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-ABSTRACT

Compression tests were carried out on'cflindrical
teat pleces of Walpalo; and Inconel 718, using a‘coiputeq;zad
Instron testing machine. The test program covered strain rates
from 5.0x10 %~1 to 3.8:10-13-1, temperatures ranging from 925°¢C
to 1220% and deformations up to strains of 0.7. Interruyte&‘
tests were also carried out to deterﬁine the nature\of the

<

static softening and hard?ning processes, ?
An increase in test.tenperacure or a decraas; in the
strn;n rate produces a decrease in the flow stress of both
materials. Dynamic recrystalllzation, parﬁinl or complete, vas
cbserved at temperatures above 950°c. At 9509C and below,
dynamic recovery is the process controlling the daformation.
The static softening processes were fogn?*to be static recovery
and static recrystallization. Yield points were detectci in
Waspaloy und@r some conditions as well as in fnconnl-?lS. This -
phenonen&n was studied in greater detail in Inconel 7;8 and,
althoukh no single elament: was 1denti£}ed as responsible for its
o;currenca, the locking mechanisa is befieved to be shart—raﬁge
ordering.‘ Thc'attgfa-tenpcrature curve for Waspalay shovws a
bump or gaviatioﬁ from normal behavior in the viciaity of 1100°c.
It 1§ Conciuded that the deviation is related to the occurrence

of,the yield_ﬁrop, and therefore to short—range ordering of the

y'! forming elements.
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RESUME - .

Des essais de compression ont &t& faits sur des N
hantillons cylindriques de Waspaloy et d'Inconel 718, &’
1\aide d'une machine d'essais Instron controlée par ordina-

teur. Leu'esaais’ont &té faits 3 d?s\vitesaes de d&éformation

-4 =1 -1 -1

comprises entre 5.0x10 -8 et 3.8x10 4 des tempé&ratures

variaﬁt entre Q{foc et 1220°C et 2 des déformations allant

[

jusqu'a 0.7. Des essais interrompus ont aussi &té effectués

pour déterminer la nature des processus de durcissement et

d'adoucissement. /

Quand la temperature de l'essai est augmentée ou la
vitesse de d&formation diminuée on remarque une baisge de la
contrainte d'é&coulement ‘pour "les deux maté&riaux. Une recristal-.
lisation dynanique, partielle ou complite, a &té& 9baerv§e 2 daes
tenpératures superieures 2 950%c. A 9so°c et ¢7/desaous, la
restauration dynanique contrdle la dé&formation. L'adoucissement
statique s'effectue par restauration e recriz;alliantion

4

statique. Des décrochements de la contrainte ont &té& d&tectés

han!

sur le Waspaloy dans certaifaa conditiones ainsi que sur l'Inconel
718. Ce éh&nonihe a &t8 &tudi& en deétail pour 1'Inconel 718 et,
méme si 1'0n n'a pu identifier 1'él&ment responsable, le mécanisme
d'inuébilination des dislocations semble di i un ordre &

parcours r&duit. Les di;gngptas contrainte~tempdérature dans 1i
chnndu Waapaiby, montrent un 6cng§ par rapport au'conporgcueng
normal vers 1100°c.v On en conclut que cette d8viation est

relife au décrochement de la contrainte etpdopc A 1'6rdre .

4 parcours réduit des §léments qui forment les précipités v'




P . - - - - D T . e e ey

. ‘ . 141.

g . ResumMo : ; - !

Testes de compressio foram efetuados em amostras ‘ -
cilfndricap de Waspaloy e Inconel 715, com o0 auxf{lio. de uma
Jma'quina de testar Instron computa;iorizadg. Os testes foram .
feltos & velocidades de deformagZo entre 5.0x10" %71 e 3.8x10" 371,

‘temperaturas entre 925 e 1220°C e deformagBes at& 0.7. Testes

interrompidos foram tamb&m efetuados com o objetivo de deter~

minar a natureza dos processos de amolecimento e endurecimento

eastdticos.

Quando a temperatura de teste & aumentada ou a velo-

-

cidade de deformagao diminuida, um decréscimo na teusao de

escoamento § observado para os dois materiais. Recristali-
zagio dindmica, parcial ou completa, foi observada i tempera—
turas acima de 953°c. "A 950°C e sbaixo, a reéuperagi’o dinimica

& o processo que controla a de*forugiu. Amolecimento estdtico

se efetua através de recuperag¥o e r‘ccriata\lizygi‘o estaticas.
‘"Pontos (quedas) de escoamento foram detectados em Waspaloy para
algunas condigdes particulares, bem como para Inconel 718.

Eate f;namano foi estudado em detalhe para I‘ncone'l 718, e o
mecanismo de bloqueio & dedusido como uncio ordenagao & curto
alcance, embora o elemento rupouuvel por esta ocorréncia nio
tenha sido identificado. Aﬂ curvas tensio—temperatura para

Waspaloy mostram um afastamento do c'onportananto nornnl en. =1

t3rno de 1100°C. ¥ concluido &ue este afastamento estd rela-

4

B )

‘ cionado com a ocorr@ncia dos pontos de escoamento, s conse-

quentemente com 2 ordenag@o a curto alcance dos elamentos -

R

forssdores do precipitado v'.
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CHAPTER 1

5 INTRODUCTION

Nickel~base alloys comprise a broad range of compo- -
sitions which f£find use in a variety of applications in the
aéronace, gas turbine, chemical, petroleum and nuclear indu--
stries. The constant development,K of these alloys is due to
their ability to work at very high temperatures with good\\
creep, oxidation and corrosion resistance. Due to the f;ct
that these al}oys are designed to resist deformation at high
temperatures, their deformation behavior is fé??{;;mplex. Tﬂéi
are alaé very difficult to hot work; their ductiiity is limited,
and their flow stresses are high.

A\;;view of the literature concerning the hot working
of nickel-base suéeralloys reveals that much of it is devoted
either to ptacficnl inpreyanentnlin processing or to detai;ed

- _
studies of their propaerties through observations of the worked

pmicrostructures. Information on the mechanisms of hot working

is scanty and must be extracted from the kindl of prgctical
publications wmentioned dbov; or from studies on pure metals, or
single pﬁase or expetimental alloys. Even in the latter cate-
gory, there are only a few papers in which the mechanisme of hot
dcfornatioﬁ are discussed in any detail.

The purpose of the present investigation was, there-
fora, to collect information on the mechanisms of pot wvorking

of the nickel-base superalloys. In particular, it was intended




i

to study, with the aid of the interrupted compression test,

the softening processes that operate both during and after the

deformation of Waspaloy and Incon:l 718. After 1its inception

_the investigation was extended to obtain hddigional information

concerning the yield drop which appeared while testing Inconclo

718 at high temperatures.

oy




’ , : CHAPTER 2 S '

THE PHYSICAL METALLURGY OF NICKEL-BASE ALLOYS

A

y ¢

}he demand for more efficient power generation units,

particuiarly gas turbine engines for military and civil appli-
2
caci?ns, has accelerated the developmént of superalloys in the

b
immediate past. The environment of a gas turbine ia one of the

-

most demanding and aggressive possible (1). In order to with-
stand these atmospheres at high temperatures, superalloys are °
strengthe;ed by: 1) solute elements such as Co, Fe, Cr, Mo, W,
V, Ti and Al; 11i) the pracipitation of intermatallic compounds
such as v' and v"; 11ii) the precipitation at grain boundaries

6
may be Ti, Ta, Nb, V, Mo, W or Cr. In this chapter, the mecha-

of MC, M7C3, HZBCG and M_C carbides and the boride M3BZ' Here M

nisma of strengthening and hot working of these alloys will be

raviewved.

2.1 Strengthening Mechanisms in Nickel-base Superalloys

2.1.1 Solid Solution Strengthening g

Nickel-base aupera}loys always contain substantial
substitutional solutes to provide strength, creep resistance
and resistance to surface degradation. It is well known (2,3) )
that aoiubility of the elements added depends on: 1) the atomic
sige difference with respect to Ni; 11) the relative positions

of the solute and N1 in the periodic tgble*; 111)'the lattice /

*This includes the chemical affinity and relative valence factors

of Hume-Rothery, as well as the affect of the electron hole number,
Nv, which indicates the number of electron vacancies in the third
shell of the first long period in Ni (4).

?
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type of the solute (is it FCC like Ni?); and 1iv) the elastic-
modulus differences between Ni and the solute. ,
| The high temperature oxidation reliatance\of super~-
alloys is attributed to their tendency to form Crzos—rich pro-
tective scales having a low cationm vacancy content, Ehcrchy
reducing the diffusionarate of the metallic elements outward
and of oxygen and sulphur inward (5). The excellent strength
properiies, on the other hand, arise from the high tolerance
of nickel for alloying without phase inetabilit; due to its
nearly filled 3d. electron shell (5). » |

, The effects of solutes on the yield strength via

their lattiée p&r;neterl and elastic moduli will now be discussed.

2.1.1.1 Lattice Parameter

Pig. 2.1 shows the elements which are important in the

constitution of nickel-base alloya,(G). It can be seen that
these elenments diffe; fro:‘nickcl by 1 to 13% in atomic diameter
and by 1 to 7% in Nv. With regard to the diameter difference,
both solid so ;tion hardening and precipitation hardening can

be explained in terms of the internal -strains generated by
inserting either solute atoms or particles in an elastic natrix k

(7). PFor example, the yield stress for a dilute solid aolutiop

has besen given by Mott and Nadbarro (7) as:

g
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wvhere G is the shear modulus, ¢ is the misfit and ¢ the con-

centration of solute atoms. The migfit is in turn specified

by:

o

[ —-— o———

o

[ 4
(2.2)

ol

o

where 4Aa is thl difference between the lattice parameter a, of
the pure matrix and the lattice parameter & of the aélute aton.‘.
A linesr relationship betweédn flow stress and lattice parameter '
change is obeyed for any single solute element in nickel -

Fig. 2.2. Ve can see, hovever, that the change in flow stress
of nickel for various solutes 1sunot a uingle valued function

of the lattice parnmetar.’since T1 and Cr were expected to have
smaller effects than Mo or W. The reason for this discreﬁancy
is that the change in flow stress also depends on the number

Nv (8,9). PFor the same lattice strains, the lérgar the valency

difference between solvent and solute, the greater the hnrd;ning -

Fig. 2.3. At leaat part of this effect u;} result from a lowering.

of stacking fault energy (6,8,9). According to Pelloux and
Grant (10), solid nolutién‘hardcning persiste to 0.6 Tu. Above

0.6 T the/rnnxe of high temperature creep, Y strenthéning is

K’
diffusion dependent. Thus the slowly diffusing elements, molyb-

denum and tungsten, would be expected to be the most potent

ﬁardencra. The amounts of Mo and W which can be added to the

FCC Y matrix for strengthening 1is, howvever, genarally limited

by the instability of the alloy with respect to OU-phase formation.

>
Ky




.

increase in 0.2%
Flow Stress (ksi)

- - ‘ . 7. i -’
- _ "/g\ “ '
" * s ‘\‘ . ’ .
¥ 3\‘? N
3 ) - R . \
10 U oo P
- 8 4
NiFe ’
6 - '
N .. Q,:l . .
) ¢
A 4
., ¢ o . o
o 'y ' 2 [ ‘ ' '
0005 0010 QoS Q020 0025 )
' Change of .Lattice Parameter R
\ . ) {
.. % = ™ .
FIGURE 2.2 Effect of lattice éarathcr ‘on £low streass of
nicksl alloys (after Decker and Sims (6)). .
. 4 - . . * -




S OSSPY | S .
e A A

€
R R T LRI IS PPN ..-..-..“ss.,..w«a o ,, D

! v - - . P e -
. A . ! ‘<, Te *‘_,‘ & A Iy Tt f -3, ﬁ'
. \ T P L TR R e T e b : ;
. - fe R PR R AL T, PR g .
" B ? i R o R iy ¥ .,\.,a E:
) ik N PR T A3 ¥ .«1”,;54;«.,3 P
. ‘,_‘
. -
.
- .
—
( , S ‘ 8.
-
. , - . )
s J " .
] . .
.
’ - v -
: .
- ¢ Y
v N N
v ° K
.

5
A
! -
N
i3 - '
2
b .
1 i .
' ©
. ,
. ]
\
«Q
B \
;
i . \ N I

ARERE
.

1 VR TR
'
>
v

SN
.

AYS (E=0002)
per Aa=0.01 42f

. ‘ KX, ‘9’/ mm'

.

A

PRI & Salt Rl
.
L )

-

WA

SBEETITERLE,
.

—all
T™
L B
\

.

2 -~
o | X
<}

~J‘ L 2 .
Cr Mn Fe Co Ni (3
: » ;'lo | - ment

- " eB6 866 466 366 266 171 (66 N, -
) l’IGUﬁl 2.3 'Effect of valency difference on hardening ‘ofx’
\ nickel alloys (after Beaeston et al. (8,9)).
. - '\ " . “ ‘I i . ‘ K l. " - \: ‘ ,’ . ! T
) R ) ‘). — ) "1 . w‘ v ‘ ‘ 3 * R o K v“/




- e - L VR e Uy SN
v B

o

G

2.1.1.2 Modulus -

The role of the modulus difference betveen solute

and solvent in the stréh!kheniné process is based on the extra
work needed to force a dislocation through harder or softer

¢ ~
regions in the matrix (11,12). The larger the diffaerence

7

between the shear moduli of solvent and solute, the greater

[ N

is the expected increase in strength. -To date, no detailed

qunn:ifative studies have been carried out for nickel alloys.

L3

2.1.1.3 Sho:t-fange Order

Concentrated solid solutions are likely to exhibit
appreciable short range order, particularly if dissimilar atoms
are involved (13). The energy requirea to shear & short-range

ordered c:ystal causes an increase in the flow stress of-the

a

alloy. The ghcﬁr stress to move a dislocdtion :hrdqgh & short-

range ordered zone is given by Fliann (14) ;u:

3

1 c{l=c)va . '
v = 16/ — (2.3)
- |

/

where ¢ 1is the mole fraction of solute, v 1is the interaction

energy for the various atom pairs, a, is the local ordar coef~

«

ficient, and a is the lattice parsmeter in the short-range
ordered region. Since all the terms in equation (2.3) are

temperature independent, shortirange order provides an athermal
[.4

increment to the flow stress. Eovcver, the degree of short~

:anzatordcr decreases with increasing annealing temperatura.

—
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Consequently, the short-range order component of flow.stress is

! v
o

sensitive to thermal history.

*
L

"2.1.2 Precipitatfon Hardening
' The major contribution to the strength of nickel-base

superalloys 1is providad by the formation of stable, coherent

.fntermetallic cpnponnda‘such as y' (ordered FCC—le struycture,
e.g. Ni, (A1,T1)) and v" (ordered BCT-DO22 structure, e.g. Ni,
(Nb,Al,#i)). Fig.2.4 shows the unit celia for these two struc-

. éuré 7> Waspaloy and most nickel-base-superalloys are strengthened

~ by v' and Inconel 718 by vy " (15,16). The precipitation of car-

bides and borides provide; additional strengthening mainly at

moderate to high temperatures, at which éignificant inprovements
«

o

. in creep behavior are observed (5). '

2.1.2.1 The Mechanisms of Precipitation ’ \

Several studies extending over the past 20 years have

'

conaiderably advanced our understanding of the nature of pre-
) A _

cipitation from ahperuaturlted nickel-base alloys. 1In the

sarly ;tagnc of precipitation, satellite reflections, indica-

tive of periodic nbdulatignn in structure, are\obse;yed by x—ray'

‘diffracfion. .The éccurronce 0of an aligned or nodulat.& ?tructnre
) in the'early st1§e of aging luigﬁlts/;hat deconposiéioﬁ of the

..supersaturated solid solution may be taking place by spinodal
daconposiiion (1?). Ardell and Nicholson (18) have shown, how- .
4 . 4 -

- aver, thqt alignment can be the rasult quelastic interactions

o -

[N ‘&
It -
o - -
o "
B 2 .
- v .
~ . . . ‘ .
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between y' precipitates during coarsening. The general con-

12.

sensus today is that the nature of the precipitation process
\dependa mainly on two éactors: (a) the misfit betweeny and
v' and (b) the degree of supersaturation.

At low supersaturations, the heterogen;ous nucleation
of coherent ;' occurs pdrcinlly on dislocations, provided that
the coherency strain 1is sufficiently large for a strong elastic
interaction to exist (18-23). Homogeneous (continuous or

classical) precipitation is the dominant me\chanism for the near

totality of v~y ' systems (5,18,19,22-25). At high supersatura-

1t

*‘ tions, decomposition may occur spinodally, but there is to date,
%Z conflicting evidence to support this theory (18,26,27).

f{’ The electron microscopy of replicas has shown that

the v ' phase forms coherenfly with the matrix and is oriented

%‘* such that the cube faces are parallel to (100)81‘ The elastic
" anisotropy of the matri’x is influential in determining the

PR

orientation of the v' (19).

vk

: -2.1.2.2 Interaction betwesen the Precipitate Particles

Several theories of strengtl;ening by ordered praci- \
pitates have appeared in the literature gecently (21,23,28~34).
' In all cases, the critical resolved shear stress (CRSS) is shown
to be depandent on the volume fraction, size and strength of the
precipitates. Among th; factors that have been suggested as
contributing to the p}ﬂ:icic hardening of nickel-base alloys

e are the foilowing: i) the existence of order in the particles;

\ v

Q
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* ,through a field of dispersed obstacles, a dislocation must bend

‘ For weak obstacles, ¢ + v ; that is, very little bending is

13.
\

-

"411) the cohereﬁqy strains mentioned above; 111i) differences

in SFE between particle and matrix; 1iv) the energy to create
additional particle-matrix interface; and v) differences in
elastic moduli between particle and matrix.

The methods used to treat hardeﬁing by solutes and -
by precipitates are basically similar. They depend on calcu~-
lating the force of interaﬁtion between a moving &islocation

and vhatever obstacles are in 1ts path. In order to move

to an angle, #, dependent upon the obstacle strength, Fig. 2.5.

required for the dislocation to escape from the obstacle. For

.strong obstacles, ¢ - 0, as the dislocation isyforced,to almost

t

double back on itself (23).

Brown and Ham (23) have shown that, for Ni-Al alloys,
o

particles with radii (r) smaller than 3 A have practically no
[=]

effect on the flow stress, and when r is bigger than= 150 A,
the particles lose coheremncy and Orowan loops are observed
around the particles. The’naxinun strengthening occurs for a
particle radiu;/of 40 : (28). Davies and Stoloff (29) noted
that ageing a Ni-14% Al alloy for 1 hr at 700°C after quenching
produced an increment of flow ;tress in shear of 5.3 hbar. The
value of r for théir vork was calculated by Brown and Ham e23);
who f;;nd r == 18 z; For a Ni~-Cr~Al alloy, Gleiter and EHornbogen

. °
(30) reported an optimum size of r = 55 A for maximum hardening.

\

Several other vafues are ava;lable for different syateia (31-39),
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AN

leading us to conelude that the optimum particle sife for
maxigum flov stress (e.g., r = 35 :), depen4svmain§§“6n thé
volume fraction and :-7' mismatch (i.e. on t?e chemical compo-
sition). For 'each system, a curve like the ome in Fig., 2.6
based on ref. 21 can be determined. For the ascendiné part

of curve (A-B), the increaQe in CRSS (Atr) with increasing
patticle-radius is a consequence of the bowing out of the dis~—
location betwvean the particles. AT increases only until the
dislocation has pdwed out to a semi-circular 'shape. Purther
bowing out leads to the formation of Orowan rings or to pris- _

matic cross-slip. This happens at point B. With increasing

particle radius, the stress necessary to form an Orowan loop

_around the particle decreases very rap:}ly (8-0C).

0f the various possible strengthening mechanisms
liasted above, there 1is now little do;;t that the principal ones
are: order strengthening ;;dlcoherency hardening (39=45).
Order strengthening arises when a dislocation pagsses through an
ordered particle creating an antiphase boundary (APB). Under
these conditions, the glide motion of the leading dislocation
is impeded since it must do work to create an APB. 1In a 1like
fashion, the motion of the trailing—az;i::gtion is assiated
because it annihilates an APB. One‘outcome of this situation
is that dislocations travgl in pairs, the second removing the
dieorder created by the first. Coherency hardening arises
through an elastic interaction between the strain fields of the

dislocations and precipitates whenever there is a lattice para-

meter mismatch baetwean the precipitate and matrix phases.
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It is of interest that vari;us investigators in the
iitgrature have cawken. a broad (and conflicting) range of views
regarding the relative roles of 'these tw;:v éactors. For\x;nple,
‘Browny and Ham (23) ériginally maintained that the contriblxtions
of order strengthening and coherency strengthening should be
adciitive, each mechanism contributing to the yial§ strass the
value it would contribute {f it were acting alone. By contrast,
Decker and Mihalisin (44) have concluded that strengthening 1is
due primarily to coherancy hardening. Taking still another view

Raynor and Silcock (32) and }@njul and Ardell (42) have suggested

that strengthening is due entirely to order hardening. Finally,

Melander (45) has proposed that both mechanisms contribute, with

coherency strengthening making a significant contribution only
when the nisfit 1is large enough; It should be ;dded that
Melander and Perason (39) consider that order contributes sig-
nificantly when the alloys are underaged, but that coherency
hardening has an important contribution when the alloys are in
the peak-aged condition.

Enlightened by the more recent and detailed publica-
tions (39-43), we can conclude the following: 1) There are very

few Y/Y' alloys in which only one mechanism is likely to operate.

-

'11) While there is fundamental disagreement on the contribution

of coherency hardening to the increment in CRSS in undaraged:
vi/y' alfoys, the same is not true of alloys aged to the peak
cm‘ldd.tiou. In the latter case, thefe is consistent experimental
evidence to indicate that the contribution of coherency hardening

N

is substantial., 41ii) In Y/ "™ alloys, e.g. Inconel 718, the
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strength depends primarily upon coherency strengthening arising

!

from the cetrngonallly distorted Do, , Y" structure.

/

2.1.3 Strengthening Effects of Carbides and Other

Minor Addit:ion-

3

" ‘\ The role of carbides in superalloys 1is complex and
their cnmi;ribution to the high temperature strength remains to
be clarified. NHevertheless, some generailizaciona can be drawn,
and these will be considered in turm. In nickel alloys, the
carbides appear to prefer grain boundar/ies 288 location g\ites.
while in cobalt and iron superalloys {and other alloy matrices
of higher Nv), intragranular sites can be very popislar.

Cexrtain grain boundary ca:‘:bidu, depending on their
morphology, can have detrimental effects on ductility (5,6).
Accordingly, some investigatora (46,47) have taken the logical
step of reducing carbon to very low&leveln. However, further
studies in this direction (6,46) uncovered sharply reduced
creep life and ductility when the C level was decreased to less
thas 0.03% C. Clearly, carbides ndst be tolerated (and even
encouraged) inm superalloys,especially at the grain boundaries.
It 1s, in addition, clear that the carbide morphology can influ-
énca the ductility (3,6), as well as the chemical stability of
the matrix through the removal of essential, but reactive elements
(3,6,48).

The common classes of carbide are uc, u7c3, H23C6 and
HGC and these can have somevhat differing effects. The MC

carbides are the most refractory and stable, and are a major

source of reserve carhon for later chemical interaction. u7c3.
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in the form of.Cr703, is not usually stable in most superalloys,

generalli transforming on aging to stcﬁ. M2366 shows a marked
tendency for grain bg ndary preclipitation and is profuse in . '

alloys with moderate tp high chromium conc&n rations. .These

carbides promote signi icant improvements in ;upfure streagth,
. e
apparently through the iphibition of grain boundary sliding (3).

Finally, the carbide HGC 8 similar to u23c6, but 1is most fre-—

quently found when the refggccory metal content is high.

The mosat renarkabla‘alloying effects in superalloys
are due to minute additions of borom, zirconium, magnesium and
hafnium. Boron is generaliy present to the extent of 50~500 ppn
in superalloys and is an essential ingredient. It {s located at
grain boundaries where, at the triple points, it reduces the
onset of grain boundary teariné under rupture loading conditions
(3,6). Appropriate zirconiunm, nagﬁesium and hafnium additions

can supplement the effect of boron. It has been suggested (48)

that boron and zirconium act like carbon and must be present
'during soiidification to pravent injurious trace elements such
as oxygen and sulphur from collecting at the grain boundariess
and forming brittle films. Magneaiﬁm additions have bean used
in a similar way to improve the microfissure resistance of
Inconel 718 during welding.  Hafnium also has a high'affinity'
for nulphdr. hence it can be used as a getter to prevent grain’

boundary embrittlement by sulphur (48).
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2.2 The Mechanisms of Hot Deformation .

The mechanisms through which auperailoys are
sc?enq;hened have been reviewed aboYe, and it was éeen that
both solute additions and precipitates are factors responsible
for the good high temperature properties of these qlloj;. It
should now become evident -that these same strengthening mecha-
nisms will élso lead to a loss in workability, to higher re-
crystallization temperatures and to a narrowver témpera:ure'range
of hot working. The manner in which this arises can be deduced
from experiments on ;he microstructural changes occurring under
ﬁoc working conditions, nostly‘performgd on pure metals, single
phase or experimental alloys (49-62).{ These investigations form
the basis for the current ;heoriea on hot deformation mechanisms,
and they will now be reviewed briefly,

During hot working, most metals and alloys initially
undergd a period of work hardening, in which the dialocation
density is continuously increasing. After tﬂia region, the
behavior of the material beinz deformed will depend up;n the
mechanism of restoration (49,53). In metals with high stacking
fault engrgits. the dislocations are fairly mobile, and are free
to climb and cross slip out of their slip planes. The moving
disiocatious are continually breaking up and rebuilding the syb-
boundaries, and as 3/39; result maintain an equilibrium subgrain
si}e, dislocation density and associated flow strfia. This
mechanism 18 known as dynamic recovery. When thekn;c:ls and

alloys being deformed have lov stacking fault energies, the dis-
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location'nobility is diminished, and leaving the slip plane
is mor? difficult. Under these conditions, the amount of
recovery produced bi the annihilation of individual disloca~
tions is no longer sufficient to maintain a stable subgrain
structure. The subjboundariea will then, after a critical
aﬁount of deformation, attain a dislocation density high enough
to‘transttm them into mobile high angle boundaries. As they
move, they eliminate, the d%slocations, leaving behind a dislo-
cation-fﬁée, recrystallized structure. The grain boundary bulge
theory, wvhich accounts for the formation of the new grains,
assumes that certain large—angle boundaries are already unstable
and merel{ bow out in areas of locally higher stored energy. By
" bulging out in this manner, a nevw "nucleus" is produced (62).
The new grains can also be created through the formatiom of high-
angle bohndaries by the accumulation of dislocati&ns in certain
sub~boundaries (also known as recrystallization in situ) (52).
After deformation, further restoration may take place by atatic
recovery and nefadynanic and {tntic recrystallization (49-53).

The hot workability of metals in 1qdu-try is closely
linked to the above mechanisms, of restoration. rhly”dcterninc '
the }low stresses devéloped‘au wvell as the rate of crack propo-
gation, consequently controlling the amount of deformation which
can be applied in a single pass.

Luton st al. (56,57) tested pure Ni and Ni-Fe alloysa

in the hot working roﬁion, and concluded that the restoration

mechanisn was dynamic rnc:ystallizntion; They established that

9
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[ \

during défornation, cracks were formed at triple points and

serrations on the grain boundaries. The growth of these cracks
was impeded by“th; movement of the grain boundaries away from
the cracks during dyna;rc rﬁcrystallization,‘resulting in
improved ductility. Dynamicrrecrystallization was nlao‘found

\ °

to be the restoration process in the hot working range during .

and Dieter on pure nickel (59) and Inconel 600 (60).

L]
Using torsion testing, Fulop (63,64) studied the

mechanisms of deformation and fracture in Waspaloy from rdom

2 ~1

tenperature to 1093°C, at strain rates between 3x10 “s — and

7.0 8"

and at strains of up to 45. Warm-working behaviour -
was observed from 816°C to 899°% along with partial r;covery.
Recrystallization was initially observad at 954°C and in the
range 1010°c to 1093°C the samples were ?ompletély recrystal-
lized dynamically, recrystallization starting at the maxinum +

of the f£low curve and becoming complete at the end of the work

sBoftening stage. The e!fccgs of hot working on the Btructure
and properties of Waspaloy were studied Fh:ough}rqlling expcri:
ments by Bailéy (65)};& finishing temperatures ranging from
960°C to 1060°C with reductions from 18 to 49#. The new grains
seen in the, as-rolled nicroceructurgu are described a.'bcing
dynamically recrystallized, but it may be argued that they were

formed by static or post-dynamic recrystallization between

passes and during cooling after deformation.

- P . »
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-Hasteloy X a ductility maximum at about 1120°c vas due to dyiunic

2‘3.

‘The hot workabilfity of superalloyus has also baen
studied through the use of a Gleeble testing nachine which
makes it possible to submit the specimen to a thpr-:ltonechanical
history experienced vby a given bar or billet during deformation

processing (66-68). Cremisio and McQueen (66) found that for

recrystallization, provided that the samples wvere deformed suf-

ficiently to store the energy required for recrystallization.

For Inconel 718, they reported that the progress of dynamic
;ecrystallization is retarded due to the pinning of tlhe grain
boundaries byj y" and other precipitates. Welss et ‘_:_;.» (67)
testing Inconel 600, and Ba@ley (68), tcntving Unitemp HN, con—
cluded that the recrystallized grains in the n:lcfo.trnct‘:urc\ of
the broken hot tansile specinens werd the prodpcl: of dynaai;
recrystallization. |
Marsh and Oakes (69), describing forging practice

for Waspaloy and Inconci 718, suggested that forging be initiated ‘
at a temperature at which dynuic‘recrystalliucion. and there- .
fore, extensive r;ocoration, oceurs. Fiaish f&tgius, by compa-
rison, should be carz;icd ouc‘ at 1‘ownr tenperaturss, to pravent
und.csirabl’e grqih growth in the final product.

: Observations of Yf particle sizes and dil:ribut‘:l.on-
befor; and after deformation indicate that the t/cc::'y-ulliution
process 1nvolv3. a local rntotlutioning of v' ahead of the

advancing recrystallized boundaries with discﬁntinuoul repre-

cipitation in the recrystallized grains (70,71). The kinatics
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CHAPTER 3

EXPERIMENTAL MATERIALS AND PROCEDURE

3.1 Compression Testing

Hot conp¥ession 1s\§ suitable testing technique for
hot working studies because the stress state is vgr§/close to
those found in deformatio; processing (72). No basic insta-
bilities sucﬁ as necking arise (73,74), and testing cai generally
be carried out to strains of 0.7 without barrelling and even to‘
a8 much as 1.2 with slight barrelling, 1if friction betwaen the
specimen and anvils is minimized (72,73). This can be accon~
ﬁliahed Bi using smooth, hardened platenmns aéd by grooving the
ends of the sample to retain th%iiubricant (75,76). The pre-
sence of such grooves does not ;ffect the results significantly

(77) . Although thgldefornntion in hot compression is usually

homogeneous for most materials, flow localization can occur if

there is appreciable flow softening (78). Such flow softening

~ \ o
is geneaglly associated vith the presence of unstable microstruc~

4 it

tures. When the Btrain rate ip high enough, due to adiabat;;
heating, the localization can become catastrophic leading to

the formation of shear bands (79). More detailed dascriptions
6f the charactetisgics, advantages and disadvantages of conpr;a-

\

sion testing are available elsewhare (72-77).
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3.2 Exparimental Materials

The materials used in this investigation were:
i) Waspaloy - a nickel-baae superalloy supplied by TRW Inc.,
Metals Division, Minerva, Ohi;, heat No. KW7208; and ii)
Inconal 718 -~ a nickél-iron base superalloy supplied byy
Sﬁecigl Metals Corp., New Hartford, New York, heat No. 9-5630.
Both materials were received in the‘hqgi treated condition

{(Table 3.1) for optimum high temperature creep and stress

rupture pfoperties. The chemical compositions of thaese

materials are given in Table 3.2.

3.2.1 Specimen Preparation

The materials used in this study were initially in
the form of rods, 12.7 mmn in dismeter. Compression samples
were machined from the rods according to Fig. 3.1. The speci-

A

men dimensions were based on the load cell capacity and crossg-

head speed tané. of the Instron. ‘The end faces of the speci-
mens were groovad to retain the glass lubricant used in high

temperature dofo:nation. The groove design was patterned on '
previous inva:tiga?IBya (8d{81) vhich showed that the best
results are ‘obtained Zith flat~bottomed grooves, where the

grooves are wider at their bases than are the ridges between - ) ;’

them.
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Heat Treatment of the Experimental Materials

13

Solutioniang 1080% 4 hours A.C. .
Intermediate
(Stabilization) o
WASPALOY Aging 845°°C 24 hours A.C.
Final ’
(Precipitation) o
Aging 760" C 16 hours A.C.
Solutioning 955°¢ | 1 hour A.C.
' ;o [ o
Intermediate. g$
(Stabilization) » 8 urs F.C.
INCONEL 718 | Lging 720°¢ | 62%/hr to 620°C
H Final
! (Precipitation) o ’
" PN Aging 620°C 8 hours A.C.
A.C.: air cooling -
F.C.: futn?ce cooling \ *
/ T |
i “ > ."‘%1%
\ A

mE Y B W el




TABLE 3.2

Composition of the Materials Tested in WtZ

/

|

WASPALOY

MATERIALS INCONEL 718
Cc 0.062 0.030
Mn 0.02 0.16
51 0.10 0.11
Cr 19.35 l8.10
Ni Bal Bal
Co 13.34 0.37
Mo 4.19 3.05
Nb+ Ta - 5034 ~
Ti 2.94 0.98
Al 1.30 0.49
B 0.005 0.003
8 0.006 0,002
P -0.015 0.010
. Cu 0.02 0.10
Fe 0.82 18.26
Zr 0.062 -

L

28.




Specimen Dimensions (mm)

Tolerance

size | Length (L) Diameter (D)
1 114 7.6
2 8.4 5.6
Groove Dimensions (mm)
size| A B C E
1 018 |015 |0.36 | 040
2 ]045 (012 |030]010
0.02

:
i
1
i
{
;
!
i
!
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3.2.2 Lubricants
The glasses used were manufactured by the Corning
Glass Co. Ltd. and Ferro Industrial Products Ltd. Table 3.3

shows the glasses used for the different test temperatures.

3.3 Experimental Equipment

_The tests were carried put on a 10,000 Kg Instron

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

temperature, constant true strain rate conpres;ion. The
esgsential features of the compression train are shown in
Figureib.z. The train consists of two loading members, the
upper rwn and lower anvil with anvil support.‘ In this design,
the vite;-cooled ram 18 connected to the crosshead, while ‘the

!

lowver an&il rests on a water-cqooled stainless steel base sup-

‘ported Hy a 2500 Kg load cell. The design of the lower anvil

(Fig. 313) permits the test piece to be quenched within one to
four seconds after the completion of a test. ,
A Satec three—zone platinum split furndace was used
to maintain a constant temperature during the tests. The tem-
perature of each zone was monitored by a Pt/Pt-13% Rh thermo~
couple. Each zone was adjusted so as to produce a uniform (:‘2°C)
temperature region between the anvil ends. The specimen -tem- »
peratute was maaaured’by neans of a further Pt/Pt-13%7 Rh thermo-
couple that was attached to the lower anvil about two centimeters

away from the specimen. The thermocouple was supplied covered

with a superalloy nhe;th by Omega Ltd; its ocutput was monitored

iy S e )
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TABLE 3.3

Lubricants Used for the Mechanical Tests

»

j Glass Temperature Rnpg- -
Corning 0010 ~ g00% - 1000°
Corning 7050 . 1000°c - 1100°
’ Ferzo ° 3124 1050°c - 1150% .

Corning 1720 1150°¢ -g1250°c

.§: ~

&
\// )
N
),
I
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Water Cooling

Instron Crosshead

1 Sheath support plate |Stainiess stesl
2 Muffie inconel
3Split furnece Platinum
Rom Udimst 500
5 Anvit Udimet 700
6 Anvil suppor? Udimet 500
7 Ejection lever Udimet 700
|8 Ejactor shaft Rene 4!
O Water cooling coils | Copper
OBase support  |Stoiniess st
1l Quench bath _|Water
12 Thermocouple hrom. Alum,
13Ej¢ ctionhand lever [Stainiess steel
14 Load cell ||
[
]
. Hot
Compression
Train

FIGURE 3.2

Y

Schematic diagram of the hot compression’
train (after Weiss (82)).

s

\
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1. upper ram
2 upper rctaining nut

3 ceramic inserts
4 lower retaining nut

5 quench guide
© quench path
7 lower support

T M

.

lower anvil L

TR

S

=

FIGURE 3.3 Schematic representation of the - ‘ ' ;

, x geometry of the ceramic inserts ‘ )

. ' : in the upper and lower anvils ‘ - L
(after Weiss (82)). . \ a 5

3
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by means of a digital thermometer. Oxidation of the samp les
was prevented by carrying'out the tests in a protective high ‘
purity argon atmosphere.

A speclal device foi.proviﬂing constant true strain
rates during testing was built by Luton et al. (83), and
operates in c:njunction with the Instron variable speed unit.
The Instron controller is interfaced to a Canadian Genaral
Electric CGE/PAC 4020 process control computer. The interface

consists of six relays which can be activated bf the remote

‘switches of the real time computer. In additiom to this inter-

face, the computer is also linked to the outputs of the load
cell and displacement (DCDT) measuring devices (84).

The outputs from the load cell and DCDT passmthxaazh
an' interface consisting of & multiplexed analog~to-digital
convétuioﬁ system which is gtsached to a Vidar 600 low level
scanner. The lattfrxxs in turn connected to a Vidar 521 inte~-
grating digital voltmeter. The data are converted into str;lsl
strain curves by means of a plotting program. I

The software which runs the Instron machine ;nd pro-
duces the &ata acquilitionlinclude; tgiee programs: 1) the
first runs regular compreasion :catg; 11) the s@cond operates
interrupted conpresliQ? tests; and 1iii) the third performs

calibrations and handles data. The true stress—-strain curves

are produced by the data handling program. The displacement

readings are correc:adlfot the alastic distortion of the loading -

frame (85). The true stress-strain curves are plotted on an

on-line Houston Inlt:ﬁ.cnt:~h?8 (Complot) digital plotter.
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For a more detailed description of the equipment,

the reader 15 directed to references 82-86.

3.4 Teat Procedure ’

Before starting an experiment, tke furnace was heated
up to the solution ﬁemperature and kept there for 30 minutes,
before cooling to the testing temperature. Ouce the test
tempersture was.achieved, 15 minutes were allowed before bringing
the anvils together. Witﬁ the anvils in contaect, the reading of
the DCDT was ntored.by the computer, and the cona:antgstra§n rate
device was calibrated. ,Recalibratioq of the strain rate equip-
neq} and the zerq position of the DCDT was necessary when the
sanple size and/or test tgnperacurh was changed.

To conduct an actual test, the furnace and muffle
were‘raiaed on the crosshead, and the sample placed on the lower
anvil. The chamber was then closed and the system evacuated and
purged_wifh nrgo;,fbafore,applying a constant f£lov of argon.

The temperature was then raised tgfﬁhé selution temperature at

a heating rate of 0.5°C/s, and after 30 minutes brought down to

test temperature at a cooling rate of 10°cln1n. The sample was
kapt at test temperature gor 15 minutes, after vhicﬂithe calibra
tion program wvas carried out and the test started. At the end
éf each experiment the defornﬁd specimen was quenched.

»

[ —
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\ CHAPTER 4

EXPERIMENTAL RESULTS

4.1 Experimental Conditions .

The tests were conducted at constant true strain

ratea from S;Oxln-és-l ta 3.8110-13-1 and in the tenperaturex
range 925°¢ to 1220%. Speéimens of diameter 11.4 mm (PFig. 3.1)
were used for the testing of Incomel 7{§ and for tﬁe Waspaloy
tests at temperatures above 1000°¢c. Reéuced specimens of dia-~
meter 8.4 mm (Fig. 3.1) Verd.uaed for the testing of Waspaloy
at 950°C and 1000°c. Several types of experiments vere per-
formed; thesa had the folloving aims:
a) To determine th? true stress/true strain curves

at various coiséﬁn: strain rates and temperatures,

\
both for chpaloy\@!ahle 4.1) and for Inconel 718
(Table 4.2). ] ' .

b) To determine the static softening behaviour of

Waspaloy through ;nterrupgig campreseion tegt;
(Table 4.3). The strain rates vers chosen so as Fo
give similar flow curves for thé two tamperatures
\(equivalent‘it:uctures and internal stresses).
e) To'invactigate the yield drop occurring in the
. flow Eurves for Inconel 718 (Table 4.4). 'In this *
case, the strn;n rates, vere selected 3o as to

give the highest possible yield drop for the three E
- g v I

Seab .
P

temperatures studied.
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o
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TABLE 4.1

Mechanical Tests for stpnloyzf
y~y' Solvus - 1015-1050"C }87~88]

Teast Solution
Temperature Strain, Rate Tenpsrature
¢ =1 c
8
950 5.0x10"% 1200
' to _, .
308!10
1000 5.0x10™% 1200
Lo _,
8.3x10
1000 's.0x10”% 1150
1050 5.6x10™" 1200
i ;o -2
9.3x10
1100 1.9x10"3 1200 .
to _,
9.3x10
1100 5.6x10"3 1150
1150 5.6x1073 1200
n ’ to _,
9.3x10
1220 5.6x1073 1220
: . Lo ,s :
9.3x10
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TABLE 4.2

Mechanical Tests for Inconel 718: * .

y~Y" Solvus - 925-955°C (87-88) %

!
L

rcic
rtlperutnrc
c’ s 3

Strain_ Rste
-1
.8
_ L

Solution
Tanpsraturc
¢

925 .

9.3x1ofz/.
to
9.3x10
'9.3x10"%
to _,
9.3x10

5.6x10™°

to- _,
9.3x10
3. 7x10™3
. to _,
9.3x10 ©.

1120

s
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‘ Test Solution Holding
. ) rcupar;ture Strn,ig.lxa:e Tupgnturc . Interruption Times
c s c \ Strain s

1100 1.9x1073 1200 0.0 1eo f -
- . 3. 6:10

1150 5.6x107 1200 0.10 1to .,
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: TABLE 4.4
Testing Conditions for Studying ‘ ’
the Yield Drop in Incopel 718 \
/ F 1
Test - §train Solution ‘Annealing
. Temperature Ruti Tempersture Time
On, - = o
ce s c [ ]
1 --3 ‘ /
975 5.6x10 . 1120 120 tog
4.0x10
1030 5.6x10™> 1120 60 to,
, 4.0x10
1090 - 1.9x1072 | . 1120 50° to,
. - 4.0x10
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d) To :tgdy the influence of prior anmealing time
on the deformation behaviour of Waspaloy when
S

tested at 950°C (Table 4.5).

1
4.2 The Flow Curves . . ) -

Tﬁe typical true stresa/grue strain curves in Figs.
4.1 to 4.8 show the effect of strain rate on the flow behaviour
of Waspaloy at f1xed temperatures ranginé fton 950 to 1220°¢.
Conversely, the effect of temperature on.the flow curves is

f1lustrated in Pig. 4.9 for the selected strain rate of 9.3x10 >

s‘l. The equivalent curves fo; Inconel 718 are p:esented(in
Figs. 4.10 to 4.14 (effect of strain rate in Figs. 4.10 to 4.13
and affect of tampefature in Fig. 4.14). 1t can be seen that an
increase in temperature oan decrease in strain rate leads to a,
lowering of the flow stress for both materials. Little work
hardening Qna observed under conditions combining low strain
rates and low temperatures; furthermore, ghe»ﬁgak stregses were
not wvell defined under :hcfg/gondftién]; Increasing the strain
rate or the tegngr&tﬁf;/;asulted in an increase in the amounf of
\work hardening and in a better dgfinition of the paak stress.
For the conditionf under which the peak stress was more easily
defined, the strain‘to attain the peak stress increased with an
increase in strain rate or a decrease in teiperatutETM"Z\ii:ady
state of flow was only achieved at higher temperatures for some

of the lower strain rates. This is due to the relatively limited

strain (0.7) imposed on the materials, which was not sufficient
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TABLE 4.5

Tests for Investigating the Effect of Anneal%ng Time
on the Flow Stress of Waspaloy at 950 C

e
Aunealing Time Strain,Rate .
ainutes s Total Strain
’ . R Al <.
15 ‘ - 0.0
. 45 - 0.0
180 - -1 6.0
15 3.8x10_y 0.12
15 3.8x10_; 0.40
15 3.8x10_; 0.70
45, 3.8x10_5 0.30
45 3.8x10 7 0.70
180 3.8x10_, 0.70
15 5.0x10_, . 0.07
15 5.0x10_, 0.20
15 5.0x10_,. <70 40
* 15 5.0x10_, 0.70
45 3.0x10_, 0.30
45 5.0x10_, s 0.70
180 5.0x10 0.70
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for the steady state to be reached. The work of Fulop (64), on
Waspaloy, 1s in agreement with the observations ;ade Bo far;
uynder conditions. similar to those used in thig‘work, FuI?p
achieved steady state flow only at an equivalent strain of 1.2.
The flow softening observed at low temperatures 1s believed t;
be &ue toadiabatic heating and will be discussed later. For‘
‘Waspaloy, vhen the solution‘heat treatmen:~temperature was
‘decreased from 1200 to 1150°C (Figs. 4.3 and 4.6), the flow
stresses at a given test temperature remained unchanged, but

a small yield drop appeared at 1100°C (i.e., above the y' ;olu-
tion temperature). By contrast, in the test below the solu-
tion heat treatment temperature (Fig. 4.3), ho yield drop is
apparent. Yield Qfops also appeared while testing Waspaloy from

1050 to 1150°C at 9.3x10" 25”1, and while testing Incomel 718

P

from 925 to 1220°C.” 'These yield drops will be discussed in

‘greater detail below.

From the features exhibited by the curves, the deter-
mination of the kinds of softening mechanisms opergfing during
deformation 1is not straightforward. Note that, for the condi-
tions tested, no oscillations were observed on the curves at
low strain rates., This would sugg;st that 'dynamic recrystal-~
lization was not occurring (56,64,65). We shall come back to
this point after the presentation of the micrographs.  In Figs.
4.15 and. 4.16, the true stress/temperature curves for Waspaloy
;nd Inconel 718, respectively, are shown. On the curves for
Waspaloy, deviations are observed im the interval 1050 to 1150°,

i.e. just above the Y' solution temperature range. For Inconel

, -

B
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718 these 'bumps' were not detected. Instead a tendency towards

3T A, e e RIS SET S SR PSR
e z " o

o

increasing the difference om-ocy, i1i.e. the work hardening portiomn

:

§ of the flow curves, with decreasing temperature 1s noted at a

!

§ b strain rate of 9.3110—28-1. This could be attributed to the

§ fact that the yield drop is no longer present at the lower

E temperature, and therefore is unable to mask the work harde?ing

f% behaviour.

% 4.3 The Interrupted Flow Curves

; ’ A technique developed by Petkovic et al. (53,85) for

; following the softening processes occurring between intervals

? of hot working, was employed to determine the softening processas

% that operate after the deformation of Waspaloy. The ianterruption

; strain was chosen to be before the peak stress, so that the
i@teriai would be undergoing dynamic recovery only. « This was

done to facilitate the calculations and to increase the accuracy

of the values for fractional softening. This is becaqu, at the

selected strain of 0.1, the difference between the flow stress
immediately before unloading and the original yield stress is

about as large as possible within the region in which dynamic

recrystallization 18 not yet going on.*

s

*The critical strain ¢ _ for the start of dynamic recrystalliza-

tion is gsaid to be nlgghtly less than the peak strainm e_.

According to Roasard (61), €. is given approximately bypec2

0.83 €, This is because, while the f£1irst nuclei are

softengng the material locally, the remaining material con-

tinues to get stromnger, resulting in a positive slope for
Q the flow stress curve.
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After the interruption, the specimen was held at the'
test temperature for increasing times. After short holding
times, the flow stress on reloading rises rapidly t; 8 stress
level comparable with the unloading streas c:m). Aftef_lso_s
(1100°C) }ﬁd 40 s (IISOQC), yield drops began to be noticed on
reloading. Increasing holding time %eyond those times led to
increasing yield drops, which later started to decrease. The

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

After long holding times, the flow stress on reloading‘(dz)

approaches that observed during the initial loading. This

indicates that the work hardening introduced during initial

straining is completely removed during the longer delays (Figs.
. ' 4
4.17-1100%C and 4.18-1150°C).

For the present purpose, the per cent softening (X)
jc%

is defined as:

x 100 'v(a.l)

S

where o0, is the initial yield stress and T and 9, are defined

1
above. The fractional softening is plotted against .the loga-
rithm of the holding time in Figs. 4.19 and 4.20 for the condi-
tions listed in Table 4.3. From th;ae figures it can be seen
that the softening is due to two different kinds of process

(89): s@gtatic recovery and static recrystallization. The plateau

at approximately 40% softening has been attributed to. static

recovery (54,90). Recovery 1is seen to be complete after 30 s
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s
‘ at 1100°C and aft;i &6 s at 3150°C. By these tings: 402 of
(} o the work hqrdent&i introduced during préstraining is ram:ved.
‘ The length ofxtheﬂlofcening arrest or‘pl;teau is apparently
‘ " tenpirfture dependant,. with the longer plateau evident at the
higher :cnper;:ure. The abuolute time, houezgr, i.e.’ the
- duracion of the plateau in second-, decteases with increasing
tenperature (35 8 at 1100°% to 7 s ntolfsooc); this 1s in
agreement with the observations aade by Petkovic (85), who
ittributed‘this“fiht :? the highcr acftivation energy associated
with rncr?ét1111£§;ion than vich\recovery.“ The. ¥emainder of
the softening can be ascribed to\itatic recrystallization. 'fha
© .metallpgraphic results to be described below will be saen to

support this statemeiut.

\ N b

b

"+ &4.&% The Occurtnncc of the Yiald Point in Inconel 718

' ! , " As nentionad in SQctian &. 2. and illustrated in Figs.
Pl teupcrature range'loso to 1150°C and while testing Inconel 718

< 4n the ranze 925°C to 1090°c (these tcmparatures extend fron
naar-the YN or Y/Y" solvus tcmperlture to 100-150 C above 1t)

Because.~the yield points were obperved over a wider range of

§
~

‘ 4 ' ‘ " ‘
-3 strain .rate and temperature for Inconel 718, and also because .

" the material available was limited in .the case of the Waspaloy,r

1 ¢

5f further studies on the appearance of yield drops were carried

é; o qut only .on Inconal 718. \

n

>
e

4.1.to 4.14, yield dtopa occurred while teating Waspaloy in the

¢
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1

Jd i’ -
For a constant strain rate, the relative magnitude

of the yield drop initially increases and then decreases with

increasing temperature. In a similar fashion, for a constant

tenperature, the nagnitude of the yield drop initially ingreaues

and then decreases with increasing strain r?te. The true

existencé{of the yield drop should depend only on the annealing

conditions and not on the.testing conditions (i.e. strain rate).
: \

It is possible that the 'ordering' (or whatever the locking

mechanianm responéible for the yield drdp) always occurs during

annealing at, say 1090°c; but that its presence is not detected
at certain strain rates. rThe reagson 1s related to the elastic

behaviour of the machine and sample as well as to the 'short

\

ttansignt' behaviour of the sample (91). This would explain

the fact that at 1090°C, the yield drop was not detected for v

the strain rate of 5.6:10-As-1. The apparent effect of testing

-

"temperature and strain rate on the appearance of the yield drop

was just discussed above. A further effect (which is by contrast

a real one) can be investigated by holding constant the tempera-
ture-and strain rate of testing and by varying insteid Fhé"
holding time prior to testing. The magnitude of the jield drop
’is'thsn measured and reratef to the annealing time, For this

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

a8 follows:

a c :
- RYD —ﬂc——-—-lt x 100 (4.2)

ey LY 3 R (O T ey
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" work hardening curve after the yield drop. The RYD is plotted

68.

Al

»

is the lower yield stress.

Here o,, 18 the upper yield and ¢

U L

The lower yield stress was taken as the point of intersection

of the initial loading line with the back extrapolation of the

againat the logarithm of holding time in Fig. 4.21 for the
conditions 1iaté& in Table 4.4. It can be seen that the rela-
tive yield drop starts to increase, goes to a peak and then
decreases with increasing auneaiing time., PFurthermore, the
time to the peak in RYD increases with decreasing tegperature
in the manner normally observed for thermally activated processes.
At 1090°C and 1030°C, the RYD, after ﬁaving decreased, starts
to increase again, attaining a second peak before decreasing
once more, The second peak is probab;y present at 975°C as
well, bﬁt wvasg not detected in the present experiments due to
the very long times required to determine its presence. -
Por the 925°% temperature, the yleld drop appeared |
only for the strain rate of 5.6:10-43-1.‘ At this temperature,
yield dr;ps can be expected to ;ppear, according to Fig. 4.21
after a holding time of about 1000 s. The normal holding time
employed ‘prior to each continuous test is 15 minutes (see Séc-
tion 3.4). For ihe test mentioned above (i.e. the one carriéd
out st a aFraih rate of 5.6:10-43-1), the data acquisition
Qomphter was not availab%e at the planned time for the test to
begin, which resulted in a delay of 2 minutes. This delay,
along with the extra heating time introduced as 8 result of

il 9

the slow strain rate being used, led to a holding time longer

i

Y "
L]
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" 4.5 .Influence of Annealing Time on the Working

. flow curves. Two strain rates were selected: 5.0x10 ‘s and

by 150 s than the standard time of 900 a. This extra time may

have provoked the appearance of the small yield drop noticeable

.

in Fig. 4.10.

Behaviour of Waspaloy at 950°C

The purpose of this experiment was to invesfigate

the Influence of annealing time on the characteristics of the
4 -1

3.8:10-13_1, and the annealing time prior to testing was increased

from 15 to 180 minutes. No significant changes in the flow curves
were observed for the &ifferent sunealing times. The specimens,

. [
prepared as specified in TabIe 4.5, were used to study metal-

lographically.the proéress of the deformation.

v

. o

4.6 tketallogrqphy “

e

In order to investigate the change in structure with

deformation, the test pieces were cut transversallyﬂfor netal-
"lographic examination. The samples were ground on carbotundu;
papers and mechanicallf polished wifh 15,6 and 1 ni;ron diamond
paste. The specimens were then etched using Kalling's reagent*

for Waspaloy and glyceregia®** for the case of Inconel 718. The

micrographs are presented in Figs. 4.22 to 4.42. ng

* FKalling's reagent - 2 g CuCl,, 40 ml HCl, 60 ml methanol.

I

%% Glyceregia - 15 ml HC1l, 10 ml glycerol, 5 ml HN03.

wr
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4.6.1 Waspaloy
Fig. 4.22 shows the microstructure of Waspaloy after
the standard solution heat treatﬁe%t (30 minutes at 1200°C,
furnace cool to test temperature, see Chapter 3). After this
treatment, the ASTM grain size number was found to be 2.3
(d =160 ¥m). The particles present in this sample, seen at
a magnification of 75X in Fig. 4;%2a. are probably MC carbides,
The Y' can be seen at a magnific;tioh of 900X, as-in Fig. 4.22b.
Here the presence of Y is hinted at by the textured appgarance
of the twin 1in the upper left hand corner of the micéogtgﬁ?«:
Figs., 4.23 to 4.29 1illustrate the microstructut; of
Waspaloy deformed at 950°C. In Pig. 4.23 and Fig. 4.24'1s dis-
played a sequence of micrographs for increasing strains }mposed
at a strain rate of 5.0x10 %! after annealing éfufesting tem~
peratures for 15 minutes. At 0.4 strain, offsets at the grain
boundaries at twin interﬁections can be observed. Some pores
are also beginning to appear at triple po;nts. At 0.7 strain,
'grain' boundary sliding 1s clearly evident along twin boundaries,
and the pores at the triple points have grown bigger. The grain
size appears to be incteas}ng elightly, but Fhis is probably due
t? the segtioning procedure, through which transverse specimen

sections vere éxanined. Similar observations apply to the

samples deformed after 45 and 180 minutes of annealing time.

With the aid soleiy‘of the optical microscope, it was not possible,

to detect any appreciable difference in the microstructures of

the samples annealed for different periods. A more detailed

v
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study including the use of a transmission electron microscope’

d

could clarify this point. When straining was carried out at

3.8:10-13-1, the samples displayed the same features (Figs.

4.27 to 4.29), as those produced at a strain rate of 5.0x10-4

s-l. Again the use of a transmission electron microscope gould
be required to detect any possible differences in the micro-—-
structures. .

Figs. 2.30 to 4.32 1llustrate the microstructures
produced during deformation at 1000°c. As is evident from
Fig. 4.30, djnamic recrystallization has begun by the tiﬁ; a
atrain of 0.4 is attaine@. At 0.7 strain, the proportion of
these new dynamically recrystallized grains has increased, and
the carbides which weré:present in the original grain boundaries
can’atill be seen (Fig. 4.31) among the new small érains.

It is appareant from-Figs. 4.33 to 4,36 tha£ dynamic

recryatgllization'is occurring. The mean graip size of the

dynanically recrystallized grains determined from these micro-

graphs 1is.plotted against deformation temperature in Fig. 4.37,
from which £t 18 clear that Ege dynamically recrystallized
grain size increases with working temperature. Above 1150%,
the structure ?s completely recrystallized dynamically, so that
the grain size should not vary with increasing strain beyond
0.7 (i.e., once the steady state has been attained). This is
in agreement with the flow curves presented in Section 4.2.

In Fig. 4.38,the micrographs are presehted for thé

samples which were deformed 10X, and then held for 2100 s at

.nf
\
)
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1100°c and 2400 s at 1150°C respectively. As can be seen, the
samples are completely reci?stallized‘go a new grain size,

wﬁich confirms what wai>said in Section 4.3, i{.e. that static
recrystallization 18 the mechanism responsible for th: second
part of the softening curves (the part beyond 40% fractional
softening). The ;tatically recrystallized grain sizes are .
ASTM number 4.8 and 4.3 for the temperatures of 1100°c and -

1150°¢ respectively.

4.6.2 Inconel 718

The micrographs for Inconel 718 after the standard
solution heat treatment are presented in Fig. 4.39. In this

case, the ASTM grain size was found to be number 2.7 (Eﬂ_ 140 um).,

‘As already noted for Waspaloy, MC carbides can be observed at

75X (Fig. 4.39a) and Y" particles at 900X magnification. The
latter are more cléarly defined within éhe twins and are more
readily observable than was y' in the case of Waspaloy.

It is apparent from Figs. 4.40 to af42'that dynanic
recrystailizati;n beging at 975°C under cha‘testins condit;ons
emplofed and that at a strain of 0.7 at 1090°C, it 1is compigta.
These data can be compared with a minimun tempeqéturg of -2000°¢c” .

o “ .
for the iniéiation of " dynamic recxystallization in Waspaloy,

and a temperature and strain of 1220°c and 0.7 respectively for

¥

et o i trgn o apr
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The progress of dynamic rec:ystallizaeion in Inconel

\./

718 1s seen to be retardgﬂ at 1030°C and 0.7 deformationm (Fig.
4.41b) in compari;on with Waspaloy at lOOOdC and 0.7 strain
(Fig. 4.31); that is, there is only partial dynamic recrystal-
lization in the Inconel 718 as opposed to nearly complete
recrystallization in’ the Waspaloy. This observation ie 16\
agreement with that of Cremiaio and McQueen (66), who attributed’
the retardation of recrystallization to the pinning of the grain
boundaries by precipitates. (In the present case, as the tem—
perature is above the Y" golvus, the precipitates are likely to

be carbides or possibly the inter-metallic N1,Cb.)
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FIGURE 4.27 Hicroat:ruct:uti of Waai:aloy deformed at 950°C
at 3.8x10~1lg"1, Annealing time 15 minutes. -
“X75 (a) strain 0.12; (b) strain 0.4 :
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FIGURE 4.28 Microstructure of ‘{éwpany deformed at 950°¢ .
at 3.8x101s7! x75. (a) strain of 0.7, anmealing

’ ' tine 15 minutes; (b) strain of 0.3, annealing
Vuime 45 minugds. - ’ .
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a

(b) .

Microatructnrg of Waspaloy deformed to a strain

of 0.7 at, 950°C and strain rate of 3.8x10"1ls"

X75. ( annealing time 45 minutes; (b) annealing
time 189 minutes. ’



FIGURE 4,30
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(a) :

(b)

Microq}ructureoof Waspaloy deformed-to a strain
of 0.4 at 1000°C and strain rate of 5.0x10-4s~1
(a) Xx75; (b) X400.
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of Waspaloy deformed

FIGURE 4.31 Two selected microstructures
to a strain of*®.7 at 1000°C and a strain rate of

5.0x10 %~ x75. .
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.3x1025-1

spaloy deformed to a strain

.7 at 1050°C and strain rate of 9

of 0
X75.

FIGURE 4.33 Microstructure of Wa
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. FIGURE 4.34

Microstructure of Waspaloy deformed

o to a strain
of 0.7 at 1100°C and strain rate of 1.9x50‘3s‘1
X75.
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FIGURE 4,35 Microstructure of Waspaloy defor
of 0.7 at 1150 C and strain rate

x75.
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FIGURE 4.36

89. «

Microstructure of Waspaloy deformed to a strain '

of 0.7 at 1220°C and strain rate of 5. 6x10-3g-1
X75.
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‘ FIGURE 4.3 crostructure of Inconel 718, aged at 1120°¢
for 30 minutes, quenched, no deformatioxn.
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(b)
A
FIGURE 4.40 Microstructure of Incomnel 718 deformed to a
strain of 0.7 at 5.6x10"3s~ X75. (a) 925%°;
(b) 975%. ~
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) CHAPTER 5

DISCUSSION

\ . .
5.1 Softening Mechan;;hs Operating During and

After the High Temperature Deformation of Waspaloy

During the tests run at 950°C,the flow curves indi-’

-cated that the amount of flow softening increases with increasing

strain rate. When the high value of the flow stress at the
higher strain rates is taken into consideration, in combination
with the relatively low thermal conductivity of Waspaloy, the
observed flow soft;ning can be attributed mainly to adiabatic
heating. A rough calqplation of the increase in temperature

due to adiagbatic heating was carried out for the strain rate

of. 5.8x10 %" 1.%* This leads to a value of 60°C for the increase,
in test temperature after a strain of 0.7. Considering that
this quantity 1is overestimated due to the simplifications made
during the calculation, and adding it to the test temperature,
the predicted stress value is in rough agreement with the inter-

polated experimenﬁal value for 990°C. The very small amount

of softening at the lowver strain rates, on the other hand, sug-

’

@ ) . .
* The assumptions made for this calculation were: 1) that there
is no conduction of heat between the tools and the sample; 11)
that no radiation or convection losses occur; and 1i{i) that all
the mechanical work is converted into heat. Under these comndi-
tions, the increase in temperature AT is given by:

¢ AT = (lfpc) fode - (5.2)

where p is the density (8.138:103 Kg/n3 for Waspaloy) and ¢ is
the specific heat at 950°C (7.113x102 J/Kg °gx).

»
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gaitt\ggjt only dynamic recovery is operating under these

conditions. The metallographic results confirm that no dynamic

¥

recrystallization is qafing place. The grain size remains

basically unchanged and the grains and twins become distorted, *

.Pigs. 4.24 to 4.29. Pores begin to be seen at around 0.4 strain

LS

i .
at some grain boundaries, and at 0.7 deformation, they can be

‘more generally observed, indicating that the ductility at 950°C

is8 likely to be poor. Since nickel-base alloys are designed to
be verygstable at high temperatures, it is not surpr&aing that
when the prior annealing time is raised from 15 to 180 minutes,
neither the flow stress nor the structure changes significantly.
As noted earlier, a more detailed examinatio; of the microstruc-—
tures, via cran?mission elggtron microécopy, would be neckssary
to detect any possible changes in y' size and distribution.

At 1000°C, flow softening begins to be more appareat
at lower strain rates, and new reérystallizﬁd grains caﬁfbe seen
at the grain boundaries by ths‘time a strain of 5.4 1s attained.
The originii grains, Figs. 4.30 to 4.32, frequently p£esent

irregular (serrated) boundaries, showing evidence of localized

A ! ot
bulging. This indicates that the new small grains are dynamically

recrystallized. After40.7 deformation, a larger proportion of
these nev grains ia evident. At 1050qg (Fig. 4.33), it is
apparent that an almost ep;pletelf new recrystallized structure
has replaced the original structure. At 1100°C, the shape of

3

the flow curve for a strain of 1.9x10 s ! gduggeats that dynamic

recrystallization is taking place. The metallography exhibits

~

7
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a recrystallized strucéuée, which pr¢ves that dynamic recrystal-
lization is the softeninggmechanis operating under these condi-
tious.q A further increase in temperature simply leads to an
increase -in the dfnamically recrystallized grain size.

These observations are in agreement with those pre- \
gsented by Fulop (64), with the exception that he detected partial
dynamic recrystallization at 954°c, whereas no recrystallization
wag apparent at 950%¢ in the present-experiments. .It should be
pointed out, however, that he utilized a strain rate of 1.0 s-l
and an equivalent acr§in of 1.0 in torsion. Consequently, bearing
in mind the gfeater work done in his materialjmii/;ell.as the
adiabatic heating referred to above, it 1is poss;b}e that his
actual deformation temperature was considerably higher than
954°c.

After deformation at 1100°C and 1;§o°c. statlc recovery
and static recrystallization are the softenigk mechanisns opera-
ting (Figs. 4.19 and 4.20). The observation that static recovery
is completea after 36‘3 at 1100°C and ;}ter 4 s at 1150°C laads
to an estimate for the‘activation enaergy for recovery in this
material of 338 KJ/mole. This value is in the same ran;e as

those for self-diffusion 1in nickel (276 KJ/mole (51,92)) and

for high temperature deformation in pure nickel (297 RKJ/mole

®

(51,93)). .Sénéic recryntailization starts after 15 and 60 s,

raspectively, for 1150°¢ and 1100°c, and 1s completed after 600 s
and 2000 8. By means of a simple calculation, a value of 430

AN

KJ/mole was found for this activation energy, based on the times
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5.2 The Flow Curves and Micrographs for Inconel 718 -

for 50X recrystallization. rhe'rgcrystallgzation value ;s in
the range of published results for the activation energy for
high temperature creep in Nimonic 80A (343 KJ/mole at 65000,‘
522 KJ/mole at 860°C (94)) and Nimonic 90 (364 KJ/mole at 670°C,

'510 KJ/mole at 860°% {94)), as well as that T the activation

energy for hot working of a Ni-20% Fe KJ/mole (51)).

o ‘ ) ,

The shapes of tﬁe flow curves for chohel 718 ware
basically‘aimilar to those for Waspaloy with the exception that
vield drops were more often detected. At 925°C, éhe lowest test
temperature used, the £Low softening apparentyin Fig. 4.10 can
also be att;ibuced to adiabatic heating, since it occurs only
at the higher strain rates. This conclusion 18 again confirmed
by the metallography, which shows no evidence for dynaﬁic re-~
crystallization, Fig. 4.39a. At 975%C,partial dynamic recrystal-
1ization takes place, with small new grains present at the
original g}ﬁin boundaries. At 1030°C.'the percentage of these
new dynamically req:ystalliged grains has increased and at lOSO?C,

dynamic recrystallization is complete throughout the specimen.

|
5.3 The Yield Point Phenomenon

AN

i

No data have yet appeared in the literature on the
occurrence of yleld drops in the nickel-base superalloys at

temperatures above 800°C. However, both yield drops and ser-

rated yielding have been reported in various matarials (including
nickel-base alloys) tested in the range 0-800°¢C (95-98). BSeveral

hypotheses have been suggested to explain these effects:
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1)

11)

i111)

iv)

100.

The locking of dislocations by interstitial
or substitutional elements (Cottrell and
Bilby 1949 (99)). -
The Suzuki locking of partial dislocatioms by
the segregation of solutes ar precipitates to
stacking faults (Suzuki 1963 (100)).

The short-~range order locking of dislocations
by/the formation of short-iange ordered regions
in their vicinities. (If in an avalanche of
dislocations this order 1is r;pidly deaéroyed,

a8 drop in flow stress (i.e. a yield point) will
resuic,(Fisher 1954 (1oi), Rose and Glover 1966
(102)).

The electronic locking of dialocaﬁioi& by the
interaction between the electrical charge of #
solute atom and an edge dislocation ﬁCoc:rell
et al. 1953 (103), Sugiyama 1966 (104)).

Precipitation on dislocations (Kelly and

Nicholson 1963 (34))f

For nickel-base systems, the appearance of yield

points and serrated yielding in the interval from 200-800°C has

been attributed to carbide or y' precipitation on dislocations

or sE:Ekingjfanlts. \Eowever, no proof has so far appei;cd to

confirm that these ptoceaués are indeed operating (95). Short-

range ordering has also been cited as a possible mechanism

leading to a yield point effect, but neither the elements

2
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‘ 101.

¢

involved nor the precise mode of.locking has been unequivocally

described. Choubey and Jonas (105), testing Zircaloy-2 in- the

temperature range 800—1000°C, reported the ptesenée of yield

FR

points. They attributed them to the slow dissolution of the
. Fe and Cr-rich second phase particles at higﬁ temperatures and
a subsefuent increase in the concentration of Fe and Cr inm thg

‘8 phase when the o phase formed during cooling. The migration AN

“

of these soluiea to d;slocations in the 8§ phase and the forma-
tion of ordered regions next to the dislocations was thought to

! produce the locking, and therefore, the yield drop.

5.3.1 Yield Point Effects in Waspaloy

% Yield drops occurred while testing Waspaloy in the

> interval from 1050 to 1150°C. Their appearance, however, did

?

not seem to change the flow stresses for the remaining parts

o

of the curves. For the 1200°C solution heat treatment, they

appeared only at a strain rate of 9.3:;0-23'l (when testing

between 1050 and 115000). By decreasing the solution heat

~

treatment temperature to 1150°C, the yield drop was detected “
3 AN

¥

at a strain rate of 5.6x10 8-1 (for a test temperature of

1100°C). By contrast, no change in behaviour was noted for a

test temperature of 1000°C, which is, of course, below the A\

solvus. . ]

During the interrupted tests, yield drops were dis- /

played after 40 s and 180 s respectively for test temperatures

<:) - 0£.1150°C and 1100°C. The magnitude of these yield drops /

‘
- |

1

I
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(} . incredsed to a peak sz and then decreased with increasing
holding time. From Figs. 4.19 and 4.20 it seems that the

yield drop appears when the test specimen 18 almost completely -
9 ) ’

recrystallized. These observations suggest that the yield

b

f point 13 Waspaloy can be attributed to short—-range ordering

effects. This hypothesis is supported by the observatioam that

K ~
a decrease in the heat tgﬁatment temparature increases the
i magnitude of the yield drop. The lower heating temperature,

in tarn, promotes the formation of a higher number of short-

range ordered regions (bigh heating temperatures promote dis-

» ordering). It is likely that the Y' forming elements Co, Al

and Ti are involved in the short-range ordering patterns, since
at temperatures below the Y/Yy' solvus, the availability of these

elements 1is much reduced and no yield drops are detected. -
. N ‘ )

,

5.3.2 Yield Drop Effects in Inconel 718

Fron.the aging kinetic study of the yield drop sum-

marized in Fig, 4.21, ucti%gtion energleh were calculated from
khe dependence of the time to the peak yield on 1/T. For the

~ primary peaks, a value of 230 (* 30) KJ/mole was found and for~
the secondary peaks (occurring at 1090°C and estimated at 1030°C),
the activation eneégy was found to be 400 (* 50) KJ/mole. The

first value 18 in the same range as those for the diffusion of

aluminum “(18) , cobalt, chromium, iron, molybdenum and venadium
in nickel (92) (activation energy values for Mn, Si, Nb, Ta and
(:) 'T4, which are also present in Inconel 718, are lacking in the

liceraturei. The higher value for the secondary peak may be

- Y . i
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due to heavy elementa such as Nb and Ta, as well as to combina-

tions of more than one elemenﬁ or defeét,:gn several posgsgible
patterns. These observations gugges: thit the y1e1;~;:::§1n
the rsnge 925-1090°C in Incoﬁ;l ils is Iinked first to the
prasence of elements such as aluminum, cobalt, chromium, iromn
and vanadium, which may be responsible for the primary peaks,
and secondarily to th; presence of elements such as niobium and
tantalum, or to combinations of Qore than one element or defect,

©

which may in turn be responsible for the secondary peaks. The |,
’ Vs

fact that yield Qrops do occur at 925°C, which‘is.belov or

around the y" solvus temperature, suggeats that the Y" forming

- elements (i.e. Nb, Al and Ti) do not plai an important role/ in

the occurrence of the yield drop in Inconel 718, in sharp [con-
trast to the role of the Y' forming elements in Waspaloy.
' Because of the complexity of the constitutio

Inconel 718, further studies are clearly necessary to determine

the precigse elements and kinds of locking ‘mechanism involved. *

\

| Among the possible nechanisns.areﬁ 1) short~range ordaering of

the elements cited above; 11) locking‘of dislocations by car-
bides, or by v' and Y" precipitates. One method of determining
the operative elements would be to préduce experimental alloys

in which the composition is varied with respect to 1n§iv1duals

Q

elemants, taken singl}, until the yield point disappears during

compression tests, such as the ones described above.

/
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5.4 The Temperature Dependence of the Flow Stress

As shown 1inm Fig. 4.15, deviations from the pormal or

ideal curve were observed for Waspaloy in the temparature *ange

1950-11 C. This cémperature interval cbincides with that for

the occyrrence of yileld drops. Another fact .to bear in mind is
Y-
Thus, the strengthening mechanisms contributing to the £low
stress are different above and below the Y-Y' solvus. -Well
above the Y- Y' solvus (1150-1220°C), strengthening comes from

heavy, slow diffusing, elements such as Mo and W, and from the

presence of some MC type carbides. Just above the Y-7Y' solvus

(1050-1150°C), short-range ordering and solid solution strengthening 3

are the ruling mechanisms, and .below the ﬂry' solvys, order s
hardening predominates as the strengthening mechanism.

From wvhat has been.written above,\it.saems 1ikeéy
that an interaction betwaen theae'effects and processes is
reapongible for the deviations on the o0 vs. T curves. When -
testing welllabove they -y' solvus, the temperature is so high
that short-range’ordering is negligible; as the teﬁpcrature
decreases, the amount of short-range ordering of the y' forming
ele;enta increases. This seems likely to be respounsible for
the occurrence of the yield drops and, in a parallel manner, for
the 'bumps' on the ¢ va.mr curves. When the Y' actually preci-
pitates, there 13-3 basic change in the strengthening mechanisn, .

e

and since the elements which were producing the short-range order

have now precipitated as:v', no yield drops appear-im this lower -

temperature range.

9

solvus temperature 1s somewvhere between 1015-1050°¢.

PEY
. 1E,
£ox
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phase 18 " (Nia(Nb,Al,Ti)), and the principal contribution of

105.

AN \ \ : ~
In the case of the Inconel 718, the situation 1s dif-

ferent. On the one hand, no deviations from the normal ¢ vs. T

curve were observed; on the other,‘yield points occurred through-

B
out the range of temperatures tested. Here the main strengthening

the Y" 1s by meams of coherency hardening, instead-of by oxderx
hardening ;s in the case of the Y. Thus, the m;chanis respon- .
sible for the yield drops, in contrast to the case of Waspalo¥,
18 ‘unlikely to be the short-range ordéring of the Y" forming
elements. This 1s becQuse the occurrence of Y" precipitation
doés n affect eitﬁer the 9vs. T curve or ﬁhe presence of’the
yield points.

'In'Pih. 5.1, the strengthening mechanisms operating
in Waspaloy and Inconel 718, in the range of tenpe;atures utilized,
are summarized. At very high temperatures, as indicated in the
literature review, strengghening comes from solid solution
hardening via heavy elements such as Mo, Ta, Nb or W. By decreasing ;
the temperature, the number of short-range ordered regions is
increased, and conseq;ently, s0 is the importance of shorc-rcnéﬁ
order as a strengthening ncdhanism.b When Y"or y" precipitates,
the importange of short-r;nge ordering decreases, giving glace
to order hardening (for the case of Waspaloy) or coherency
hardening (for the case of Inconel 718) as the main méﬁhan}sm.

(Note that Fig. 5.1 is schematic, and is not intended to indi-

cate the quantitative importance of sach strengthening nachun;al.)

\
L)
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> "\ ] ba.“/
’ In Figs. 5.2 and 5.3, data from the present fe-byrch

*

are combimed with data from’the suppliers (88), and the o vs. T

3

curves for éhe temperature interval 25-1220°C (Wanpaloi) and
25—1090°q (Inconel 718) are displayed.. It is of interest that,

in the‘waspalo;, a second 'hump' (in addition. to the one d;lcrised
above for 11009c) {c seen from 600°Cc to 800°C. Th;s devia;ion

is not describ;d or explained in cﬁe brochure (88) from which

the da:%'yeie extragted. Itgﬁguld, ho;ever, be due to serrated
*yielding. i1.e. the occurrence of dynamic strain aging, which

has been reported in thc.%}teragure (95,98) for other (?ckel—

base superalloys in the temperature interval 450—8Q0°c.
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" FIGURE 52 Temperature dependence of the flow stress for
Waspaloy from 259C to 1220°%C. Compression
tests (present -work), tension ‘tests (ref. 88), . .
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FIGURE 5.3 Temperature dependence of the flow stress for
Inconel 718 from 250C to 1’0909C°. Compression
tests (present work), tension tests (ref. 88).
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CHAPTER 6

CONCLUSIONS

The present investigation involved the softening
behaviour of Waspaloy and Inconel 718 during and after defor-
mation. It was carried out by means of continuous and inter-
rupted compression testing in the temperature ran‘ge from 925%
to 1220°C and at strain rates between 5.0x10-45-1 and 3.8!10-18-1.
Another series of experiments was cearried out on Wagpaloy at

the single temperature of 950°C at strain rates of S.Oxlodas‘l

and 3.8x10-1s-1, to investigate the effects of /annealing time

on the 11_;)t deformation behaviour. A third series of experiments
was performed on Inconel 718 to determine the kinetics of aging
as related to yield point effects. All the samples were quenched,
polished, etcligg, and examined metallographically. The following

general conclusions were drawn:

: 1) The flow stress in both materials is strain rate
7

and temperature dependent, and increases with
increasing strain rate and decreasing tempera-
ture. An increase in the strain rate at the lower
t:imperatu}-es results in flow softening.due to
adiabatic heating. The amount of work hardening

in these materials is generally very small compared

"y

to the yleld strengfh, and the peak stress for most
conditions is not clearly defined. When it is
definedy a tendency towards an increase in peak

strain with decrease in temperature or increase



{
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i

(;} in strain rateiis‘observed.

2) At 950% for Waspaloy, and 925°C for Inconel 718,
dynamic recovery 1s the softening mechanism_
occurring dufing deformation. For these tempera-
tures, the appearance of pores on the micrograﬁha
indicates tgax,under thesg conditions, ductility
1s likely to be poor: From 1000°C to 1220°C at

strain rates betwéen S.Oxlo—asﬂl and 9.3x10_23-;

for Waspaloy, and from 975°C to 1090°C at strain
rates between 9.3x10 %s”! and 9.3x10"%" 1 for
Inconel 718, dynamic recrystallization is obsérved
after 0.4 strain. Increasing the annealing time
before the tests at‘950°C for Waspaloy, from 15

to 180-n1nﬁfes, did not change the flqv stress

) or the structure observed with the aid of an

optical microscope, due to the stability of

Waspaloy at this temperﬁture.

3)» The results of the ianterrupted tests indicate

! ‘ that, aftér hot working, static softening in
Waspaloy proceesds by the sequential o?eratiou
of satatic recovery and static recrystallization.

4) Yield drops occﬁ?red vhile testing\ﬁappaioy and
Inconel 718 from 1050°C to 1150°C and 925°C to
1o§0°c, respectively. The ;ppearanc; of these

discontinuous. curves is attributed to short~range

(:) . ' ' ordering. gor the case of the Waspaloy, the Y'

3

{
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” . . forming elements Co, Al and Ti are considered
to be responsible for the ordering.“rsr the
- case of Incgnel 718, no conclusive avidence
vas found which could identify the element or
"\ elements responsible for the ordering. It is

believed that unlike the:-case for Waspaloy, the

eranf Lo TR AT G e

Y" forming elements &o not play an important
role. The elements which could possibly be
~ responsible for the ordering, in this case, are
cr, V, Al, Fe and Co. '
5) The deviations in the stress~temperature curve |
for Waspaloy are also attributed to the short-
range ordering of the Y forming eiements. When
the temperature 18 decreased from 1220°C, short-
range ordering graduglly becomes significant, and
the deviations ;egig to appear. When the Y'
actua;lf precipitates, the stress-temperature
curve returns to its normal forp since shorb—rgng;
‘ ordering is no longer important and does not c;uae

-

any further yield points.
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