






The material exhibited I-lSRSP up to the temperature of 350 "C. A eomplete los af

superplastic properties occurred already at 400 "C.

The largest ductilities were obtained in the material with the intermediate pres Ing

temperature (170 o ) . The maximum elongation to failure of 61 0 % wa achicved at

450 o and an initial strain rate of 6.4 x 10-2
S- I. The alloy retained it: uperplas tic

properties up to the temperature of 500 "C wherc it still exhibited a ductil ity of 4~ O % at a

relatively high initial strain rate of 2 x 10-2 S-I.

he superplastie behavior of the material with the highe t ternperaturc af EC/-\P

(220 o ) wa shifted toward higher temperature. tarting at 400 C (~ and rcaching a

maximum at 500 ° " where an elongation to failure of 480 % wa recorded in a tensile te ~ t

with an initial strain rate of 2 . 10-2 - J, Thc loss of superpla: tic propertie .. oecurred at

525 o .
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liu. 70,. ppearance of: arnples trained to failure at levated temp rature : materi ál with 6 pa e of

[ C' Pat 1:2Oo ~ (a) ~ 6 pa , ~ at :2 2Ooe (b)~ 6 pa ~ "es čl t I 7Oo ' (C) , and a Colnpari oI betweeII 6 aII i 8

pa ' ' ť ~ of EC P at 170 "C.

l i (J , 70 shows thc appearance o ť the samp!e strain cl to fai Iure at elevated

t .mpcraturcs. corresponding to th: deformatio n curve presented ln Fig . 66 - 69. The

imagc-, c mfirm that optimum uperplast ic beha vi r occurred ln the material with

I ~ ( _\ ~ ) -- I 7() ~ ( ' at thc straining temperatllre o f 5O o ( ~ not onIy due to the eIonga t ions to

uih rc . ' c~d i n ~ 600 ~ó achievcd at ver) hi Jh strai n rate__ , but also becausc the materi ál

a r 1 l in Li rl )~t hornogen OL S manner. \, ith \ irtua lly n necking (ee ig. 70 (c) and

( i ) ). 8: contrast. in thc samples with 1 f ( AP =: 220 °C~ , the macroseopic homogeneity is

I'mi t I \ n 'lt prim m condition ot deform: tion, where the alloy reached an elongation

n~l r : OU °/0. r inally, f ig. 71 iffer n overview of the maxin um ductiliti es

. .hi d (: op inu m strain rates) in the AA 7075 - Se - Zr alloy with different E ~ A

'o Ion ' ( , 1. nction oť the straining temperature.
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The evolution of microhardne during th above d crib d proc dure i h \\"11 in Fi g. 7_.
~

The incr .a in th allov trength du to equal-channel angular pre ing i followed by

partial oft ning after th IIp erpla: tic deformation. Th ub equent precipitation treatment.

valu o í 1'" l-IV .

0I11pen ate: for thi oftening. r
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6. DI C 10

6.1 Hornoz n ity of mi ro trucn ral refinem nt in th P bili t

1-h:l r ult __~ of th mic rohard ne ~ __ mca: urernents on th ide plane of the billet .ubjected

t 6 pa ' s of ECl\ I). rout Bc. íoc umcnt tha t thi imple 111 thod cal be uccc Iully u ed

to d t .rm ine the dimension .. and posi tion o f the d: formation dcad zone. It i rea onablc to

a sum \ that the zon " ar thc e:.trcm itic ~ of the billet exhibitinz ub: tantiallv low er
~

mi rohardn value: (Fig . 24) reprcscnt indeed thc 1)07.. a the recent work of u et al.

[1 4] hrought di rect ~ . peri n1 ntal ev id cncc for thc correlation betw en the homogeneity in

mi rohardne valu ' and the micro struct ural refinement in f~C Pall1pl ' . In [14J"

how v r. t.h author ~ cone .ntratcd on thc centr ál part o f the bi llet ratl er than the .ntire

ample including th I)[)Z .

It is viden t from Fig. 24 thatdespite tht: reIatíve Iy I0 \ V shape di 'tortio II o f the sa111 plc

aft r 6 pas ~ of E ~ P (Fig. 2 _ )~ th dimension nf thc [)I I are ~ U b L tantial . an 1 11lU t

t.h ~r . ťe. ft' be taken into account when designing tcnsi le spcc imcn: or aking rnaterial fr0111

th l '~( ~ P bill t for micro: tructural obscrvatior s, I reparing Ll ampl partl y or ntirely

from the I) I)Z could 1 ad to irre1.vant results and incorrec t conc1usions. It should al o be

not -d thCl t the xp rimentall) obtained clatCl ~ h() \ rt: a: ( nCl bI accord w ith the hape and

position if the [1D7 predicted hy thc l .C f--. 3 [ s: Itware. A rnore accurate corre pondence

.ould not bc c chicved due to thc largc nurn ber nf par t n et r.. ., whic h influcnce the

t irmation nf thc I) I)Z. bu t thc ~ )tt'v art.' docs no tak - then into aecount. ' he e are

· PC:CI , ll~ the effects ot triction ar d bac pr sure, a__ well as matcrial pcram eters such as

thc train hardening cocfficient or strain rate sensi tivity r191 ,192] .

13\ .o ntrast thc homogcneity of microh rdness \ as found to be very high all

thro L ~ h )l th \ ... ntc r ~.,ection t the f-J _f bi II et (o J ts icl e o f the hi is in acc rd

vith the result of a detailed study on the subjec t pertorm ed very recently by Prell et al.

II - I h \ «. L thor [1(..,] examined thc microhardnes hornogeneity on a 38 mm I ng

-ntrul et.?n1ent of th Y plane in a 10 . 10 70 mm . ~ AP billet (identical with the billet

Ir n _i )0 ' i n h present v\ar r) after 1 to 6 pa es , raute r he majority Jf the data

p iint: I' : w: hin a narrow range of less than - 5 f-IV -- a wa the case in the present study .

. Ior )\ ~ Pr II el al. reported \ ery narrow region o lower microhardness values

( J' -- ťn ) th bottom rface ať the billet, which we did not observe (see Fig. 25). The
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results document that already after 6 passes of ECAP" a reasonably high lcvcl of

microstructural homogeneity (on the mesoscopic level) can be achieved. providcd that the

material from the DD is not used.

.2

or the

e A AA 707 a oy

AP AA 7075 alloy without the c and Zr additions. the influen e of th

pressing temperature n the micro tructural refinement and the r .. ulting roorn- ernperature

mechanical propertie will nly be di cu ed briefly. a 1110St of the ob erved trend: an

also b applied t the Se and Zr modified material. wh re thcx hax e heen d OCUJll nted in

more detail .

of q ral-channcl angular pres : ing lsing raute Bc re ulted in ub: tantial

r fin 111 nt of th allo I " 111 i r vstr icturc at all thrcc nf th pre ~ inu temperatur j . ,

I-I ow v r. th t nd n / for r der a ~ e in th l r \ erauC 1 raI n iZ v, :i th dp rea inQ 'l I ( /\ p i, )

id nt fr 111 th P rforrn '1'I~ ()hs r '1t ions (J-i '. ')6). t 1h ~ am ti 111 C.. 1helocr

pr ~ ine t mp rat 11' -").' r . ~ ilt in g . n rall: hiuhcr dislo .ation densities in the material aficr

I: ~ A I ). Th e ar") also r .latcd to the ill-d .fi ncd irain boundaric: 'isihlt in thc I I,. 1

Jl1i '\ r ) Jr'1phs. ~ II h II1i rostfl "t 1r: 1 1~' i t irc ~ ,i r ") )Jl1II1 )n I n II1rl t ") ria1. s Ihj t .. t l j t ) se ll)

pl' .'t i i 1)rn1'1t l)I . an i t h ") in i i Hl l C II1i ro: t rl ' t 1r c: in'1 St fl t r i i. t um frorn

iil ibri nu . II1i .r ).,trl ' t re \ i th . i111i I" J .. h'ir, t l r i . ti , \ a: rcP)rt i in '111 / :\ () :

, .
J nu .ro: t r 1 ' t Ir' I r "t :>

in th 1'))111 - t mpcrat Ir J 111 h: lli , 1 p ro; -rt ic: )1 th ~ . li:> i allo I hc . 'Jl ir l. 1)

.' rb-m: .r )111 t ~r irain , ll ") 'Hl i ' .r hi .h 1.n : it )1 h : I ) ~ i n 111

1t j in . n 1 i111 ' I \. r U) P

") 1' hiuh ,1 ~. in 1") ) h ') t ~ th h) l

pr ") ~~ ~,111~ 'L ll) t .. ') 111bin j i th nrc II' I ' uo: 1 h: r i ·n.n ). he 1 1 ) 1

thc I} 1 1111 .ro: tr 1 '\ t lf " 111 ' nite: L i . 11 ' L ) in hc I i..2.11 r: l n

r ) ") n1- t ~ 111P r ':1 t re n. i l " t ~ . t l i ...: . ~... )) : 1 i I t r ) r ' i II

t 111I ~ rat 1re ") frr :\ ~ . II .2 . ~ ' in rer r .... nt : ' 1 )1 1 ) I '

1~ ') ť ") r he .- "1 III i 11 III ~ II 11 ll) 1

r ',1 he i .n th - t I j 11 t h I· .~ I) t

1'1r~ r )rai11 s iz 1 ").l t h r ' th

n ra r
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Th tab i1it\ o f the 111 icro tructure atel vated t III P rature e..hibitcd a tronst:

dependence on th temp: ratur oť ECi P a well. In th matcrials with the pre ing

t mp rature ar 120 and 170 "C. a cornpl te 10 of th finc zrain d character occurred at
~

"1': 0 and 400 0( . r spectively. For thi r .ason. thc maximum t mperature at which they

exh ibited uperpla tic behavior were limit d to .00 and _O "C. rl he up rpla tic

properti at th ~ e te111 perature ' \v :\ re not =" xcep tionaIIy good . \vith th train rate

en iti\ itv param ="t r 177 approaching thc value o ť O. "1 and duc tilitie oni v moderat I\'

exc eeding 200 %. The cxplanation of such behavior can be ba cd on the a sumption that

th ~ r 1at iveIy 10 \ \ ' ~ .training t ITl perature ~~ (i . . 10\V in term: o f IIP fp1a ticityin

alum inum ) ar not .uffic ient t f ) promote 'ln optim unl grai n boundary sliding mod - GB '

bing 1inked with th .rmally acti vatcd proee 'se " - ince the micro structure lS alreadv
.,I

part ially r cry talli z d. i.e. no long .r as finc grained a in the initial tate aftcr . Al' (s

Fig . _7 (a) and 2 (a)) . It sho uld br emphas ized. however, that th materi ál with the

10\ ' t pr ing ternperatu re. and thus also th smalle t average grain size., ei hibited

str ingly nhanc d ductility with an elongation to failurc approa .hing th: b .rtorn limit for

-uperpla ticity already at 200 0( 1 (Fig , 36). In corn parison to 'ln earl ier work of Málek et al.

11 tJ : I~ wh re a fine grained 1 - Z,rl Mg -- Cu al loy of simil: r cornpos ition was produced

h) a stan lard th rrnorn chani .al processing rout . thi - rcpre: nt c dramatic improvemcnt.

\\'hi1e in [ 1'-) 5]~ the mater ial e" hi hit -d Cl ducti1ity o f' 2 1 % at 2()O o ( ~ the :CAI aII oyin 1he

pres nt study r ach d an longation to failur of 1() - % at the same trainin J temperature .

I hi cl cum nts the great pot ntial )í equal-ch: nne1 c nuular pre ing in term s of

m: .r istru .tural refinernent and its c insequences for mechanical propertie .

ln the rnaterial with the hivl L 'l t .mperature .C r ~ the larger gram lze wa

imp nsat cl fo r by a signifi cantl- cnhanced resi: tance to r cry tallization at elevated

temperau f t: . Ih c fine .raincd .haracter ot the micro tructu re was only lost at 500 "C,

ull )\\ ing for uperpla .tic behav i )f between 400 and se 0(' ., with higher values 0 1 m and a

I 1'-. inu In .long: tion to failure of "70 (Yo . rl he reason tor thc nhanced stability a the fine

d: . ln n icro tn .tur -' at elevatcd temper tures, cornpared to the materials with lower

I ~ 'J li rl o t li el in r lower amount of deformation energy st red in the part ially

0 \ er d nu ro tr l c ti r re .ul ting lrorn f-JC:AP at 220 ° I. his stored energy cts as a

] \ 1 g orc ar r crv sta llization and rain growth at temperat res where s perplastic

h~ 1 r " e . . pect d he ame trend \\a reported in a study by Málek et a1. rl 6J,
hrr n . I -- Zn - \!lg - ( 'u alJoy \\tas subjected to E A P at elevated temperatures (200,

00 Je). . in the pre en st dy. the authors observed a monotonous dependence

111



of the temperature for the onset of rapid grain coarsening on the temperature of E("A P. i.e.

the materia1s with higher pressing temperatures exh ibited a higher resi tance to

recrystallization.

The differences ln the character of gram boundarv liding at optimum training

conditions, documented with 1ight microscopy and AFM. show a correlation with the

results of the tensi1e tests at elevated temperature . The two mat rials with the lower

pre ing temperature exhibit similar characteri tie of B. when strain d at the

conditions of deformation where they ach ieved their maximum ductili tv value . These

include in particular a mediocre hornogeneity of (JB. at the mesoscopic I vel. a mail er

number of grain boundarie participating in the proe . and gcnerally lower di. pla ment

of individual grain . rre pondingly. the maximum -aluc of the . train rate . en __ itivitv
~ .;

paramet r m, a well a the a hi ved cl ngations to failu e were nearly equal for the two

111at ial in que 1ion. B contra 1. th 111 at riaI \\"1th the h1ghe t pre, '1ng te111p ratur

hibit d a gr at r d 'r f h magen lt. in zrain boundary sli dine. a larger numb r of

s1i 111 nt. a. \ II a, Iar Jer di. PIa e111 ~nL' )f indi 'idua1 gr' in . Th i i , 1na' ord \\ i th

th hiQh r n7 v: Iu . . th 111 )r ~ p )n 1n ,"' i JJ110id'll .haractcr nf th truc stress \" , truc

Ir t -' . 'ln i the si mif ntl hi Jh r íu .tilit .

1-1) ' :l \, r. it sho II j be 11)1 i that ' 11h ruuh lh ~ prc: -n t d r lati n bet ~ -~n th ~ uram

boIIndar I sIidi ll ) , h'1ra ~ t ri,'ti ,"' ,1IIli 1h ~ sIIrť rp1'1~ li ' P )p )rti ~: of th :) 111'11 ri , 1~ m:1. se ~ II1

'1I'P'1r -~ II1. th 111'1 )nit 1 le )t th ~ in j i i i l ' 1 ur.li n ji , pl '1 ' ~ 111 nt: ) tl '1L"l h ~ I' ,1rl 1. r ~ 1, 1 ~ i

to th 111 ~' II .rain , il ~ in the 111 '11 .rial 'll rh II -n str: lI111H2. )I1 liti Hl . . I) t il íi ll h ~

111'1 .rosc )J11 ' vnstr: int i111 p ) ,' ~ i in th ~ sampl ~ lurin12- th t 11 . i l 1 ~:t . 11 ' rr: ) , L r u ~ .

) r(1111 . an b j t r ur )I1 ' li. J 1- ' )111 ~I1 . i ruu; ,l ~. h

afr1 ' ) t 1i 11 r ') ra111 . • hi ~h h ne1i L 1r )n1 - 111 )r ~ i ~ 1 ~ 11:) t )r ) _r~ II

ind .ed. " r lul in I .tiou ot thc / }' .1 mi .rour: pl . 1i " -tu -+ _) ill rc .' 1 ' . l i ~ l

1 h I I \~ '
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6.3 Th Zr an c modified EC 707 allov
-.;

6.3 .1 h influence of pre ins temperature on microstructural refinement

Th evident increase in thc mean grain ... iz with incrca__ ing t mperature of ECf P

wa ob: rvcd in thc lr and , C modifi cd allo v. as well , usinu bc th '-rEM and B '0 .. ~

orcov r.. .',8 O madc it po ' __sibl to obtain more preci __ e value f r the av rage grain ize

than those whi h could be dcduccd frorn the "I' F', M mic rographs of the -' everely defo rmcd

micro tru tures, o thc trend could bc documentcd with 1110r rcliabl e quantit ative data.

The ~ t nf imag frorn ~r F~ . 1 - f\ (' ( ) \ /l (F iu, :~) dOCUll1 nt that the grai n __ ize ( p cially

wh n onlv urains with f lf\ (J I-3 ~ shou ld bc taken into aecount) cannot be accurately

det rmin d from T ~ M microgruph: alone. whcn the materi ál i ._ in a v relv deformcd

tat and high di __ location d ensi t ie -, are prcsen t, 'Io d émon .trate th consi __ t ne)' of th - data

ob tain d in th prť '-~ ent \vork ~ i t shoul ("I bť IIotcd that for the materiaI pre'- sed at 12O o ( ~ th

\ alu -. o f th av rage urain sirc .valuatcd from hoth E '~ ~3 , _' r and T F - / lOM \V ~ r ' equal

((L_- ~ l n-1 ). 'Fh :\ b crv d iII tl II ~ tl cc o ť I t <- \ fl on thť av rag ~ gra1n siz i " i acco rd v\" i th th

rc 'uIts avai Iable in 1ite ratur .; [.) ') - l) ~ 1C) ~L 198]~ and is gen ' raII I attrihuted to greater

pos .ibili ti s for rccov ry during the pr ~ sing at highcr tcrnpcrat urcs .

Ithough many authors report a tcndency o l thc grain aspect ratio to decrease with

jn ·fea ' ing t mp ratur f pr ssin() ~ i c . tht g rain:' hc con1e ln orc equia ed [37., 38,197], i II

h ~ pres .nt study. area : \ ith pr vailin g lonuat d urains w -r f und eve n in the

micr is tructure o f the materi ál \\'1 th the highest pre . ino temperature (220 OCl). I-I iwever,

Lch tinding is n )t unique, as for t: .arnp.c : azurina ~ t al . ob crved gra ín elongated in the

pre iIld directi in after Cl total <tr: .ln Jt 6 , t 2 -O ° ' in a r Cent tudy of an E 'A · 221

aluminum allov [1 99], lso, the materi ál with f CAP =: 220 "C in the present work

~ hibit J a ubstantiallv lower traction ) t high , nole Jrain boundaries (40 0/0), compared t

h ) n1 ' crial ' \ ith 10\ er p re ~~ í n ~ temperature (both in the vicinity f 60 % ). Similar

r ~ LIl \\er obtaincd h: \\'ang et é.l for a 1050 aluminum alloy pr()duced by ~ "AI at fo Ir

)nlper' tL "eS r- ngln o trom RT to :2 -O ° 1 r '"' 7] . '-rhe fA J fraction remained

Jpp J . inlat)1 con tant Lp o he pre ~ i n g tenlperatl re a f 200 ° , and then decreased

Lb' a i,- II \ a :2 - () c C' .

rh g n r( 1 tr n oť a decreasing f- fA (J fract ion 'vvi th increasing temperature of

1-- ( ." P ( ~r port b) fl rther r uthor ~ e.g. [38,197, I 8]. (Jne of the po siblc explanations

o h' , ph non1enon \\( ' pre enled in the work of Golohorodko et a1. [197] . The
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development of an UFG microstructure during ECAP can be attributed mainly to the

introduction of heterogeneous strain, the creation of deformation band and their mutual

crossing (see section 1.1.3 of the present work ar [200.201 ] for a more deta iled de cription

of the mechanism). At higher pressing ternperatures. the deformation i likely to hecome

more homogeneous, which will lead to a slower rate of microstructural rcfi ncrnent and a

retardation of HA "B development. lt should be noted that thi effect can be at the arne

time responsible not only for the lower HAGB fraction . but al o for the elongat d grain

bserved in the tudied AA 7075 - c - r alloy with Tf-(;\p -= 220 0( ' . Ou to thc supposed

retardation of the micr structural refinement at the higher pre sing ternperaturc . the 6

passe of AP could (at least in some areas) corre pand to the intcrm ediate '- tage of the

refinement process, where the equia ed ultra-fine grain. hav not yet cornpletely

dev lap d from th larnellar tructure and the thin ribbon grain introduced during th

arlier tag

mat rial pr

f th d ~ rmati n. I " ontra: 1. th a111 number of pas: e._ for th giv n

d at a 1 \\ t 111p ratur o ild alr a i r pr ~ '- ent th final tace of I-,(' P.

v h r th mi .rostru t iral r fi ncment dra ~ 'los Jr 10 saturation. At th . a111e t l 111C. a:

di"ussed b th bv J() 10h )rodko ~ t ' 1. [1 {} 7 J aJld ' 111 ashit, i al. I~ 51. enhancCd recov~ r:
rat "' , t hi Jh r t -111p r: t ire )1 l . 'Al) '1110 \ '1]' rger P' rl )1' thc dislo .ations introdu d int )

th

h )111 ab

1rin ' th J Pr .. i11 1 t ' II II ihi1'j 1 l b 1 ť )14 ') the.. ' , ) IId ll'1v ~ 111 ~ h: II ~ 1 )

into s ib ir: in '111.' 11 j th 1. .ontrib i 1 to the .ra ,1 t ran: formation nf

I, Jl "' to II JI .. 1hi. 1 ' j ~ '1 J' in 1 ) ~ J ltar lat: Hl )1 11. Jl iev ~1 ipmcnt ' ll hiuh r

t 111P-:\ rat 1r - ' :) r l') n i 1 ) ~ . hihit '1 hi 1II 1r: ,1i Hl ) f hi~h ' ne 1~ ..2. r: in tJ) 11 _I. rl l • 11 l • • II

mt: in i ' 11 .m-n uli ui bl tr: iion )1 1) ' 11 ..2. ) 'l 11" II ll. hl ')1

t ) th )ra in bo 1II l' 4 111 i . )ri ~ nl ' 1i )n ii: trl h 1)J t) I I I I ). r \

'\ a1" 11 '1 t ~ i h l . 1l11 rcPrl , ll . ' 1. I i' I "

mi .rostr 1 .t res - .-- "·~ ·l--) ~. ~ )41 .

•L ~ :\ rt' 111 p'lrt )1 the jif1 ~r n ') h "1

_ ) '111 I } :- }) «, t the 1) :\1 t 111 r:

p ,

111 ' 1~" 1rl 11 ) .hni 1 . 1. ll) 1

iII th j i ~-- trib ui J 11 \

)111 ) h

h l-i ~ 1
. .
fa ~ 1

~ [ll 11 j t [1 .-r t -rn



den itie and local lattic di tortion due to th lower recov ~ rv rat during th pr

The 0 \ ' rall p rc ntag ar H GS recorded in the ca oť the lower pre ing temp ratures

mav thu be overe tirnat d b cau: of th und tect d grain boundarie with the lowe t

misori ntati on s ~ verth 1 ~ . th cornpari on ať th H GB fraction obtain d in the

pre ent work frorn ES. D and the ub tantiallv mor .en.. itive TfM-. COi\1 reveal: d good

agre men t (Fig. : ). which indicate that the e: .perim ntal error cau ed by the limited

re.. olution of th 111 thod i ~ mo t lik lv not larue enouzh to b able to account for the
"" "- "-

diffe rcncc betwc n the 1-1 /\(J8 fraction recordcd at 2_0 "C and the lower tcmperatures of

~~ P.

Finall v. it sho uld be .mpha iz d that with decreasing ternperature of - I . tl :\

mat ria l e:.hibiied an increa -, :\ in thc di location den siti ~s present in the ncwly d veloped

mi ro stru tur . accornpani d h ~ more v re latticc dist irtion in the individual grain .. In

th ~ ca of th aII oy \Vith the Zr aJld . caddition-'. thi ffect \va documentednot 0111 Y by

TE . wher th di.. location wcrc directlv vi: iblc, but al o throuuh the analvsi .. of : elected. ~ ~

F~ B [ and COl 1 Point to-origin n1i,_ori ntat ion pr )fi I ~s acro~ , individUé 1graiIIs. which

)' 1 ldcd quanti tativ informat ion on the or ientation grad ients I t was found that e pecial1 I

h - materiaI \vith thelo\vest prc: sinl!. tLn1perature (1 2() 0( ' ) exhibit d ex treme1y high

urientati) n gradient in th Ll1tra-fi n L! rains'\ w ith va1IIes IIp to -- 4 ° ~l tll - I '\ as ob tain d by

f ·~F3 . -' I). and even "'~. 8 ° um' recordcd with TL\1- C~()M ~ benefiting frorn a higher

resolu ti in and a lower I vel nf noisc, which m. de it possiblc to evaluat the orientatior

.rad i nt~ evcn in the sma llest .rai nx ( . lOn nrn) \\ ith the larue.. t internal strains. With

in .reas:ng tem perature O t F':C' P. thc lne, surcd ori nu tíon .radients inside the grains

tr mul dcc rcas .d. reachinu rl Je I mostlv b 10 \\ the resolution o the method for
"- ~

I ~ ( lJ -- ~.2() Jl ' , íhesc results art; of utrno .t importance fo r the present study, since they

'I ~arl: lo .urnent the diffe rences in thc storcd deformation energy resulting from ~ /AP at

itf -n t n peruti r - , I hi-, stored energy reprc .ent a ri vir g farce for reerystallization

, nd gf'tin growth at ele\ ated temper' tures, and can have a strong influence on the stabili ty

h l 'I~ (J microstr c ure and conscquently on the uperpl stic properties ofthe material,

\ i II bc l i: L ~ d be10 \ \ , Ihe observcd influ nce o . F-C AP on the di loeation densities in

. n f~('. P materi ál wa: (: I o reported ťor e ample by Guticrrez-Urrutia et a1. in a reeent

. L , l 6J. Ho\\ \ r. L ntil the pre -' ent \vork. the effect ha n t been doeumented by díreet

o orientation radient ~ on the cale ofindivíd aj ltra-fine grain s.
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6.3.2 oom-temperature mechan ica l properties

The room-temperature mechanical propert ies af the studied material corre late with

the results of the microstructural observations. The ultimate tens ile strength i the highest

for the material pressed at 120 °C (near 400 MPa )_ and then gradually decr a es with

increasing temperature of ECAP. The microhardness alue fo11 0 \\' the same trend. The

increase in strength after CAP can be attributed to two main factors - fir tly the

strengthening associated with the microstructural refinement jt elf. in accord with the Hall ­

Petch relationship, and secondly the introduction of high dislocation densitie into the

microstructure . As both of these effect .. were found to be stronuer in thc ca ~ e of lower
'-

pres sing temperature .. the observed increase in RT strength with dccreasing ternperature of

-, "AP i obviously con i tent with the re ults obtained frorn '"f EM. E~ B ._ D. and TEM-

A OM . A ' alread y di cu ed for the allov without the lr and addi tions. the decrease of

th d ictility after I-~ 'A J) -- and pe .ial l, in the ca se of 10 A pressing temperatur . . which

giv ris t ') a 1110r ever 1) deformcd microstru ture with exceptionally high dislo ation

d II iti s -- repr nt .. a hara .t risti ~ fcatur e )1' .. ~ P I ) - Jl ro essed 111al rials [241 , B.. contrast

1h -- i111 tllaII o 1S i II "' r -~ a..-~ i II ho th strc11 gth aIId dII ~ t i1it w ' ob .. er\ 'e d a1 the Prcss j II U

t mpcrat Ir )f 170 o ' '111 r thc additi )I1 'l] t o pa-s ~~ i .. 11111 .h le 's " )1111110 11 . cxhibiting Ll

q 1aIit '1ti , ~ si111 i} '1rit.. · t ) 1h ~ S) ~, J1~d ··P'1raj) , )1 . t r ·II o th ' nd dII ~ t j I j1• in .. ' PI) II1CtaL ...

first rep irt d h
w

/alic -t 'll. [ ~()6 1 . t lni irtunat ~l . . thc ' '-P ri111 nts pcrform d in thc

pr s ~ n t )rK not r ~ -al (ln . ub: tantia! ii tf lr:\n "~ ..' ln thc ')rr~ .. .ponding

micro str J .tur ~ at ro )111 t )111P .ra tur ') rc.. ultinu tl' )Jl1 6 ' 11 )1' I· /\ P 'll 17U

r -~ sp :} ~ ti ' ~1.. . S) thc in ~ r J a: ~ II ~ t iIir 'a 11 n ) t h ~ i i: ' L , • i int) rn L )l po , i 1·

i .formati Hl 111 ' .hanism ..~ .

. . ~

1h Pr ..~ ~ II t .. t 1 j . .. ho -.") j t h'1t i II .. rit) )f ll" t 'l' h~ t he : J 1'} ). \ l r: 1n

..~ 1Z .. hiQ.h .. t p r ~ :) 11 t '1..!:) ) f !-I /\ 1I .... ( 11 j hi .2h '\ , t r ) )111 11 I ~ r ~ t r e : r ' 1~ h

bv e ial-chann I nu II r pr ..~ .. inu '111_) ' . n1in 'n1 iL'111~ he pre-c. i ~ .mper.

n:\ :\ ..-- .."ari1 1 a j t ') )r in1 lni ..~ 1 . rp1 ,1 i 'r i ~ .. . :-\ , I r:\ ( . . h ~ ~ ~ i 1 ~. L J

' l n i th ~ ll : fr: .tion »btai I j ťt rl .. P ar 11) h ~ )nl P' hi 'h

..-- t i ~ r)t ntia1 )f h ni' t :\ri I - th ~ ..-t ' i1i )' h)

t ~nl ' r t lr i ,1" lrt ' n
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Whi I the material pre ' d at 120 "C tarted to exhibit coar ~ recry tall iz d grain _

exc dinu 10 LU11 in siz _after ann alinu at 400 0( -' and 10 t it fin grain d micr tructur_ I _ _

1110re or I , cornpl t ly at 4:0 "C_ alr ady the incr a ať the pres ing t mperatur t

170 "C led to a uperior micro __ tructural tabi Iity in the materi ál up to the anneal ing

temperature of 450 0( _ with an onset oť rapid grain growth only at 500 "C. The material

with TI l L\ P == 220 0( " e:.hibit d an v n mor r markabl re i tance tr recry tallization. a

it micro tructure after annealinu at :00 0( ' did not diff r ubstantiallv fr0111 the initial state....

after F ", P.. and onlv tarted to coar n markedly at _ - ° . ~r\VO ignificant conclusi. ns

can b drawn frorn th ,~ e re ult __ . Fir L the temperatur of C-' P ha a very pronounced

influence on th tability cf the sevcrely deformcd micro: tructure at clevatcd temp rature:

econd. for a giv n pr ' ing temperatur ~_ thc addition of Zr and c to the -' CAP 7075

lead to an enhancern nt of the allov recrvstallization r istanc.

Fr m the cornpari "on with the f 7075 alloy studied in the present work, whicl

h d th proce: '- ing parametcrs id ntical with thc 707~ - c - Zr, and differ in it

chemi .al compo __ ition only hy thc Jack nf th 'c and Ir additions, it L_evident tha! the II

( ~ ' _ Zr) pr cipitat ~ are rcsponsible fór an enhanced stability ať the ultra-fine grained

micro : tructur . In the material with -[ f'C .\ fJ := 120 ° C~~ th ' addition of Zr and Se r ulted in

an incr ase nf the temp ratur at which an onset cf rapid grain growth oeeurred by mor

than ~- O 0( ' _ in th Inat riaI press d at 17O °( ,~ i hc .orre ponding differenee e e eded

100 ° '. r- h micro structural srabi Ii tv wa
.;

-n anc .d also ln the material witl

'1l ( P =: 220 0
"~ but the differ nce i ~ not as markcd, since the high pre ing temperature

ensurcd a r asonable resistance to rccrysi: Ilization ev rl in the unmodified alloy. he effcct

if th ~ .' and I r additions i5 ev en n or ) evident from the compari n of the superplastic

propcrtic in th two aIlo) s" whcre for cach ternpe rature o f í P, the .. c and Zr modifi ed

m. teri, I c .hihi t ci i t~ optimum .upcrpl r stic properties n it only at a hi her temperature, bl t

a1 o ( t hi~ hc r .train ra t ' as d i cu ~ ed be 10\\ .

. ' , rthcles '_th ability of the AI ] (Se , Zr) preci pitate to pin grain boun aries and

hl ~ bili ze the ul f, -Iine grained microstructure at elevated temperatures was found to

_tronglv )11 the temperat i re a ť f .. 'AP. The pressing temperature did n t

Íe i i '( n 1 infli ťn ť the population ot the Al] (Se, Zr) particle - their presence wa

b, 'l E. 1 aftcr E " P at all three temperat res o press ing, with approximate]y

h 'arr1 ' l L ' ( 1O - 20 nm). Hov\ ver. the large amount af stored deformation energy in

h mi 'fO -, rl "'ture re ~ L lting ťrom ECAP at 120 oe (documented in the present work with

1 ipl 'ompl,mentar.; methods) substantially increases the driving farce for
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recrystaI1ization and grain growth, acting against the stabi1izing effect of the Al] (~ c. Zr)

precipitates. For this reason, the microstructural stabil ity at elevated ternperatures wa

found to be inferior in the materia1 with the lowest pre ing temperature. even though it

stilI evidently exceeded the stability of the corresponding alloy without Zr and c. In

addition to the increased driving forcc. the recrystaIl ization in the materiál: with the lower

pressing temperatures might a1so be facilit ated due to their high fraction of H CJBs. ince

the grain boundary migration rate are known to depend on their angl of mi. ori ntation.

i.e. LA B general1y migrate slow r than HA B [207]. Howe ver. thi __ effect i likely to

be weak.er than the influence of the tored d forrnation energv, a hoth of the materiál

with the pressing temperature of 120 and ]70 o ~ in the pre: ent ~ rud - were found to have a

high fraction of HA B but the one with the higher T. <- AP and a sub tantially maIler

am unt of t red nergy hibited ne -crthel ss far bett r re i tance to recry. tall izat ion.

Iti . a1 o f intere t topaiIIt oIIt that th two 111at ria1 \\ ith the lower pre __ inQ

t 111patIIrdid nt.' hibit an i II r a'. in the J-1 A J13 fra t i II aft r ann a1in l! at el vatd

t 111pat IIr ~ (b loth t 111J) rat 1r ~ )rr sP IIdinl! t ) a co111 plete )o..s )f th II1tra-f IIC

zram 1111 .r tru 'tur ). On the .ontr. r . the IIA( JI frac iion rernain d approximatcly

, n: taru up t a rtain t mp 1"'11 ire (di íferent for th ) 111' t rials and highc r for thc )l1C

vi th th hi Jh r 1 I ( l\ P). ~ II th 11 n •• 1 h b h: 'ior i .. in -ontrast t ) the rath r

h rl in r

ln ruon tane: I" íi: intin 1) L re '1.. t~ lli,« tion I... ) )1. 11) r. the 111 i .ro .tru .tur: I

r ' r t '111 i7'1t Í )II ) ... , IIrl" J i 11 th :l I r aII j .' ' 111 ) i i1i ~ j , II ) ) 11 1 I) ·111 .. n )1 in .
.. <

P' rt )ť th ' )I 1111 J . li ft r nt 111 ' h: ni. n1 111 1 1 t h re1 r bc r .. p )n: i I \ ť) 1 1 ~

in th · II JI fr tÍ ) I1 . lt ha: bcen sho n that in .ertan ' J

111 ' t ri: I ith '1 .. 11'11 ' i -n 1 hiuh l r: uon )1 hi ul:
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' )1111111). rccr v lil.I
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pre ent work b ~ TE M and EB O) without a chang in the grain boundary mi ori ntati n

di tributi on. during recovery. the large numb r of e:ce . di location pre ent in the

micro tructure t nd to rearranzc them sclvc
~

into rclativelv table.. en raeticall v more
~ .

favorabl onfi gurations. Thi mav includ th formation f c llular tructures. or ev n

new L.AG B,.'. a. wel l a'. an increa e in the I11i oricntation anale of alreadv existinu L, GB ..
~ ., ~

when th di location beC0I11e ab orb d in their .tructure L ~ GS with v rv mall

mi ori ntation anul .. oriuinallv bclow th re olution of ES O.. can thu be detect d and
~ ~.,

ent r the tati tic . More L.. (rB '. with mall mi orientation anules can al o beC0J11e
~

d te tahli tllpl: bccaII ~ ~ the 0\' ~ raII 1 \'eI o f noi.. c in th OI dat a derease w h n th

mi cro tructure undergocs recov r: . ince the number of I-I GS rernain unchanged

dutinu th ontinuou recrv talli zation. thc additíonal L,f\GB in the di tribution I ad to an
~ ~

overal! decr a of th \ measur cl I-I. Cl B fraction . The above di cu sed effect va r ot

ob erv d in the mat rial with ' r l·C .\ p == 220 O ( ~ .. I110 St likely becausc th díslocation densitie

in th initial tate aft r EC I were substantiallv 10\\ r than in thc ca. e of the II at rial

with 1) \ V r pr ~ sinu temp ratu re .

r

Th cornbiru tion of an ultra-fine grain si,«, "Ind a high fraction of I-IACJBs in th

materi ál with he low t pres ' l n u t mperatur r' sultcd in the occurren e nf I w

tťDl Pt: ratll rc superpIasticity (L,T: 'F). rhe Dlateri(I achiev"cl an Ion Jation to ai1IIre of

21 - % with an ini ti 'l l strain rate o ť 2 x 10-3 • - I alr .ady at 250 0(' ~ where the grain size

r .maincd virtually the sarne a.' n thc initial sta t after f·~( 'AP ( ee ig. 44 (a)) , The

r 1 ~ . ir ium ductilitv if ' 60 % was achicved at 300 ° ~ and a true train rate of 1 x 10-2 S- I.

I h rare cornbination uf high strain rate superpla tici ty and a low homologous temperature

mad po') 'iblb) the a\ erag J r: in ' iLe ~ ti II 'm II er than I ~tmancl the relativ ly higl

f L~ ( i13 tra .tion approaching 60 % at 300 o ' . Thc material remained superpl: stie Ll to

~ u .( an at hiuher t mperatur s les t it ~ SL perplastic propertie due to the coarse i g of

I II . o tn t l re imilar re ult "ere rcp rtcd by Liu et a1. in a very recent t dy o a

ri · ion ir proce '. ed 1 _. rvl g alloy [2 1OJ~ which e hibited IJTS between 200 an 300 ° ~

1 h 10 u L perp l tic beh via r dl e to pronounced grain coarsening occurred already

=: 0 -( L he imi ltaneoi s add ition of Zr and Sc. The e results are in acc rd with

J bov di ' ' l 'sed inf Lence of the stored deformation energy on the ability af the AJ 3

~ . Z ) pr .ipita . to nhance the recry stallization resistanc e in P alloys. In terms af
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deformation mechanisms, the detrimental effect of the gram coarsemng on superpI astic

defonnation was demonstrated in the present work by examining the mesoscopic

homogeneity of grain boundary sliding using Iight microscopy (section 5.3.4). The

pronounced grain coarsening at 450 "C decreases the homogeneity of GB ~ by severa1

orders of magnitude, making the disp lacements at individua] grain boundaries too large

and too fast for accommodation mechanisms to fo II 0 \\'. Thi effect also manifests itseIf in

the displacement of the maximum stra in rate sensitivity values toward substantially lower

strain rates (see Fig. 62 (b)) .

ar these reasons, the optimum superplastic properties were achieved in the

material with the intermediate pre ing temperature (170 O (~ ) . which still benefi ted frorn a

sub micrometer average grain Slze and a high fraction of I-I A(JBs. but at the same time

already exhibited a substantially greater stability of the lJF CJ miero tructure at elevated

ternperature , due to the lower tored energy re.. ulting frorn the increased temperature of

E "Al). h mat rial e hibited enhanced .. up .rpla: tic ductility at .ery high tra in rates up

to 1 10-1
-1. which is b ! one order )f magnitudc higher than th bottom Ii111 it for hiuh

train at ~ up rpIa ti it.. ) [1 ')0]. Th appearan .c of the tensile sp cimcn strained to failure

) ' ll 111 nt th h 1110 J 11 oLL' d 10rrnat ionith 'irlIIaII rl o 11e kin(} . In terrn s o f thc ~ tra in. "-

rate for .up rpla ti " 11 )\ . th .' --) r .sult« . iunt '111101112 thc bc.."t rcported to dare for ultra-line

}r'll 11 d aII 1 PI' )d 1 ~ 2\ j 11~ I~ "AP. i th thc , .cpt i011 )1 t h F "A P 1 11 - :2:2 0/ o l\ I Ll teto id

aII ) I st 1 i d b I , L :) '1n i I , II l -] oII 111. Io: " )II1Paris )11 se) thl r :) ' t 11 t r ~ ' I ~ \ \ ) f

~ up rpla stic pr )p -rti :\ ~" rep irt d in Ul J 111 '-lt -rial: h. 1'.'1 \ ' l ~' l k i an j I '1112 )11 1_1 ~1 .

r ~rl )[

mi .r istr 1 ' t ira] stabil it , II t ) ~O) ,

tra ~ ti) II j i i 11 1 aII )\ 1)r "' 1P -~ ll) I, . tipr 1r ~ rt ic: 'II hi~ II . t r: i11 r: ~ . ') 111 . r~ I ~ t ) t )~ J

a ~ hi 2\ . 2\ i i II th 111 at .ri'll i1h "l l l ~\ P - 17 ) . It . ho 1 bc -rn ph ~ . i I ~
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accumulation of an xtrern ly larg amount of tored deformation ene rgy. with th

con equence of rapid grain coar ning at clevatcd ternperature . 0111y in th particular

i tu a tion \vhr l0 \ \ te nl perature uperp1a.. ticity i pr ferre d o v r a gen raI opti111 ization of

th superpla.. tic prop rtie hould the pr ing t mperature be relativ ly 10 \ \ '. as during

uperpla.. tic dcformation at lower temp rature . wl cre the materials are not a .. usceptible

to re ry tallization. thc grain iz and th fraction of high angle grain boundarie play an

i IIc rea ~ ing Iy i 111portant roIe.

1\ '- ubstan tial imp rovern .nt of thc ductil ity ar the highe t trai n rate wa obs r '(: cl

1n th mat riaI \\ i th th int r111 diale pre i IIg t 111 pera ture \vhen the nII111b r of . 'f P

pa " es \\ (L~ incr ascd trorn 6 to 8, Thc ..same trend. reported in earlier tudies of the 7034

and 1420 I allo ys r~ 13-- 21S], \V(L~ attributcd to an incr a ing 1-1 G fraction with

iner a ing nLlmber of passe . 1- J0 \ \ .::. \'er. th -, inerea,'e \V ,L not di rec t Iy doc II111 II ted for the

lne terial in qu .stion ln th: pre .ent work. E~ IJ , ~ r ) m .asurern nt \V .rc perf rrncd, but they

did not prov ide und i putabl vidcncc for such an incrcase re.. ultine frorn th ~ additional
'-

t \vo pass s ~ w h .n th ·) materiaI \v,L' e..am ined after static aII nea1ing Llt the tel r-.. rature

which orresp mdcd to opti munl supe rplast ic pro erti es . cvc rthcIess , a ~ hi ft o the I-IAGB

pcak towards higher mi orientation valuc: was clear ly vi ible (Fi g. 54 (bj) . For an

mambiu u )LL ' xplanati n ať thc nhanc .d superpla: ti propert i b ervcd upon an

incrcase in thc number ot f :( l 1) passes, furthe r cxperimcntal data would bc needed,

.onc mine the grai n bo undary mi ~ rientation di 'trl uion obtain .d fron the gauge sections

)ť 'arnpies ~ tra ined atoptimII Dl ~ Ll Pť rpIastíc cond itions Thi ~ represeII ts one of the

l inall v~ the ~et uf microhardnc-,-. 1 reasurernen ts perform ed on the material with 8

PL . ~ ~ _ )tf· ( ~ f utl 7O ~ , d m( n- t rCl te thatprec ipitat i n treatm nt appIiecl a ter

perpla-ai . deforrnation at -t -o (J C' and an initial strain rate of 1 x 10-1
S-I can success fully

be L 1 tur a .ons: crable enhance rnent ot thc c Ilo) ·s roorn -temperature strength (see ig.

.2 ) I h .. in .re: ~e in str ngth resulting ťrom f~('AP is followe hy a parti aI softening after

h ~ perpl. .tic de orrn: ti in, re ~ L lting m st likel) fr m a combination of rec very and

UL recr) stalli zation. P)S 'ibl) al 'o acco mpanied by a certain extent of cavitation .

Ho .r. th subs lil ent precipit tion treatment results in l rther hardening, far beyond

h I ~ 'hic d b" the equ' l-channel ng ular pre sing itself. The res lts dem nstrate

O - ._- .. c - Zr aIlo) proce 'ed by E 'AP with optimi ed pre sing c ndjt i ns

onI" Ln rgo L perplastic ťorming al very high strain rates , but a]so achie ve high
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room-temperature strength after the forming, which document the potential for

commercial applications of ultra-fine grained 7XXX class aluminum allov with Zr and Se

additions.



7. co ~ 10

In th pre nt \VOrK. an 707- aluminum a110y wa .ubjectcd to EC.' P with thr

differ ent pres ing ternperature (120. 170. and 2~O O (~ ) . both in it commercial variant and

in a modifi cation vvith Zr and "e addition . Cornpl . ' micro tructural charac terization \va

carricd aut using a wide range oť cornplern ntary methods in the initia l tat after th

pre ing. a: weII a afier static anneal ing at cle vatcd temperature . 'I hc ťindings werc

eorre lat .d to th mechanical properties r - ulting from th qual-ehannel angular pre 'ing..

wi th 111ain .mpha i on thc alloy .. supcrpla .tic behavior. ' hc principal objective__ oť thc

invc tigat ion were to exarrune the pos .ibilitv oť u ing ECAI) to obtain enhane d

sup rpla ti' prop rties in a 7/ / cla alumin IIll allov, and at thc a111 time to tudy the

influenc of different EC P conditions, as wcll as thc imultaneous addition of Zr Hl d Se.

on th d -vclopm nt o f pec i fic n icro truc tural charaet ri: tic: whic h are II eded for the

iptimizat ion of uperpla__stic behavi or \\ ith r spect to potential COll1111 rci al app Iication .

Th main r ...ult can bc .ummari zed as follow s:

() pa...-e of f.,C ' f P. rout \ 13c ., wer \ su ces: fully applied to refine the

microstructurc f the studicd alloy t ov. n tu th ~ ub-microrncter l e v el ~ with average

graín 'iz ' for th low two pressing t ern p rature__ cqual t.o 0.5 and 0.7 um,

respc .tively.

t Ll .crease in the temp sr, tl rc ť l.C F \ 'as fo und to re: ult in a decrease in

grum ~i /e an i an increasc in the fraction of high angle grain boundaries,

a .c impanied bJ higher dislocation den .. ities and remarkabl y high orientatio

~ r(H.lI •nt ín~ id thť individuaI ul tr8 - f ne grains. Accorci in J ly, the derease of the

pr ~~lng ten perature led to an in rease in room-tem pcrature strength, but at the

~ me tirne a d crease in dr ctility .

I he direct cornpanson nf the E, ( ~ F AA 7075 - Zr - Se and the material

i ho u th I r and Se addition provided clear and unarnbiguous evidence for the

. ronu 't' bilizinu etťeet if I r and Se in.....

bv J re plastic deformation .
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• Due to its ultra-fine grain size and a high I-LAGB fraction (-- 60 %). the Zr and

Se modified alloy with the lowest pressing temperature (120 °C) cxhibited low

temperature superplasticity, wíth a ductility of 21 % already at 250 °C and an

initial strain rate of 2 x 10-3 S-l . At 300 "C, the allov achievcd an cloncation to
~ ~

failure of 360 % with a true strain rate of 1 x 10-2 S- l - i.e. the bottorn limit for hich
'-"

strain rate superplasticity. However. the large amount of stored deformation energy

resulting from the low temperature of C/\P acted again st the stabil izing effect of

the rand Se addition . with the consequence of microstructural coarsening and

a ]0 s of uperplastic properti es at temperatures above 150 oe.

The alloy with the highe t pre ing temperature e hibited : uperior re 1. tance to

recrystallization, but a1so a larger a erage grain size and a lower HACJ8 fraction .

ptimum uperpla tic propertie ~ were therefore achievcd in the AA 7075 - Zr - '- c

a110y with the int rmediate ternperature of F ~ A P (170 ° "). which repre ented an

id al ornpr )111i :l in t rm: of the grain '- iz . 11A(Jf3 ťra tion. and lni ro tructural

stabilit ! at 1 .atc i t mperatur ')~ . 'r hc materi ál c:.hibi ted 1-1 " R ~ -' J) with cnhanccd

up rpIa ti i rc tiliti . at r markabl hiuh strain ra: ~~ up to 1 x 1cr I . -] . In terJ11S of

~ train rat for sup erplast: ' 11 ) v. this .ounts among thc best r .suhs r .p med to datl)

1)r IItra-f n '~ )l ' '1i 11 ~ j aII(). s Jr)dII :l jh. I, ~ I) c

n i II .r :l 'L~ ') in th ~ numb :) r )f l ~ P pasS l , 1r in1 6 t ) r ~ sult ) j i II turth )r

i II1Pro I 111 nt)1 th.~ , IIP)rp1,L 1i " pr )p )rli \ 'II hi...l II st r ',tin r: tl . i II 1h .. 111a t ri ~ ] \\ ith

th int 1'111 ~ .iiat .., pr l.. inu t 1111 -ratur l . I hc all '. r l l} .h li ' 11 )1)n ~~l1 i )JI t ) ta i I rrc ) ť

6_O V; a1 4_Oo ' 'u1 i l II initia1"1r. iII rat '\ )1 1 ) I • I

I1 i .., 111 ) n"tr'1t ) j th '1t th ., 11l ' 1 '\ ri· 1 hi 'hl . IIt ) t r ) 11 hc )r I L II 1) I d

thc I ~ I) ' )n j iti) ll . L h'L .., i H) the 1i II j iII l ) • ) t the I' r ." l n ~ j v. ' ~ll I) ) I\

1 ) . I )

a "hi

) II 1 ln . I \ I ' .1 )'

hc ie ' l) 111 "It

) t
j

) , II ) , \ itb I r ~ n ,- '. ~ 1 1 )

h'1 j .an "' ~ 111 hni' 1 pr )P I ics. b

.. ) 111 111 -r 'i ~ I a pl i . ti)ns ") f .F J ........., 1



It can be concluded that th obj ctr, ~ ~ t at th beuinninu of th studv were..... .....

fulfil l d. 1'he per pective for futurc inve tigation en uing from thc pre ent work includ

characteri zation of the urain boundarv 111 i orientation di tribution in th..... .

gauge ~ .ction of di ffer nt uperpla tically deformed ampl . n area l f particular

intcrc: t Iie: in th pos ibiIity to e1ucidat the origi 11 of th enhanced uperp lastic propertie '

at high __ train rat . rec rd d after tbe increas in tbc nurnber of E~l ' l~ P pas e frorn 6 to 8.

It caII Idal () bť be11 e fi cial to tudv the cay itation dur ing ,up :'l rp1a tic de formation a a

fun tion of di ífcrent ~ training and l. C. P conditions . Finally, to further explore th ~

pot nti(1] for com ln rcia l app1ication__., it would bc o t- intere t to carrv out a 1110re d tai led

tlld) o II thl roon1- temperature mechanicaI propcrtie of th -:) 111ateria1 aIter high train rat :)

forminu..... prccipitation treatment. including for cxampl

a charact rization ofit fatiguc propcrties .
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