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·ABSTRACT 

Compression teats were carried 'out on eyllndr1cal 

test piace. of Waspa10y aud Iuconel 718, USiDa a eo.~ut.~zed 

IIl.troll teatilll machine. The test .prograll eovered strain rate. 

from 5.0x10-4.-1 to 3.8x10-1.-1, temper.tures rangina fro. 92S0C' 

to 12200
C alld deforma tioll. up to s traiDa of 0.7. ID terrup ted 

tes t. were aleo earried out to determlne the nature of the 

static softanillS and hardening proeesaea. 

An 1ueraaae in tes t te.perature or a decrease ill the 

atrain rate produce. a decrease iD the flow .tre.a~of both 

material.. Dyuamic racryatal11.atlon, partial or co.pl~te, wa. 

obeerved at temperatures above 950°0. At 950°C aud belov. 

dyuamie racovery ia the proee •• cOlltrolllul the daformation. 

The statie softaDilla proce •••• were fO':'D~' to be atatie reeo~ery 

alld atatie recryst-allization. Y1s1d poiDtl were detecUd in 
~ 

Waap.loy under .ome cODditioDS .1 ,wall a. in IDconal 718. Thia , 

phenomenou va. Il tudied ln sreater de tail iu IDcouel 118 aDd', 

althouah uo sl1lg1e el •• ellt' vaa ldentif~ed as re.pon.ibls for lts 
1 

occurrellce. the loekina .achanis. i. believed to be .hort-ra~8e 

otderina. Th. strea.-teaperàtura curve for W •• pa1oy ahova a 

buap or ~.viaUoQ. fr". nor •• l b.havior in. the vf.cinity of 1100oC. 
;~~. {. 

tc 1~ cODc~udec1-that the deviatioll ia ra1atecl to the occurrence 

of the ,1eld drop, and therefore to .bort-rallSa orelariDI of tbe 

ri forains .l ••• nta. 
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D.a essais de compres.ion ont 't' faits sur des 

hantillo'118 cyl:lndr1quea de Waspaloy et d' Inconel 718. l' 

d'une mach:lne d'e.lais Instron ccintrolie par ordina-
. 

Lei' •• la1s ont 6t' faits 1 d •• vitesse. de d'formation , 
-4 -1 -1 -1 . 

compriaes entre 5. OzlO . a et 3.8x10 s à des tespiratur •• 
. 0 0 

variant entre :\ C at 1220 C et 1 des d'formations allant 

jusqu'à 0.7. Dea essais interrompus ont aussi 6t' effectués 
\ ' 

pour d'terminer la nature des prôceasu8 de dur<:iss.ment et 

d' adoucisseaen t. / 
~uand la te.perature d. l' e •• ai est au am,elt , , ou la 

v1tess. de d'formation di.inule on re.arque ~n. baie e de la 

contrain te d' 'coule.ent 'pour "'les deux mat 'r1aus. U,. recris tal-. 
, 

l1lation dYl1_ique. parl:le1le ou compllte •• lti ob •• rv'e ides, 
1 

temptfraturas aupér:l.eures 1 950°C. A 9S0~C et .~I dessous. la 
1 

reatauration dynamique contrale la d 'lormation.:' L' adoucisa.ment 

s tat1que l'effectue' par restauration ., recr1/talliaat1on 
, -" 

statique. Das d'croche.ent-. de la cODtra:tnte ont It' d'tect'. 

sur 1. Waspa10y dans certaife. cond:Lt1on~ a1n8i qua sur 1'1nco1181 

718. Ce phin.o.ane ait' 'tud1' en d.ta11 pour l' Inconel 718 ·.et, 

.ama 81 l' 011 n'a pu idel1t1fler l' 4li.ent ra.ponsable, le _'caDis •• 

d'1.aobil1.at:Lon d •• dislocation. I •• ble dû 1 u~ ordre ~ 

parcours r'duit. Le. diaar.~_.s cOlll:ra1nte-teap'ratura dan. le . " . -
cà. du Wa.pa1oy, .011trent un 'cart par rapport au 'comport •• nt 

nor.al vera 1100oC. On eD conclut que cette d'viation a.t 

ra11'. au d'croèh ••• nt d. la contra:Lnte et ,donc l 1 tordre 
• 

1. p&rco"r. rUu1t- de. 'll.eDt. qui foraeDt la. pr'cip1tl. y' • .. 
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iii. 

RESUMa , 11\ 
efetuados • 8mostrae Testes cle compresaao foram 

e:1l:!ndr:1ca!l de Waspaloy e lnconel 718, co. 0 8ux::ll10. de u_a 

ma quina de tes tar Lnstron computador1.sadA. Os testes forall 

.feitos 1 ve1acidades de defor1ll';çao entre 5. OxlO-4 • -1 e 3. 8xlO-l s- l , 

'temperaturas entre 9'25 e 12200 C e deforlllaç~ea at" 0.7. re.te. 

:1nterroapidos foralll tallb611l efetuados COli 0 objet:f..vo de deter-

minar a natureza 'dos proeea.os de amolecimento e endurecilllento 

estaticos. 

Quando a temperatuJ:!a de teste '" aumantada ou a ve10-

e:1dade de deforlllaç~o ci1~1.Duida. um decd.c:1l1o na tansao de 

escoamento , observado para os dois .ater1a18. Recri.tali­

s.ç'o d1na.iea, parteial ou completa, foi obs.rvada 1 te.pera-

a - ... a - ... tur .. ae:f...a de 95i C. A 950 C e aba:1~o. a recuperaçao d1na.:1ea 

" 0 proea.lo que cOlltrol. a de'for.açao. AlIloleci.ento .stât1eo 

se efatua atr.v" de racuparaçao a r.crllt~l11~ao .stat1c.s • 

. Pontos (quedas) de escoamento -foraa detact.dos- ea Waspaloy para 

alau.a. cond1çoal part1culara8., bell co.o para Inconel 718. 
, 

Este fena.ano foi eatudado em detalhe para Ip.eonel 718, a 0 

aecanismo de b loque:1o , dedulido COIIO .endo ordenaçao a. eurto 

alcanee, a.bora 0 el.lIanto ra.pon.avel par •• ta ocorrlncla n.lo 
" '""- .< _ 'il) 

tellha' .1do lc1ent1f:1cado. Ali curva. talllao-ca.peratura par. 

W •• paloy .oltra. ua afa.ta.anto do c·oaporta.el1to nor_al •• , '" 

t3rno cl.e llOOoè. ,~col1cl.u1do que a.ta afa.ta.al1to .. t;(o rela-

c:1onldo co. a ocorraDcia do. pontol' de a.co •• ento, a con.e-

" 

qu.enee.ellta co •• orcJal1açao a curto alcallca do. ala.alltoa 

fonaclor ••. 40 prad.pit.do Y '. 
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CBAPTER 1 , 

lJ INTRODUCTION 

1. 

Nicka~-base a110ys comprise a broad- range of compo­

sitions vhièh find use in a variety of applications in the 

a'roepace, 8as turbine, cheaical, petroleua and nuc1.ar indu-,' 

stries. The conatant development, of these a1loy. ià due 'to 
\. 

thèir ability to vork at very high temperatures vith good 

creep, oxidatioD a~d corro~ion resietance. Due to the fact 

~ that thes~ alloy. are designed to re.ist deformatiou at hiSh 
--~' /, 

temperaturee, their deforaation behavior is very-complex. They 

are a1so very difficult to hot vork; thair ductility i8 limited, 

and their flov stre.ees are high. 

A,reviev of the literature coneeruina the hot workinl 

of nickel-base superalloys reveals that aueh of it ie davotad 
, , 

either to practical i.pr~e.ents iu processiul or to detailed 
" ~ 

etudies of th.ir proparties through observations of th. worked 

microstructures. Information on the mechanis.s of-, hot vorking 

i. acanty and aust be extracted from the kinds of practica1 
\ 

publicationa _entioned above or from studies ou pure aetals, or 

.in8~e phaae or experimeutal .1loy.. Eveu in the latter cate-

sory, there are only a few papera in vhich the •• ehani.ma of hot 

daforaation are di.eus.ed in any datail. 

The purpos. of the present investilatiou wa., there-

fore, to co1lect information on the m.chanis •• of hot working 

of the nickel-bas. superalloys. ln particu1ar, it va. intended 

" 
t { ,~; •• 

• 



2. 

to .tudy. w1.th the .id of the ia.terr,upte4 co.pre •• ioD t •• t. 

the .oftenins pro ce •••• that oparaté both durina and after the 
\ / 

deforaation of Wa.paloy and Inconel 718. After lt. l.nc.pt1.o~ .. 
\ . the investisation ~. extea.ded to obtein additiona1 l.nforaatioa. 

concernina the yield drop wh1.ch eppeared whil. t •• t~DI lnconel 

118 at hiSh tellJperature8. 1 
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CHAPTER 2 

THE PHYSICAL HETALLURGY or NICKEL-BASE ALLOTS 

" The de •• nd for more efficient pover generat10n un1ts, 

partieularly saa turb~ne angine. for military and civil appli­
J 

th~ developaént of .uper~lloys in the cations, haa aeeelerated 
l ' 
~ 

iamediate paat. The environment of a laa turbina ia one of the 

most deaanding and aggresaive po.sible (1). In order to with-

stand these atmospheres at high temperatures, superalloy. are 

strengthened by: i) lolute elements sueh as Co, Fe, Cr, Ho, W, 

V, Ti and Al; ii) the precipitation of interaetallie eompounds 

sueh aa y' and Y n; 11i) the pre'eip1tation at grain boundariea 
() 

of HC, H7C3 • H23C6 and H6C earbidea and the borida H3B2 " aere R 

may be Ti,' ra, Nb, V, Ho, W or Cr.' In 'thia ehapter, the a.eha-

n1ama of strengthen1ng and hot work1ng of thase alloys will be 

raviewed. 

2.1 Strengthenina Mechan1sms in Niçkel-base Superallors 

2.1.1 Solid Solution Strengthenins 

N1ckel-be •• 8upera;loys alvays contain eubatantial 

substitutional solutes to provide .• trength, creep reaistance 

and resiatance to surfac. degradation. lt 1a wall known (2.3) 

that eolubility of the elements a4ded depends on:- i) the atomi.c 

ai.e difference with respect to Ni; i1)' the relative pos1t1>ons 

of the aolute and Ni in the per10dic table.; 1i1) th. lattice 

*Th1a includes the cheajcal aff~nity and relative valence factors 
of Bu •• -Rothery. as weIl a,. th". affact of the electron hol~ nu.ber, 
Nv, which ind1eate. the number of el.ctron vacanei •• in the tbird 
.bell of the f1ret long period in Ni (4). 

• _ .~ .. r 
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1 

,1. 



\ 

l1li'''. DI au 

.~ ____ " ______________ -1" 

4. 

type of the solute (is lt PCC like Ni?); and iv) tbe elastic 

modulus differences between Ni and the 8olute. 

The hiah te.perature oxidàtioa resistauce of super­

alloys, i. attributed to thelr tendency to fona Cx20 3-rich pro­

tective,scales haviug a lov cation vacancy content, ~her.b, 

reducing the diffusiou rate of the aetallic elements outward 

aud of oxyaen'aad sulphur invard (5). The excellent strength 
e , 

properties, on the other hand, ariae from the high to1eraace 

of nickel for alloying without phase instability due to its . 

nearly filled 3~ el.ctron ~h.ll (5). ~ 

1 The effects of solut •• oa the yield atrength via 

their lattlce par~aeterl and elastic aoduli will ~ow be discussad. 

2.1.1.1 L!ttiee Parameter 

lig •. 2.1 ahows ~h~ el •• enta which ara i.portanF in the , 
" . 

constitution of nickel-ba •• a1loY8,(6). lt ~aa be .een that 
~ 

thes~ el •• ents dlffer from nickel by 1 to 13% in atomic diameter 
o 

and by 1 to 1% in NV~ Vith regard to the diameçer difference, 

both 101id 80~~tion hardening and precipitation hardeniul can 
1 

be explained in ter.s of the internal "strains generated hy 

in.ertins aither solute atoms or partie1es in an e1astic matrix 

(7). lor exa_ple, the yie1d atres. for a dilute solid .olution 

has been aiven by Katt and Nabarro (7) as: 

a - 2Gec 
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Percent differenc~ 
atomlc diometer :~:~" 

- Nickel " 

EJeme nt cz;::I E 'ement partitions 

port i t i on s ta y' ~ to grain boundClrie s 

Atomic diometer of carbon, boro.n, zirconium, mognesÏlm- Goldsc"INdt for 
CN 12 
Atom;c diometer of 'other e'.ements frqm loffice rlc:rameter effect in nickel 
binory of'Of-. 

-
l'IGnE 2.1 Il ••• nt. i.portant 1n the constitution, of nickel"" 

b' ••• alloyâ (after Decke~ and Sim. (6». 
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'. 
where G 1a the ahear aodulu., € 1a the a1afit a d c the con-

centration of 80lute ato.s. Tbe ai.fit i. 1n tu n apecified 

by: 

e: -
Il 

(2.2) 

where !J. a 1. thl d1ff,erence betwean the latt1ce par .. eter a· of . o 

tha pure aatr1x and th~ latt1ce paraa.ter a of the 80lute ato •• 

A l1near relationsbip betwe~n flov 8tre •• and latt1ce parameter ' 

change 18 obeyed for any a1ngle aolute element 1n nickel -

lige 2.2. We can aee, boyevar, that: the chailse 1a flow stre.s 

of nickel for ver10ua .olutes 1. not a aingle valued function 
l' . 

of the lattice para.eter, s1nce T1 and Cr were ezpected to have 

a.aller affects than Ho or W. The raason for this diacrepancy 

1s that the chan,e in flow stre.. a1so dependa on th. nuaber 

Nv (8 , 9). Por th • .... lattice .tra1ns, the larger the valency 
~ 

d1fferance bet.een .olvant and solute, the areet.r the harden1ns -

11a. 2.3. At laaat part of thia effeet aay resu1t from a lo.erins-

of 8tackiug fault eueray (6,8,9). Âccordina to Pelloux and 

Grant (10). ao11d .olution hardenins per.i.t. to 0.6 TM" Above 
/ i , , 

0.6 TH' the ranse of bi,h te.peratura cr.ep, Y Itrenathenins i. 
'" 

d1ffu.ion dependant. Thui the .10"ly diffuaina ele •• nt., ao1yb-

denua and tuus.ten, wou1d be expected to ba tha so.t P9tent 

hardenera. The a.ounta of Ho and W wh1ch can be added to the 

PCC Y aatrix for stren.thenina i., ho.e.er, sanara11y li.ited , 
by the iuatabi11ty of the a110y with re.pect to a-phaa. for.ation. , 

1 
/ 
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2.1.1.2 Hoaul". 

of ,Z.OdU1UO dUf.rue. b.t-. ..... solute 

.tr~~eaini proe.s. ia b ••• d on the .ztra 

rhe role 

and solvent in the 

york needed to.foree a dislocation throUlh harder or .ofter 
G --... 

resions in the matrix (11,12). rhe lar.ar the dif~.reuee 

betveen the ahear aoduli of aolvent and aolu~et the areatar 

la the expeeted inere ••• in st~enlth. -To date, no d.~.lled 

quantitative atudiea have been ear,ried oùt for nickel all01 •• 

2.1.1.3 Short-ranle Order 

Coneentratad solid solutions are likely to exhibit ~ 
... 

appreeiable .hort ranla order, particulerly if di •• i.iler .to •• 
) 

are involved (13). rhe energy requ1red to' .he~r •• hort-ranle 
\ 

ord.red cryatal cau.ea an incre •• e in the flov .tre •• of-the 

allo,.. The ah_ar atr... to .ove a dialoc~tloD thro~ah a ahort­
# 

ranla ordered sone i. aiven by rl~nn (14) a.: 

(2.3) 

whera e ie the aole fractioD of aolute, v ia the iateraction 

en.ra,. for the varioue ato. pairl, a. ia ,the local ord.~ coef-, 

fieiant, and a ia the lattice par ••• ter in th. ahort-ranse 

ordera. reliou. Since all tha ter •• in equation (2.3) Ar. 

te.par.ture ind_pandent, .hor~ranaa order provid •• an atharaa1 
, ~ 

iner •• ent to the f10 •• tr.... Rowaver, th. delr.e of .hort-

ran.~ order d_erea.e. vith incre •• inl anne.linl temparature. 

, .. 
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1" 

Conséquently, the short-range order component of ~low .• tres. la 

sens1t1.ve to thermal hfstory • 

. 
1 

"""2.1.2 Preclpi'tattou Rar,d'ening 

\ 

The ' •• jor contributlo4, to the stren,gth of n:lckel-ba •• 
1 • 

superal1oy. ls prov:lded ~Y the formatlon of atable, coherent 

lntermetà111c compound •. such as y t (ordered FCC-L12 Itr~ture, 

e.8'- N1 3 (A1,T:l» and yn (ordered BCT-D,022 structu~e, e.g. N:l 3 
(Hb,Al,11». Flg.2.4 shows the unit cel1s for thesë tvo struc­

~ur~~ Waapaloy and ,.oat nicke1-baae e auperalloya are strangth~ned 
- by y" 'and lnconel 718 by Y "(15,16). The precip:lt:ation of ear­

bi.des and borldea provides add:1 tlonal 8 trenathening ma:1n1y a t 

moderate to h:1gh te.per.tures, at which aignifieant 1mprovements 
<S' 

in ereep bah.vior are obaerved (5). 

2.1.2.1 The Xachan:1a.s of Precipitation 

S8"era1' studi.s extending.ovar the paat 20 years have 

conslde~ably advaneed our und.ratandinl of the nature of.pre-
, '0 

ft 

c1.pitat:1on tro. superaaturat8d nickel-ba •• alloy.. In the 

early atases of prec:1pltat:lon, eate1l:1te raflectiona, ind~ca­
\ 

tiva of periodic modulations in structure, are ob.erved by X-ra, 
\ 'lit 

d1.ffr.ct1on. . The occurrence of an alilnecl or aodulated structure 
.,' / . 

in tha'early sta,e of asiDI aUIse.ts/that decomposition of the 
fi 

_ supera'Aturateci s01id solue,ion _.y be taking ~place by .p1.nodal 
"1 p' ~ ~ 

.i.. ~ fi" 

deeoapoa1tioD (17). Ardell aud Nicholson (18) have showu, hov-
4 ' 

~ - aver. tb.at a1.ip.eut eau b. tlle ra.ult of, ala.tic 1Dt'r,actioDa\ 
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between y' precJ.pitates dur:l.ns coarsen..inl. The senera1 con-

senBU8 today ia that the nature of the precipitation proceas 

depends main1y on two factors: <a> the misfit between Y and 

y' and (b) the desree of supersaturation. 

12. 

At lov supersatu~ations. the heteroleneoua nucleAtion 

of coheren t ~, occurs partial1y on dislocations J provided that 

the coherency strain 1a suff:l.c1ently large for a .trong elaatic 

interaction to exist (18-23). Homogeneoua (continuou. or 

claasica1) precipitation 1s the dominant me~h.n:18m for the néar 

totality of y..,.,t syatems (5.18,19.22-25). At high 8"p6r8atura-

tions. de COlllP,O.i tian _.y occur spinodally. but there i8' to date. 

conf1:l.ctingevidence to support thJ.. theory (18.26,27). 
\ 

'.the electron micro.copy of repliea. has shown that 

the y • ·ph._e forms coherently vith the .strix and i. oriellted 

_ueh that the cube faces are paralle1 ta (100)5i o. The elastie 

ani80 tropy of the .atr:lx ia :l.nfluent1al :1n dete1"lll1n:1ng the 
J 

orientation of the y' (19). 

-2.1.2.2 Interact:lon batw •• n the Prec:12itate Particl •• 
aad Di.locationa 

Several theoriea 'of atrenatbebing by ord.rad preci-

pitate. have appeared :ln the literature ~ecently U1. 23',28-34). 

In a11 c •••• , the critical r •• olved ahear stress (CaSS) i_ shovn 

to be dependant 011 tha volu.. fr.ction, aiae and .str.lll~h \ of the 

preelpi.tatea. Amolli the factor. that hava bean IUlaestad as 

"'-contr1:butiDg to the part1ci. hardenJ.ng of nickel-ba •• aUoy. 

are the fo11o"in,: i) the ezis tance of order in the part:l.clel;, 

" 

" . 

,. 
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i1) the coheren~y strains lIlent10ned above; ii1) d1fferencee 

in SlE betveen particle and lIlatrix; iV) the energy to create 

additio~al part1cle-lIlatr1x interface; aud v) differances in 

elastic modu1i between partiele and _atrix. , 
the methoda used to treat hardening by solutes and 

13. 

by precipitates are basically si.ilar. They depend on calcu­

lating the force of interaèUon between a moving dislocation 

aud whatever obstacles are in :lts path. In arder to move 

,"through a field of d1speraed ob.tac1es, a d1slocation must bend 

to an àngle, _, dependent upou' the obstacle strength, Pige 2.5. 

Por weak obetacles, , +' 1F ; that 18, -very little bending 1a 

required for the dislocation to escape.from th. obstacle. l'or 

.atrong obstacles, {I + 0, as the d1a1oeation 1s forced, to alaoat 

double baek on 1tself (23). 

Brown and Ham (23) have ahown that, fol:' Ni-Al alloys, 
o 

partiel.s v1th rad:l1 (r) sma11er than 3 A have pr~ctica11y no 
o 

effect on the flow stress, and when r 1e bigser than CI 150 A, 

the partieles 10.e eohereney and Oroyan loops are observed 

.. round the partiele.. The .&:&:1..ua strensthen1ng occur. for a 
/. 0 

par~1c1e radius of 40 A (28). Davies and Stoloff (29) noted 

that ageing a in-14! Al al101 for 1 hr at 1000C after q'uench1ng 

produeed an iucre.ent of flow streas in-ahear of 5.3 hbar. The 

value of r for thei'r york W&I caleulated by Brown and Ham (23), 
,.. 0 

who found r - 18 A-. l'or a li-er-Al Alloy, G1e1ter and Hornboaen 
o 

(30) reported au optimum size of r - 55 A for max:lmua hardenina. 

Several other vatue. are available for different syste •• (31-39), 

.. 
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\, 

leading U8 ta conclude that the optimum partiele 8ize for 
o - ff"'< • , r., 

maximum flow st'resa (e. g., r = 3S A), depen4s main1y on th, 

volume fraction and y _y' mismatch (i. e. on t~e chemical compo-
1 

8itlon)~ For 'aach .yatem, a eurve 11ke the one in lia. 2.6 

basad on rel. 21 can be determined. For the ascendlng part 

of curve (A-Bj, the increase iu cass (AT) with increalins 

particle radius i8 a consequené,e of the boving out 'of the dia-' 

location betveen t"ha particles. L1T lncreases on1y unti~ the 

dislocation has b~wed out ta a semi-circu1ar ~hape. Further 
1 

bowing out 1eads ta the formation of O;owan rings" or ta prll-

matic cross-slip. This happeu8 at point B. Wit~ lncreasing 

partic~e radius, the stress neceaaary to for. an Or~wan loop 

around the particle deereases very rap~lY (B-e). 

Of the various poss'ible Itrengthening mechanisme 
'Ii; 

11.stad above. there is now little daubt that the principal one8 
,. 

are: arder Itrengthening and cohereucy hardening (39-45). 

Order Itrengthenlng ariaes when a dislocation passes through ah 

ordared partiele ereating, au ant1.pha •• boundary (APB). Under 

these conditions, the glide aotion of the leading dislocation 

is lmpeded .ince it must do vo'rk ta create an APB. In a lilte 
.~' 

fashion, the motion, of the trai11.ng disloc4tion is .s.18ted 

because it 4nnihilates an APB. One outcome of thi. situation 

is th&t dislocatioua travel in pairl, the Becond re.ovina the 

di.order ereatad by the firet. Coh"erency hardeniug ari.es 

through an elastio interaction between the strain fields of the 

dislocations and precipitate. whenever thera ia a l~ttice para-

mater .i.match betwaen the precipit4ta and matriz pha8~8. 

./' 
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It il of interest that varioua investigatora in the 

literature have tikeu a b~oad (and con~11.ct1ng) ranse of v:1e., 

regarding the relative rolea of 'theae tw~ factors. l'or \X;.Ple, 

Brown and Bam (23) ~riginal1y aaintai:ned that the contrib~t1ons 
of order atrengtheniul and c:oherency strengtheniug should be 

addit1.ve. aach aechanis. eontribut:1n8 to t'he yield .trass the 

value it wou1d ,contribute if it vere acting alone. By cont~a8t, 

Decke~ and Hihaliain (44) have concluded that s trengthening 1a 

due primarily to coher.ncy harden1ng. Tatin8 a till another viey 
~, 

llaynor an~ Silcock (32) and ~j.l and Ardell (42) have, auggeatecl 

that s trengthening ia due en tirely to order hardening. Finally. 

Melander (45) has propoaed that both mechanisma contribute, vith 

coherency Itrengthening aak,in& a significant contribution ,on1y 

wh'en the atsfit 1a large enough. It ahould be added that 

Helander ancl Persson (39) conaider that order contributes 8i8-
-', 

n1f1cant~y vhen the a110y, are underased, but that coherency 

harden1ng has an :1mportant contribution when the al10y. are in 

the Reat-asecl concli tion. 

Inl1ghtenad by the more recent and deta1led publiea­

tiona (39-43), we can conclude the f.ollow:1ng: i) 'rhere are very 

fev y 1 y' alloYI tn vhich ,only one mechanism 1a 1ikely to 9perate. 

ii) Whi1e there ia lundsmental disagreemen.t on the contribution 

of coherency hardening to .the iucrement in C1SS in underasecl 
.... 

y 1"(' alloy., the sam. ia not true of aUoya aged to the péak 

cond·1tion. In the latter case, there is coneiatent experimental 

evidence to :1ndicate that th. contribution of coheraney harcleniDI 

1.. 8ubatanttal. 1.11) In yfy n a110y •• e.g. Inconel 118, the 

-_.--
, .... i_ .. _----_______ --~.:c~,;.,'.·. 
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• treDath depend. pr1l1arily upoa, coherency 8trea,gthea,ing ari81nl 

from the tetragonally distorted D0 22 y n styucture. 

2.1.3 Strellgthen:J.DI Effects of Carbides and Othe.r 
'Hinor Addition. 

( 

\ 

., 'rh. role 
1 

of c.rbid •• in .upera1loy. i. co.plax and 

their c:oD~ribut1o11 to the hiSh tallperature atranath re.ain. to, 

lIIeverthela .. , .oae ,eneral1ization. can be drawD, 

\ 

\ 

be cl.rifted. 

and these v111 he cousid.red iu turu. Iu nickel alloy., the 

'" carbides apP,ear to prefer Ira1-u bOUlldar1ea as location \.itea. 

while in cobalt and iron superalloya (and other al10y Ilatrices 

of higher KV), iutragranular .itel cau be very popular. 

Certain araia, boundary carbide.. depandiul on thair 

lDorpholo8Y, cau have datrf.ental effeets on' ductility (5,6). 

Aecordin81y, 80me l.nve. t1gator. (46.47) have taken the lOlical 

• tep of reduciDI carbon to very lO,,\leVel8. How_var, furth~r 

studie. iD ehia direction (6,46) uncovered aharply r.duced 

creep l:ife and duct111ty when the" C leval wa. dacteasad to le •• 
\ , 

thaD 0.03% C. Clearly, carb! de •• ~ t ba tolerated (a11d aven 

encourasad) 111 lup.ra~loy., •• peeial1y at the Irain boundar1e •• 

l t 1&, in addition, clear that th. carbide IIprphololl can biflu­

énes the du'etility (3,6). aa wall a. the chemical Itability of 

the lIatri.x throulh tha removal, o,f e •• euttal, but l'eactive elesente 

(3,~,48). 

'rhe co_on cl ..... ' of 'carb~4e ar~ HC, )l7C3' H23C6 and 

H6C aad th ... eau have .o ••• bat dilf.ring effecte. 'rh. HC 

carbid •• are th. aoa t l'efractory aud atable. and are a major 

source of reael'''. carbon fol' latel' cheaieal intaraction. H7C 3 , 

• 
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in' the fora of, Cr
7

C
3

, 1s not usua1ly Dloat superalloYB, 
, \ 

leneral-ly traa.form:!~1 on aginl ta K23C6" 

tendeney for grain bd ndar~ prec:lpitat1.on 

a110YI 'V1.th '.oderate t h:llh· ehromiua 

shows a 1Ilarked 

profuse in 

rations. Thes. 

e.l'bides promote 11gn1 cant 1mprove1llanta 1.n ~llpiur •• trength, 
\> 

apparently throuah the i h:lbition of grain boundary .11d1n, (3). 

11nally, the carbide H6C s 81.i1ar to H
23

C6 , but :l. aoat fre­

quently found when th_ r.fractory 1Iletal content 1a hilh. 

" The most re.arkabl'e 'a1loying effec ts in superal10ys 

ar'e due ta 1Ilinute additions of boron, zircon1u1Il, magnesium and 

hafnium. Boron is generally present ta the extent of 50-500 pp. 

in superal10y. and 1.e an .a.ent.:l.al inlredient. It il loeated at 

Irain boundarie. where, at the triple points, it reduees the 

onset of arain boundary ta.rinl under rupture 10ad1n8 conditions 

(3,6). Appropr1.ate z1.r~oll1.umt aagnesium and hafn1.ulll additions 

ean supplement the effect of baron. It has beeu sussested (48) 

that boroa and zircon1.ulll act li ka carbon and .ust be prasent 
\ 

dur1.ns .olidif~cation ta pravent injur1.ouB trace elements 8ueh 

aa ozy,.n and aulphur troa coll_ctins at the IraiD bouDdarias 

and foraiDS br1.tt,le fil.s. HaSllesiu1ll additionl have b •• n u8.d 

in à 8i1llilar vay to l.mprove the .1crof1..~ure resistance of 

In,conel 718 dur1.n8 weldiD.S. ,Hafnium also has a high' affiniey' 

for lulphur, hence 1t cau be used as a getter ta prevant sraia' 

boundary eabritt:1 •• ant by aulphur (48). 

\. 

< 
" 

, 'r ,. 
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2.2 The !lechal1:f.am. of Hot Deformation. 

The mechan:f.sms through which superalloys are 

streug~hened have been review~d above, aud 1t was seeu that 

both solute add:f.tious aud precipitates are faétors responsible 

for the lood h:f.gh temperature propertie. of these ~11oY'8. lt 

should now becoae ev:f.dent -that theae saae'strenlthenini mecha-

nisas will also lead ta a loss in vortability, to hilher re-

cryatallization temperatures aud to a uarrover tempera cure ranle 

of hot working. the .anner !n which this arises cau be deduced 

fro. experimeuts ou the mieroetruetural chanles occurrinl uuder 

hot warking conditions, aostl, performed on pure aetals, sinlle . -

phase or experimental alloy. (49-62). The.a investigations forlll 
r 

the bas!s for the current theories on hot deformation lIleehauislIls, 

and they will nov be revieved briefly. 

During hot work1n" .ost •• tals and a1101s in:f.tially 

undergo a period of work hard.n1ng, in vhich the dislocat1on 

density 1s eont:f.l1uously inereas1ng. After this :eg1on, the 

" behavior of the aater:f.al beins dator.ed vill depend upon the 

mechania. of" restoration (49,S3). ID •• tala ~1th h1Sh stackiDg 

fault enerli,s, th. disloca~ioDs are fairly aobile, and are fre. 

ta elimb and cro8s/.1:f.p out of their slip planes. The aovins 

dislocations are continually b~eakin, up and rebuilding the Bub-

boundarie., and .s a ~ result .aintain 

si~e, dislocation denaity and associaied 

•• chauiss 1. knovu a. dynaaic recov.~y. 

an equilibrium .ubgrsin 

flov .tr.... This 
1 
1 

When the'a.tal. an4 

alloy. beinS deformed have lov .taekiDI fault euerlie., the d1s-

. -- , 
\ 
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10cation'mob~litY is .iminished, and 1eaving the slip plane 

is more difficult. Under these conditions. the aaount of 

recov~ry produc.d by the annihilation of individua1 disloca-
l ' 

tions is no longer sllfficient to lIaiD:"tain .a stable subgrain 

structure. The sub-boundarie. vi11 theu, after a eritiea1 

amount of deformation, 4ttain a disloca~ion denaity high enouah 

ta tranaform them into mobile high angle boundaries. As they 

move, they e1iminate, the disloeat~ons, le.ving hehind a di810-, 

cation-free, reerystall1zed structure. The graiu b~undary bulge 

theory, vhich accounts for the formation of the uev Irains, 

assumes that certain large-angle boundariea are already uns table 

and mere1~ bow out in areas of l~ca11y hi.her atored energy. By 

bu11ing out in this manner, a ney "nucleus" is produced (62). 

the nev arains can also be created throush the foraation of high-

angle boundaries by the accumulation of dislocations iu cartain 

sub-boundarie. (a1ao knovn as recrysta11ization iu situ) (52). 

After deforllation, further reatorat4.on'lIay taks place by static: 

re~overy and metadynaaie and atatic recryata~lizatiou (49-53): 

The hot vorkabi1ity of •• ta1. in indu8try i. c10 •• 1y 

linked to the above .eck.nis.a,of re.toration. Thay datermina 

the f1Qw atre •• ea developed .s vell as the rate of crack propo-

aation, conl.quent1y cO,ntro11ins the a.ount of deformation which 

can be app1ied in a 8ing1e pea •• 

Luton et al. (56,57) testad pure Bi and Ni-le .lloy. --
4-' 

in the hot vorkin. regiou, and conc1uded that the ra.tor.tion 

.echanislI wa. dynaaic recryatallization. Thay establi.hed that 

- . 

1 
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during dèfor.ation.~ cracks vere formed at triple points and 

serrat1.ons on the grain boudar1es. The growth of theae cracks 
, p 

was illpeded by the lIlov~ent of the grain boundar1.ea away froll 

the crack, dur1ng dyna.1'c r~crY8ta11ization, resu1t1ng in 

/ 
l" "', 

~mproved duct1l1ty. Dynamie recrystallizat~on vas a1so found 

to be the reatorat1.on procass in the hot working range dur1ng 

--~"':;,--::--:-è-ltpari •• nts on pure ~ickel by Sah .!!..!!. (58). and by Shapiro 

and Di eter on pure nickel (59) and Incone! 600 (60). 

U.~ng torsion ~esting, Julop (63,64) atudied the 

.echan~ •• 1 of def~r.ation and fracture in W.apaloy froll r~o. 

te.per.tura to 10930 C, at .tra1n rate. batveen 3z10-2s-1 and 

-1 7.0 1 and at atra1.ns of up to 45. Warm- workina behav"1our ' 

waa ob •• rved from 8160e to 899°C along vith part~al recovery. 

Recryatallizat10n vaa in~tia1ly oblervad àt '9S40c and in the 

J ran,~ 10100e to 10930 e the aa_p1ea vere comp1ately recryltal-

l~zad dyna.ically, reerystall1zation 8tar,t1.ng st the .a:dllua j. 

of the f10w curve and becoaing co.plete st the end of the vork 

~often1.ng ataSe. The effects of hot working on the 93tructure 

and propert1 •• of Wa.paloy vere atud1.d throulh rol11ng experi­

aenta by Ba11ey (65) at f1n1sh1ng te.perature. rang1ng fro. 

9600 e to 10600 C ~ith reductiona fro. 18% to 49%. The nev araina 

•• en in the. aa-ro11ed aicroltructuree are d •• cribed .e being 

dyn •• ically recrYltal11 •• d. but it .ay be arlued that they vere 

for •• d by Itatic or poat-4yüaaie recryat.ll~aat1oa bat •• en 

pae.e •• 'Ad during ~oo11DI .ftar dafor •• tion. 
, , ; 
," 

, 
" \ 
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'The hot vorkab1.11'ty of superalloy·. ha. a1.0 b.aa 

atudied throUlh the use of a Gleeble te. tins sach1.ne vh1.ch 

, 

/"~ Dlakes it possible to eubm1.t the specimen to a th~r.o.echaDical 

process1.nl (66-68). Cre.S..io and HcQueea (66) ,found that for 

,iasteloy X a ductil:l.ty max1.aum. at about ll200 c va. due to dynaa1c 

recryatallizatio11, provided that t~!l sa.ples vare claforw.ed auf­

ficiently to store the enerlY requ1.red for recl',.ata1l1sation. 

For Iaconel 718. they reported ~t.lat the proarea. of dyuaaie 

recryata11hat10n 1s retardacl clue to the piD.Dinl of the arain 

a ' bounelarles by y" and other prec1.pitates. Ve:l.a. et 'al. (67) . ........- ~ 

testinl Inconel 600, aad Bailey (68), teatiua t1n1.t •• p !l1f, COll-
l' 

cluded that the recryatal11.zad 81:a1118 111 the a1croatructuu of 
\ 
" 

the broken hot tan.il.a specimen'. veré' the product of dYD.aa:lc 

recry.tall:lzation. 

Xar.b ead Oak.. (69), de.cr1;binl .foraina praè t:1.ce 

for Wa.paloy and Incona1 718. au,aeated that forl1.nl be initieted 

at a ta.parature at vhieh clyna.:f.c rec:ry8tall1..atioll. and thare­

fore, eztani". r~.torat1on, oecurl. !'1nlsh f~l:1n8. by coapa-
. 

rison, ahould ba carried out At. lOVer t •• perature •• to pravaut 

und.s1rable l1:'a1" aro"th in the final product. 

Ob.ervation. of Y f partiel_ a:t.a. anel cl~.tributioD. 

bafore and after defor.ation indic.te that th. raery.ta1.11zation \ 

proce.a involv,!, a local· r •• olut::10111na of y' ahaad of the 

advanc:ina recryat:all::1zed bouudar::1 •• vith d1acout1nuou. J:'epre­

eip1.tatioll in th. rec2:,.lt .. 1l1Ied ara1n8 (10,71). Tha k::1llaUc, 

.\ 
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CBAPT'ER. 3 

EXPERIMENTAL KATBRIALS AND PROCEDU1E 

3.1 Compression Teatins 

Bot ~ompreaaion 18 a auitable te.ting te~hn1que for 
• 

hot work"i.ng Ituclies because the s tre8S state 18 v.rY close to 

those found in cleformation proeessing (72). No basic 1nèta­

billtiea sueh as neck1ng arise (73,74), and testiug can g&n8ra111 

be carriecl out to atrains of 0.7 without barrellins and even to 

a •• uch as 1.2 vith slight barrel!inl. if friction betv.en the 

specimen and auvila 1a min1m1zed (72,73). Tbis can be accom­

plished hy uaing smooth~ hardened platens a~cl by grooving the 

enda of the •• ap!ect>o reta1n the lubric:ant (75,76). The pre­
/" 

senee of such grooves do.s not affect the re.ulta algnificantly 

(77). Although t~e defor.ation in hot eo.presaion 1a uaually 

ho.ogeneoua for .ost materia!a, f10w localization cau occur if 
, ' 

, thera ia appreciable flow 80ftelling (78). Suc:h flo" aoft.ning 
~ .. 

• i. generally associetecl vith the pzesenee of unatable aierbltrue-,. 
tures. Wh.1i the 1Itrain ra'te is h1gh enoulh, clue to adiabatte 

~eat1~1. tbe localiéat1on can b.eo~e eataatrophie le.ding to 

the for.at~on of ahesr bands (79). Kore detailecl de.criptions 

of the characteri..tica, advantagea and disadvantas •• of eoapr •• -

aion t •• ting are av_tlabl. ,elaewh.ra (72-77). 
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3.2 Experiment,al Haterials 

The materia1s psed in thia investigation were: 

i) Wa.paloy - a nickel-bas. superall~y supplied by TaW Inc., 

Hetal.s Division, H:1nervâ, Ohio, heat No. lCW7208; and :1i) 

Iuconel 718 - a nicke1-irou ba.. superalloy aupplied by 

26. 

Special Het~l. Corp •• New aartford, New York, heat Ho. 9-5630. 

, " Bath mate rials vere reeeiyed in the heat treated condition 
" 

(Table 3.1) for optimum bigh temperature creep and stre.s 

rupture properti.s. The chemical compositions of th.se 

materiala are given in Table 3.2. 

3.2.1 Specimeu Preparation 
, 

The aatarial.s used in thia .tudy ~ere initially in 

the for. of rod., 12.7 ma in diam.ter. Co.pr •• sion ••• p1.8 

Were machined fro. the roda accordin8 ta 7ig. 3.1. The .peci-

men dimen.,ion. were based ou the loaci cell capacity and cr08.-

heid spead ranga of tha Instron. Th. end faces of the .peci­

mens ver. crooy.d to retain the glas. lubr:1cant used in hiah 

temperature defora.cion. The groo"a de.ian va. pattern.d OD 

previous inve.tiaan",_ (80.-81) vhich showed that the best' 
1 

resulta are :obta1ned vith flat·botto.e~ groo" •• , where th. 

groov.. ara vider at chatT bases than are th. ridass bet.een 

them • 

• 

\ 

., \ 
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TABLE 3'.1 

aeat Treat.eut of the !!p.r~ •• utal Hat.rial, 

, 

Solut1oD.1ag 

Intera.diate 
(S tab11:1.zat10u) 

WASPALOY A&lu i 

J'inal 
(Prec1pi tation) 

,AlinS 

, , 

Solutiolliug 
, 

III tera.diate, 

IlfC01lfEL 718 (Stabi1:1.zat1oo) 
ASiuS 

• Pioal l 

\ (Prec1p1,tat1oD) 
/""''- Ali111 . 

A .. C .: air cooî11l& 

~.c.: fu~uac. cooliul 
'r 

1 

'" 
" . 

, ' . 

10800C 4 hours\ A.C. ; 

84~oC 24 ho ur. A.C. 
, . 

160°C 16 hour. A.C .. 

9SSoc 1 ,1 hour A."C. 
( 

( 

720°0 
· 8 k\(.ur. P. C • ' 

62 C/br' to 620o( . 

" 0 

620°c 8 hour. A.C. 

\ , 

"ft, " 
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TABLB 3.2 

Co.position 9f the Hat.ria1. Tesced in Wc: 

, 

HATBIl IAL'8 WASPALOl' ItfCOtfEL 118 

C . 
0,,062 0.030 

Hn 0~02 0.16 
S:1 

, 
0.10 0.11 

Cr , ,19.3_5 ' 18.10 
11:1 Bal Bal 
Co 13.34 0.37 
Ho 4.19 3.05 

lib + Ta - 5.34 -
T:1 2.94 0.98 

- Al 1.30 0.49 
Il O.OOS 0.003 
S, 0.006 0.002 
P- . 0.015 0.010 . 

Cu 0.02 0.10 
<." r. 0.82 18.26 

Zr 0.062 -
\ 

\'
l : 

o , , 
\ , 1 

\ 

, ; 
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Speeim'en Dimensions (mm) 

s;ze length (L) piameter (0 ) 

1 11.4 7.6 
, 2' 8.4 5.6 

Groove Di mensions (mm) 

size A B C E 
1 à.18 0.15 0.36 0.10 
2 0.15 Oj2 0.30 0.10 

Tolerance 1 0.02 1 

. 
FI~uaE 3.1 Spec1 •• u ,eo •• try aod Iroove ~ •• 18~. 

'0 
. ' 

29. 
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30. 

3.2.2 L~bricants 

The slasses used were manufactured by the Corning 

Glass Co. Ltd. and Ferro Industrial Products Ltd. Table 3.3 

shows the slassea used for the d~fferent test temperatures. ' 

3.3 E%perimental Eguipment 

/rhe tests were carried put on a 10,000 Ka Inatron 

testing frame (Hodel TT-D) that has been modified for high 

temperature, constant true strain rate compression. The 

e.sen~,al features of the compression train are shown in 

ligure ~. 2. The trs,in cons is ts of tvo ~oadinl members. the 

upper r1- .... eI, lover .o.vil w:ltb .11vil .apport. 111 tb:l. d.s1&". 

the wate~-cooled ram is connected to the crosshead, while the 
, : 

1 

lover an~il resta on a water-cqoled stainless st.el base aup-
i 

'ported by a 2500 Ka' load celle The de.1sn of the lover anvil 
! 

(Fil. 3.3) permits the test piece to be quenched within oue to 

four seconds after the co.pletion of • test. 

A Satec thr •• -zone platinum split furnace vas uaed 

to maintain a coustant temperature duriul the tests. The tem-

perature of each zone vas monitored by a Pt/Pt-l3% ah ther.o~ 

couple. Each zone vas adju8ted so as to produce a u~iforJll (f 2°C) 

'" temperature resion between the snvii eDds. The spec~men -tea-

peracure vas me.sured 'by Ileans of a further Pt/Pt-131 Rh tharmo-

couple that vas a_ttached to the lover an"iI about tvo centi •• tera 

avay fro. the specimen. The thermocouple va. aupplted covered 

with a superaIIoy aheath by Omega Ltd; tta output vaa Ilonitored \. 
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TABLE 3.3 

Lubr1canta Ueed for the Mechanic.1 T •• te 

, i 

ca ••• Te.parature aansa 

, 

Corn1.1I.S 0010 9000C - 1000
0

C 

, , Cornins 70S0 10000 C - 1100
0

C 
• 

Jlerro ~ 3124 10500 C - 1150
0

C 

002:111.118 1710 11500 C - (12500C 
1 

1 

0' ) 
il 

/ 
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" 

c , 

o 

\, 

--/ 

\ . 

" 

_ IL. _ ~_ ~ _ _ __ _ 

1 LUis 

+----Water Cooling 

ns tron Crosshead 

1 

J .heath support ,..t. Sttdnl ....... 

2 Mutll. Inco".' 
3 Split furnoc. Pl ..... u. 

Roa U.' •• t aoo 
5Aul' U .... t 100 

1 6 Altvl. .."or t Udf •• 1 aoo 
Udh •• t 700 

R .... 41 3-.... 
C.".r 

Oa ... e. ort Stol" .... st 
n a .... 1t b." - WClUr 

12 Til ........ ' •• la, ... AI ••• 

13E .ct ......... I •• r ............ 
14L •• 4 c.U 

10 

13 : Hot 
Compression 

14 
Train 

/' 

PIGUa! 3.2 Sch ••• tlc dia8ra~ of che hoc co.pres.ion: 
traln_ (afcer Wei •• (82». 

\ ' 
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~::"'> "l!P.i~"iIM; IsE • ..,.,~_-__ ...... b:tl _____ ~--~~- .... ' ........ ___ d~_~: --'-___ ~-_____ . __________ _ 

,. uppfr rom 
2 upper rctaining out 

3 c.~ramic i nserts 

t. lower retaining nut 

5 qu.nch guide 

6 quench path 

7 low.r support 

lower an vil . , .. 

lIGUai 3.3 Sch ••• tie r .• pre.entat1on of the' 
seo •• cry of th. car •• ie iu •• rt. 
1a th. upper .n~ lover ,envil. 
Cafter Wei •• (82». 
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34. 

by meana of a digital thermometer. 
. ; 

Oxidation of the samples 

waa prevented by carrying out the tests in a proteciive high 

purity argon ataoaphere. 

A special device for provi,ding cOllstant true strain 

rates during teating was built by Luton et al. (83), and --
. opera tes in conjunction vith the Instron variable speed unit. 

T~e Inatron controller is interfaced ta a Canadian General 

Electric CG!/PAC 4020 process cOlltrol' computer. The interface 

Î consiats of six relays which can be activated by the remote 

'awitches of the real time computer. In addition to, this inter-

face, the computer 'is als~ linked ta the outputs of the load 

èell and displacement (DCDT) measuring davices (84). 

The outputs from the load cell an~ DCDT paa~-t~~oulh 

a~ interface conaiatins of a aultip~exed analog-to-digital 

converaion aystem which is ~ttached to a Vidar 600 lov level 

acanner. The latter ls in turn connected to a Vidar 521 inte-
\ 
1 

Iratins disital volt •• ter. The data are converted into str.sal 
J 

strain curv •• by m.ans of a plottinl prolr ... 

The.software vhlcb rune tbe Instron macbine and pro­
\ 

ducea the data acquisition includes three prograa.: 1) the 

fir8t runs rel~lar compresaion testa; ii) the .econd op.rates 

interrupted compre •• ion tests; and iii) the third perforas 

'" calibrations and handl •• data. Tbe true atress-strain curves 

are pro~uced br the data handling pr08ra.. Th. displace.ent 
j 

readiuSs are corr.cted for the elastic distortion of the loading 

frame (85). The true stre •• -straiu curv.s are plott.d on an 

on-1il1e Houston Inatrù.enta-DP8 (Co.plot) dlâital pIotter. , 

\ . 

- <l, 

. " 
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Por a more detailed description of'the equipment, 

the 'reader i8 direc t'eei to referances 82-86. 

3.4 Test Procedure 

35. 

Before starting an experiment. the furnaee was heated 

up to the solution temperature and kept there ,for 3Q minutes. 

before cooling to the testing tem~erature. Once the tast 

temper~ture was, achieved, lS minutes were allowed before brinsina 

the'anvils together. Vith the anvil. in contact,_the reading of 
, ~ 

th. DeDT vas atored by the computer, and the constant strain rate 

device was calibrated •. lecalibration of the strain rate equip-

.ent and the zero po.ition of the DeDT was necea.ary when the 
..... ~ ,01 

sampla aize and/or test temparature was chaugad. 

To conduct an a~tual te.t, the furnace and muffle 

vere rai.ed o~ the crosshead, and tha sample placed on the lowar 

anvi!. The cha_ber was than ~~sed and the ayst •• evacuated and 

purged vith argon,,'b.fore, applyinl a conatant fla. of arion. 

The tempe'rature vas then rai.ad ti)'---t:~ê solution t .. pèrature at 

a heatins rate·of O.SoC/s, and after 30 minutes broulht down ta 

taat ta"Werature at a cooling rate of lOoe/m'in. The sample wa. 

kept at tese te.perature ~or lS minute., aft~r which the calibra 

tian prolr .. , ~.. carried out and the t •• t atart.d. At the end 

of aach experi •• nt the defor.ad .pacimen va. quenchà4. 

.. 

'" 

... , , 
'\; : 



1.."....14._ ... :6 

< , 

! , 

CBAPTEB. 4 

EXPERIMENtAL RESULTS 

, , > .. 

3-6. 

4.1 Experimental Conditibn. 

Tha tasta vare conducted at constant true strain 

rata. fr01ll 5~OxlO-4.-l ta 3.S::dO-1.-l and in the temparature ' 
. 

Speci1llens of d1am.ter 11.4 ma (li,. 3.1) 

vere uaad for tha telt1na of lnconel 7\~ and for the Waspaloy 

tests at temperatures above lOOO~C. B.educecl specimena of d1a-

aeter 8.4 .. (li8. 3.1) 'vere uaed for the testil18 of Waspaloy 

at 950°C and 1000
0 C. Several typ.a of experiaenta vere per-

foraad; th ••• had the follovin, a1 •• : 

a) To detarm1ue the true stre,a/true 8tra~n curva. 
• - Il 

&t variou. const~nt stra1n rata. and,ta.peraturas, 
\ ' 

both for W •• paloy \~Table 4.1) anel for lncanel 718 

(Table 4.2). 

b) To eletermina the atatic 8oftenin, bahaviour of 
'J 

Wa.apalay throug.h .1nterrup~~ compres.iou tea,ts 

(Table 4.3). The strain r.~s. vara cha.sn &0 a. to 

8ive a1.ilar~flov curvas for the two ta1llparature. 

'(equivaletlt· structure. and 1nterna.1 "stre.s.a). 

c) To inveat:1gate t'he yi.ld drop occurr1'ng in th. 

fla. curves for Iaconsl 118 (Tabla 4.4). In thia • 

c •• e, the .tra1n ratee, vere.salected '0 a. to 

live the h:1gheat pOSSible yield drop for the thre. 
f 

te.~.ratu~ •• 8tud~8el. 

) 

1 
, ! 

1 

1 
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TABLE 4.1 

Machanical Testa for: Wa.paloy:' 
y-y' 801.1Is - lOlS-10S0oC '87-88) 

, 

b , • 

t'est Solut1.OIl 
Te.perature GC 

Strai!l~ate Teapsrature 
• C , 

. 
950 -4 5.0z10, ' 1200 

to 
3.Sz10-1 

. 
< 

1000 5.0z10-4 1200 
to 

8.3z10-2 
. 

1000 . S.Oz10-4 . 1 1150 
-

, 1050 5.6z10-4 1200 
,:., 

~o 2 " 
9.3z10-

1100 1.9zio-3 1200 <-

to 
9.3z10-2 

1100 S.6:z10-3 1150 , 

1150 S.6:z10-3 1200 
t- to 

~ 9.3:z10-2 

1220 -3 1220 , 5 .~J:I0 . 
( tG' , . 

9.3z10·2 

l, 

. , 

. 

.' 

, 

, . 

. , 

, " , , 

J," • 
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TABLB 4.2 

Hecbau1cai Ta.ta for'lucone1 718: 
1~1·'So1vu. - 92S-9SSoC (87-88) ~ 

" 

ra.t SolaU.oa 
TaPlratura 

C ' ' 
Stra1!11aCe 

•• 
T··par.tura 

C 
.'" J -

'925 
:'( 

9.3x10 , l1~0 
to 

- / 9.3x10-2 

/ ',. 3zl~~4 
, 

975 ,1120 ~ . " 1. to ". 9.3x10·2 . 
S.6x10-3 

, 
1030 1110 " - ..-

) ~, to·, 
9.3x10·2 -

, 

3.7'zio·3 . -1090 1120 
to 

u 9.3z10-2 . , , , 

-. , 

, " -, 

" 

" . " 

" 
? • 

, J,', 

r 
} 

'. 
" 



o 

" 

.!. 

" 
't, 

G '11 

1 

\~ 
n' 

'" 

) 
~' 

, .. 

.. 

, . 

, . 
-'. 

TAILB 4.3 fi 'r 

·f , f 

\ . 

Interru2ted Xechanie.1 Teata for·Waapa1oI 

-
Te.t Solution 

Teap!r,ature Str.~!].aat. TaPlratur. .. la terruptioll 
C • C \ Stra1.n 

1100 1.9zl0-3 1200 0.10 
-

S.6x1'O-3. 
. 

1150. 1200 0.10 

\ 

" 

" 

d \ . 

, ' 

\ \ 

" 
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Boldini 
T1.ae. 

• 

1 to .' 3.6x'10 

1 to 
3.6x103 

. \ 

. 
" 

1- ,", 

"','\.' ~ 't ... 

.. ;.! ~ J ~ 
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TABLB 4.4 

Te.t~na Conditions for Stud1~U& 
'the Y~.ld Drop ln Insan,l' 71.8 

/ 

/ Stta1.u Solution 
Teap erature 

oC'" • 
lla~t Teapersture Oc 

975 

1030 

1-090 

. 

. 

, \ 

\ -

• 
--3 S.6s1Q 

S.6s10-~ 

1., b:1. 0 - 2 
. 

\-
) 

1 

"-

, ~I 

\ 

. 

/ 

,_ f 

, ' 
" 

1120 

1120 

1120 

40. 

\ 

'Anne,llu& 
" 

Ti •• 

• 
/ 

120 tos 4.0z10 
1 

60' ~o 
4.0z10S 

SOlto 
4.0%10' 

,', 

",' 

.\ 
, -~ 

J
' ,-

'" -, '-
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o 

4.2 

/ 

d) Ta at~dy the 1nfluence of priaI' ann~aling time 
'" 

\ 

on the deformat~ou behaviour of Waspaloy when 
/ 

tested at 950°C (Table 4.5). 

The Flow Curves 

41. 

The typical true stresa/true strain curvea 1n ligs. 

4.1 to 4.8 show the effect of strain rate on the f10v behaviour 

of Waspa10y at lixed temperature. rangina (froll 950 to l2200C. 

Converae1y, the/effect of temperature on ,the flov curves 18 

illu8trated in 11g. 4.9 for the ae1ected strain rate of 9.3xlO- 2 

-1 s 
, 

The equivalent curve. for Inconel 718 are pre.ented in 

FilS. 4.10 to 4.14 Ceffect of stra1n rate in li8S. 4.10 to 4.13 
\ 

and effect of tamperature in F~I. 4.14). lt can be seen that an 

increase in temp~rature or a decrease in strain rate leada to &, 

lovering of the flov stress for bath materia1a. Little york 

hardening vas ob.erved under cond1ti'ol1a co.binins lov'. train 

ratas and lov tellperaturea: furth~r~~r,i.,_~he,p"~ak stresse. were 

Dot vell defined uader th.s. coad~tion. lncresains the strain 
--' 1 

rate or the te1!JlLU~~ r •• u1ted in au iucreas. 1u the amouut of '", 

york hardenina and in a better definition of the peak,streas. 
~ , 

~ 

loI' the conditions under which the peak stress vas more e&8ily 
. , 

defiued, the straia to attain the peak stress increased vith an 
/< 

incresse in strain rate or a decre&ae in te.peratui~AiÎteady 

8tate of floy vas only acbieved at h~aher temperatuns for 80me 

of the lower strain rates. This 18 due ta the relatively li.~ted 
" 

strain (0.7) ~.posed on the materials, whi~h vas not sufficlent 
, , , ' 

~ - '- 1 t 

, .' 
, ' 



. ::. ,~c~"~ ,,',. "-; . "",,:,",-'7 -,_-. "",.c -:--;, • .;,...:..",,;,~ ~~~,:p~'-~~+-~-_' .... '_,......... __ 
1 ... _""" ....... 111,,_, _____ ~~_-d-___ -_---~ ....... v~ ~_, __ ~___ ' If' 

o 

/ 

• 

\ 

o 

TABLB 4.5 

Tests for Inv.stisating the Ef·fect of Annea1,ug T:f.la. 
on the rlov Stre •• of Waa,alof at 950 C 

<-

Ann.aling Ti •• Strai!11ate . 
ainut •• s Total S'train 

"- , 
"-. 

15 \ - 0.0 
45 - > 0.0 

180 - 0.0 -i 15 3.8x10_l 0.12 
15 

, 
3.8x10_l 0.40 

15 , 3.8z10_1 0: 70 
45" 3, •. 8z10_1 0.30 
45 3.8z10_1 o!! 10 

180 3.8x10_4 0.7~ 
1'5 5.0%10_4 \ 0.0 
15 S.Oz10_4 0.20 
15 5.0Z10_4 , /'--0-.40 
15 5.0z10_4 0.70 
45 '.Ox10_4 0.30 
45 5.0x10_4 /' 0.10 

.180 S.Oz10 0.70 

\ 
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'T= 950 0 C 

-cf 
:E SIO -

/ ' 50x 10'"' . 

\,t 

102 

)' 

lIGUl1 4.'1 , Stl'a1u l'ate depeudeuce of the f10w curve 
Son Wa.paloy tested at 9S0oC. o. 

l,) 

0 
r' 

/' 

.. 

r~'" , \, , 
\ ' 

J 
\ ' .. - --~ ....... -



th_ ........... , ____________ ...;... ___ ••• "".' ,.---_ .• ------------"""----.;..... ..... -., 

o 

"; 

o 

33e~--~.~--~~--~.~--~,~/,--~ .. ~----~----~I----~ 
~, 

~ 

T = '1000° C . 

2521- ~ 

" -... - 8.3 x 10·' 
.f 210 i- .. 
~ -
(1) 

1fSBi- .. 
(1) 
LrJ 
0:: .... 
U) 

~X 10" 126 
.. 

LLI 
::l 
0:: .... r &4 - .. 

5.0x ICT' 

.. 

0 • • • • ~ • 
0 QI Q2 Q3 CA 05 0.6 Q7 OB 

TRUE STRAIN 
/ 

J'IGUI.B 4.2 Strain rate de,ea.dellce of the flo1i curve 
11\1;Wa.paloy teated et lOOOoC. 
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steady state to be reached. The work o~ Fulop (64), on 

Waspaloy, ia in agreement with the observations made so far; 
. 

~nder conditions, similar to those used in thi~ work, Fulop 

achieved steady state flow only at an equivalent strain of 1.2. 

The flow softening observed at low temperatures is believed to 

be due to~adiabatie heating and will be discussed later. For 

Waspaloy, when the solution heat treatment temperature was 
• 
decreased from 1200 to l!SOoC (Figs. 4.3 and 4.6), the flow 

stresses at a given test .temperature relllSrined unchanged, but 
" 

a small yield drop appeared at 11000C (i.e., above the y' solu-

tion temperature). By contrast, in the test below the solu-

tion heat treatment temperature (Fig. 4.3), ho yield drop is 

apparen t.' Yield d,rops also appeared while tes ting Waepaloy ~rolll 

o -2 -1 1050 to 1150 C at 9.3xlO s ,and while t~.ting Ineonel 718 

from 925 to ~220oC.· 'These yield drops will be discussed in 

Igreater detai! below. 

From t:ha..Ûl!l~1:'es exhibited by ,the curves, the deter­

mination of the kin~a of softenin~ mechani~me operating during 

deformation is not straightforward. Note that, for the condi-

tions tested. no oscillations were observed on the curVeS at 

low strain ratea. This would suggest that 'dynamic recrystal-

lizatio~ was not occurring (56,64,65). We ahall come back to 

this point after the pre~ntation of the m~crolraphs.· In Fias. 

4.15 and.4~16, the true atress/teaperature curves for Waspalay 

and lnconel 718, respecti~elYt are shawn. On the curves for 

Waspaloy, deviatione are observed in the 1nterval 1050 to IlSOoC, 

~.e. juat Aboye the y' solution temperature range. For ln~onel 
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718 these 'bumps' were not deteeted. Ins~ead a tendeney towards 

inereaaing the d~fferenee am-cry, i.e. the work hardening portion 

of the flow eurves, with deçreasing temperature i8 noted at a 

strain rate of 9.3%10- 2s- l • This could be attributed to the 

faet that the yield drop is no longer present st the lower 

temperature, snd therefore is unable to mask the work hardening 

behaviour. 

4.3 The Interrupted Flow Curves 

A technique developed by Petkovic ~~. (53,85) for 

following the softening proeesaes oceurring between intervals 

of hot working, was employed to determine the softening proeesse. 

that operate after the deformation of Waspaloy. The interruption 

strain was ehosen to be before the peak stress, so that the 

material would be undergoina dynamie reeovery only. \, This was 

done to faeilitate the ealeulations and to tnereaae the aeeuraey 

of the valuea for fractional softening. This ia becau\e, at the 

aelected strain of 0.1, the difference between the flow stress 

immediately before unloading and the original yield stress i8 

about as large as possible within the region, in which dynamie 

reerystallization ia not yet going on •• 

*The critical strain E for the start of dynamie recrystalliza­
tion ia said to be slightly lea8 than the peak strain E • 
Accordina to Roasard (61). E: c i8 given approximately byPe: c ::: 
0.83 E:. This is bec.use. while the firat nuclei are 
aoften~na the msteriai locally, the re.aining material con­
ttnuea to get stronser, resultina in a positive slope for 
the flov atresa curve. 

.,. . 
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After the iut~rruption~ the specimen was held at the 

test temperature for iucreasing times. After short holding 

times, the flow stress ou reloading rises rapidly to a stress 

leve1 comparable with the unloading stress (a ). After-180 s 
m 

o l' 0 
(1100 C) ~nd 40 s (1150 'Cl, yield drops began to be noticed ou 

reloading. Increasiug holding timè beyond those times led to 

increaaing yield drops, which la ter started to decrease. The 

occurrence of these yie1d points will be discussed in Chapter 5. 

After long holding times, the flow stress on reloading '(G
2

) 

approaches that observed during the initial loading. This 

indicates that the work. hardening introduced during initial 

straining is complete1y removed during,the longer delays (Pigs. 
. 0 ' 0 Il 

4.17-1100 C and 4.18-1150 C). 

Por the present purpose, the per cent .oftaning (X) 

i8 defined as: 

x - (4.1) 

where cr 1 i8 the initial yie1d stress and am and 0'2 are' 'defined 

above. The fractional 80ftening is plotted against ,the loga-

rithm of the holding time 1n F1gs. 4.19 and 4.20 for t~e condi-
\ 

tions listed in Table 4.3. From these f1gures it can be seen 

that the softening is due to two d1fferent kindl of process 

(89): static recovery and static recrystall1zation. the plateau 

at approzimately 40% 80ften1ng has been attr1buted to, static 

recovery (34,90). Recovery 1 ••• en ~o be complete after 30 8 

, ..... -----------~,- .~ .... _---,--_ ... ".,--------------
_. , 

j 



...... _ ..... - ' .... ~,. ~<. -. -- ~ -

( , 

~_ .. ------------------------~~. . '--'-~" '-'. ---_ ...... - .~-- .~. -_....:.-_---....:'..;.._---~-_ .. , 

o 

... 

80!~--~--------~---,----~--~----~---, 

-.CS 
a:.~ 
~ 
.;;.... 

-
Ul 
Ul 40 
&t . .... 
Ul 

I.L.I 30 
::l 
0:: Cury • Th (s) .... 

1 1800 
20 2 600 - . 

3 300 
4 30 
!S- 10 

10 

o~--~--~~ __ ~~ __ ~~--~--~~--~~~~ o o.. 0.2 0.3 0.6 -0.7 0.8 
TRUE 

rtGluil 4.11· rlov curv •• for the l.nterruptecl' te.t. iD 
W •• pa1oy cl.tora.cl at 1100oC. Stra1D rate 
1.9x10-3.-1 • 

. . , 

62. 

. ,~~ 
" 

. ~ " .. " 
" ' 



-
l, 1) 

,"'" ""'''* .... 1111 _____________ _ .. _ ._._.c.c __ ._~ _______________ r·"I 

o 

1 
r. 
~ 
~ 

o 

80 __ --__ ~ __ ----~--_r--~~--~--~--_, 

'"' . 

-i. 
~~ -
(J') 

~.co 
0: 
t-
V') 

LaJ 30 
::l 

,et: 
Curve Tb(S) to-

20 
1 2400 
2 600 
:s 60 
4 '5 
5 2 

10 

O~ __ ~ __ ~~ __ _L~ __ 4_ __ ~ __ --~~~--~ 

o o.. 0.2 Q.3 OA Q.5 0.6 0.7 Q8 
TRUE STRAIN ". 

lIGURE 4.18 rlov Cul.'va. for the 1l'lter~upted te.te :1n 
wa.pa1o!. defor •• d at 1150 C. Stratn rate 

-~ .• 6x10- .-1. ' 

63. 

.. 

. " 
O' 

", 



... 

~, , -
""t' _~::". __ L", • -L.:"--;-~ - • .:. .• '; -',;,T'" .:~-4;-~'""'::',"-""""""'~~~""'\-""-':"' .... \,.,v".<::,<-,~.~.,-~:,:, •. :".,~,","~'~"\':",";",:.' ~,·'~,:,.;\~t:_~,"-,',~:\ 

.. _______ ....;;.--.. ~.' •.. ---.• ~~;.:~'.:.-, . ..;' ..... '_"~~<L_·._J"_'~_,~~_:A_~~...:..:~·.:.-.:·< ~"~.J'~~\.:, ! , \.:' .'._~:i:<,·;< : \:",::,::," ""', ':">:'"': .' -- '. . _ .... -- ", -
'tIU 

0, 

A 
0 

c!5 
l ;: 

\ 

rICln& 4.19 o 
... -

u 
0 • .. b 

i 8 -)( - !!', -
" Il .... ...., 

J, 

~ 

\ 

., . 

• fi 

* 2 ·0 

1"NOI1~W:J 

Iffect of •• ~.1 et •• ,011 th.,e .lf1:~ .. 1ai .~. 
bahav10ur of .aapalo1 et 1100 C. . _ .. 

,,.; 

64. 

§ 

....... 
en 

a~, 
IJJ 
2: -.... 
C!) 
z· -Q ..... ", 

Q~ 

-
, q 

" , 

" 



\ ' 

~ •• ~..., ~ ... ~ ... J.. ~ ,~" .... > __ " ~ ,'_ ~, .... ~ .. ~"""'I~ ._~ ..... ,j.~I~ .......... ~~ ~l..a~"'\l';..,~,I·......."."'"'..,--~~_......---..... -"''''~,' .. '_.,.;:.i'·......,'~~_, __ ) ,"':",',""'" --
_,.t! _________ ....,; _____ ...:..~', . .:...':_J~',:.._~..:. '~~~,'~:\":;:-:-' ' ,', ". " "", 'OZ ",;' .' ,'n 

o 

.. -. 
'~ . 

f/1\ 

\ 

o 

• 

o 

o 

"~ 
~':::...~ 

,) , 

1 
1 .. & 
1, 

1 o 

.. 

8~ 

! 

~o 

1 
1 

1 
'"', 

1 

1 

1 

(%) 9N IN3J.;lOS 
i 
1 • 

1 
1 .; \ 

, 1 

" 

1'1GUU, ,4. 20 Iff.c~ of •• 1.7! Cias, on tb'. 
_, of .,..,.107 I.e f 1150 C. 

/ 

1 
} , 

, , 

.r-' 

o 

6S. 

'-8~ 
I.IJ 
~. -.... 
~ 
Z , Q -

g~ 

-

o . 

aote •• i., .... Vi •• T . ' , , , 

'. 

, ( 

. " 



" 

o 

.-:, . 
- , • • OA .... ~ 

" - - .. ~ ._. 

/ 66. 

l~oooe .nd. " l1sooe. at aft,r 4 - at By tbele tis!l., 40% of , 

the .ork h~rd.ui.sl'i iutroduced durinl p,rès train1.nl i~ removed. 
'0 ' 

Th.' lell8th of the, ,oftenin8 arre.t or plateau 1. apparent1y 

te.pérature depeJuiellt., vith tlle 10n8er plàteau evident at the 

hiaher te.perature. The, abso1ute tise, howe~r, i.e." the 

-, durat1.ou of the plat.au in seconda, decreaae. vith increaa1.u8 

te.p~rature (35 • ,et 11000 C to 7 • at U:SOoC); thia 1.8 in 

.. , 

1 

~Ir •••• llt w1tJ;l the oba.rv~t1o~a sade br Petkov1.c (8S), who 

attr:1buted
o 

thie "f&:ct to the h:l.aher acfivati<Ol1 e'ilersy ••• ociated 
• J .. 

vith recry.ta11i~~tiou than vith recovery. The_~e.a1.nder of 
\ 

\ . 
- th~ .0ften1.nl cali be •• criDeel to etatic recry.ta11iaation. "The 

• _ .eta1lpa-rapb:l.c 1a.ulta to ~. cM.cr:1bed b~l,ow will be ' ••• n to 
, 

.~ppo~t thi~ .tata.ett. 
• 

Jl 

4.4' 'the OccurrenCe of the Yi.e1d Po1-nt in luconel 718 
3 1 

,~' As .enti.olled :1n Sect1Dll,4:2. anel illuatracael in r118: 

4.1,to 4.1~4. yi.1el drops' occurred whi1e te.tinl Wa.paloy iu tbe 
*'. r .. , 

-# J 0 ~ 

te.percture ranle ,1050 to 115.0 e and wh11e teat.inl 11lçouel 718 

in the raDge 92SoC to l0900 C (the.a tamp~r.ture8 eztend fro. 
l' , 

, . o· ' 
near·the Y/f' or yJy" 801vua tamper.ture to lOO-ISO C above it). 

Beeause."'the 1'1e1d pointa vere ob~er'Ved o.ver a w1.de.1: range of 
• 1 

.train.rate and te.parature for Inconel 718, and also beeauae 

the II.À teri.1 ava11ab le wa. 11ai ted in ,',the caae of the Waspaloy t 

further _tucU.e. on tbe .ppearance of yielel dropa We1:8 carried 

(tut ouly,oll Illconel 718. ,. 
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J 

For a constant strain rate, the relative magnitude 
\ . 

of the yield drop initi,ally increases and then decreases w:1th 
, " 

increasing temperature. In a similar fashion, for a constant 

temperature, the magnitude of the yield drop initially 1n~rea.e. 
\ 

and then decreaBes with inereasins s train rate. The true -
exiatene~" of the y:1eld dr9P sllould depend only on tbe annealins 

condit:1ons and not on the. testin.8 condi-tions (:1.e. strain rate). 

lt is possible thatthe lordering' (or whatever the lock."iug 

mechanism responsible for the yield drdp) always occurs during 

annealing At, say l090oC; but that its presence i8 not deçected 

a t cer tain s train rates. The reason i8 relatad to the alas tic 

behav:1our of the Ilachine and sample as vell ,as to the 'short 

tran8i~ut' behaviour of tbe s •• ple (9~). This would.expla1n 

the fact that at l090oC, the yield drop vas not detect6d for 

the .train rate of 5.6xlO-4.-1. Th t ff t f t ti' e apparen e ee 0 e8 ng 
" 

't •• perature and Itrain rate on the appearance of the yield drop 

va. just discus8ed above. A furtber effect (which is by contrast 

a ~ one) 'can be investigateci by holding constant the temper.­

ture -and strain rate of tesUng and by varying inste~c.i thé" 
'~-'- -

holding ~ prior ta testing. The magnitude of the y:1eld drop 

"ia then. measured and l'el:ate,d to the annealing time. 'For th!s 

purpoae, a variable called Relative Yield Drop (RYD) was defined 

aa follows: 

RID -

-

1 

(4.2) 



1 

C) 

,_._._. _W 4 .... "., ..... a ___________ _ 

Bere aU is the upper y1eld and ,cr L is the lower yie1d stress. 

The lover y~eld stress was taken as the po~nt of intersection 
1 

68. 

of the initial loading line w:l. th the back extrapolation of th"e 

work hardening curve after the yield drop. The RYD i8 plot ted 

agains t the logarithm of hold:l.ng time in Fig. 4.21 for the 

cond:l.ti.ons l:1.s ted in Tab le 4.4. lt can be seen that the rela-

tive yield dr\op starts to tncrease, goes to a peak and then' 

decreases with increasing annea1ins time. Furthermore, the 

time to the peak in RYD inereases with decreasing te~perature 

in the manner normal1y observed fat thermally activated process~s. 

• 0 0 
At 1090 C and 1030 Ct the RYD, after Iiaving decreased, starts 

to increase again, attaining a second peak before decreas1ng 

o The second peak 1s probably present at 975 C as 
, ' 

well, but vas not detected ih the present experi.mentB due to 

the very long times requi.red to rJ..eterm!ne i ts presence. 

o For the 925 C temperature, the yield drop appeared 

only for the strain rate of S. 6xl1)-4 8 -1. ' At this tamperature, 

y1eld drops cau be expeeted to appear, according to lig. 4.21 

after a hold~ng time of about 1000 a. The normal holding time 

employed \prior to each continuoue, test ls 15 minutes (see Sec-

ti.on 3.4). For tbe test mentioned above (i. e. the one carried 

out at a strain rate o~ 5.6x10-4
8-

1), the data acquisition 

fomputer was not availab;e st the planned 'ti.me for the test to 

begin, which result~ in a delay of 2 minutes. This delay, 

along wi. tb the ezt;ra beating ti..e, 1ntroduced a. a relu.ft of 

the .lov .train rate beinS u.ed. led ta a J1o~d1J1S tille lonler 

• 
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by 150 s than the standard t ime of 900 s. This extra time may 

have provoked the appearance of the small yield drop noticeable 
"' 

in Fig. 4.10. 
(~I 

4.5 ' Influence of Annealins Time on the Workins 
Behaviour of Waspaloy at 9S0~C 

• 
The purpose of this experimen t was to investigste 

the influence of a~nesling time on the character1stics of the 

f10v eurves. Two strain. rates vere selected: 5 .. OxlO-4
8 -1 aud 

-1 -1 3.8xlO 8 • and the annealins time prior to testing was increased 

fTo~ 15 to 180 minutes. No significant changes i~ the flow curves 

vere observed for the d1fferent annealing times. The specimens, 

prepared as specified iu Tabre 4.5, vere used to study metal-

lographically the progress of the deformation. 

. " 
• 4.6 Metallography 

In. order to investigaté the change in structure with 

deformstion, the test pieces werè cut transversally cfor aetal­

lographic examination. The samples vere ground on carboruadua 

papers snd mechsnically polished vith 15,6 and 1 ~icron diamond 

paste. The .p.ecimens were then etched u.ing Kal11ng' s reasent* 

for Wa.paloy and glycereaia*1i for th~ case of Iuconel 7l~. 

microarapha are preaented iD Fige. 4.22 to 4.42. 

* K~11·iDg'8' reagent - 2 fi CuC12 , 40 ml HC1, 60 ml methanol. 

*.Ii Glycetegia - 15 ml Rel'- 10 ml glycerol, 5 ml RN0 3 • 

The 

~, , ' 
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4.6.1 Waapaloy 

F.ig. 4.22 shows the microstructure of Waspaloy after 

\ l 0 
the standard solution heat treatme~t (30 minutes at 1200 C. 

furnaee cool to test temperature, see Chapter 3). After th1s 

treatment, the ASTM grain size number was found to be 2.3 

(d = 160 ~m). The particles present in this sample, seen at 

r a magn1fication of 7SX in Fig. 4.~~a. are probably MC carb1des. 

The y' can be seen at a magnification of 900X, as u 1n Fig. 4.22b. 

Rere the presence of yt is, hinted at by the texturad app~arance 
\., 

\ 

of the twin in the upper left band corner of the m1crograph,., 
, ~ . 

Figs. 4.23 to 4.29 illustrate the microstructure of 

Waspaloy defor~ed at 950 o C. In Fig. 4.23 and Fig. 4.24'1s dis-

played a sequence of micrographs for 1ncreasins strains imposed 
1 r 

at a strain rate of S.OxlO~4s-1 after annealing at testing tem-

peratures for lS minutes. At 0.4 strain, offsets at the grain 

bouudar1es at twin int~sections can be obaerved. Some pores 
~ 

are also beginning to appear at triple points. At 0.7 strain, 

'grain' boundary slid1ng i8 clearly evident along twin boundar1es, 

and the pores at the triple pointa have grovn bisger. The grain 

size appears to be increasing slightly~ but this is probably due 

t~ ~he aeEt10ning ~roced~re, through vhich transvetse specimen 

sections vere examined. Similar observations apply to the 

samples deformed after 4S and 180 minutes of annealing time. 

W1th the aid sole11' of the optical microscope, it was not possible, 

ta detect any appreciable difference in the microstructures of 

ihe ~ample. annealed for d1ffere~t periode. A more detailed 
'f 
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study including the use of a transmission electron microscop~ 

could clarify th~s point. When straining was carried out at 

-1 -1 
3.8xlO s , the samples displayed the same fea tures (Figs. 

4.27 to 4.29), as those produced at a strain rate of 5.0xlO- 4 

-1 
S Again the use of a transmission e1ectron microscope wou1d 

" 
be required to detect any possible differences in the micro-

structures. 
\ 

Figs. 4.30 to 4.32 il1ustrate the microstructures 

proQuced during deformation at 1000 o c. As is evident from 

Fig. 4.30, dynamie recrysta11ization has besun by the time a 

strain of 0.4 is attained. At 0.7 strain. the proportion of 

these new dynamical1y reerystal1ized grains has inereaaed, and 

the carbides which were:present in tbe original grain boundarles 

can ~til1 be seen (Fig. 4.31) among the new small grains. 

lt is apparent from-Fige. 4.33 ta 4.36 that dynamic 

recrYlt~11:f.zation - is oecurrlng. T,he mean graiJO size of the 

dynamica11y recrysta11ized grains determined from these micro­

graphs ~aop1ot~ed asainst deformation temperature in Fig. 4.37, 
û 

from which lt 1. clear that the dynamical1y recrysta11lzed 

grain Bize increases with worklng temperature. Above llS00e, 

the structure jS complete1y recrystal1ized dynamical1!, 80 tbat 

the grain size should not vary with inereasing strain beyond 

0.7 (i.e., once the steady state ha. been attained). Thil is 

in agreement vith the f10w curves presented in Section 4.2. 

In lig. 4.38" the mlcrographs are presen ted f or the 

saaples whlch were dafor.ed 10%, and than he1d for 2100 • at 

'. 

.' 
;(". 
p., 
',~!,,# 

~r: 
1;J.~._~ 
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llOOoC and 2400 s at llSOoe respectively. As can be seen, the 

salllplss are eompletely reerystallized to a Dev grain size, 

which confirma what was said in Section 4.3, 1. e. that s tatie 
~ . . , 

reerystal1ization is the mechanism reaponsible for the second 

part of the softeniug curves (the part beyond 40% fract1.onal 

aoftening). The stat!cally recrystallized grain sizes are 

ASTM numb.er 4.8 and 4.3 for the temperatures of llOO~C and 

llSOoe respect1.vely. 

4.6.2. IDeanel. 718 • 
The micrographs for Iucone1 118 aftef,' the standard 

solution heat treataent are pre.e~ted 1.n Fig. 4.39. "In th!s 

-case, the ASTM grain aize vas found to be nU1Ilber 2.7 (d - 140 li Il) " 

·Às already uoted for Waspaloy, HC carbides cau be observed at 
o 

75X (Fig. 4.39a) and Y tt partielea at 900X magnifieatiou. The 

latter are lIore clearly def1.ned vithin the twins and are more 

readily observable than vaa y' in the case of Waspaloy. 

lt ia apparent from F1gs. 4.40 to 4.42 that dYl1am1c 
.. f 

recrYltallizat;Lon begin. at 975~C uilder th. tasting cond1.t1,ons 

em.ployed and that at a ItrÀ1n of 0.7 aC 1090o C, it i8 cO.Pl~te. 
) "0 ' 

These daca can be co.parsa vith a minimum t •• per,atur~ of -1000 C 

. ) for the iniM~t1on of" c:lynaa1.c rec'ryatallizat1.on in Waapa1.oy~ 

and a temperature aDIII strain of l.220oC and 0.7 respectively for 

. complete rect'y.tall:Lzat1on. 

f' 

1 
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the progre •• of dynamie ree;ysta11izat10u in Luconel 
"'.....-/ . 

i18 18 .een to be retardea at 10300C and o. 7 deformation (Fig. 

4.4lb) in compari~on vith Waspaloy at lOOOdc and 0.7 strain 

(Fig. 4. ~l.); that i8, there 18 ouly partial dyuamie recrysta1-

11:ation in the Ineonel 718 as opposed to nearly complete 
(' 

recryata11ization i~ the Wa.paloy. This observation i8 in 

agreement vith that of Cremi.io and HcQueen (66), who attributed ' 

the retardation of repryatal11zation to the pinning of the grain 

boundatiea by precipitates. (In the present case, a8 the tem-

perature 1.a, above the r" 801vua, the precipitates are l1kely to 

be carbidea or po.àtbly the inter-metallie Ni 3Cb.) 

" 1 

, 
) 



;"!',J;"",,'1:"1"t\'.~ - . ~ ... ~ ."...... - .. ~ ------.------~ ......... _-
li JI,a.ll_" 1 Ill •• 

-.. ---... ,. , 
-~~-- - --,----._-, ,..~ 

. ' 
, , 

., 

75 • ~ .t' • 

~ , 1: ,e 
l 
r-

I 1 ' ~: 

J 

1 
~-

1 
j 

.-"~. 

.1 
1'> 

.. , . .. 

f 1 

1 
, 
1 
1 
t 
1 .-

1 
t· 

\ 
" , 

, 
\ , 

'. ~ 
f , ' . 

\\ ., ' 

~ 
J" 

~ 

;~ 
(a) ,j 

-Ii 
" 

~, 

~: 
~ 

~ 

~ 
~l , 

j' r , , , 
$-

-/ 

~ 
là J, 

0 

!t 
." ~ 

XiI 

ft 
~ \ 

~ 

1;;" 
~~ 
~ 
~ 
~, 

" 

r~ ,r 
~ 
" 1 

(. - .. -
0 (b) 

~ IXGUII 4.22 Hi.croat"ructüre of W.apaloy. aae. at 1200°-0 " for 30 at.ut •• , quellchecl. 8O ct. for .. ticn •• (a) %15; (b) 1900. 

'.' . 0 

() 

'1111. 1 •• 1 
. , .• ~" t., ~r _ _ _ /Ji • .. 'J j,p Il Il • 1111 il_l' i _._ ",,~IYI! . 0 



. , 
! 
\ 

, 
1 
1 
1 . 
1 
! , 
1 
! 

1 [ - l, 
[ K 

" 

~ 

i i, 
l 

\ 
7 , 
1 
~ 

" . 
" t .. 

1::, , 
~i 
iè 

,i1' 

'" 

t 
~ 

'. 

'. ' 

C_i 

( 

" 

l ....... ., 

., 
.1, .' 

(b) 

kicxo.t~ucturt of' ' •• p.107 d.fo~.d at ,sooe 
at 5.~s10-4.-. 11l"àl~aa t:t •• at 950°C. 15 1 

aUlltt •• S75'a t.\ .t! ....... ft. ",. ,,,', .... af_ 'Il ., 

76. 

• 



j 

o 

-A 
V 

t t 

1 

j 

. J 

F?sn 'mM! 

" , 

~ .. ~.:. ,.." ~ , ~ ~ _ ... ,....."" ,\. #) __ :'-'l''''!'- ~ ..... " ~- '" ~n "f , 

, ,'''',$_ J" t 

., -,..j..l''''~-''i'''f~~.....i;'''''( ,-4'1't ... .-w;.,~_ ........... \,~~~~.:..-,,",' 1..' .......... ~. ,;;~; ... : ... ~t~_ ... ~':;.~q .. ~~;.: .,.' .... ..." 
~", > ~, • ~~" ... , ,"'" • ,,;~ n:~ 

" , ' ____ .1 ....... 

77. 

'0 

, 
\ <i' 

Ca) 

1 

D 

(b) 



'. 

~ ~ ;!~tr',;...~ ;.._ ,-"-;a.œ;~~ ........ 't' -"_~"..2-:r",:" .\",:,:r.k"~'!l';":~l,.~~.â4.::I.... .. - .. '''' .. "><l'f----.. _-.,,. ~ 

" 

( 

. , 

",) 

~ ~! -

'I.~lJllB 4,. 25. 

• 

- , 

<a> 

(h) 

'K:Lc~o.~,nc:,tux.· of W •• p.~oY ~efora.d at 950°C; t ." .t S.O:a:l0-4 ..... ~. ,4&D •• 11.8 ti •• -At 950 0 e,4,5 , 
aillut... 17$ (.)~'.tzt.1D: 0.3'; ,,(olt)' .t'~.tll 0.7,.,'., 

78. 

-, . 
. ' ',' , "" l' 

,1 



1. 
1 
( 

t 
f 

1 
j 

~I~I 

V .' 

i, 
ff, 
;' , 

" ,~ 

~, 
J1j 
" 

,', 

, w __ ... _"~ ...... __ _ 

:rZGVllf 4.26 

" 

1 
... 

" 

J (! 

,. 

. , " 

" 

, , 
'. 

'K:Lc~O.,c~uc.~ur-3 O~ Wa.pa101 ~.~o1:'.ed to '. atra,1n 
,of 0.7' at 95-0 C ~1lcl .train rate of DS.OxlO-4,-:1; 
Allllea.1ina -ti •• 180 .:1nut... X7~ ,)' . • ..' " 

--\ 1:. , 

, ~ , ,0 

" 

., 

79. 

'" 

r' 

\ 

• /. 

_l .. 



, 
.,', 

\ 

(1 
FIGURE 4.27 

(a) 

(b) 
, 0 

Microstructur, of Waspaloy deformed at 950 C 
at 3.8xlO-1 .-1 .. ,Annea1ing time lS minutes., 

'175 <a> strain 0.12; (b) strain 0.4 , 
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r, 0 
.Microstructure of Wa'epaJ:oy deformed at 950 C 
at 3.8%10-1 .-:-1 175: <a> .train of 0.7, anuealius 
tfa8 lS minutes; (b) straiu ·of 0.3, 8U08.1.1.1\8 
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JO lIGURE 4.29 

Ca> 

(b) 

M1.e.roatrueturs of Waapaloy defarmed to a atrain 
of 0.7 a 950 C and strain rate of 3.8x10-1.-1 

82. 

17S. ( annealing ti.e 4S minutes; (b) annealins. 
t1..e 18 minutes. 
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FIGVRE 4:30 

(a) 

(b) 

Microstructure of Waspaloy defo~med·to a 8tra~n 
of O. 4~ at lOOOoC and st ra in rate of S. Oxl0-4s-1 

(a) X7S; (b) X400. 

r 
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FIGURE 4.31 Two se1ected microstructures of Waspaloy deformed 
to a strain ofCl(). 7 at lOOOoe and a strain rate of 
5.0xlO- 4s- 1 X75. " 
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1. 

lU,crostructl,lrè of Wa.pa1oy deformed to • atr.1n 
of 0.1 at lOOOOC and strain rate of 9.3z10-2.-l , 
(a) K1S; Cb) 1400. 
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FIGURE 4. 3J 

... 

~j 
Mi.cros t ructure of Waspa10y de formed ta a st rain 
of 0.7 at lOSOoe and strain rate of 9.3x10- 2s-1 
X75. 
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FIGURE 4.34 

., 

/) 

Mi$:rostructure of Waspaloy deformed to a strain 
of 0.7 at 11000C and strain rate oI 1. 9x~O-3s-1 
X75. 

II 
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FIGURE 4.35 

./ 

Microstructureoof Waspa10y defor Id to a straiï 
of 0.7 at J..150 C and strain rate1~ 9.3x10-2e­
X7S. 
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FIGURE 4.36 

( 

.. 
Microstructure of Waspaloy defarmed ta a strain 
of 0.7 at 1220

0
C and strain rate of 5.6xlO-3s-1 

X75. 
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(h) .. 
. 

H:l.eroat ruc:tur. of Wa .. pa1oy dafor-3d to a atra;ln ~ 
of 0.1 ..,. (a) Dafor •• d a t 1100 e at 1.9x10"'3.- , 
queuchecir'i.ftftr ho1d:l.!, Eor 2100 .; (b) dafoi •• d at 
11,500 e at S.62:10- 3.- • queuohed after hold:l.na, for 
2400 •• 
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J'IGUllE 4.l~C:r08trUc:t;1,lr~ :f Inconel 
for 30 1II1nut_. quenched. 
<a> X75j (b) 'X900. 
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(a) 

Cb) 
,.fI§ 

FIGURE 4.~O Microstructure of Inconel 718 deformed to a 
strain of 0.7 at S.6xlO- 3s- 1 X75. (a) 925°C; 
(b) 975 oC. 
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Microstructure of Inconêl 718 deformed at 1030~C 
at 5.6x.lO-3a-1' %75. (a) strain O.Q8; (b) stra:f.n 
0.7. 
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M1:cro8truc~ure 
at 1.9x10- .-1 
0.7. 1 

<a) 
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of I,ncollel na deformed at 10900 C 
%75. <a> strain 0.08; (b) 8 t ra:f.n 
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CHAPTES. 5 

DISCUSSION 

,) 

Softening He~hani~s OperatingDuring and 
After the Bigh Temperature Deformation of'Waapaloy 

96. 

Dur1ng the tests run at 9-50 0 C, the flow eurvea indi":'" 

~ated that the amount of flow aoftening increases with increasing 

strain rate. When the high value of the flow stress &t the 

higher strain rates is taken into consideration, ~n combination 

w1th the relatively low thermal conduetiv1ty of Waspaloy, the 

obaerved flow softening can be attributed mâinly ta ad1abatic 

heating. A rough cal~ulation of tqe increase in temperature 

due to adiabatic heating was carried out for the strain rate 

-1 -1 a 
of~ 3.8xlO 8 • * This l-eads ta a value of 60 C for the increaae, 

in test temperature after a strain of 0.7. Considering that 

this quantity ia overestimated due to the simplificationa made 

dur1ng the caleulatiolt. ,. and adding it to the test temperatur'e, 

the predieted stress value 1a in .rough agreement with the inter­

poiated experimental value for 990°C. The very amall a.ount 

of softening at the lower strain rates, on the other hand, sug-

ra. * The aasumptions made for tbia ealculation were: i) that there 
is no eonduèt1on of heat between the tools and the sample; 1i) 
that no radiation or convecti.on losses occ'ur; and 11,i) that all 
the mechanieal work is eonverted in~o heat. Under these condi­
tions, the iuerease in temperature AT 1a 81ven by: .-

• A T - (l/p e) f Clde (S. 2) 

whera p is the dans1ty (8.l38xlOJ l.a/.3 for Wa.paloy) and'c 1s 
the' speeifie heat at 9S0oC (7.11Jxl0 2 J/KS OK). 
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'~t only dynamic recovery is operating" under these 

condi~ion.,. The metallosraphic results confirm that no' clynamie 

recrystalliza~ion is ~king place. The grain size re~a,ins 

basically unchanged and the grains and twin8 become distorted, L 

.Figs. 4.24 ta 4.29. Pores begin ta be seen at around 0.4 strain 
1 

at some grain boundarie~ and at 0.7 deformation~ they can be 

"more senerally' observecl, indicatins that the ductility at 950 0 C 

is likely ta be poor. Since niekel-base slloys are designed ta 
~ 

be very stable at hiSh temperatures, it is not surprising that 

when the prior annealing time is raised from 15 to 180 minutes, 

neither the "flow stress nor the str~cture ch~nges signifieantly. 

As notad earlier, a more detaiied examination of the microstruc­

tures, via trausmission eleetron micro~eopy, would be necessary , ~ 

ta detact any possible changes iu y' size and distribution. 

a At 1000 C, flow softening basins ta be more apparent 

at lower strain rates " and new recrystallized graius can be seen 
" r 

at the grain boundaries by th~ time a strain of ~.4 i8 attained.~ 
The origin~1 grains, ligs. 4.30 ta 4.32, fraquently present 

irregular (serrated) baunelaries, showing evidence of loc.lized 
,si ~ 

bulging. This indicates that the new 8mall grains are dynamically 

rec:rystallized. 
., 

After 0.7 deformation, a larger proportion of 

thea. Dev graina ia evident. At lOSO~C (Fig. 4.33), it"ia 
.. .. .. 

apparent that an al.oat ~mp1et.ly naw recrystallized structure 

has raplaced the original structure. At 11000 C, th_ shape of " 

the flov'curve for a strain of l.9xlO-3.-1 ~ul,e.t. that dynami~ 

r.cryatall1zati9n i. tak1ns place. The aetallography exhibits 

r .~, 
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a rec~y8ta11ized structure, Which:;;.r vea thàt: dynaàic recryatal.-

1ization is the softening@mechanis operatins under these condi-
"" 

tions. A further increase in temperature simply. leads to an 

iucrease-in the dyuamically recrysta11ized grain siz •• 

These observations are in agreement vith tho.e pre- ~ 
,~. 1 

sented by Fulop (64), vith the exception that he detected partial 

dynamic recrystallizAtion At 954°c, wh~reas no recry8tallizatioll 

was apparent at 950°C in the present-experiments. lt should be 

pointed out, however, that he utilized a strain rate of l.O .-1 

and an equivalent str~in of 1.0 in torsion. Consequent1y, bearing 

in mind the greater work done in his ma-teriA1-;--i8/~e11 aa the 

adiabatte heati~s referred to above, it ia possible that his 

a.ctual deformation temperature was cousiderab1y, higberl than 

954°C. 

a 0 After 4eformation at 1100 C and 1150 C, ,tatic racovery 
". 

aud static recrysta11ization are tbe 8ofteuin\ mechani ••• opera-

tinl (Pils. 4.19 and 4.20). The observation that atatie recovery 

a "" a 1a completed after 30 • at 1100 C an4 after 4 Il at 1150 C leads 

to an eatimate for the activation enargy for recov.ry in this 
c-

material of 330 KJ/mo1e. This value 1s in the sa •• ranle as 

thos. for' self-diffusion in nickel (276 KJ/mole (51,92» and . 
for h11h temperature deformation in pure nicke~' (291 KJ/mole 

w ~ • i 

(51,93» •. Static recrystallisation IIcarts after 1S and 60 a, 

respectively, for llSOoe aud 11000 e. and la eoap1eted after 600 s 

and 2000 8. By meanl of~ ai.ple calculatloD. a value of 430 
\, 

KJ,/mo1e .a. fOUDd for thia activation enersy, ba •• d on the ti •• s 

.. 
/ 

, l 
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for 50% reeryatallization. The'r~erystall~zation value la in 

the range of published resu1ts for the activation ene~gy for 

a high temperature creep in Nimonie 80A (343 KJ/mole at 650 C, 

522 KJ/mole at 860°C (94» and Nimonie 90 (364 KJ/mole at 670°C, 
,~ 

510 KJ/mole at 860 0 C (94», as well as r the activation 

energy for hot working of a Ni-20% Fe KJ Imole (51». 

, 5.2 The Flow Curvea and Kicrographs for lnconei 718 .... 

The shapes of the flov curves for Inconel 718 vere 

basieally similar to those for Wsspaloy with the exception that 

yield dropa were more often detected. At 92So C, the lavest test 

temperature used, the fl~w .oftening apparent in Fig. 4.10 can 
1 

also be attributed to adiabatic heating, sinee lt occurs on1y 

at the higher strain rates. This conclusion is again confirmed 

by th. metallography, whieh shows no evidence for dynamie re­

erystallization, lige 4.39a. At 97SoC;partial dyuamic recrystal-

lization 

original 

takes 

/ 
'p"in 

place, vith small new grains present at the 

boundaries. At 1030° Ct "the percentase of these 

new dyuamically re~rystallized graina_ has inereased and at 1090~C. 

dynamic reerystallization is complete throughout the specimen.\ 

\ 
5.3 The Yield Point Phanp.el1on 

No data have yet appeared in the 1iterature on the 

occurren~e 'of y1eld drops in the nickel-base s~peralloys at 

te~perat~re8 above 80aoC. Hovever, both y~eld dropa and .er­

rated y1elding have been re~orted i~ varions material~ (1ncluding 

o nickel-base a110ya) teated in the range 0-800 C (95-98). Severai 

hypoth •••• have bean 8uggested to explaiu the.e effeets: 

------- ----



o 

o 

n' .. L _.au. L 

100. 

1) The locking of dislocations by interstitial 

or 8ubstitutionel eiements (Cottr~ll and 

Bi1by 1949 (99». 

ii) The Suzuki locking of partial dislocations by 
\ 

the aegregation of solutes or precipita tes to 

stackint-faulta (Suzuki 196j (1001). 

iii) The ahort-range order'locking of dislocations 

by the formation of short-range ordered regious 

~ in their viciuit!es. (If in an avalanche of 
J 

di8~ocation8 this arder i8 rapid1y destroyed, 

a drop in f10w atress .(l.e. a yield point) will 

result. (Fisher 1954 (101), kose and Glover 1966 , 

(102». 

Iv) The electronic 10cking of di8locatio~ by the 

interaction between the electrical charae of a 

solute atom and an edge dislocation (Cottrell 

~ A!. 1953 (103), SUliyama 1966 (104». 

'.) Precipitation on dislocations (Kelly and 

Nicholson 1963 (34». 

For nickel-base ay~temsJ the appearance of yield 

points and serrated yielding.in the interval from 200-S00oe has 

been attributed to carbide or yi precipitation on dislocations 

or a~kiU~ fau1ts. 'aowever, no proof has so far appearad to 

confirm that theae p~oce.se8 are indeed operatl~1 (95). Short-

ranle oraerlng has a1ao been cited as a po.sible machania. 

leading to a yield point effect, but neither the el •• ents 

1 .: t 

" \ 1 l' 

.... 
, ~~ 1 
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invo1ved nor the preciae mode of,locking haa been unequivocüly 

deacr1bed. Choubey and Jonas (105), teating Zirca1oy-2 in-thè 
" 

temperature range 800-1000o C, reported the presence of yie1d 

points. They attributed them to the slow dissolution of the 

le and Cr-rich second phase part1c1es at high temp~ratures and 

a subsequent increase in the concantration of Fe and Cr in th~ 

'B phase when the a phaae formad during coo1ing. The migration 

of these solutes to dislocations in the a phase and the forma­

tion of ordered regions next to the dis1ocat!ous was thought to 

produce the locking, and therefore, the yield drop. 

5.3.1 Y1eld Point Effects in Wa'pa1oy 
, 
~ Yie1d drope occurred whi1e teat1ng Waspaloy in the 

interva1 from 1050 to llS0oC. Their appearau~e, however, did 

not seem to change t~e flow atreaaea for the remaiu1nl parts 

of the curv.a. For the 12000 C solution heat treatment, they 

-2 -1 ' appeared ou1y at a strain rate of 9.3x10 a (when test1ng 

o between 1050 and 1150 C).. By decreaaing the solution heat 
~ , . 

treatment temperature to 11S0oC, the 

-3 -1 at a strain rate of 5.6x10 s (for 

yi~ld drop, was detected 
" 

a teat temperature of 

1100oC). By contrast, no change in bahaviour waa noted for a 

test temperature of 1000oC, which is, of course, below the y-y' 

solvu •• 

During the interrupted teats, yield d~opa were dia-

playad after 40 a and 180 a respectively for test temperatures 

of .11SOoC and l100 oC. The magnitude of theae yield drops 

P1 

i' 
1 

J 

i 
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\' 

increâsed to a peak ~ and then decreaaed with lncreasing 

holding tlme. From ~iga. 4.19 and 4.20 lt aeema that the 

yield drop appears when the,test specimen ia almoat completely 

recrystallirzed. Tbeae observations suggest that the yielr- - ~ 

pol~t 1, Waspaloy can be attrlbuted ta ahor~-range ordering 
, 

effects. This hypothesia ls aupported by the observation that 

a decrease in the beat tr}atment te,mparature 1ucreases the 
, 

magni tude of the yield drop. - The lower heating temperature, 

ln turn, promotea the f~rmation of a higher number of ahort-

range ordered regions (high heating temperatures promote dis-

ordèriug). tt ia llkely that the y' forming elementa Co, Al 
_ r ~ 

and Ti are iuvolved in th~ short-range ordering patterua, ainee 

at temperatures below the r!Y' solvua, the avail.billty of the.e 

elements 18 much\reduced and no yield drops ar~ detected. 

" 
5.3.~ Yield Drop Effects in tnconel 718 

1rom the aging kinetic Itudy of the yield drop sum­

marlzed in ,'1g. 4.21" acti~~tion euergi.'s were calculated f~om 

the dependence of the time to the peak yield on lIT. 10r the . 

~-~ primary peaka; a value of 230 (± 30) KJ/mole waa found and for 

o 
\ 

the seeoudary peaka (occurring at I0900C and estlmated at I030oC), 

the activation energy waa found to be 400 (± 50) KJ/mole. Tbe 

f~rat value ia'in the same range aa those for the diffusion of 

eluminua oJ (18) , cobalt J ehromlu., iron, ~olybdenum and vanadium \ 

in nickel (92) (activation anersy values for Mn,_ Si, Nb, Ta and 

Ti, wh1ch are alao ~resent in lncanel 718. are lack1ng iU,the 
. 

literature). The bigher value for the aecondary peak _ay be 
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due ta h~avy elementa such as Nb and Ta, as weIl as ta combina­

tians of more than o.ne e,lement or defee,t} 'iin sever.~ible 

patterns. These observations sussest that the yield d~oP) in 
, 

the range 92S-10900C in lnconel 718 is linked ~irst to the 

presence of elements such as aluminum, cobalt, chrom1um, iron 

and vanadium, which may be responsib!e for the primary p •• ks, 

and secondarily to the presence of elements auch .e niobiua and 

tanta1ulU, or to combinations of more thal1 one element or defect, 

which may in turn be responsible for the secondary peake. 0 The 

fa ct that yield drops do occur at 92SoC, which 'ia below or 
- .. 

around the y" solvus telUperature, suglasts that the y If formlnl 
,~ 1 

elements (i.e. Nb, Al and Ti) do ~ play an iaportant rol~ in 

the occurrence of the y1eld drop in taconel 718, in sharp con­

trast ta the role of the y' formin~ elements ~in was;'lOY. 

, Because of the complexlty of the cons-titu~~ 
tncone1 718, further studies are clearly necesaary to determine 

the preci~e elements and kinds of locking ~echanis. involved. ~ 

A~ong the poasible mechanis.s ~r8: l} ahort-ranle ord.rinl of 

the elementa cit.d above; ii} locking'of disiocations by car-

bides, or by Tt and y" preaipitat.s. Où. method of determininl 
.~, l 

the operativ,a' 'elements vould be to produce experimenta1 a110ys 
1 

in whieh the composition is varied with respect ta individual : 
/ 

el •• ents, taken singly, until the yi8ld point d1sappears during 

compres.ion tests, auch •• the on •• described above. 

1 
1 

/ 
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S.4 The Temperature Dependence of the Flow Stress 

F 

As shown in Fig. 4.15, deviationa from the normal or 

ideal curve vere obaerved for Waspaloy in the temperature ~ange 

This temperature interval coincidea with that for 

r~ence of yield drops. Another fact,to bear in mind i8 
, 0 
y- y' solvus temperature is somewhere between 10lS-1050 C. 

T us, the strengthening mechanisms contributing to the flpw 

stress are dilferent above and below the Y -y' solvus. - Well 

above the Y- y' solvus (1150-l220 0 C), strengthening cailles frolll 

heavy, slow diffusing, elements such as Mo and W, and from the 
./ 

presence of some MC type carbides. Just above the y -y' solvu8 

(1050-ll500 C), short-range ordering and aolid solution .~rengthening 

are the ruling mechanisms, and· below the Yt;- y' solv"8, order vi' 

hardening predominates as the .trengthening aechaniam. 

Prom what has been written above, it ,seema 1ikely 
't< 

that an interaction between theae effecta and p'roeesses is 

reaponsible for the deviations on the a vs. T eurves. When 

test1ng weIl above they ~y' aolvua, the temperature 1. ao high 
~ 1 

, , 

that short-range orderinl 1s neg1igible; as the temperature 

deereases, the amount of short-range ordering of the y' forming 

eleaents 1nereases. Th1s s.emS liké~y to be reaponaible for 

the occurrence of the y1eld drops and, i~ a parallel aanner, for 

the 'bu.ps' on the cr va. T eurves. Whan the y' actually preci-

pitates, th.re t8 a basic change in the strengthening meehanism, \ 
/ 

and sinee the elements wh1ch vere producing the short-range arder 

have nov precipitated as' y', no yield drops app.ar-in th1s lower . 

temperature range. 
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Û III the case- of the Inconel 7'1·8, the s~ituation i8 dif-

• 

ferent. On the Qn~ hand, no deviations from the normal Ç/ ·vs. T 

curve w.re observed; on the otheT, yield pointa oecurréd"throush­
Q. 

~ the range of temperatures tested. Rere the main "screngtheDiDg 
, ./ ' 

phase ia y" (N1 3(Nb,Al.Ti», a~d the prinçipal ~on~ribution of 
'-

the yn is by meaDS of coherency hardening, iDltead of by arder 

hardening as in the case of the y'. Thus, t.he mechanis~ respon­

aiblè faT the yiald drops, in contraat to the case of Wa~, 
ia 'unlikely to be the short-range ord~ring ~f the y" foraing 

, 
elements. This ie because the occurrence of r" precipitation 

dOt4S ~ affect 

yl'eld p~ints. 
" 

either the (j vs. T curve OT the presence of the 
1 

In Pige 5.1, the strengthening mechanisms operating 

in Waspaloy and Iuconel 718, in the range of temperatures utilizad, 

are eummarizede At very high temperatures, as lndicated in the 

literature review, streng~hening comes frOID solld solution 

hardenins via heavy elaments auch aa Ho, Ta, Nb or W. By d.creaaing 

the tamperature, the number of _hort-raDge ordered régions i8 

inereailed, and consequently •• 0 II the importane.e- of short-range 

order as a atrellgt:hening mechaniem. When y' or y" precipitat •• , 

the importance of short-raDie orderins decreases, giving p'lace 
" " 

to order hardenina (for the caae of Waspaloy) or coherency 

hardenina (for the case of lncone! 718) a8 the main meêhan1sm. 

(Note that Pia_ 5.! i8 acheaatic. and i8 not intended to indi­

cate the quantitative ~mportance of aach atreûgthening a.chaui, •• ) 

\ 
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ln Pias. 5.2 and" S~3; data f~o. th. preaent r.s.~rcb 

are co.b4.ll~d"Vith data frOID .the suppliera (8,Sr.' aad the (J va. T 
, . 

curve. for the te.perature interval 2S-1220oC (Waspaloy) a!lel 

25-1.090o~ (Iaconal 71S) are dlaplayed-.. lt ia of iutel'sat chat. 
-

ln the Waspaloy. a •• çond 'hullp' (:ln addi tlau· to the 'one de.cribed 

above for 1IOO~C) 1. aeen froll 600°C ta 800°C. Thi& deviation 

la not deacribed 01' exp1ained in the brochure (88) f~o. wh:lch 

the data ~ere extra~ted. It~ould, ho.ever, b, due to serratecl 
--. 
y1e1din8, i.e. the occurl'ence of dynamic Btrain agius, which 4 
bas b hn repo rta4 in the. 1.:1 t:.r.~ure (9',. 98) for othar ~"ke1- ,,\ 

ba •• superalloy. in the telRperafur)l lnterval 4S0"8QOoC. ' 
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CHAPTEll 6 .. 
CONCLUSIONS 

The present investigation involved the loftening 

behaviour of Waspaloy and Inconel 7ia during and after defor-

mation. lt wal earried out by means of continuous and inter-

rupted compression' telting in the temperature range fr_om 92SoC 

to 1220 0 C and at 1 train rates_ between 5. OxlO- 4
1 -1 and 3. 8xl0-1 s -1. 

Another leries of experimeuts vas ~rried out on Waspaloy at 

the single te.perature of 950°C at strain ~ates of 5.0x10-4
8-

1 

-1 -i and 3. ax10 s , to inves tigate the effects of aDnealing time 

on the ~ot deformation behaviour. A third ser-ie, of experiments 

was performed on Incone1 718 to determine the kineties of aging 

as relateç ta yie1d point effects. A11 the samples were quenched, 

po lilhed, etched, and examined metallographicallY. The following 
., -r~ r ~ .. 

general conclusions were drawn: 

. 1) The flow strel. in both aaterials is strain rate 
1 

al1d temperature dependent, and inerea.es vith 

il1crealins strain rat'e and decreaains t.mp~ra­

ture. An increase in the strain ra te at the lover 

temperatures resalts in flow softening_ due to 
\ . 

adiabatic heating. The amount of work hardening 

in the •• materials 1s generally very 8mall compared 

ta the yiald strength, and the peak streas for malt 

90ndi-t:ions is'not e1early def1ned. Whell it i8 

definedT a tendeney towàrdl an illcrea.e in peak. 

strain with d.crease in temperature ~r inere~),e 

\ 
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in straln rate la observed. 

2) Ât 9S0 oe for Waspa1oy, and 925°C for lnconel 118, 

dynamie recovery is the softenlng m~chan1sm. 

3) 

occurrlng durlng deforlllation. For these tempera-
1 

• , 1 

tures, the appearance of P?res on the micrographs 

indicatas that, under thesa eonditi9ns, duetlli ty 

o ° -is lika1y to be poor. From 1000 e to 1220 ç a t 

~train rates betw~en S.Ox10- 4
8-

1 and 9.3xlO-2s-~ 

for Waspaloy, and from 91S oe ~o l090 0 C at- strain 

rates between 9.3x10-:-4s-l and 9.3x10-2
8-

1 for 

lnconel 118, dynaaic recrysta111zation ls obs~ved 

after 0.4 s traln. ,Increa_sing the annealing time 

before the tests at 9S0 o C for Waspaloy, from 1S 

to 180 .inûtes, d:Ld not change the f10w stress 
~ 

or the .truetur~ observed vith the a:Ld 6f an 

optlcal microscope, due to the stab:L1lty of 

Waspaloy at thls temperature. 

The results of ~he interrupted tests lnd:Lcàte 

that, aft~r hot working, static softenina in 

Waspaloy proceads by the saquential operation 

of static recovery and static racrystall:Lzatlon. 
1 

4) Y1:eld drops occurred while te-sting Waspaloy anel 

lnconel 718 from lOSOoe to llSOoe and 925°C to 

1090oe, respect1velY. The appaarance of these 

di8contl~uou.-curves ls attributed to short-ranae 
.. 

orelering. For the c •• è of the WaspaloYt the y' 

( 
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forming elementa Co, A~ and Ti are conaidered 

to be, responaib.1e for the ordering. ';'P'or the 

case'of lnconel 718, no conclu.ive ev1dence 
, 

vaa found wh1ch could identify the element or 

"\., elements responaible for the ordering. It 1s' 

believed that unlike th~· caae for Wa'spaloy, the 

r" forming eleaents do Dot play an important 

role. The elements which could poss1bly be 

respons1ble for the order1ng, in th1s case, are 

Cr, V, Al, P'e and Co. 

5) The deviations in the stress-temperature ~urve 

for Waspaloy are. a180 attr1buted to the short­

range ordering of the r' formin, elementa. When 

the temperature 18 dec:reased from l220 o C. short­

ra'ilae ordering gradually becomes Bisnif'1cant., and 

the deviations begin to appear. When the r t . ' 

actually ~rec1p1tatea, the stre.s-temperature 

curve returns to its normal for~ since short-r~ng. 

ordering 1s no longer important and doea not cause 

any further yielel ?Ointso _____ J"" 
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