIONSHIP BEThlEEN THE CRSS INCREASE

AND PARTiCLE SPACING FOR ALLOY A AGED AT iO73K
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RELATIONSHIP BETl^jEEN

INCREMENTS IN THE

FIGURE ¡+6

THEORETICAL AND EXPERIMENTAL CRSS

OVERAGED CONDITION OF ALLOY A
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TABLE 5

Relationship between txperimenta'l and Theoretical CRSS -

Ove raged Condi t'i on

Agi ng T'ime
at 1073K

Observed Ashby Hì rsch & Humphreys
(Exptì. ) Edge Screw

u¡l/m2 Nru/m2 MN/mZ

Bacon et a'l

NN/m2nm Ntl/m2

32 hours

64 hours

100 hours

500 hours

1000 hours

195.5

i49.3

t47 .9

r12.2

94.4

9.6

1i.7

13.4

2r.3

?6.0

161.3 240.7

143.6 ?I4.2

132.3 t97.4

92.6 138.2

76.4 114.0

189 .8

168. 7

155.7

108. 9

89. B

i73.3

155.1

143. 5

93.8

83.4



6. coilcLusI0lrs

6.1 The addi ti on of al um'i num promotes the format'ion of 11,

ordered v' phase which nucleates homogenously and ìs coherent with

the matnix. The lattice mismatch between Y and Y' 'in the

Co-Ni-Cr-Nb-41 aì loy was 1.3 pct.

6,2 In the Co-Ni-Cr-Nb-41 a'lloy, the changes to Y' shape and

\/'('interface are due to part'icle size effect alone, and not due to

t/t' I att'ice mi smatch ef fect.

6.3 The growth of r' occurs accordìng to the L'ifshitz-Wagner

theory of diffusion controlled coarsening. 0n overaging, the Y'

part'icles mainta'in their cubìc shape and ordered F.C.C. structure

but lose coherency. Further aging to prolonged periods resulted in

coalescence of several part'icles into masses of undefinable shape.

6.4 The format'ion of r' follows the tngel-Brewer theory of the

structune of compounds based on electronic considerations.

6.5 Carbon, present as an'impurity element,

100.

forms NbC. When it
a precipitate free

NbC p reci p'i tates

is present at the graìn boundary, it gives rise to

zone around the grain boundary. l,Jithin the grain,

'in association with stacking faults.
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6.6 Discont'inuous precip'itation of Y' seems to occur by

localized dissolution of grain boundary NbC/TiC pr"ecipitate at

sharp graìn boundary and'is inìtiated by the process of grain

bounda ry strai ghten'i ng .

6.7 Qccasionally aciculan sjgma phase was ajso observed at the

grain boundaries. Thìs'is contrary to predìctions of the Engeì-Brewen

theory and the PHACQMP Anaìys'is, and 'is considered to be due to

local ized inhomogeneity in composit'ion.

6.8 In the small partìcle sjze range of 7-20nm diameter,

deformation of the Co-Ni-Cr-Nb-Al alìoy occurs by the shearing of v'

particles by pa'ins of moving dislocatìons. Large particles over 20nm

i n d'iameter are by-passed by Orowan ì oopì ng. Duri ng the appnox'imate

range of 9-20nm diameter, â trans'ition stage encompassìng progressìve

ìncrease of loop'ing act'ivity is seen.

6.9 The strengthening of the Co-Ni-Cr-Nb-Al alìoy in the

underaged conditìon 'is almost entìrely expìained by the order

strengthening mechan'ism as developed by Bnown and Ham. The shear

modul us corrected y'iel d strength of underaged aì I oys d'id not ì ncnease

with temperature in the range 77K to 373K thus obvìating the

poss.ib.il i ty of contri buti on due to coherency strengtheni ng.

6.10 In the overaged aììoy, deformation occurs by Qrowan ìooping

process, and the experjmental results are in excelìent agreement

with the mechan'isms proposed by Hirsch and Humphreys and Bacon et al.



7.

t02.

SI'GGESTIOIIS FOR FUTURE TORK

7.L In view of the vary'ing suggest'ions made (Sectìon 5.7.1) on

the relative contributions of coherency and APB energy hardening of

di f ferent aì ì oys, a comprehensi ve 'investi gat'i on of the temperature

dependence of yield stress for all these a'lìoys in the range 77K to

373K is recommended. This w'ill enable substantive comments on the

validity of the conclusions of all these investigations.

7.2 A series of Co-N'i-Cr base alìoys w'ith gradualìy vary'ing

(T'i+Nb)/41 ratios and hence gradua'lìy varying r/v' mismatch should

be pr.epared. A study of the strengthening mechan'isms in the underaged

condi tì on of thi s al I oy wi'l'l provì de a better understandi ng of the

influence of mismatch on their strengthening by the 1' precipitate

part'icle.

7.3 The driving force for graìn boundary straightening and its

rel ati on to di sconti nuous preci p'itatì on i n Co-Ni -base a'l'loys shoul d

also be determ'ined (for examp'le, by the method in Reference 127).

7.4 Possible mechanisms for strengthening of tr-form'ing alloys

aged for prolonged periods and resulting in coalescence of precip'itates,

and comp'l ex i nteract'i ons between mobi ì e di sl ocati ons and t/t ' i nterf ac j al

dislocations should be studied.
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