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DLrUKMnLlON AND #RAC lURL ”uC“thuH UP WiaslALOY lH HOL TORSION
* Sandor bulop

Torsion tests were carried out on aolld cyllndr1Ca1 Lest'pieccs of
wdspaloy, u51ng a servo-controlled closed—lgop electfohydraulic_

torslon ¢ester. ,lhe Le t progrdm 1ncluded strain rates betwﬁfn 0. 035 -1
dnd ?.Os_l, tempcrqtureq ranging from room temperature to 1093°C (2000°F)
and: deformatlons up to stralnb of g, ¢

Al \ t . /

Intreuase of the testing tumpvruture r"sultcd in a dccrease of thc flow

stress and generally an Jncrenge of the deformatlon to fracture. At a

-1 . ‘
‘constant burfdce strain rate of 1 O0s 7, cold working behav1our was

obgerved at room Lémpefature and at 649°C, warm worklnr behaviour at

816°C and 899°€ and hot wprklng hehaV1our at and dbove 1010 C.

.

"In the hot’ working region, the test pieces defcrﬁcd to fracture showed

s

.a completely recrystallized structure and the flow curves showed a

steady“reﬁion alter the work softening region. Recryutalllzatlon and

‘

drackin gtdlted after the poak of the Tlow. curvcm. With 6.5 - 32
4 . ' -

turns to fracture, cracking in Lhe hot working reglon‘occurrcd‘by the

L3

‘ formation of cavities on grain boundaries and atl carbides, which-

‘toalesced into macroscopic craeks and final fracture. Increasing the

strain rate in the hot working region” resulted in an increase of the

flow slress-and deerease in Lhe strain Lo fracture.

R .
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i.l‘»ﬂot Working Studies -
Thg.pﬁrposé of the yresent work:is to re-examine the‘informatiéﬁ about
the hot working of superalloys in light,of the:purréﬁt'theonies of . -
dqformution ana ruﬁture with the aid ofltofsion'test'on Waspalgy'bverb
a ranée of strains; st}ain rateé and témperatures; -' PV

The éurrent theories on hot deforﬁation mechanisms‘and {heif inter;

action with hot workablllty were derived from mlcrostructural changea

and from 1nLeract1ons of mechanlcal parameters, which were observed

)
.

durlng experlmentn predominantly on pure metals and 51ngle phase alloys'

1-31 | N
. L 4
The relationship of these theofieszto Ni-base superalloys was reviewed

32

y which is included as arpendix’ 1

however ihe most pertinent nspects are fépeated helow.

. . . .

. . . T .
Some of these studies included pure nickel and simple Hi-bagk alloys.

buring torsion tests on pure Hi and on lii-Fe élloys, Luton and Tegarfas

cbncIuded, that 1n the hot work1ng rerlon, the restoration mechanism

wils dynémic rccrynta111zutnoq. lhey e"thllshed Lhut durlnp deform-
¥

ation cracks formed at triple points and at'serrations on grain bound-

aries, and in the hot working region the growth of cracks was impeded

as the grain boundaries moved away from them during dynamic recrys-

tallizaticn - attainipg;high ductilily. -,

B LI I
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Sah,:Richardéon'and Sellars 2? concluded that a model of continuous
‘ recrystalllzatlon was res pou51ble for. the shape of Lhelr flow curves
during tersion experiments on pure nickel, however the flow ‘curves

in their paper did not quite exterd into the steady reéion.

‘. . .
Shapiro and Dieter éﬁudibd ductility and. frac€ure of Inconel 600°7
_ a

‘and of pure nickel in Lor51on tests with surerimposed Xmal com-

pression or tension eresses. Slmllar to the other workerg. they
| .
found, that dynamic recryétélllzatlon was the restoration process

.~

in the hot working region. They also found that cracks formed on

graiﬁ.houndari%é at the peak of the flow curve and the growth of

cracks wils arrested in the hot working region as.thé grain'bound—l
aries moved away from them during dynamic récryéfallization.

. a o
.quléy studigd hot workability of Waspaloy by rdllipg ckperimentsBj.
producing total redﬂctions-beiween 18% and h9% in several passes
aﬁ.fiﬁishing-temﬁerapurés ranging from 960°C to 1060°C. In the - -
analys;s‘of ghe as:roilcdjqiéros£urcturcs Bailey deseribeé‘the"new'grains
as dynamically rvcrys Lallized grains. From the rqlllng schedule and
from the dmount ,of total eraln 1nvolved in his experlmcnts it is
'congldered Lthat the new HrdlnF-WEFE jrobahly formud by otatlc‘recryot-
alllzatlon in béLween passeérand.durlng cooling after deformation.
-Using a Glecblé high temperature testing machine, Uailey also studied
hot workability of U:.iigmp 1y (:rJi‘;?% Cr‘-:l6.;}‘ ‘Mq)'_ﬁ“. 'l"a.kiﬁg.the'
reduction of aféa after.fra;ture as the meﬁsuré of hot workability, . . . o ;

-
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.

Bailey grfived at an opLiﬁum tempernture range #s a puide for hot

pressing and roliing operations. In the deseription df‘thé micro-

structure of the broken hot tensile specimens, Bailey conCludés

that the rpérystallized gfaihs are the product of dyﬁamic recrysﬁall-

dization. ‘The muximum reduction of area value shown in his paper was

4

around 70%. From the amount of deformation and [rom the testing
conditieons il is considered that the final microstructure was
‘ produced pa}tly by dynamic recrystallization during deformation and

partly by ﬁgtadyhamic-and statiC'recrystqllizaﬁién after fracture.

v

7

N ~

-

The literature of hot worklnr of superalloys includes: a.) studlc
by Mu”ykais, Donachie et nljs and ieher el a137 on the efrect of
becond phases on the’ structuro and properties of the material in' the

hot worked and .final heat treated condition;f b.) gfudics on the

) . K . . -z ' R
~effect of second phases hy Ublak et 31)8,.and of deformation rate

39

-

on ductility during hot working by Cederbled and Grant”’; and c.)

: ' . e - . : ' ho

experiments on thermomechanical strengthenipg by Hotzler et al'o,

' : | b1 42 - : '
by Oblak and Owczurski and by Kear et al ™.
. . L) L.~ . .
Y . . F] RS . : .
“F
n'p_, L

The abova hot workdblllty sLudles include Lrldls durlnb 1nduutr1a1
forming oggratipns, expurimean onlsimple shaped work pieces and

laboratory testo on test pinces'méqhincd from the work pieces.

LI

r

B hd

A&}
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1.2 Heéhaﬁisms‘of'HoL Uefﬁrmﬁtion-

fibove about 0.6T of pure metdls and single phase alloys, i.e." in the

hot working reglon, dynamlc restoration tokes place s;multaneously

with the work hardenlng, malntulnlng sufficient ductility and. allowing

working without 1ntexmediate annedls. During hot working, the metals

and alloys 1n;¢1ally go through a work hardening régipn, in-Which '
. ‘ o _ .

" there is a net increase of dislocations-and increase of flow stress.

After the initial work hdrdenlng region, the, behaviour of metals and

9, 12, 18, 22, 24, 43

alloys fﬂlls Into two caLeror:es dependlnb on

the mcchanlsm of restordtlon. ’

-

’
.

In muvtals and alloys with high stacking fault énergy, where the dis-
locations have sufficient mobilily, to climb and'croéﬁ>5iip out - of

the slip plnne‘ a contlnual generutlon and annihiYation of dlslocatlons

maintains an equ111br1um subgrain eructure, slmllar to “the Econd

-

stage in creep. .In the stoady state roblon, the moving dlSlOCdthnS

&

are continually breaking up and rebuilding the sub-boundaries, and

as a net result maintain an’ equilibrium subgraiﬁ size, dislocation

density and the asso ated constant flow stress. In'a given metal
o ‘

or-alloy, high temperatures and lower deformation rates, which increase
. . N . £
the amount of restoration, produce a larger subpgrain size and lower

dislocation density. The mechanism of maintaining an equilibrium

. . L.

subgrain stiructure is known us dynamic recovery.

@ )

In the metals and alloys with low stacking fauiﬁ.bnergy and with the

_rCSulting_diminished‘diélocabion mobility to leave the slip plane,

. .

the amount of recovery jroduced by aunihilatlion of individual T

!

.
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dislocntions is not sufficicnt to maintain a stiable subgrain structure.
' Consequcntly, afler a certain amount of deformation, .sub-boundaries
W attain such high dislocation densily that théy become mobile high anjle

* L]

- ' bouqdur;es. As they ﬁigrate; théy eliMinate the dislocations, and
lééve.behiﬁd a dislocatioﬁ-freet fecrystailized'str&cLuré. Afterrihe
initial work hardgning region, there is a work sdfte;iﬁg rggion; iﬁ
N ;hich the increaging amount of‘fecrygtallizétipn réduces the flow st;ess.' 
This is followed by algicadyfstaté.region, in which . .the continuous cyql;

- " of work hardening, recovery, recrystallization and werk hardening main-

-
.

tains a dynamic equilibrium of dislocation density, grainsize and resul-

. -

tant flow siress. This latLur_resfofation'mechanism duriﬁg hot work

is known as dynamic recrystallijation,

.

+

-

After the hot deformalion,is stopped, while the piece ‘is held at working
temperature and is cooling down [from it, further restoration will take’
place by static reccvery P metadynamic recrysﬁallization and static

rucrysLullization.7 ‘ .
. . : . ’

" The hat workability of metals in industrial forming. operations is related
to the above mechanisms of dynamic pestdraiion. They determine the flow

stresses developed and the rate of crack propagation, Uhereby'contrblling

' "7 the forming equipment's'powér requirements, and the amount of deformation,

v

“which ean be applied in a single pass. Through their interaction with
“subsequent. static recovery and static re&rysLallization - which happens

when the metal remains hot,usor is rcheated after deformation - the dynamic

processcs also influence the structure and properties of metals at ent-

P - . . »
rance of another forming .operation, or at their end use.

. - : Ty



1.3 Torsion Tesling

The brgsent work i$ concernéd wilh tﬁe use of a torsion tester as a
tool for ho?ldefdrmafiuﬁ nnd.pérticu}arlylfor hot worknbility sfudies‘;
on Wéspaloy; Among thc'siﬁple mgchan{EalhtooiS'used for simulatiné_
hot ;érking; in qompressionAAor in tension whére thé test biece.dhanges

shape, Lhe amount of available uniform ‘deformation under constant

strain rate is limited. Torsion tesis can' provide high-speed; constént

strain rate testing, because high speed rotary motion is easy to

.produce and because the specimen does not change shape.

- T

b

In a bar subjected to torsional moment HT at. one eﬁd; the twisting
moment is resisted by shear strecs Qj set up in‘the‘crosé section.

For a cylindrical bar,.the‘shear stress 2 in the cross section, at
'a radial distance #* [rom the centerline can be calculated from the

. . : _ A
following relation i the elastic range of deformatlon& :
| )

’Z’:/V’"P = ‘2/\2’/' | Where )
. '7-‘“674 - .

. ﬁr = ghear stress pP.5.1.
. MT-=.tor5ionai moment (torque) 1b in; a = the outer radius of. the bar

T12a)”

J = = polar moment of inertia

52

Equation (1) can be derived by expressing the torsional moment Mg o

’

as the sum of incrementul moment dM acting on a small surface

' 'ele@pnt-dAE (Fig. 1)



\Fig'.;_' '
. : o = -'
'-/‘Z,-T/G’M:/'Z'Q//[:Z?'/Z_/’zdﬂ | | ‘ - (2).
: :  reo . -

The shear strain 7. is given by

Tff&n%:%;/'égl . I L | (3;).

L)

The &hear stress 4 is given by

-

z; C‘; 2/‘ where’ ) | ) .. o ‘ . E (h) -

(> = modulus of regidity
. \ ' BT
v )

A

-

After the torsional yicld strength has been exceeded, the shear
stress distribution from center to=surface is no longer ligear,

and equation (1) does not strictly apply. I*had:ii.lis has presented-a

¢ 1

method for calculaling the shear siress dn the plastic i‘angc-ffom

}
an-aclual Lorque-lwist curve.

&

ﬁ_s'suming that the shear stress is a monotonously increasing function -
’ B o , i )
of the unit shear = &

2’:%/7"), | L S (5)



L T mara Lt e Rt

he arrived al the followinp relation::

z - *+ a '
L. oy {5’ ~57 3/‘//_'_) . o '(6)

where
2;; = the max., sirear stress in the outer fiber.

Fig. 2 illustrates the method of shear stress calecula'lion from an

available torque-twist curve. ' Lo
1'.
ot ‘ N
-‘ /"— v -
B — -
-~ i . - \ . o \
. - ’,/ '
o 7 A
2 Ap--f---8 '
o I ‘
g I Py
o '
o N |
. *L-‘; 61 1
e -j'
= 1
E ! L
D Angle of “twist per unit length &7
Fig. 2 . - T

[

Lquation (6) can be rewritlen in terms of ihe peometry of Fig. -2

as follows:
L)

6’ o W CL‘B

-.’Z/';7—:’i—;_—'[.5'6:f5.CD) ' o

. _‘ . . —. . N / ‘
At the maximum value of torque, dHT /A& =0

Therefore, the ultimate torsional chear ercuth can he expressed by'

- :37‘7/7;0)( -’ : - s ‘

ZJ-‘ L . ) \:. T (8)

-2227fc73 R . . . '

For high temperatures and fﬁr high strain ratés. the above
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Canalysis wnsl"murl‘j-._fjvd hjr l';ie.'lds und Ba'c:khuf'unh()_‘i.d include the ‘d«:pe'ndenc‘é :
. : . SN
of ero'ss on- erain rate, ’Consid(x:irllﬁ that Lhellorque is_épme function’
of both 5} and 5 ,i.e, /7= 9///(9/ 5?/ ,‘_equ.a‘tidn (6} can be
generalized. " Then dﬂ/d& can be wri.t.t;en as
9y / N7 LE o |

. )@ /6‘ S ‘ - (g—a)

f\bsun)lnb thal the rodii remain cons tant, then

afé’

T=r&’; 2‘:/'@’; 5’ f 5 ] ._ .6;: 637‘ ;o a8 = 7(‘. ‘-57

_l';quation (9a) becomes then A . .

e gy 8 T

e ™| . (9-b) -
e Tlos LTI 6 L,

. X , _
The' terns of a-quation (9-b) can be evaluated, by using the expcrlnentaL

obse.rvat.lon, leL the 10Far1 thmic plotis oi‘M versus 4 at a constdnt_‘

& rmd of M \}ersus 59 at d constant &F ure ~,tr':u;;ht 1lh0u. The

R ey ST T

The slojes of Lhese plota are L]1en cq\ivalcnt to the strain hardening

exponent (n') A:_nlld‘ rate sensiti,vity_ exponenl.‘(m).“ .

- - PR S UV R
Thus 1if M‘%ﬁ ‘fqr‘cozzst.ﬁ , and /‘/"/\7//(} for const. &

then (227 = - 7 M s and / .= rr)-M ‘ ‘.,. piving
1 _)6’ o -76} g .. & .

Z24d :: ach (ﬂTIMJ , thus : )

dﬁ @ ‘ . - l ’ " ) ‘ ‘4

G gia(Groim) e

The st:ltlc‘of stress on the surlace of o bar subjecled to torsion is

) SUL
illusitrated on iy, 5 . The max. shear quc s occurs on two mutually



. of mix. shear stress, usually the one nearest to the lonmgitudinal axis.

~maximum fensile strebs resulting in the "wolf's ear' shape.

10
perpendicuiar planes g perpendicular to the lomisitudinal axis xx,"and
parallel with it. The principal stresses 6; and 6;‘ miake an angle
45° with the longitudinal axis hnd are-equal in magnitude Lo the shear’ ' IR
stress. O, 1is'a tensile stress and 6:_3 is ag equal comp?essiv'e
‘siress. ".i'he' intermedinte stress 6‘2 iE zero. )
The straifts and the above corresponding sbresses in torsien are-given '
. ~ R ’ .
. } . LYy ‘ ' .
by the following relations . : :
4 S : . ' :
i o, =~o] ] O, =0 (10)
/ 3 2 .
| . O
N .
4 Yo Ly 25522 g ()
3 LT ' TP X - - / \
i
—_— = e — — — _.x ] . ) )

. Fig. 3 - Co : -
The equivalent stress €3 and eyuivalent strain & are given as -
. - ’ D .

5:66 o : - '-'.' (1.1s)~

In general, ductile materials fail in torsion by shear along a plane'

N

Brittle materinls fail along a plahe perpendicular Lo Lhe direclion of
. . - 1

.
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CHALTL 11

LXi ERIMENTAL PROCEDURE

2.1 Test Yrogram and lest Material
Constant strain rate ‘torsion tests were carried out on Waspalqy, at
temperatures between room  temperature and 10933C2(2000°F) and

equivalent surface strain rates between 0.035; and 7.0s”T, ‘Ihe test

v

pieces ;ere s0lid cylinders with a test section 25.4lmm {1") long

and 6.25 mm‘(0525”)_dihmeter. To reduce.thg teﬁpgfature g;adient

élong ihe test length, traAsition shouiders of intermediate diametgr i
were provided on_bothlqus between the tésL length and the gripping

.ends,- (At 1038°C, the middle of the gaupge length was 3-4°C hotter

than - the ends).

i)
In one series of tests, the, test pieces were deformed to fracture

at a constant surface strain rate of l.Os-l at temperatures'bétween

fooq teQ}éraLure and 1093°C to identif& cold-, warm- and hot deform-
ation and fracLure‘heﬁpviour. In a second serics of’test;; the .
spgciﬁens were defo;med at 1038°C (1900°F) with surlace étrain rates

" . between O.d}s_l ahd 7;03_1 to stﬁd& thé effect of ﬁtraiﬁ raﬁe on

ductility. -In a third group, hhe test pieees'werg deformed at 103%8°C,
4 . . ) ) .
with a strain rale of 0.15-1, to different amournts of predetermined

strain belween E = 0.15 and g, then ‘quenched Lo sLudy recrystall-

ization and fraclure initiation and propagation. In addition, .a few

more tests were run at testing temperatures of 1910°C, 1038°C and

1065°C, with strain rates of 0.25_1, 1,057% and 2.0s7% to provide
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‘additionai dd£n for delermining Lhe-dépencence aof f%ow‘gtress'on*
temperature and on étra{n ruté. |

Thé material used for ﬁﬁe.expérihenté was ; 16mm hexagonal hot rolled
barstock (Carpenter hcat'BﬁElﬁ). The test matcriél was annealed at
1120°C (2050°F) and air cooled fo éoarsen the grain size in order to -
facilitate thé observatlon of the 1n1tlal stdpes of recrystalllzatlon
and frarture 1n1t1at10n. This annealing treatment produced a gr ain
size of ASTM 1-2 dnd dlssolved the Er‘(”lj(ﬁl Ti ) and MESC6 carbides‘
and some of the HC carbldes. The sub%equent air C;Dllng prec1p1tated
some flne Zﬂ and carbides, lhe times of 3- 5 minutes for heatlnr up
f.and of 5 minutes holding at testlng temperatures before deformatlon_
causcd further prcc1p1§qtion of.271'and,M23C6.carbideB in speciphs
tested at warm working tempérnéures.'lRé—solufion of'zrﬂ;hd MP3C6
carbldes, and prec1p1tat10n of MC carbldes occurred at the hlbh end of
the temperdture range. Wlth the 3.1% T1 and 1. Gm Al content of the-

‘tcst material, the_estlmated Zr solvus was = 1050°C (= 1925°F).

»

’

S 2.2 Testinn SysLem and Tesling Procedure

A servo-controllud closed loop torsion testlng system ﬁfs ‘built for -
these experlmento and for further hot deformatlon studlesq?. ‘(Figs.

h-1 and 4-2), on Lhc torsional frame (Fig. 5-1) Lhe test picces were
hcld by.supuralloy 1ouﬂing mumhers, and one end of the tegt piece'was
le1FLLd by a mengured amount, hy a hydrdullc moLor (blq 5-2), while"

the oLher end wuas held flxed by a FOHCLlOH Lorque cell (Fig, 5- 3)

.
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During the Lesﬁs Lhé‘longitudinhl strésscs'were nol coerolled.' For- -
tpsLS'c;rried.ﬁq fracture, bdth:gpipyiﬁg eﬁés_of the test éieceé'were
threaded.and é'constant té;t piece-lenrth was maintained, The test
pleces used 1n ‘the 1nterrupted Lests ware thrcaded on one end and on
" the other had a rcct;nguldr sectlon which slipped. into a slot in the
loadlng.bar.to allow removal without accidental straining. (Fig. 5-4).
The test plwces were heuted by % water cooled radlant furnace -
controlled by a comblned temperature/power contloller. Lo~ reduce the‘
.thermdl gradlent along Lhe Lest piece! 5, gauge length, a 20mm wide

strip of thg pardbollclmlrror was ghaled” by ca{?on black. The conffsl; 
ling ihermécouﬁle ektends'into'the test piece shoﬂlder throukh the
reaction bar, 'ihe furndce isg mounted on a sliding btand w1th longi-
'tudlnal frondom of movement, - to ahSth assembllnp and dlsassembllng
lof the. - sample and 1oad1ng membcrs (ilg. 5- 5) bor_ox1datio; protect-
" ion' of the test plece,\the furnace ch;mbey can be:flu;hed wiih a fibw
';f argon gas, or an enclosing-silicalt;be'is provided;‘iﬁ which 5-7
vucuhm‘or‘argon\atmoséﬁéfa cén be maiﬁtained. 'To quench the test
'pieces ror struétufél studiés; partlculhrly in 1nterrupted tests,.
the tube was floéded Wlth water, gut %p other cases the test plcces

-

were cooled by a flow of gas. 5 - ' o~

The”disblacement of the motor is conlrolled by a closed-ioop "HsT

‘ conLrol system (Fig. 5- 6) _The rotary dlsplacement is measured by a

dualhanp potentlometer, which prov1der the foedback 51gnai to the

\ ' ’ . .
N .o

- g



controllerL ‘The Loqsion oéstop can be'Opefafcd on,ei}hcr rotary
displacement o, torque féed_oack modo; The former was used:for Lho”
presont exporioenos. Dufiny tost torque and anguldr dloplacement
were rccorded by a Hewlett lackard X-Y recorder, or. by a HewleLt.

Packard hlbh s;eed galvanometric recorder.

‘The torsion ﬁachinetig éapable of.applying a ma?ihum of lbO revoi—.
utxons\of tw15t at ve1001t1es up to 15 rcvolutlons/bec., w1Lh a. max.l
torquo of 110 Nm. With the 25.4 mm by 6: 2) mm test plvces used in
“these experlments, thebe paramuters corrospond to a max1mum shear
straln of 80, shear strain rate of i2s 1. and shear stress of 1800

L MPq.f Wlth Lho shortcr test pleces, 2:1. 1ength to rodlus ratlo,
.whlch avoxdb berious end offects, the present machlne could reach

a surface straln rate of, 485 .

Befofé the expurlments, a correlatlon between the controlling ther—

'mocouple and the gauge. lenbth temperature was establlshed by temp-

erdture surveys run wlth external thermocouples cmbedded lnto Lhe test

J .
length Similarly, the output of the reactlon torque cell was cali-

brated yith‘a lever system and known weights.‘

Based on the initial cdalibration, the ‘actual experimental values of

0 .
CL ‘ . . - + . . i
Lemperature and ‘torque were within ~ 1% of Lhe recorded values.
. 4 . i . .

‘ : Lt .

14 .
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cnﬂifau‘rgl | B
TEST RESULLS | |
’ : t
3.1 Flow Curves
During. the pznscnt experlméth, from the recorded torque and tw1st ddta,
the true surfdce sheur qtreSS and equlvalent surface strain vaiﬁes ere
calculated - u51ng'éqgatlons (9c) and (15).respectively. In'equution
(9¢) the yuldo of m was taken as 0.12 éfter Résggrd and‘that of n was
. : ‘ : . ,

taken as zero, although this ig«&trictly valid only at the peak and

: - . N ) -

. V. . . . . . -
'duripg steady stale.  Jhe rcqufded §p?que Lgist_curveSIauglthe calcu~

-

lated true.surface stress and equivalent surface strain values are -
and 6-3, _ . Teoa // .
' ' - . , ' ' - PN

ature-Strain Rate lKelations

-

For three temperaturos (1010°C 1oJo°c and 106500) in_the Lot worklng

presented in Figs. 6-1,[6-

~

3.2 Flow Stress-Temp

rdnge‘ a plot of-lnc§ qersus flow stiress GT resulted in Lhree pdrallel
1inés shoﬁn in Fipg. 7-1. (Because at higher strain rates the flow stress
wﬁs sliphtly decreasiné with increasiﬁg.étraih in the steﬁdy rggion?

the value of Fléw eress wis taken after Lhe end of Lhe work softening
region at dbouL 7 Lurns for each of the tvéts ropresented in the plot)

The fit to a stralpht line indicates that the following equatlon is

‘obeyed: ‘ R S _ _ . E

‘&;_':/-l («'xp/ﬁg‘) B R ‘ . '__(.1_6)

3o



; ésﬂ_wus found to- be 2& Keal/mol,

. .16‘

-

/3 was found to be 6.72*10_“ psi

-

-1

from the slope of the lines, ‘ ‘ '
accordingvto the following relation
< : ‘ ..

Lo S

~

-

The temperatdfe dependence was found to obey an Arrhenius relationship‘\\\‘~ .

of the type.

E B ex,o(ﬁo‘) emo( —A /‘/) _ ‘ _ '. (.18)

by taking ‘the logarithmic values,

. . A// N -. ) - .
/&zér,&15+ﬁ5—#RT " : . (19)
and differentialing at a constant & value, the aclivalion energy

is given: ' C o -

-

ifié’/‘ ),2 aH e

Which is the slope of thc(scrfa Versus l/T ‘plois shown for Lhe three
dlfferent'straln rqtes-( gE =2.08 1; l.Os-l and 0.2s ) on bls. 7- 2. . ' '

R

3.3 Macroscopy and Metallography . R

After deformation the .test pieces were macroscopically examined at
magnifications-beLween.BX and 50X, The.rcSulLs of Lhe‘mﬁcrographic

analysis are shown in Figures 8-1 to 8-4. Iig. 8-1 (a) and (b) are’



T e

cnses orlented,with the lqngitudinal axis‘horizontal.

17

undeformed and Fig. 8<1 (c), (d) and {¢) illustrate deformed but unbroken

tb 1093°C are illustrated in Fig. 8-2 at normal size and in Fig. 8-3

and 8-k at X5 mdgnificaLion.~ Fig, 84 (c) and (d) illustrate samples

- deformed at lO}S“C,_one'ﬁo the ffacture‘stfaiﬁ, and the other to a

strain just less.

Aftér macroscopic examination longitudinel diametral sections were

-

cut from the deformad lest pieces for métallographic examination.
The test ‘pieces were grdund'dn Cérborundum paﬁers and.ﬁechanically
polished With 6 micron and 1 micron diamond. After polishing, the

specimens were examined unetched Lo observe cracks and then they

~were etched in Fry's Eeagent to study deformation, recrystallization,

. *

fracture initiatidn and propagation. The mlcrographa of the long—

1tud1nal diametral sectlons are ‘presented in llgs. 9 to. 27, in all’

»

‘specimens? Specimens fractured over a range of Lemperatures from 816°c
} , & 2 :

EYA N
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A2 Hacruscopic Examinatidﬁ ' .

CHAVTER IV

DISCUSSION OF RESULIS

h;L Flow-Curves_

K

In Fig. 6-1'it is seen. that with tHe_iucrease of testing temperature -

the test pieces showed a decrease of flow siress and an increase in

the available deformation before fractuqe.' The test pieces deformed

‘at 25°C and at 6H9°C bfoke at Lhe maximum of the tofﬁue/twist curve,

1nd1cat1ng a cold worklng behav1our. The tcst plecea deformed at

.816°C 899°C 954°C and 982°C showed a broad peak on the torque/twlst

curve Iollowed by a. decrease of flow ercsa hefore frdcture, 1nd1c-‘

ating a warm worklng.bqhuv1our.. During the tests run at.1010°C,

1038°C; 1065°C and.lO93°C the flow .curves showed work hardenlng to .

a peak followcd by work softenlng to a bteqdy rcglon in which the'.

flow stress changed very little with additiohql deformation; this

is typicallof metals undergoing dynamic recrybtallizution_dﬁring hot

deformation.

The test pieces all broke on a surface at rlphL dngles to the longi-.

tudinal axis (one .of the two plan(a of max. ghaar) The test pieces .

t(sted hutwccn 25°L and 809°C broke in a clear cut shear modc, prod—

-u01ng a [lat Iructure surface w1th no digstortion of Lhe eriginal
'cyllndrlcal ruomoLry (Plb. 8 Pu) At and uhove 95“°C ‘Lhu fracthre
surfaccb were not flat, as a result of eracks on more than one ad1acent‘

pldne joining up to produce Lhe fracture and there was. a local owelllng.

[ . ) . *
of thq didmetur in the’ fructure zone.

18

&
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TAL all temperatures the test picceﬂs'nurché.shoqed #pirql_mnrkings,
corresponding to the number of twists..—(Figs.‘é—l and 8—2}. The
surface of the test pieé@s deformed at 25°C and at G49°C shﬁwed“oraﬁge
peel mafkings at low mggnifications'ag.a_reéult of the lafgepgrain

. ) . . t .
- size (Fig. 8-3) and slip bands at higher magnifications (XS50). . At

649°C the orange peel markings and slip bands were. less pronounced as -

‘the slip bands were more wWavy. Ab?vé 649°C, up to 954°C,“the-@éform—
ation markings ‘ere still in e%idepce, inldepreuging.ihtensity'with
ihpreasé of tempefatqre!‘ At and above 954°C, tge test pieces sﬂdﬁed
spiral fissures or extrﬁsion/intrusioh~markiﬂgs.near_the fractu;g
region, however this_regiou'enlarged.égathq temperature iﬁcreased,
sprdﬁdiné iﬁto‘thp whole gauge‘léﬁgth'at and above.lOBébc. The
intensity (depth) of the intrusions/ektrusidns inérease-witﬁ jncréa—
sing.iemperatufé and inéreasing strain. At and above 1010°C.:Ehe tesf
pieqés sho@ed,surfﬁce_irregularitiés'superimpose@;on the extrusions/
inéruéions._ The irregﬁlarities spread‘in%o the whole gauge iength—aé
the temperature increased to 1093°d; These irregularities appeared

as giobular expulsions dt‘h;ghcr magnifications fx5o). Careful exam-
ination of fhe\extrusi;n/intrus;on région shbwed,.ﬁhat they ﬁére gen-
era}ly longer, déeéer and more opén in the. fracture region tﬁan eise-
;herei The craéks at 255Q and 649°C. were fairly ngrrok; Ag 649°C and
1093°C the craéks were long (some ran circ&mféréntiélly all 5rouﬁd).

At 816°C, 89§°¢ at g5heg, thc‘circumférenfial cracks were shoréeb‘qnd‘
morb.open, and in‘addition te the ciréumfcrential crﬁcks,-thure.wéré -
p;éscnt some 19ngitudinal c;dcks and some at.abouﬁ 45° to fﬁé axig.',

)



* the deformation markings, extrusions/intrusions and by the larger

- oo A ' 20 .
There was an abundance of cracks oh the surface of test pieces -

fractured at 816°C and at 899°C. -At all temperatures, there was a

.concentration of deformation in the fracture region, as .evidenced by

.amquﬁt and_largér size of cracks. fln-all the tests; the deformation

_exténded‘part_wéy‘inﬁo\the.filet_at the ends of the test piece.

4.3 'Hetalfogfaphy of Diametral Sections

All the test pieces deformed to fracture showed signs of deformation
in the:whole‘gauge léngth and in'the-whble'gauge'diaméter. The émount

of déTormaEion'decreaseq going from the surface towards center. In

the analytical'treatment of torsionutcsting stresses énd strains are

calculated in terms of pure shear of a bar subjécted to a twisting

mement and the shear strain ¥ is zero at r=0 (Equation 3). Due to -

_the Taylor's effect in polycrystaliiﬁe'specimens, the centerline region

also bééoﬁes straihéd.. Tbe deformatién'waS‘most intensive nearlthe-
fracture and‘dimipished-towards the shoulders e;tendiné'part Qay into
the filet region. o R ' '- R
s

The test pieces fractured at room temperature (é5°C), thibited.defbr-
mation in the.form éf distorted‘grains, seffafiqn of gfain boupdariéé‘
;nd prdnoundéd s1lip bands insidg the grainsf The slip bands were.
;hnrpiy defined and straight; indicpﬁjng a predohinantly.plana; slip.

In addition to the "homogenedus" deformation of grains, there were

_'transverse deformatioh bands going through several grains at and near

the outer diamctbr_(Figs. 9a, gb). There were tramsverse cracks,

PR

QNI
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~extending from the surface to a-denti of 0.003". Host of the cracks,

.

~including;.t‘h'e largest ones in the Lraofore zone, vere.in fhe transverse
doformation ban&glat and ncar the ootor suffaoe (Fig. 9b). Thelhain

\ cracks‘wofe transgranular.. On the longitudinol grain boundnaries there
oereiﬁumerous small cracks at ledges, where the oeformation bands,

crossed grain boundarles (Flg. gbl. There were also some grain'bound—
: 4

'ary cracks, p0591b1y aasoc1ated with transverse graln boundury sli dlng._

(Fig.. 9c). ‘Within the grains, there wo:e a few cracks associated with
inclusions.
4; .

-

- In the test. plece fractured at 649°C (Flgs. 10a- 10c) the 811p bands
and deformatlon bands were much legs pronounced and fewer than .in the

fsample deformed at 25°C. Alehouéh this was nartly due -to the ower
breaklng ¢tra*n, the weak deformntlon marklnbs at the outer dlamater,
where the atraLn is the h;gh%ft, 1nd1cate that deformation was more.

\ . .
‘dlfTUbe Wi th cros —gllp of screw d1)locatlons and partial recovery.

b
¥

The surfacc'exhiofts transversejcracks aiong the whole goug? length
to a depth of about O. OlO” All toese are traﬁsgranulaf. liost ‘of
the cr1cks, 1ncludzng Lhn largest ones , 1n the fracture zone,.are ine
.tran verse. bands at 'and oear the surface (F;gs. 10a, 10b and 10c).
Thore are also numerous snall :}acko at ledgeu where” the dcformatlon
bands crosms ]on:itudinnl buuhdqrics (Flg. 10b) and at twin platos

. -
(Fig. 10c) There are some cracks on trans verse boundor“co as well

.

at lcdgeo at "the, ends of fw1n platou.

o pemeam
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NucleaLion-Of eracks in zones of concrnLratfd dcformatlon bands observed .
¢ both “b°b and 6“9 C is explained by a mcchdnlsm pro;oaed by Fotelmanqa-

Crack nucleation occurs when Lhe concentrdted Len51le stress. at \Lhe tip

22 .

of a blobked edge dislccation band equals the theoretical cohesive stress.

This crack mucléation occurs at a shear stress Q:b_as'thé result of the

pile up of dislocations.

Acéérding to the follpwing relation:
. - . . . . -' \- . . “. . . R
(2, -7:)(nb)=2 7, o e

crack will nucleate when Lhe wurk.zz,f715 done by the applied stress QZ;

»

in producin »6 displacement, equals to the work done ardlnst the frlct- '
, i g p 5 .

1onal forceszr /?Zb plus the" work 22 Zr‘ to make the new frdcturc surface,

where Z; is the frictional stress and ZZ;‘iq the surface energy, includ-
ing the plastic work done around the crack Lip.

. The samples fractured at 816°C (Figs. 1lla, blc) and 899°C (Figs. l2a,
p&c), show little or no evidence of sliﬁ bgnds;respectivel&.‘ At both
.-temperutures there is still some evidence of localized transﬁersé
deformatiam bands.,

‘Both sdmples show transverse cracks in the whole [auge'length between

the surface and a_maximum'dépth of about 0.020", however. most of the'
~eracks hnq not connected Lo Lhe surface. In addition, there are cracks

present in the whole. cross section, right down to the centerline. At
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and near the fracture most of ‘the cracks are on transvcrse-twin bound=
aries, ahd ét sﬁme trans;erse\grain boqédaries.f (Figs._liﬁ.‘llc, 12b
and 12c). Tﬁere are cracks on longitudinal twin boundaries (Figs. ilc,
12c), On-o%lique‘twin boundnries.and-grain boundufies.(Figs.‘llb; llc,

12b and 12c), and o6n grain boundary triple conjunction (Fig. 12b). The
cracks in the sample fractured at 8§99°C were more open. T%F méjor ‘
pdrﬁion‘of crack}ng damage_leading to frapturé in the uérm woﬁking
region (316°C and 899°C)} was due to twin‘and griin bdundary_crﬁéks'in

" the transverse ;hear dircction. gThe contribution from cracks in the
deformationlbaﬁds is much less tﬁan at iﬁQerltemperatﬁres because.fhe

"

pile ups are much less as a result of recovery.

"At test temperatures of’ 05Q°C and 982°C the frncéured test ?ieces
shawed wronounced recrjgtalllzatlon near the fracture zona. The amount
of recrystalllzatlon-decrea cd mov1nv ;way from the fractu"e zone
towards the éhoulder and towards. the centerl;ne. At 95#°C the recry-
stallization wasg hearly comélete at the ffacture (Figs._lﬁaland b),l
‘ ] _ - , : -
while at 9062°C it was complete (Figs. 1ha and b). In the partially

) - \'-/_‘ . ) ]
: recrystalllzed areas, recrvstalllzatlon occurred on grain boundaries

and on twin boundarles (Flgg. 13c and lhc)

. The cracks at 954°C are confined mainly to “the fraéture7region (Fizs.
" 1%a, b and ¢). There are transvérse grain boundary and Lwin -boundary
cracks, some of them wedge shaped. Away from the fracture zone there

are only a -few cracks present - again on grain boundaries and at twin

boundaries. The cracks and recrystallization extend to about mid-~

- .
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_- radius away from fﬁc fcacture. At agzeC, extrusions}intrﬂsions occuf on
the'supface in the fracture zone. The cracks'are mainly confieed:to the
fracture zone (Flgs. ifa and b)), and are mainly of. the grain boundary

cavity (ﬁore) type (Fig. 14b). In the centcrllne at the fgacture, the
cracks are malnly at carbide 1nclu51ons._ Ayay fron'the-fracture,there
" are a few cracks on transverse grain and cw1n boundaries (rlg. l&c).

_For tho‘strein'rate of l.Os—l, these ‘two temper;tures.(954°c and 982°C)

represent transition from the warm to the ‘hot wcrking‘range.

- The - test pieces deformed to fracture at temperatures of 1010°C, 1038”0 :
and 1093%°C, show dynamlc-recrygtalllzatlon in the whole gauge length, 1n”
confornance w1th the work softening and steady regions On,the flow
curves. The whcle crose sectlon is recryetalllzed and recrystalllzatlon
extends-halfwa§ incoqg;e radius at the gauge length ends. Ulth the
increase of temperezcre c%e wils an increase of the grein size and a
decrease of the flow sére 5. Thelsurface shows extrusion/intrusiop.

markings. . . T

Crecklng and fracture at Lheoe temperatures occurred by the formatlon of
pores at grain boundnrees and carbides and the coalescence of .these
pores i;to macroscopic c%ucks. (Flgs. 15-18). 'Tne pores and "cracks"
“are concentratea in'the Irucﬁure region and their numbefs decreese
.g01ng torardo tne shoulders (Figs. 17d, l?e.and 17£f), and decreases
g01ng towards the ccntcrl1ne (Figs. 17d, 17b and lic) At the'center~

line some of thc peres and cracks are aosoc1ated Aith carblde 1nclu51ons

(Figs. l5c ahd 16c). Apart from the cenLerllne, there is no dlrect



‘however théy'stop growing, when the grain boundarics'move away from L

-evidence of the pores being associated with carbidcs. In the fracture

.

zone the scalloped shape of the "cracks" indicate, that they were ..

.

- formed by coalescence of cav1t1es (klgs. l6a, 16b, 17a, 17b,, 1?cl .

In the fracture zone the pGTLS dnd cracks dre both on current grain

boundaries and inside grains (Figs. 16a, 16b, 17a, l?b.and l?c). Away .

from the fracture zone, the pores are on grain boundaries. and at -

carbides (15¢ and 16¢). From the above observations, it is postulated,

that the pores initially form on grain boundaries and at carbides, ¢

‘them during dynamic'recrystallization, and resume growth again only

-

~ . :
when a moving boundary dwells at the previously formed pore or. crack.
The test piccé fractured at the, highest.temperdture t10936C) shows

longer and narrower coalesced porcs (blgs. 18b and c), than samples.

deformed lower in the hot worklng range (1010°C 1038°C and 1065°C).‘

{I

As the recorded torque/twiét'curves at 1038°C indicate (Fig. 6-2), the

-2.-1

increase in strain rate from '3%x10 8 to 7.0s -1 caused the-ductility

to decrease, flow siresses to increase. lhe test pieces twlsted at

-1

T

the lower.strain rates (OLO}sfl, 0.1s 0.28-1) showed a true steady, - .

state region cf.constant flow stress after the work éoftening region

A

and exhlblted good ductlllty, i, e., did not break after 50 turns. The

& 1. 1. Os ;

specimens twisled at.'the medlum strain rate rdngc {o. bb ‘. O 2
?.05—1) fpave pood ﬂuctility,rand aftec a peakpalsofLening'rcgion, in

which the fléw stress slowly decreased until fraclure. . This dimin-

“ishing flow stress i1s thought to be due partly.to adiabatic heating

and partly due to decrease of cross section by the accumulative damage
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by the formation of pores (crnéks). The test picceé deformed at the -
highest’strain rafe; ?;Os_; broke after the work softenlng region
without a steady utate region and rrave a 1ower ductlllty, (5.3 turns

to fracture), -

At all these otraln rates, after deformation the test pleces showed

1

a dynamically recrystalllzed structureand the cracks formed by . T

coalescence of pores,

Near tﬁe fracturEISOMe'of.the cfécks.and pores weré connécted to the
.iﬁtrusions atlthé surface (Figs. 16a, 17a and 18a)) however tﬁere,is'
no direct eyidéncershowiAg that the final fracture occurred b& an
intrusion penetrating intolfhe'body-ﬁf the samples. The evidenﬁe
.presenféd preﬁiously on.the phqtomierbgraphs indibated that final frécﬁure
occurted by coalescence of tne oofeslinto mach:qopic cracks.

Durlnw one of the te ts at‘thé hlghest strain rate (7.s l), theAdefor-
mati;ﬁ‘was stopped on the falling_par? of‘the flow cﬁrfe before frac-
ﬁure at é tdtal_twist of 5 turns. Hacroséopic examinatioh'of'this
'teﬁt plece after aeformaﬁion sho&ed é localized region pf concentrated
‘deformation, judged by the spirél line distribﬁtiqy along fhe gauge
lepgth: égtallographic cxamination.ofjthis more défgrmed'régidﬁ
 sho§Ed larger concéutrutﬁbn of pores; thaﬁ-the rest of the gauge
length. This lécéliéed heavier déformatibn is considered to be the

result of the weakening whlch accompan1e5 pore formatlon. Photo—

mlcrographs ef this region. (Flgo- 19a, b and c) nlcely 1llus»rdtc the .

*
1



© and twin bdunduriesldf the original prains (F@g. 23b). The sample
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effect of quaJn and strn:n rate on recry"talllaatlon and pore

formatlon, i.er, the annulus’ at larger ‘radius has the flncst graln

size and the largest number of pores and the centerllne region has

‘the coarseqt graln size and the smallest numbcr of pores.

"
The relationshim of‘different inter;uption‘straiﬁé to the character-

istic features of the flow curve are shown on Fig. 6.3.
- : . » ‘

The sample twisted to & = O. 15 (0.3 turns) just before the peak showed

. . B S —_
no re%ry“‘allizabion (Flg 5. 20a and b). At & = O ;O there was a

small amount of recrystalllzatlon in the sample twisted to g=.. 0.45,

‘whlch falls in the- beglnnlnr of the work softenln" reglon of the curve.

‘qu recrystalllzatlon occurred on the orlglnal prain boundaries and

”

© twin boundaries and was confined to the Gurfac¢ region (Fig. 2la),

Deformation of tne original grains was evidenced in ‘the central region

" by the serration of grain boundaries and bending of twin boundaries -

without recfystallizafion (Fig. 215). The sample twisted h:é§¥ 0.75

!

showed more recrjstalllzatlon in the outcr radius. - with Lhe orlglnal

grains still very nuch in evidence (Fig. 22&) The centerline reglon
of this uample uhowed 1n1t1al stages of recryutalllzatlon (Flg. 22b)
The sample twisted’ toZE—-E 3 (whxch is just- l 255 tnan the end of the

work softening reglon at(f‘ 3 2) showed almost complete recrvatalll—

zation at the outer rudlus region (Flg. 25a), and appreciable amounts

of ‘recrystallization in the centerline region on the grain boundaries

»
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'Y

twisted into the steady state regime, & = ﬁ.5'shbwed‘complcte-récrysfall-

iiation.oh ﬁhe whole crogs section (Figst 2ha and' b). After fu;ther

déformqtioﬁ in the steady state'reg;on té'ég = 22.5 (Figs. 2%a :nd b),“

‘the grain structure_is-fhé same as at & = h.5, Eviﬁéntly dynamic -

-‘recry;tallization maintained Lhe grain sige_constgﬁt in fhe steady,state o
. S e :

regime.

4

.Eo}é/formation was first noticed in the'sample twisted beyond the peak. ’
of tﬁe flow cuf?e (£ = 0.75) as shown in Fig. 26a. 'Th%s‘abservaéion-_

is in agreéﬁqnt w;fh E. $hapiro and G. F, Dieter's finding‘oh Incon;l

6c0°7
showéd appreciable amouﬁts‘of pqreé,_espéciglly at and ﬁéar the outer
sqrfacé region (Fig. 27a). Away frum‘the“ouéer_region;a noticeable |
number ofrpores are Tormed as‘extensionlofﬁtﬁu cfacks at the carbide
péfticles or by decohesion at ﬁhé‘carbide - matrix interface (Fig§. 2?b
and 27c). Comﬁafiﬁg these laiter photomigéogr;phs_of'ﬂﬁc samplé dpfdrmed
at suffacc strain rate of O.]l.s"1 with the sample;aeformea the.sgme-amounﬁ
with a surface erain rate pf:7J05711 (Figs. 19a, b an@'c),‘it becomes
.éppareni; that througﬁbut the strain rate rnnge'ﬁxaminéd at 1038°C,

{(in the hot working ranéé).ﬁhe crécks,wére initiated by the ;ume
mechanismsg | | |

In the steady state region of the samples deformed with the‘slqw strain

) . =1 e . L ‘ . ; . .
raley &= 0.1s ythere was no increase in pore formation with increasing
amounts of slrain. Al Lhis strain rale, Lhe fracture strain.exceeded .

. " | N . . 1 . - .

50 turns.

« A sample deformed into -the work softening range (5 turns, é?‘z 2.3)

AN



© SUMMARY™ |

I _ | . e B . . B
In a series of torsion.tests, at a constant strain rate gf‘; 1.05_1;

‘increase in the testing temperature resulted in a decrease in flow’

29

I L V. — -

stress and generally an increase of the deformation to fracture. Cold

: ~
worklnv behav1our was obsérved at testlng temperatures of 25°C and

6hgec, At 25°C, the sample developed heavy slip bands in the gralns.
- and localized heavy deformation bands in the plane of maximum shear
stress perpendlcular to the axls. Cracklng-and fracture toqk'place
in these transverse deformatlon bands. At 649°C thc deformatlon in
“the gralns ‘took Dlace in a more dlffuse manner but - cracklng and
fracture still occurred in tranaverse deformatlon bands. At 816°C'
and 899°C, warm worklng behav1our was obseﬂved. Partlal recovery
ltook place and cracklnr deve10ped due to qlldlng ofygra:n boundaraes
and 1ncoherent twin boundaries leadlnn to a. fracture in the’ plane
normal to the ax1s, 'Temperatures of 959°G and 982°C renresented'

a tranaltlon between warm workiné d hot worklng. The sample at
95&°C cracked and[fractured in the Same manner as thoae in the warm

" working range, but underwent some recrystalllzatlon, nalnly in the
fracture zone. S At QR?QC, fracture occurred by formatlon and coalee—
cence.of pores, similar to the samplcs in. the hot workln region and

L4

apprec1able amountg 4

ecrystalllzatlon took place. However away.

from the fracture; cracks Rue to boundary slld1ng wére observed. In

the hot working temperatur* range, 1010°C to 1093°C the samples
.. _

were completely fynamics

a steady state egime-after the work eofteninglregion consistent with

1y recrystalllzed'and the flowscurves showed

‘*



' fracﬁhre.A Aﬁ‘the two 16wesﬁ strain ratGS‘(0.0BS-l

‘The activation encrgy was caléulated to be 93 kcal mol .
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RS

dynamic recfystallization: With 8;5 - 32 turns.to fracture, cracking

L4 -

occurred by the formation of cavities on grain boundaries and at

carbides, which coalesced into macroscopiec cracks and final fracture, .

1

on the plane of maximum shear stress transverse to the axis.

2.)

Increasing the straih_rate in the‘hot wprking rénge'(1038°0).resulted

" in an increase of the flow stress and decrease in the strain to

and C.lsql) the

)-

_samples'did not break'before 50 turns. "At the highest strain rate,

'7.05"l the samples broke'at_B.B,turns. A1l these éamples were, dynam- .
ically recrystallizpd ‘after deformation ahd‘cracks;formed by coales-

cence of pores.

3.7

Interrupted testsscarried ocut at 1038°C} at’ a surface strain rate of

. r

O;lsul, indicaﬁbd, fh;t ﬁynémic_recfyétallization and cévity formation

started at the maximum of the flow 'curve and recrystallization became

complete by the end of the work softening stage. In thé steady state

regime continual dynamic recrystallization‘maintained a constant grain'

structurc.

»

‘The interdependence of strain rate, flow stress and temperature was

found to‘obey an Arrhenius relationship of the “type:

é..:.&d’—x/ofﬂd")(__’x/b -;.‘,/:\7‘2{ 1
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L WASPALOY TORSION TESTS .

10 : . o
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10° _
1074 .
L €= A expl(po) -

B = 6.72 x 107" psi~t

1072

g " 10

!

[ i I

12 oAb

o TORSION FLOW BTRESS x 10 psi

according to an

exponential- relatlonshlp of the type E = A exp(po).
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.

(d) Deformed at‘1038°C, O.i 5-1, 5 turns =2.3 L

(e) Deformed at 1038°C; 0.1 5-1,50 turne £=22,5 X1 ‘ ¢
Fig, 8-1 - Waspaloy,
'~undeformed fracture

interruption strain
at 1038°C at differe

torsion test specimens, (a)
specimery (b) undeformed
specimen,: (c) (d) (e) deformed
nt rates to different strains.




b2

(a) Defbrn_:e_d at 816°C, 1.0° s'l; 1.1 turns,é‘-_:woé X

v

[

(b) Deformed at 954‘¢; 1.0 q‘l. 2.2 turns, € 21.0 Xl_ ' I | . .
SR . - : ' o ‘

(d) Deforwed at 1038°C, 1.0 s™>, 26 turns, E=11.7X1

-

(e) Deformed at 1093°C, 1.0 a %, 22.2 turns,£x10 X1 . | oo
Fig. 8.2 - Waspaloy, torsion specimens deformed to
fracture at constant strain rate at different

temperatures.




Y ’ h3
-, . : e
{a) Deformed at.25.°fi, l.Os-l. 1.4 turns, € =0.6 X5 .
(b) Deformed at 816°C, 1.0s ™, 1.1 turns, &=0.5 X5. . :
. \ ‘
(c) Deformed at 9skec, .1.05'1, 2.2 turns, £=1,0 X5 :
. .
(d)'Deformed at 1010°C, 1.08™1, 21 turns, £ =9.5 X5
Fig. 8-3; Waspaloy torsion specimens deformed to fracture ‘ o
. ,at a.constant strain rate' of 1.0s = at different.temperatures. e




o

(aj_Deformed'at 103850,‘1.05_1, 26.tu:ns, é;:g1;8,x5 "",_

(b) Deformed at 1093°C, 1.0s™%, 22.2 turns, & =10 X5

- -

(c) Deformed at 1038°C, 7.0s™, 5.3 turns, €:=2.4 X5

(d) Deformed at 1038°c, 7. 05"1, interrupted - X5

Fig. S-b . dspaloy torsion specimens, (a). and (v) deformed'

to fracture at constant strain rate of Lo Os” , but at
“ferent temperatures. (a) and (c) deformed at different
utr.;m rates,  (d) deformatlon 1nterrupted at % turns,é? =2. 2.

+




bs -

(a) X110

- Fig. 9. Waspaloy, torsion, . S
25°C, 1.05 , fractured at ST
103‘ tm\ge-_-Olea - ' R )
(a) - Strong deformation

-markings, at surface in »’
fracture region. ’

(b} =~Cracks in tramnsverse

a .-, . deformation bands inside

- graing.and at ledges on grain
boundaries, near surface in
fracture region.

{c) - Cracks on grain bound-
aries, near surface, away
from fracture.

(b) X567

(e) xa25
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Fig. 10. Wagpaloy, torsion,
649°C, 1.0s ~, fractured at-

005 turn8| s '—'0-2- .
(a) - Faint deformation

.markings and cracks in trans-
. verse deformation bands, at

and near surface in fracture
region. '

(b} - .Cracks on, transverse
grain boundaries due to.
grain boundary sliding and
cracks on longitudinal grain
boundaries at ledges in
deformation bands, near sur-
face in fracture region.

(¢) - Cracks in deformation
band at ledge on twin bound- .

‘ary near surface away from

fracture.

(b) Xs67
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(a) 110

Fig. 11. Wa paloy, toraion,
816°C, 1.0s8 ~, fractured at
1.1 turns, &=0.5.

‘(a) - . Diffuse deformation of

grains, cracks in transverse
~ deformation bands, at surf-
‘ace in fracture regzon.

(b) - Cracks at twin bound-
aries and on grain bound-
aries, near surface near
fracture.

(¢) - Cracks on twin bound=-

~ aries and on grain bound-

aries, near surface away
from fracturo.

(b) x225

: (e) X225
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(a) X110 o

Fig. 12. Wagpaloy, torsion,
899°C, 1.0s _, fractured at
1.4 turnﬂ" £=0-6- ‘ c

(a) - Diffuse deformation in
grains, cracks in deform-
ation bands arnd on grain
‘boundaries and twin bound~

: X ariea in fracture region at :
R S . surface.
e L y” \15 s J I (b); - Diffuse deformation in
R » ,.'_- } \ L grains, cracks on grain .
LA SN e - boundaries and twin bound- .
R \_ L ";",' . "‘“"x\ . ariesa, near surface near
T £ ., T 4 fracture region. ‘
. ,& ’ E e ~ {c) - Diffuse deformation
T R ' @l S . in grains, cracks cn twin
EA ce S ° _  boundaries and grain hound-
A . L7 V] aries, &t mid radius away
T : from fracture. : ‘
. K ’ ,- - \. S .; . ‘:' | .o‘ . g . .
BRI oo e L S
oo L A c T . b
oo . o N % ) xes ‘ .
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(a) x110

: F.i-S' 130 -H. ’ t,or.ion! ' . .. ’
| 954°C, 1.0s _, fractured at S
2.2'7 tum. g-loo. o '

(a) - Partial recrystalli-
zation and cracks at surface.

. (b) -~ Partial recrystalli-
zation and cracks on origi- .
nal grain boundaries and
on twin boundaries near
centerline in fracture
region. : .

(¢) - Partial recrystalli- .
zation and cracks on twin .

boundaries, at surface
near. fracture. '

(b) x110
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(a) X110 .

Fig. l4. Wagpaloy, torsion,
982°C, 1.0s ~, fractured at
'7 turnB, €=0.3-

(a) and (b) - Complete
recrystallization, grain
boundary pores - linking
up to transverse cracks in
fracture zone at and near
surface respectively.

(¢) - Partial recrystalli-
zation and cracks at twin
boundaries and at grain -
boundaries, near surface
away from fracture zone.

= (b) kzas

‘(c5 X225
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(@) X110 \

- Fig. 15. Wasgaloy, torsion,
1010°C, 1.08 =, fractured at -
8.5 turns, &=3.9.

Complete dynamic recrystall-
. ization in the whole fest
section.

{(a) and (b) - Pores at f\“‘\n\

boundaries and inside of
"new'" grains; some pores at
¢arbides, near surface in
fracture region.

. (¢) ~ Pores. and cracks pre-
dominantly at carbides; in
centerline region away from
fracture. Recrystallized

. grains larger than near

- surface.

(b) X225

%". O ‘_ -.—' "\ \ /\_ . . ‘ _ -

N \ I‘\. . '

:b“/‘}\* i\ﬁ{gf&[ /12\ &ﬁ © s




(a) x110

fractured at

R
%
.. F

‘Hagr.loy

Complete synsaic recrystal-

ligation in vholp test

plece.

1038+C, 1.0s

| 19 tur e E_-Bcso'. '

(a) and (b) - Fores coalesc~
ing into microscopic cracks,
at and pear surfaces in -

in

- fracture region.

(¢) - Cracks at grain bound-

~ aries and at carbides,
centerline regicn away from

fracture.

L
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r(a)' X110

- Fig, 17. MWaspa oy, torsiom,

1065°C, l.Qg- s fractured at
32 turns, € =14.S5. T

Codplete dynamic recrjétal—
lization in whole test sect-

. ion. Pores are coalescing

into the iransverse cracks.
Fracture region -

(a) at surface

(b) at mid-radius

(c) at centerline

£) x225
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(a) X57

'Fig. 18, Waspal oy, torsion,
1093°C, 1.0s_, fractured at
22.2 . t\m' E =10.

Complete dynsmic recrystal-
ligation in whole test sect-
ion; grain size increasing

. from surface to centerline;

pores coalescing into macro-
scopic cracks in fracture

" regian. ' ‘

(2) and (b) = At and near
surface, at fracture. "

(c) = Centerline region at
fracture.

(b) 110

(e) X223




Fig. 19. 'Wag aloy , torsiop.
1038°C, Z.0s =, twisted to 5
turns, &=2.2, and stopped
before fracture. _
Complete dynamic recrystal-
lization in surface and mid-
.radius région; formation of
boundary pores: centerline
region . partly recrystal- .
lized with some pores.
(a) - Surface region.
(B)'-fMid-radius regibn;.
(c) - Centerline region.

(b) X225 .

v Ty



- X110
X110

Fig._20. -Waspaloy, torsiom, 1038°C, .
0.13 ’ t\iiﬂted 0.3 turnB. Fﬂoois‘
then stopped and quenched. R

Diffuse deformation in grains, errate ‘
grain boundaries. No recrystallization.

(a) At surface. - o .

(b) ., Near surface. o : ‘

L] 1 - .
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-Fig. i’l. na.spaloy, torsion 1038 C,
: o.l‘ » tViBted to 1l turn. E =.1“5‘ then
stopped and quenched.

(a) ~ Initial astage of recryatallization -
starting on grain boundaries and twin
boundaries at aurfaco.

(b) - Deformed graina no recryatallization
-at centerline ragion.

X110

" X110




« D

~ Fig, _22. Waspaloy, torsion, 1038¢C,
O.1s =, twisted to 1.7 turns, & =0.75,
then stopped and quenched, '

(a) ~ Advanced stage of dynamic recry-

stallization; remainder of original

" grains still in evidence, at surface.

- {b) - Grains deformed, with a few new'
grains present, cqnterline-region.

X110




Fig._23. Waapaloy, toraion, 1038°C,
Ouls =, twisted to 5 turns, &=2.3, -
then stopped_and quenched. .

(&) = Almost complete dynamic recry~ .

stallization, at surface,

(b) ~ Partial recrystallization on .
grain boundaries and twin boundaries
of defarmed original grains, at
centerline. : .
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at centerline.

Extrusions/intrusions on surface.

Cracks at carbides

stdllization. -

(a) -
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Fig. 25. Waspaloy, toraion, 1038°C,
0.187", twisted to 50 turns & =22.5,
then stopped and quenched.. ‘

Deformed well into steady stafe ‘région,
complete dynamic recrystallization,

(a) - Extrusions/intrusions, at surface.
(b) = Centerline region.
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X567 : o

Fig._iﬁ. " Waspaloy, torsion, 1038°C, .
0.18"", twisted to 1.7 turns,£s=.75,
- then atopped and quenched. -
First evidence of crack formation. _
(a) - Poree on grain boundaries near '
ﬂllr‘-c.f .-
{b) - Decohesion at carbides in
- canterline region. co L

o
i




(a) X567 -

Fig. 27. 'da.ggal&j, torsion, -

1038°C, O.1s ., twisted to 5

- turns, E =2.3, then stopped
and guenched after.delay for

? Beéao ‘
(a) ~ Numerous pores have
formed in surface region.

(b) - Some of the pores are
at carbides, mid-radius
region. '

(c) - Few pores present,
predominantly at carbides
in centerline region. = .

(b) X567

w
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. ABSTRACT -

The mechanisms of hot deformation have been determined to be
dynamic Tecovery and dynamic recrystallizatioh_uhich control the flow -
stress developed and the rate of crack propagation. . Through their -
subsequent interaction with static recovery and static recrystallization,
which occur whenever the metal remains hot after deformation, they also
determine the structure and properties.either upon cooling or at
‘entrance to another stage of deformation. = S -

As a preliminary step. to understanding the deformation of.
precipitation hardenable nickel base superalloys; a Teview 1is made of
the mechanisms observed in the simpler face centered cubic alloys of
iron, .cobalt.and nickel. The hot working behavior of superalloys is
reviewed and analyzed in terms of the mechanisys mentioned above.

-INTRODUCTION

The_nickel-base'superalloys are designed for resistance to high -
temperature creep and oxidation. This resistance is achieved through
" 80lid solution with Cr, Fe, Co, Mo and.W, precipitation within the _
grains of intermetallic phases y', Ni (A1T1), and e, Ni1,Nb, and preci-
- pltation at the grain boundaries of d screte cafbidé,partic;eg MC, |
M23c6,.uéc, where M may be Ti, Nb, W, Mo or Cr. Alloys with better .-
cféep properties usually Have increased quantities of solute and of
intermetallic precipitates, ! ' ‘ '

Since these alloys were designed to resist deformation at high .
temperatures, it is not surprising that they are very difficult td hot

" work; the'ductility is limited and the flow stress is high. Furthérmorg{J

any addition in alloying which improves service qualities usually .
decreases the workability. . Increased precipitates require an increased
deformation temperature since ‘the alloys are usually. worked with the
precipitates dissolved. The higher concentration of dissolved alloying
elements (40-50Z total) gives rise to higher flow stress;-higher
recrystallization temperature, and lower solidus temperature, thus
narrowing the useful temperatire range for hot forming. Because of the
low thermal-conductivity of these highly alloyed materials,contact with
‘cold dies gives rise to severe temperatute inhomogeneities (chilling) .

~ which diminishes the workability. ' Furthermore these alloys a@e}aub1ect

. -
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during solidification to severe segregation and fbrmation of columnar °

narrower wérking range than the homogeneous alloy. These deficiencies
can be avoided by use of billets pressed from pre-alloyed powder. In.
the worked metal’, bands of lower'alloy concentration have less strength-
ening carbide and intermetallicfprecipitates;and larger grain size
which comes from lower recrystallization temperature and more rapid
grain growth. As a result the product suffers from lowered mechanical
'properties.particularly in the transverse direction. .
V ) . . . ’

The ,objective(of hot forming is to produce sound shaped parts of
uniform cbhmposition/ and microstructure with grain size suited to ‘
subsequent so i, stabilizing and aging treatments, The practical
- procedur for the working of supetalloys have been summarized by Sabroff,

Henning and Boulger (1). The purpose of  this paper is to reexamine the
information about the hot working of superalloys in light of the current
.theories of deformation agd rupture at high temperatures and strain rates.
The summary of theory presents- only the more important coaclusions, .
omitting most of the supporting detail, because there have been published

in the last few years, 'severdl revievws of the theories (2-6) and testing j‘

;techniques'(7-8) of ‘hot workability. .
The mechanisms of def%gdh;ion at temperatures above half ghe .
melting paint of the metal {°K) and at strain rates between 10 ‘and
2x10" s were deduced from Bicrostructural changes and from the inter
relationghip between the mechanical parameters, which were obgerved i1in
single phase metals and alloys. . In general, the experimental deforma- -
tions were conducted under conditions of constant and’ uniform strain rate
and temperature. The mechanismg of "deformation refer to those occurring
dutring the actual forming and are entitled dynamic. Mechanisms which _
operate subsequent to the cessation of deformation and before the worked
material is cooled down to room temperature are deemed static and are
similar to the mechanisms which operate-during the annealing of cvold
worked material. It 15 important to distinguish these two grqups'of
mechanisms_sidce\they can be independently controlled to a certain P
extent. However, the starting point for the static processes 1s the
microstructure at the end of deformation regulting from the dynamic
méchahismé,_ . S

.HOT WORKING - DYNAMIC RECOVERY -

) " When aluminum is deformed in the. hot working range to logarithmic
strains between 0.5 and 3.4 and then cooled rapidly, the microstructure
consists of the original grains &onsiderably elongated, with a fine
substructiire and“with scalloped boundaries (4 9~12). By meang of _
transmission alectron<microscopy, the ' grains are seen to be divided by
dislocation sub-boundaries into subgrains with diameters of the grder of
2-10um (Fig. 1). The substructure resembles aluminum which has been
coldworked and softened but not recrystallized by annealing; hence the
_ name dynamic recovery. The subgrain size ‘increases as the temperature
" of deformation increases or as the strain rate decreases:



. . :
=0.6+0.8 log Z. i : ' " (12)(Egn. 1)
subgrain diameter by ASTM analysis : : . .
& exp (+Q/RT) = - : . '
temperature coggénsated strain rate

strdin rate (s ')- = L . -
activation energy of the mechanism,kcal /mol (kJ/mol)
universal gas constant (2 cal/mol °K) (8.3 J/mol°K)Y . ;
absolute rtemperature ( K) . ° ' - o

where
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Fur thermore as the subgrain diameter increases with decreasing 2, the
dislocation density within the subgrains.and in the sub-boundaries ’
decreases;. the -sub-boundaries change from tangles to orderly arrays.
ThHe .stress scrain curve of gluminum deformed at a constant .strain
. rate and at a constant elevated temperature exhibits a horizontaf regime
above a strain of .approximately 1 which varies inversely with Z. This
regime, in which temperature, strain rate and ‘stress do Hot vary as strain
increases, 1s called steady state deformation and is equivalent.-to the
second stage of creep. During. this regime, the subgrain size dnd mis-
orientation remain constant, thus keeping the dislocation density constant-
and giving rise to comstant flow stress. It thus appears that the .rate , _
of annihilation of dislocations (recovery) is high enough to balance the : .
rate of generation of dislocations. .The annihilation of the dislocations i
in the subgrain walls leads to their repeated disruption; subsequently
new walls form at an average spacing equal to the subgrain diameter so’
that the subgrains reméin.equiaxed,.although the grains in which they . .
- are 'embedded become progressively elongated,'_During the initial R . KN
hardening regime the dislocations accumulate until equilibrium is . :
attained, this is equivalent to first stage creep.,_ At higher .Z, (lower T,
“higher &) the balance is reacHed at higher dislocation density since the i
rate of recovery is lower. The:'steady-state flow stress depends on the o
substructure that evolves under the-conditions of. strain rate and '
temperature (Fig. 2). B o : :

The étgady récé flow stress 1s dependent on the‘tempefafure and . .
strain rate of deformation. Of the several mathematical relationships Co
that have been proposed, none have a strict theoretical foundation; a .o

convenlent one (Fig. 3) is: S B

E(0) = A (simh ao)®'= ¢ exp (U/RT) ~ 2z (11) (Eqm. 2)

2 e e

where O = flow stress in steady gtate (or-at a fixeH strain ig,fhé .
hardening regime) o Lo : .

‘A,0, n', = material constants determined from the test data. . ™
The activation energy, Q, is approximately equal to that for :creep or
for self diffusion, thus suggesting that the mechanism involves the
diffusion of vacanciesjto'cLimbing'dislocationszi.e. dynamic recovery,
This equation -applies not only to-hot work but also to c¢reep without
any discontinuity (11). The totality of the evidence indicates the
mechanisms of creep. and hot working of aluminum are identical, i

n
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Dynamic_recévery éppears to be the controlling meghdnism of
deformation in aluminum, There is,.of course, considerable grain

_boundary sliding but this represents less ‘than.one per cent of the

- range (15 16). Ly : .

.cubic metals, a-Fe, Mo, and W, seem to be very éimilar.to alugiaum in .
.- their mechanisms_hnﬁ'micrOStnuctqfal.development, ‘It Is othér face- .

- melting temperature { K) , the subgrains became smaller and the ’

‘tangled (1l7). - Because of the greater misorientation between the

strain at hot working rates;’ its role in rupture will be presented -
later. Recrystallization during the deformation has never been observed. o
Moreover the substructure indicates that it is unlikely to occur because, -
dynamic recovery maintains the sub-boundaries at a sufficiently low
misorientation that they never become capable of migrating. The sgub-
structure seems to be of a scale that prevents the original grain

boundaries from bulging intd new grains. . .

.- " J

.
<

: After deformation is stopped, ‘the.hot worked aluminum can
recrystallize if held at the working temperature or if cooled very .
slowly. -If held at the wQrking tegperaturée, the rate of recrystallization
is -higher, the highler the- temperature of working. If a common heat PRI
treating temperature is employed after-workin& the rate of recrystalli-
zation is greater the lower the. temperatire of working since the disloca-
tion density is higher. it is possible, ,even under industrial conditions,
to cool the product sufficiently rapidly to. prevent recrystallization

‘and retain.the dislocation structure. The flow dtress at room temper-

ature varies with the hotwork gubgrain diameter: o o ’

.o =g+ 114 "1e23° ~ (13 14) (Eqn. 3)
y o . N _".‘ “‘ ., s
\ ¢ B * v . -
The substructure .can be retained in ﬁon-heé;—treQClee alloys to improve’
the strength and .in'Al-Cu precipitation: hardening alloys to. imprave the .
uniformity of precipitate and hence the aged strength. Retention of a . \
Subgrain structure improves‘cregp resistgnce over -a.limited tempgrature .

[

- During hot working all-Hetais.undéigo'dynaﬁic recovery; however,
the hechanism,may‘not be as effective ag 1t is ‘in aluminum- so that other
mechanisms .may come to predominate at larger strains. The-body-centered

centered cubic‘allby%,subh'as‘nickel,'cbpﬁer, and brass, that behave

quite -differently; ‘the difference becomes greater with decrease im Lo
the stacking fault energy, which controls the rate of Trecovery though

its effect on ‘dislocation cclimb and crossglide. With decreasing . )
stacking fault energy for deformations at“¥he same fraetion of the -

dislocations in the: subrboundaries became mqrg‘densely.packeq and more
subgrainh, ‘a new mechanism, 'dynahic recrystallization starts during *

deformation. Ihe strain at whdch in.starts;-Is less than‘fhat for
steady-state dyﬁamic[recove:y'anﬁ-;nCré&sEs\as-Z increasgs. Under the

-ugual conditions of temperatyre and strain.rate employed in industrial . ; i

| Tecrystallization does not start in operatfons such as forging o¥ rolling.

s L,

. dense,substritture, static recryStélﬁizatidn occurs very rapidly whenm
" the deformation is stopped, so that 4t is'veryadid¥icult to retain the

operations, the rcritical atrain 18 sufficiently high that dynamic ' ‘ b

f

'
]

Forq}herﬁepals_of low stacking féulb'engfgyf éecaﬁse'pf-the VaEy . fﬁﬁ

as-worked striffture (Fig. 1). .Iﬁ'ig'bqssible by controlling the strain . “L
‘ » the temg@rature of dJéformation, the straip per pass, the time o gb;
. ) e, Lo L A : . e J . ' -
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"for completion’

‘may be little difference in the final product whether the mechanism was

: ) - B ' B e R . S e g e e b e

L

between passes, and the cooling rate, to produce a suitable grain size
(5 18-20). Such procedures are used in the cantrolled rolling of plate

and in hot-cold work schedules for forging

_HOT WORKING = DYNAHIC RECRYSTALLIZATION

The stress-strain curves for Cu and Ni exhibi: a peak which is
followed by a decline in flow stress (Fig. 3). The decrease in flow:

stress-is due to the first wave of recrystallization passing through the

specimen (4 21 22). 1If Z is low the flow curve becomes-a sinusoidal line

3, the completion of the wave. If°Z is high, the sthip

f a wave of recrystallization overlaps with the strain
for nucleationin the.material ‘which recrystallized early in the previous
stage.. The result is a steady state deformation regime in which the '
flow stress is cqnstant, is lower .than the peak stress and is much lower
than the steady-state flow stress which would have resulPed from ‘dynamic
recoverydz}ﬁhe. During steady state, the work plece contains a spatially

each valley mar:

- 1in which each pe gk is the start of a fresh wave of recrystallization and

uniform stribution of grains whick have different flowstresses depend-

ent on.the strains they have undergone since their recrystallization.
In the electron microscope specimens which have been quenched extremely
rapidly, exhibit small nuclei completely free of dislocations and grains:

"with: variqus densities of substructure (Fig. 1)(23). Im the optical

microscope, the grains remain equidxed and similar in.size regardless of
strain. The grains are large for deformation at’ lower Zgi.e, lower strain
rate and higher temperature, R , _ S :

-~ .

The dependence of the ateady state flow trk’é on the deformation
.temperature and strain rate can be .expressed by .the same equation as that

for dynamic recovery (Eqn.2, Fig. 3) However, the activation energy is -

usually quite different" from ‘that Yor creep or self diffusion and cannot’
easily be compared with that for -stactic recrystallization because of the
variability with even gmall chd‘ges in composi:ion. 4 v :
After the deformation is halted recrystallization occurs very
rapidly and may occur. in two stages which are distinguishable only in.
certain cases (24 25). The first is meta- dynamic static recrystallikation

which has no incubation peried’ since 1t occurs by the continued -growth- of“>

the dynamic nuclei formed just at the tend of deformatisén. The other is
ordinary. static recrystallization for which nuclei fgrm in the Mormal way

-after the deformation has ceased. The final static recrystallized grain

e,can be selected. by controlling strdin rate, temperature, strain per
pagg, interval between passes and. rate of cooling. Industrially there

aolely dynamic tecovery or- also dynamic recryatallization.' .
. 4 '

: RUPTURE AT HIGH TEHPERATURES'AND HIGH STRAIN RATES /

The initiation end propagation of. wedge shaped grain bfindary
cracks has been studied in face centered-cubic alloys with limited .

ability to recover (35 26- 31) "The cracks initiated at triple points or _—

ledges 4s a result of grain boundary sliding which, although only a small
fraction of the total strain (32), 1s still large in comparison with the
amdunt occuring in a creep test. . When dynamig recrystallization does -

o not take place, either because the ‘temperature 1s near the bottom of the ‘
hot working rgnge or the stra;n rate is, low, the cracks grOoW quite rapidly

L |
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along stationary boundaries and bring about a low ductility. ' At higher temperatgures,
the cracks initiate more frequently but propagate very: slowly because the boundaries
migrate away from the'cracks'during dynamic recrystallization. A crack can propagate
only when it captures a boundary and then it is only for a short period of time,
Under these conditions the ductility is very high and is many times greater than

that*when dynamic recrystallization 1is absent. If static recrystallization takes , n
.place between stages of deformation then the cracks initiated in the first stage are -
' isolated from ‘the grain boundaries and cannot propagate during the second stage. | =

The most satisfactory criterion for prédicting.failure on the basis of the deformation .

conditions appears to be the following equations in which'tr is the time to fracture
(Pig. 4)(5 28 29 31): . . : "

l.u

- tr g = constant ' ' _; ‘ .~ (Eqn. 4)

-

and with substitution ffom-Eqn. 2 for &
7 CtL ) _ ] S e : o
tr . = Al (Sinh ao) a exp (Q/RT) | } (Eqn_. 5) .

- . The experiméntally measured values of n' and Q may be the same as for the'expérimentally
measured strength - strain correlation of Eqn. 2.~ . : C ) - '

€. The duc;ility of bee metals and fee metals with high ‘stacking fault energy which . R
deform solely by dynamic recovery seems to be higher than those undergoing -dynamic : :

- .recrystallization (3 26 27). It would appear that the formation of a scalloped

. boundary reduces grain boundary sliding so that cracks do not have an opportunity to
" . grow. T ‘ : . . '

“Inclusions or second phase particles which are brittle or much stronger than the
matrix and are larger than about. 10um serve as crack initiators and can assist crack
propagation by preventfng grain boundary migration (3 33-35). The precipitates are -~ =, -

-most damaging if they are at the grain boundaries in a massive or continuous form.
" The melting of the alloy at segregated grain boundaries or of a second phase causes
the metal to crumble and determines the upper-limit of the hot working range. )
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HOT WORKING OF FACE-CENTERED e -

CUBIC ALLOYS OF TRANSITION METALS

-~

When heat treated for service, the nickel base superalloys constitute a distinct .
class of alloys because of the corrosion - resistant concentrated-solid-solution
matrix and the precipitates,of the intermetallic Ni_(T1Al). ‘However in the condition 1
in which they are usually hot worked (Ni.(TiAl) in'Bolution) they are a member of a ‘ -
series of face-centered cubic alloys whifh may be based on iron, cobalt or nickel. 5
Whéreas .the lower concentration alloys of those three elements exhibit several distinct ~ . o
characteristics, the higher congentration alloys share many aimilarit;és because of o
alloying with, each other and with common solutes such as Cr. It 4s useful to progress : L
from the simpler alloys to the more complex. . : " v

. < . <

Plain Carbon and Low Alloy Steels

The plain carbon and low alloy steels are characterized by a_substantial ) !
dissolved carbon content which lowers the austenitizipg temperature without significantly =
 lowering the temperature for § formation or for melting. The small quantities of o
alloying elements which were added for. - improved hardenability or hardnass are in o
solution. The stress strain curves of Rossard (36),which ‘exhibit a-peak followed by . ’

steady state or osclllations at lower strain rates, indicate dynamic recrystallization R
- . ‘ » . - o ) ° . ! .
. . _6_: . L] - ) 1t
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at high strain. The relations between the flow parameters in steady state follow Eqn. 2
with activation energy varying from 77-110 keal/mol (322-460 KI/mol) as carbon content
rises. ' By means of special metallographic techniques which expose the prior austenite -
grain boundaries it has been observed that®at a strain up to ‘approximately 50% reduction,
the mechanism is dynamic recovery which is.followed by rapid static recrystallization -
(18 19 37-39). The strengfhening effect of the dynamically recovered substructure has '
been exploited in the ausforming process. Refinement of the austenite grain size can '
“be achieved by controlling reduction per pass and time between passes in the rolling
- mill (18-20 40). - The ferrite grain size can be made equal te’or larger than s
austenite grain size by controlling the rate of cooling. - -

The kinetics of static recrystallization have been examined by means of inter-
rupted- mechanical tests. Wilbur, Capeletti and Childs (41 42) observed that the rate
of recrystallization increased with amount and temperature of deformation so that it’
was completed in a second at 1015°¢ (1900 F). Softening by recovery was observed
prior to redrystallization. Djaic apd Jonas (24 25) have extended the' technique to
- show that meta-dynamic static recrystallization has no incubation period and may be
.followed by a distinct stage of static recrystallization.

. The effect of NbC precipitates which are uniformly distributed and sufficiently
fine that they do not initiate cracks have been examined  (18-20). - The particles raise .
the flow stress presumably by limiting recovery and stabilizing the substructure as ' .
has been observed in creep (42 43). : By preventing grain boundary migrationm, '
the particles decreagse the rate of static récrystallization by two orders:of magnitude
compared to plain carbon steels. This makes possible the production of an ultra-fine
austenite grain size which transforms to stronger, tougher ferritic-pearlitic structures.
If the austénite is allowed to transform to ferrite before it recrystallizes, the finest
ferrite grain size is approximately equal to the shortest dimension of the austenite .
grains; thus, the refinement is dependent on the reduction and the initidl austenite g
grain size. It would appear that these precipitates prevent dynamic recrystallization o
at high strains.

As the concentration of disaolved alloying elements increasee the hot strength
increases by 25 to 50% (1 45), and the ductility diminighes by as mych as 50% .
(Ni and Mn in small quantities increase ductility). The ductility usually increases
with increased rate of deformation but this may .only be the result of adiabatic heating.
Inclusions. play a promident role in- initiating fracture. -Robbins, Shepard and Sherby
(33 34) have shown that, when the steel cools into the ¢/Y two-phase region, the
formation of « lowers the ductility substantially (35) . '

-

Cgbalt TR . , -
1 - . :-{.‘
: - Hot torsion stress-strain curves of face centered cubic cobalt by Jacquerie and Y {?
‘Habraken (46) have the peak and steady state regime characteristic of dynamic recrysta--p e
llization. . i
‘Nickel .~ - .

k]

..In torsion tests of nickel (21°29 47-49), the characteristic stress-strain curve
exhibits a peak followed either by a steady state regime or at low strain rates by
oscillatiogs. Luton and Sellars (47) correlated the strength, strain rate and temper-
ature by Eqn. 2. The activation energy for pure nickel was found to be 56 kcal/mol
(234 KJ/mol) which is consilderably lower than that for self diffusion. These results .. o
in association with the following micfostructural.evidence are idndicative of. dynamic =~ . -y
recrystallization. Specimens rapidly cooled from the steady state reglon‘appear ' 'i
recrystallized but contaln a dislocation substructure. In some cases, nucleation
occurred by grain boundary bulging. Specimens deformed less than the peak otrein.

-7= ’
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exhibit a subgrain structure {17) and an iﬁcubation time for the start of recrystalli-
zation but. there is none for specimens deformed into steady state deformation.

-

'Sah, Richardson and’ Sellars (40) measured the incubation time and critical strain

for dynamic recrystallization as a function of strain rate at'880°C(1616°F); As the
rate of strain increésed,frecrystalliza;ion started at shorter times but after greater
critical strains. From the observed rate of recrystallization, the rate of strain
hardening (stress-strain curve before the peak) and the critical strainyit was
possible to make a calculation of .the shape of the stress strain curve after the peak

which agreed with the experimental data. At high strain rates and high temperatures

the time to reach the critical strain at any point is less than the time fdr'COmpletidn_.

of recrystallization in the region, some points will begin to recrystallize a second
time' before the entire region haé'recrystalli;ed, thus the dynamic recrystallization
occurs continually. On the other hand, at low strain rates, the time to reach the

critical strain at any point is much greater than the time for recrystallization of the

whole region with the result that the dynamic recrystallization is periodic and the
flow stress oscillates., ’ : .

-

- The time to fracture was rélated‘by Luton and Tegart (31) to the conditions of - -

deformation by &qn. 5.1In Fig-’S,grain boundary cracks were halted as the boundaries
were removed by dynamic mecrystallization. The isolated cracks often became amoeba

.1ike voids. Fracture occurred by the linking up of the voids. Shapiro and Dieter (29)
~divide the rupture behaviour of nickel into three temperature ranges; in-all -cases the

cracking starts -at the peak stress. In the low temperature range the metal strain,
hardens up to a fairly high strain and fractures at the peak stress by transgranular
shear. In the intermediate range in which' there is no dymamic recrystallization, - -
wedge-shaped cracks form at grain boundaries and extend rapidly to give very low
ductility with little extension after the peak. In the high temperaturé range in which

* dynamic recrystallization takes place, the grain boundaries migrate away from any

cracks that form thus preventing them from propagating. After the peak stres¥; the

 flow stress declines to the steady state level and high strains are possible beforg: -

ultimate fracture. At"low strain rates where the recrystallization-is perlodic, the
boundaries remain stationary for longer periods so that a much more extensive crack _
-network form% and there 1s lower ductility than at high. strain rates. The temperature

for transition from intermediate to high ranges and the strain for the maximum stress
increage as the strain rate ig raised. ' co . :

Luton, Sellars and'Tegart (31 47) also studied the behaviour of Ni-Fe alloys up

. to 20Z Fe and found it to be similar to. that of pure nickel. The stress at the peak

‘strain and in steady state increased as the Fe content increased; however, this -

- effect diminished ‘as the temperature increased to 0.9T . For strains less than the

peak, the incubation time for'static,recrystallizationmincreaaes with iron content.
The interdependence Oof the flow parameters obeyed Eqn. 2 with activation energies of
71 kcal/moléZQB k¥ /mol) for 5% Fe, 81(339) for 10X Fe, and 94(393) for 207 Fe. .
Between 762°C (1403°F) and 1229°C (2334°F), the dynamically recrystallized grain size
during éteady state decreases as the flow stress increases according to the equation.
. 4 -3 4 ) .
.o OBB'= K-dG -/ - f . T s (Eq?' 6). ‘
where K decreases from 1.45 for ‘pure Ni to 0.82 for 207 Fe. This indicates that for a
given flow stress the grain .size of the alloys is lower as ‘the Fe increases -because the
dissolved Fe decreases the rate of boundary migration, The flow stress must' be con-

" trolled by~thgldislécatlon-pubstructure rather than by the grhin.size.

. Alloys df:FeTZSZNi have been studied by White ‘and Rossard (30). Metallographic

examination confirmed dynamic rectystaliization was taking place during the steady state

-8- '
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© d eformation which followed the peak in the stress-strain curve. Crack propggafion
was inhibited and ductility augmented whenever dynamic recrystallization took place
or whenever static recrystallization occurred during the intervals between passes.

~

-

Austenitic Stainlésd Steels

The results presented refer to the most widely studied steel of this type which
~1s Fe~18ZCr-87Ni; only significant differences for other alloys will be mentioned.
Rossard (36) determined the stress strain curves over a range of temperature and
strain rate showing ‘that the .curves had the characteristic shape for dynamic Tectyst-
allization (Fig. 2)(50 51). The flow parameters could be correlated by Eqgn. 2
(Q=97 kcal/mol) (405 kKJ/mol) and the flow stresses were approximately twice those of
carbon steels as a result of the high rate of strain hardening (1 36). In general,
the hot strength was greater and thé~ductility lower when the starting grain size was
larger and the amount of Cr, Mo or W increased (1 45 $2). After deformation in the
steady state regime, the grain size was finer for higher Z, and static recrystalli-
zation would occur upon holding at temperature,

At lower strains, as in creep (32), a subgrain structure developed (Fig. 1)
(36 50-56); the size was smaller for lower temperature and greater strain rate and
strain (57). When this substructure is maintained to room temperature, the strength is
- increased about 50X, the effect 1s easler to achieve and is greater 1f the steel con--
tains Nb (58). A substructure was observed in steel containing Ni3(Al?i) only when
worked above the .solution temperature (56). '

Metal which has been worked in the dynamic recovery range will recrystallize |
when maintained at temperature;  the rate being greater when the temperature is higher,
the reduction greater and the initial grain size smaller (50 52 59). These results
were confirmed by more precise measurement of the kinetics of recrystallization by
Capelettd et al (42) using interrupted tensile tests and by Buhler, Bobbert and Rose-
(53) who used interrupted: tensile tests, metallography and. changes in preferred
‘orientation (for Fe-l8ZCr-112ZNi). _ : : :

rved in Fe13GZNi-IOZCr\by'Tamhankar,
Plateau and Crussard (26 27). Fracture occurred by intergranular cracking since the
grain boundaries did not migrate.being pinned by precipitate particles.

Polygonization during deformation was obse

-

The ductility of fully austenitic Fe-23ZCr-17ZNi was. studied over a range of
temperatures (5). The fracture strain, temperature and stress could be correlated
by Eqn. 5with n' = 4.9 and Q = 80 kcal/mol (335 kJ/mol) which differ from the
constants for strength data n' = 5.3, Q = 96 kcal/mol (402 kJ/mol). This alloy shows
increasing ductility with increasing strain rate. On the other hand Fe-26ZCr-10ZNi

which is 10% § ferrite has the same values of u' and Q for both fracture and strength
correlations. Results for Fe-23ZCr-17%Ni dppear in Fig.4 .

. The presence of § ferrite in small quantities -always lowers the ductility. of
austenite (1 5). For Fe-12XCr examination of the ductility as a function of
temperature showed that minima occur at 1025°C(1877°F) and at 1300°C(2372°F) due to
‘two-phase regions of a/y and ¥/§ respectively (52). The témperature range of single

phase austenite narrows ds-the chromium increases and the carbon decreases. In alloys -

containing § ferrite minimum ductility occurs when the § ferrite content is about 30%.
-Although the ductility rises with increasing percentage of § ferrite, the possibility
,of over heating and melting increases (1). Ferrite may also be present as a result of
- segregation during casting. In alloys such as Fe-25%Cr-6%INi, mixtures of ferrite and

auStenite can exhibit superplastic properties when they are in the microduplex
.structure (60). Thisg structure, which is produced by hot rolling, consists of ferrite
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~ have discussed the mechanisms to any extent. "%

and austenite grains $bout 3um in diameter which are uniformly blended. ' Brittleness of

the two phase structure -can arise from the formation of chromium carbide at the inter-
phase boundaries.’ These carbides can be avoided by lowering the carbon content or by
adding Ti to form matrix carbides. : : ‘ o _ -

-~
-

HOT WORKING OF  SUPERALLOYS .

Analysis of the data reviewed in the previous -gsection shews a consistent
behavior which is not affected substantially by major changes in composition. Since
the compositions and microstructures of the.superalloys are not greatly different from
the above alloys under hot working conditions oné could ‘expect to find the same ‘
mechanisms. At the commencement of deformation (up to 50-807 reduction) the mechanism

is dynamic recovery and subgrains form. If the deformation is continued to high strains,

dynamic recrystallization will take place with the formation of equiaxed grains con-
taining a variable'substructqre. ‘Static recrystallization .can take place after either
mechanism if the working temperature is maintained. W;th increased solid solution
alloying and in the presence of fine precipitates, the ecrystallization either dynamic
or static is delayed and glowed down. Grain boundary cf&&king'is the usual mechanism
of fracture; ‘however its progress can be retarded and the duct{lity increased by the
commencement of dynamic recrystallization. Coarse pt&g}pitatés'hasten fracture.

; Review of the literature on the hot working of—sﬁhEQalloys reveals that much of 1t
1s devoted to practical improvements in processing to achieve higher yields of more
uniform and consistent product. The informition concerning the mechanisms that can be
gleaned from these publications  will be summarized. There are only a few papers which

_The initial deformation causes strain hardening (61-63) and results in a structure .
which is not recrystallized (62 64-71) and which containg subgrains (72-75). The flow
stresa is of the order of 3 times that of low alley steels and the rate of strain. .
hardening is as high as that of an austenitic stéinlgsa steel (1). It is easler to .
observe the as-worked structure in casesywhere the deformation is below the € or vy'

. -solvus since the precipitates retard recrystdlliz¥tion (66 68 74 75). Tn Fig. 6; Oblak,
- Owczarski and Duvall. (74) show .that the ‘substructure® of Udimet 700 is stabilized by the

presence of the precipitates as has been observed in TD Nickel (42) or Fe-18XCr-107N1i

. containing Cr,.C_(43).  Because of the smaller amount of 'y' during hot working, the

substructure %g guite different from that observed in aged metal gfter creep at lower
temperatures (76), Retention of the hot worked ‘substructure can improve the creep
reglstance at lower temperatures (73 75). Static recrystallization will result if
cooling is delayed; the grain size is finer for deformation at lower temperatures,
higher strain rates and greater reductions (1 68 70 77). Weiss, Grotke and Stickler
(72) -have observed static recrystallization nuclei growing into the hot-work sub-
structure in Inconel 600. = . : - :

.. Oblak and Owczarski (75) have developed the possibility of retaining the poly- -
gonized hot-worked substructure into a thermo-mechanical treatment for Udimet 700.
Prior to hot working there is a 4 hr. solution anneal at 117l°C (2140°F) ‘
and a 4 hr. preliminary aging at 1066°C‘(1950°F).to precipitate thé y". After working
to a strain of 1{59 (78% rgduction) there follows a further aging at 843°C (15500F) forn
4-hours and at 760 C (1400°F) for-16 hrs. The treatment greatly_impgoves thg room
temperature mechanical properties and the creep resistance up to 760°C (1400 F). A
‘treatment involving 607 reduction at 1010% (185003) did give slightly inferior creep '

- resistance to standard Udimet 700 at 704°C (1300°F) and above. 1In a. thermo-

mechanical treatment for Astroloy,mill annealed alloy was rolled to a 20X reduction
at 843°C (1550°F). This refined the precipitate morphology giving better room

-10- . . : . . - ) [
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temperature properties but poorer creep resistance (67). : : S

When the deformation is continued to high strains, the flow stress passes
through 2 maximum and then decreases to a steady state regime. Shapiro, Muller and
Dieter (61 62) have deformed Inconmel 600 in torsion and have been able to observe the
incidence of dynamic recrystallization after the peak. In general dynamic recrystalli-
zation i{s promoted by higher tgmperaturesoana higher sgraip.rates. In hot torsion
tests of Udimet 700 between 1060 and 1142°C (1940-2090°F), Young and Sherby. (63)(Fig. 7)
observed that the grains remain equiaxed and constant in size during steady state which
is indicative of dynamic‘recrystallization. - The microstructures observed after torsion
were almost “identical to those observed after extrusion at the same temperature strain.
rate and strain. At higher working temperatures, the grain size was larger (62 63) and -
‘the y¥' precipitate particles were fewer and laxger but did not seem to have coalesced
compared to undeformed specimens given the same thermal treatment. : The occurrence .
of dynamic recrystallization in the presence of the y' precipitate 1s somewhat surprising
because Udimet 700 hag been observed. to resist recrystallizatibnrqgter rolling to a
strain of 1.5 at 1065 C(lQSOOF)(74~75); .however, in the latter case, the precipitates
were finer, more numerous and more iniformly distributed.

The ductility is greatly improved if inclusions are eliminated, segregation L\\\* A

reduced and the grain size reduced (1 5) Overheating before déeformation can cause
grain growth and increased dissolved alloy. content which considerably reduces the .
ductility (70 72 77). Ductility of Udimet 700 was higher with the y' precdpitate than.
without pecause there‘was'considerably'less grain boundary sliding and cracking { 74).
'The incidence of dynamic recrystallization inhibited propagation of grain boundary
cracks and greatly raised the ductility of Inconel 600 in the manner described
previously for simple nickel alldys (61 62). cl

Bailey (70 71) has conducted an extensive series of Gleeble tensile tests on
Waspalloy, AL 718, and Udimet 625; similar tests have been carried out on Inconel 600
(72). 1In these tests as the temperature is raised, the'ductility;meashrgd by percent-
reduction in area at the neck, rises from a low value to a maximum and then decreases
‘sharply as complete gnte;granularofrdcture occurs, TBe fractgre at low temperatuges
(Udimgt 700, 816~927°C (1500-1700°F); Waspalloy, -982 Cy (18007 F); and AL 718, 871°%
(1600°F)) 1s partially intergranular and the worked material is at most slightly
recrystallized. As the temperature rises, there is evidence of more recrystallization

.and the fracture mode becomes transgranular with considerable improvement in ductility.

" In Udimet 625, high - ductility at 760°¢ LIAOOOF) and .a transgranular fracture are
associated with almost complete recrystallization. Since the inhibition of inter-
granular fracture in the intermediate temperature range is associated with observable
recrystallization as in the hot torsion of N1, Ni-Fe alloys, austenitic stainless .- - |
steel and Inconel 600, it is concluded that in the Gleeble testsg the.recrystallization -
i8 dynamic and inhibits the propagation of grain boundary cracks. ‘However’, although
optical metallography expogsed the recrystallized grains, there was no transmission
electron microscopy which could conclusively determine whether the new grains had been
deformed or nat; i.e., whether the recrystallization was dynamic or gtatic. If the new
grains are statically recrystallized, a new explanation for the inhibition of grain

- boundary fracture is needed.” - ' ) ' :

The review of the literature shows that the mechanisms of dynamic recovery and '
recrystallization can account for the phenomena observed’ during hot forming of superalloys. .
However, it also is apparent that the processing of the age-hardenable superalloys
involves many ‘vther steps subsequent' to forming such as solution and precipitation of
strengthening particles. Products with satisfactory properties can be manufactured only
if attention 1s given to speclfying eéach treatment as a part of the comprehensive
procedure. o o e .
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_ HOT COMPACTION OF SUPERALLOY POWDIERS :

The production of superalloy billets by compaction of prealloyed powders is
important as a means of improving the workability by eliminating the segregation
and columnar grain structure which is commonly found in cast ingots. . It would appear
to make possible the forming of certain alloys which after the most careful industrial-
casting practice cannot be worked at all.. Satisfactory billets require preallwyed
powder of precise composition, uncontamindted by oxldation and of suitable shape, size
and size distribution. Facilities must be available for hot compacting the powder into
billets without contamination from the environment. Cold pressing is unsatisfactory
(78) because the high strength of the powder leads to such inadequate cold welding
that the green strength is very low and limits the densification such that the ‘
shrinkage during sintering is unacceptable. Sintering without pressure which relies on
surface and volume diffusion to: enlarge the welds between the particles and to ‘trans-
port material into the voids (79 80 8l) is too slow, and may result in non-uniform
densification and poor dimensional control. What is needed 1is compaction at a
temperature where the alloy has a much lower yleld stress.

Hot pressing of the powder in a die (69) depends ‘ori several ‘mechanisms. First,
rapid.deformation as in hot working and pressure welding when the force is initially
applied. Second, a combination of dislocation creep and volume diffusion driven by
‘both the applied stress (Nabarro-Herring .microcreep) and by the surface energy
(Kuczynski sintering) (69 80, 81). These latter mechanisms are very slow and tie up

" valuable press capacity The dies are costly to prepare and.maintain and present

difficulties related to atmospheric control ard dimensional retention. The compaction
technique which gives satisfactory economic results is sealing the powder inm an
evacuated can succeeded by a normal hot forming process such as. forging, -extrusion or
rolling (82-85). The mechanisms operative in this process are then pressure welding
and the hot working mechanisms described earlier. The process has problems in pre-
vention of contamination from the protective container and in removal of it.

"Hot compaction has been shown to be. technically successful, Billets apnd preforms
have been produced which are free of contamination, possess fuch higher workability and
exhibit considerably improved creep resistance (69 82-85). As a result of. the very fine
particle size achieved, superplastic deformation of. 1N 100 and’ Udimet 700 has been
achleved with high ductility and reduced forming stresa(&& 85). To give the product sa~

- tisfactory creep resistance, a 36 hour grain-coarsening. treatment at 1245% (2270° F)

was necessary. . . .

o

» )

-C'ONC-LUSIONS

The hot working mechanisms of dynamic recovery and dynamic recryatallization
function in the nickel-base superalloys as:they do in the simple face-centered cubic
alloys of iron, cobalt and nickel. The hot-worked substructure can give rise to’
subsequent static recrystallization which can be controlled to yield suitable grain
sizeg.. Within a suitable. sequence of thermomechanical treatments, the hot-worked -~ -
structure can be retained to give improved mechanical properties including creep
resistance. /
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FIG.- 1 - Hot worked microstructures as observed -by transmission electron
microscopy of thin foils. +(a) Dynamic recovery. substructure in
187Cr-8ZN1 austenitic steel which. has been deformed in hot torsion at 1000°C
(1832°F) and 0.68 s~ 1 to a strain of 1.11 (54). (b} Statically recrystallized
nuclei are growing into the 'dynamically. recovered substructure in Cu which has
been rolled at 600°C (1112 F) and 20 & “ltoa strain of 2.2. The specimen was
quenched in 0.1 s after. leaving.the rolls (17)._  (c) Substructure in iynamically
recrystallized Cu which has been twisted at 800°¢C (1472 F) and 11.1 s to a .
strain of approximately 30. The specimen was. quenehed during deformation to .

prevent static recrystallization (23) R
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- FIG. .2 The relationship between the- steady state flow stress of aluminum and the .

: equilibrium substructure Which has developed during the deformation (12)
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FIG. 3 . Flow curves exhibiting steady state deformation in which the parameters

can be correlated by the hyperbolic sine formula. (a) Effective stress -
effective strain curves of austenitic stainless steel at 1200°C (2192 F) (36). The
curves are characteristic of metals in which dynamic recrystallization begins at
the peak. The continual decrease at high strain rates is the result of partial adiabatic
heating. (b) ' The strain rate, temperature and steady state flow stress of austenitic .
stainless steel are correlated according to Eqn.2 with the constants

-

Q = 97 k cal/mol (405kJ/mol) = a._="9.z7x10‘5 (ps1)™>  and ' n' = 4.30 - L
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FIG. 4 The time teo rupture can be correlated with the deformaticn conditions

by Eqn. 5. This data is taken from hot torgion tests on fully ‘austenitic
stainless steel Fe—ZBZCr-I7ZNi (5).

FIG. 5 \Grain bogndary cracking in Ni—SZFe deformed at a strain rate of
{ 2x10° % a ', (a) At 760°C (1400°F) the cracks propagate (e=0.35). x I25.
(b) At 9?4 ¢ (1710° F) dynamic recrystallization has prevented propagation (€= 1 6).
1)



FIG. 6 ‘ This transmission electron’ mierograph’illuStrates the substructure
present in thermomechanically. treatedOUdimet 700.
aged to precipitate Y' and was then swaged at 1950°F to a reduction of 78% (74).
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_FIG. 7 - Effective stress- effective strain curves . from hot torsion tests on

45

2

Udimet 700. The tests were not continued to fracture but interrupted
. at the strains shown so that the microstructures .could be compared with those of
extrusions produced under the same conditions. The rise in flow stress is the result
- of hardening during dynamic recovery and the- drop is the result of dynamic recrystalli—--

* - zation (63). -





