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はしがき

金属材料の結晶粒を微細化すれば、変形に際して比較的低温でかつ高ひずみ速度で

大きな伸びを得ることができ、また使用に当たってはホール・ペッチの関係により高

強度が期待される。しかし、従来の微細粒材料はメカニカルアロイング法、イナート

ガス凝集凝着法、すべり摩耗法などにより作製されていたため、多孔性およびバルク

状試料が得にくいなどの欠点が存在した。しかし、1986年に強ひずみを課して金属

材料を大変形させる方法が考案され、1991年にサプミクロン結晶粒をもち空隙のな

いパルク状試料を作製することに応用され始めた。その作製法は、材料を入口と出口

の径が同じで途中に角度のついたパイプの中を繰り返し高圧で通す(Equal-Channel

AngularPressmg:ＥＣＡＰ)方法である。著者らは、ＥCAP法によるサプミクロン結晶

粒Al－３%Ｍｇ固溶体合金の焼鈍による組織変化についてはすでに報告している。また、

その装置の開発と改良を行っているところである。この方法により作製したサプミク

ロン結晶粒径組織の高温での安定性とそれに伴う強度の関係を解明することは、これ

らの材料を実際に加工し実用材料として用いる際に大きな役割を果たすことになる。

本研究では、ＥCAP法により作製したサプミクロン結晶粒径の純ＡＬＡｌ－Ｍｇ、Al-

ZrhAl-Sc、A1-Mg-Sc、Al-Mg-Li-Zr合金について、熱処理により組織を段階的に

粗大化させ、その組織安定性を電子顕微鏡により調べた。また、サプミクロン粒径範

囲までホール・ペッチの関係が成り立つかを、硬度試験および圧縮試験により調べる

ことを目的とした。さらに、高温において引張試験を行い超塑性特性を調べた。

得られた結果の概要は以下のようである。

ＬＥＣAP後の粒径と加熱後の組織安定性

ＥＣＡＰした微細結晶粒径をもつ合金を用いて、熱処理後に組織(とくに結晶粒径）

がいかに変化するかを、室温から773Ｋの範囲の各温度で１時間等温焼鈍を行い、

電子顕微鏡により観察した。

（１）純Ａ１を室温で4パスECAPすることにより１．２１ｍの微細粒が得られ、微細粒

は473Ｋまで安定しており、それ以上573Ｋまでは微細粒と粗大粒の混在組織、

623Ｋ以上では粗大粒のみであった。

（２）Ａ１－３％Ｍg合金を室温で6パスＥＣＡPすることにより0.3ILmの微細粒が得られ、

微細粒の熱的安定性は純Ａ１と同様に473Ｋまで保たれ、それ以上573Ｋまでは微細

粒と粗大粒の混在組織、623Ｋ以上では粗大粒のみであった。

（３）Ａｌ-0.2％Zr合金を室温で8パスＥＣＡPすることにより0.7Ｍｍの微細粒が得ら

れ、微細粒の熱的安定性は573Ｋまで保たれた。Ｚｒを含む合金が純Ａ１やA1-Mg合金

より高温まで微細粒の熱的安定性を保つ原因は微細なL12規則粒子Al3Zrの存在に
よるものである。

（４）Ａ１－０．２％Sc合金を室温で8パスＥＣＡPすることにより0.7ILmの微細粒が得ら

れ、微細粒の熱的安定性はＡｌ-0.2%Zr合金よりも高い673Ｋまで保たれた。この原
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因は微細な規則粒子A13Scの存在によるものであり、A13ScはAl3Zrよりもより高温
までAl合金に対する再結晶抑制効果が顕著であることを示している。

（５）Ａｌ-3％Ｍ9-0.2％Sc合金を室温で8バスECAPすることにより0.21ｍの微細粒

が得られ、微細粒は673Ｋまでほぼ安定に保たれた。723Ｋでも1～2Ⅱｍ程度の微細

粒であった。

（６）Ａ１-5.5%Ｍ9-2.2％Li-0.12%Zr合金を673Ｋで8パスECAｐした後さらに473

Ｋで4パスＥＣＡPすることにより１．２１ｍの微細粒が得られ、微細粒は673Ｋまで安

'定に保たれた。

２．ホール・ペッチの関係

室温から723Ｋの各温度で１時間等温焼鈍を行い、結晶粒径を段階的に変化させ、

硬度測定および圧縮試験による降伏応力の測定により、サプミクロン粒径の範囲ま

でホール・ペッチの関係が成り立つかを調べた。

（１）Ａ１-3％Ｍg合金では、結晶粒径0.2～1001Aｍの範囲でＨｖ=46＋35.-1/２（ここ
でHvはビッカース硬度、ｄは結晶粒径）のホール．ペッチの関係が成り立った。

（２）Ａ１-5.5%Ｍ9-2.2％Li-0.12%Zr合金では、結晶粒径2～60ILmの範囲でＨｖ=７５
＋27.-1/2のホール・ペツチの関係が成り立った。

３．超塑性特性

室温から723Ｋまでの範囲の各温度で引張試験を行い、強度の評価を行うととも

に、変形後の組織を電子顕微鏡により観察した。

（１）ECAPしたAl-3%Ｍg-0.2%Sc合金では、673Ｋ,3.3xlO-2s-1の条件で1030％の超
塑性伸びを示した。

(2)ECAPしたAl-55%Ｍg-2.2%Ｕ-0.12%Zr合金では、623Ｋ,10-2s-1の条件で1200
％以上の超塑性伸びを示した。

（３）破断部の結晶粒はつかみ部に比べて大きくなっており、高温での引張試験中に応

力誘起により粒成長が起こっていることがわかった。

（４）10-2s-1の変形速度は大量生産が可能な変形速度であり、実際の加工にきわめて
有望であることがわかった。
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EqUal-channelangularpressingisaprocedureforproducmgafullydensematerialwithan 
ultrafinegrainsize,typicallymthesubmicrometerornanometerrange,bysubjectingthe 
materialtoaveryhi811p1asticstrain・Thispaperdescribestheprincip1eofeqUal-channel
angularpressmgandiUustratesthecapabilityofthetechniquebyreferencetoaseriesof 
detailedexperimentsconductedonanA1-3％Mgsolidsolutionalloyinwhichthegrainsize 
wassuccessfUllyreducedbyequal-channelangularpressmgfromanmitialsizeof～5001Am 
mIhehot-rolledconditiontoafinalsizeof-O21Lm.、ｃＥｌsevierSciencelnc.,１９９６

｡q｝ 
｡■1 

advantagethatitisdifficulbifnotimpossible， 
tofabncatelarge,fUllydenseshmctures､An 
altemativeprocedureisalsoavailablefor 
thefabricationofUFGmicrostructuresby 
subjectmgthematerialtoaveryhighp1astic 
stram,usingaprocesssuchasequal-channel 
angular(ECA)pressing[5-8］Theproce‐ 
dureofECApressinghasthecapabnityof 
producmglarge,fullydenseUFGsamples 
suitablefOrusemfOrmingoperations、
Recently，eXperimentswereundertaken 

toevaluatethemicrostructumlcharacteristics 

ofanAl8%Mgsohdsolutionalloysubjected 
toＥＣＡｐｒｅｓｓｉｎｇＴｈｅｐｒｅｓｅｎｔｐａｐｅｒｉｓａｎ 
overviewofsomeoftheexperimentalresults 
Obtainedinthisprogram． 

IＮＴＲＯＤＵＣＴｌＯＮ 

SupelplasticmetaUicalloysarecapableof 
exhibitingveryhi8htensneelongations,often 
＞1000％,whentestedatelevatedtempera‐ 
turesu]・However,experimentalevidence
suggeststhatadecreaseingramsizeinto 
thesubmicrometerornanometerrangewill 
makeitpossibletoachievesuperp1astic 
elongationsatfasterstrainratesoratlower 
testingtemperaturesorbothEachofthese 
effectsispotentiallybeneficialfOrtheutili-
zationofthesematerialsmmdustrialfOrming 
operationsbecauseitwoulddecreaselheto-
talformingtimewhilesimultaneouslymm‐ 
imizingtheextentoftoolwear, 
Thefabricationofultrafine-grained(UFG） 

materialswasinitiallydemonstratedbyus-
mgagascondensationtechnique[2]；sub‐ 
sequentlyotherprocedures，suchashigh 
energyballmilling[3]andslidmgwear[4L 
weredevelopedNevertheless,withoutex‐ 
ception,aUofthesetechniqueshavethｅｄｉｓ－ 

､1 

１ PＲＩＮＣＩＰＬＥＯＦＥＣＡＰＲＥＳＳＩＮＣ 

Theprincip1eofECApressmgisillustrated 
bythesectionthroughthepressmgdierep-
resentedschematicallymFi9.1.Ｔｗｏｃｈａｎ－ 

277 

MATERIALSCHARACTERIZATION37:277■283(1996） 

oElsevierScienceInc.,1996 

655AvenueoftheAmericas,NewYork,ＮｙｌＯＯ１０ 

Ｓ1044-5803/96/$l500 

PIIS1044-5803(96)00131-3 
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SamplesweresubjectedtoECApressingat 
roomtemperaturetoanequivalent位uep1as-
ticstrainof～4,andtheywerethenrolled 
atroomtemperaturetoafmalthicknessof 
-1mm・Adetaileddescriptionofthemicro-
structuralstabnityofthisalloyisgiven 
elseWherenO-13]・

InlheroUedcondition,afterECApresslng 
butwithoutsubsequentannealmg，there 
wasaheterogeneousmicrostructurecontain戸
lngareasofequiaxedandelongatedgrams・
Examp1esareshownmFig2atthreediffbr‐ 
entmagnifications，mcludingaselected 
areadiffractionpatterntakenatthelowest 

Ｐ 

ﾛﾛ■Ⅱ■岳

OL 

FIG・lSchematicrepresentationofadｉｅｆｂｒＥＣＡ
● 

press1ng． 

melsofequalcrosssectionintersectatan 

lnan81e巾,andananglelljissubtendedbythe
Parcofcurvatureattheouterpomtofcontact 
lbetweenthetwochannels,Thetestmaterial 

iscuttofitwithinthedie,anditispressed 
ythroughthediewilhtheuseofaplungerand 
7aload,Ｐ,Ｉｔｃａｎｂｅｓｈｏｗｎｔｈａｔｔｈｅｓｔｒａｉｎ， 

ｃ＜accumulatedmthematerialbyasmgle 
bpassagethroughthedieisgivenby[9］ 

lliliiiiiiilllilii;IilljHj ！ 
！ F棚等罎筐=』 (1) 1;かＧ１＝
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iIi11npractice,thepressingsmayberepeated 
fiwi1iseveraltimestoattaintherequiredlevelof 
内狛trainTypically,materialsaresubjectedto

n4ECApressmgtop1asticstrainsofasmuch 
」was－４－８．

'i11--.Ｗ－ 
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AFTERECAPRESSINC 

---I-'． 

ｾﾞﾊﾟﾎﾞExPerimentswereconductedwiththｅｕｓｅ 
駒fahot-roUedAl-3％MgsondsolutionaUoy
獅緬ganmjtialgramsizeof～500川
J学:｢/くｒヘト

ii鑑門Tij,い
禅堂Ⅲ((〈妃11

FIG２．Microstructuresatthreedifferentmagnifica‐ 
tionsofanA1-3％MgalloyafterECApressmg． 
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FIG３．Microstructu1℃sattwodiffbrentmagnifications 
afteranneaUngfOrlhat443K． 

FIG４．Microstructuresattwodifferentmagnifica‐ 
tionsafterannealingforlhat503K． 

magnification,ｕｓｉｎｇａｄｉａｍｅｔｅｒｏｆｌ９ＩＬｍ・
Inthisas-fabricatedcondition，inspection 
showedthatmanyofthegramboundaries 
werepoorlydelineate｡,anditwasconcluded 
thattheboundariesweremahigh-energy 
nonequnibriumconfiguration［l41The 
meanlmearinterceptgrainsizewasesti‐ 
ｍａｔｅｄａｓ～0.2ILmThus,itisdemonstrated 

thatECApressmgwassuccessfulmreduc-
mgthegramsizeofthisalloybymorethan 
threeordersofmagnitude 
Staticannealmgofthesamp1esledto8rain 

growthandanevolutionmthemicrostruc-
turemtoamoreequilibratedconfiguration、
Figure3showsexamp1esafterannealing 
fbr1hmasiliconeonbathatatemperature 
of443K・Atthisannealingtemperature，a
comparlsonofFigs､２(b)and3(b)showsthat 
gram写owthisverylimited､However》there
wasaverymarkedchangedintheappear‐ 
anceofthemicrostructurewhentheanneal‐ 

mgwasconductedfOrlhatatemperatureｏｆ 
503K,asshownbythemicrostructuresm 
Fi9.4.C1oseexammationrevealedlhatthe 

structurewasdivisibleintore8ionsofunre-
crystaUizedgrainsandadjacentregions 
whererecrystamzationappearedtobeessen-
tiallycomp1eteThisdualityinmicrostruc‐ 
turewasespeciallyapparentafterannealing 
fOrlhat533K,ａｓｓｈｏｗｎｉｎＦｉｇ５ｍｗｈｉｃｈ 
ｃａｎｂｅｓｅｅｎａｃlearlnixtureoffairlylarｇｅ 
(~2ILm)ａｎｄｖｅｒｙｓｍａｌｌ(~O5lLm)ｇrains・
Atevenhigherannealmgtemperatures,the 
materialwasinafUllyrecrystallizedcondi‐ 
tion,andthegrainswererelativelyunifOrm 
andseparatedbyhi8h-anglegrainbound‐ 
arieshavinganeqUnibriumstructure､An 
examp1eisshowninFig､６afterannealmg 
forlhinanargonatmosphereat563K． 

L9 

［＄ 

､、

QUANTITATIVEMEASUREMENTSOFTHE 
CＲＡＩＮＣＯＮＦＩＣＵＲＡＴＩＯＮ 

AfterECApresslng,samp1eswereannealed 
● 

fOrlhateachofaseriesoftemperatures， 
ｗｉｔｈａｍａｘｕｎｕｍｏｆ８０３Ｋ・Aftereachanneal-

o 
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FIG､５．MicrostructureafterannealingfOrlhat533K． 
（,， 

ingtreatment,measurementsweretakento 
determinethemeanlinearmterceptgrain 
siｚｅＦｉｇｕｒｅ７ｉｓａｐｌｏｔｏｆｔｈｅｇｒａｉｎｓｉｚｅ 
againsttheannealingtemperature,anditis 
apparentthatthegramsizeisinitiallyfairly 
stableupto～450K;but,athighertempera-
tures,theaveragegrainsizeis＞1001LmA 
similartrend,butcoveringaseriesoftem-
peratureswithamaxlmumofonly673K,ｗａｓ 

notedearlierforanA1-1.5％Mgalloymto 
whichaUFGmicrostructurewasmbPoduced 

bytorsionstrainingunderhighpressure[ｌ５Ｌ 
ＴｈｅⅥckersmicrohardnesswaslneasured 

fOreachsampleafterstaticannealing,usmg 
adiamondpyramidalindentor・Figure8
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FIG.，、DemonstrationofthevalidityoftheHall-Petch
relationovertheentirerangeofgrainsizes1 
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ANNEALINGTEMPERATURE(K） 

FIG､８．Vickersmicrohardnessversusannealmgtem-
perature． 

１ 
１ 

;， 

ishowsthevariationmmicrohardness,Ｈｔ） 

（ｍｋｇｍｍ－２),withannealingtemperature 
Uptoamaximumof803K,wheretheerror 

baroneachexperimentalpointrepresents 
thetotalrangeofindividualvaluesre‐ 
cordedfOrHUmsevenseparatemeasure‐ 
mentsThisp1otshowsagradualdecrease 
inthevaluesofHUwithmcreasmganneal-
ingtemperaturetoamaxｉｍｕｍｏｆ～550K 
andasUbseqUentlevelingatevenhi8heran‐ 
neanngtemperatures､TIlereisnoevidence 
mFig8tosupportthe壮end,reportedeaIL
lierfOraUFGAl-1.5％Mgalloyprocessedby 
torsionstrammgU5Iandsamp1esofnano-
crystallinePdproducedbyinertgascondeT 
sationandcompaction[l6Lofaninitialin‐ 
creaseinmicrohardnessatthelowest 

annealmgtemperaturesfbllowedbyasubse-

Hilfil:繩:急MShedMMhequ伽
relatestheyieldstressofamaterial,ｏｙ,to 
thegramsize,‘,throughtheexpression 

oy＝０．＋kyd-1ﾉ２， （２） 

Ｈｖ＝Ｈｏ＋kHcr1泡， （４） 

whereHbandkHareappropriateconstants 
TocheckthevalidityofEq.(4),Ｆｉｇ．９ 

showsap1otofHDagamsM-1/2.1tisaPPar-
entthattheHall-Petchrelationisobeyedin 
thisUFGmaterialdowntotheinitialgrain 
sizeof～0.21｣ｍ，withvaluesofthecon-
stantsinEq.(4)ｏＭｂ－４６Ｈｔ)ａｎＭＨ＝ 
35Ｈｔ)ＩＬｍｌ/2． 

Itisusualtoexpresstheoccurrenceof 
gramgrowththrougharelationofthefOrｍ 

ｄ２－ｄｏ２＝Agr"， （５） 

wherMandc！｡representtheinstantaneous 
andinitialgramsizes,respectivelMgisa 

TEMPERATURE(K） 
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己ｗｈｅｒｅＣ。ｉｓｔｈｅｆｒｉｃｔｉｏｎｓｔｒｅｓｓａｎｄｋｙｉｓａ
ｃｏｎstantofyieldmglntheabsenceofap-
preciableworkhardenmg，thehardness， 
Ｈセルisproportionaltotheyieldstress
throughanexpressionofthefOrm 

Hｙ－３ｏｙ； （３） 

soEq.(2)maybewrittenas 

1０，２ 

10F0 
1.0１．５2.0２５３．０３．５４．０ 

１/Ｔ(xlO③KP1） 

FIG､１０．Demonstrationoftheuseofthegraingrowth 
relationgiveninEq.(5) 
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boundarieshaveanequilibriumstructure 
andtheaveragegrainsizeis＞1001｣、．

ThiM）０７Ｍ）pss岬orfedi〃n7fZU/伽L妙ｔ
Ｍ伽帥c此"ﾛﾉ伽"伽伽qノル剛伽i〃
〃fbyfheMioMScie"cePo""伽0"q/ｆｈｅ
Ｕ"ife‘StJzfBsZJme7Gm"ｆｓＮＤ・IN7z9404693

jz"‘DMR-9ZI5443． 

ＨＰＴ 

;』ぃkg＝Aexp(－２/RT)， (6) 

vjjljnWhereQistheappropriateactivationener8y 

lIii÷■JJJJi耀麓llFMM…………
:1,巴FigurelOshowstheexperimentalｄａｔａ
瀞圦Plottedas(仏`｡2)versusl/T,whereＴｉｓ
;;'IjItheabsolutetemperatureofannealmgand 
1聯刀Uowastakenasthesmallestgramsizeimme-
ijl;JhIdiatelyafterECApressin8(02Ⅱ､)A…e-
Irq'101’－１←・'

;ﾎﾞﾉ;Msultofthedup1exstructureclearlyevident 
iliさⅡTJlinFig､5,Uledatapomtsareidentifiedsepa‐
!＞ratelyasmeasurementstakenwithiｎｔｈｅ ｌＩＦ 

瓢:１．unrecrystallizedandrecrystaUizedregions．
《<いiFromiheslopeofthepomtswithintｈｅ
、2,.-,ィ.

＞）recrystallizedregioninFig､10,Qisestimated 
as-90kJmol-1,whichisclosetothevalue 

…～ｏｆ～86kJmol-1expectedfbrgrainboundary 
｣wdiffusionmpurealuminum[17lIntheun-
A-rYrrecrystaUizedcondition,theslopeinFig､１０ 
１．口,卜C

-1sverylnuchlowerandleadstoavａｌｕｅｏｆ 
ａ/１，Ｑｏｆｔｈｅｏｒｄｅｒｏｆ～25kJmol-1Thislow 

1(ハvalueofQisconsistentwithlhesuggestion
iiLLthatnonequilibriumgrainboundariesm 
lf:WiUFGstructuresareassociatedwithvery 
P1W：ｈｉ沙atomicmObility[18,19]．
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nlispaperprcsentshigh-resolutionelectronmicroscopystudiesofgramboundarystruc‐ 
turesinasubmicrometer-grainedA1-3％Mgsolidsolutionalloyproducedbyanintense 
plasticstrainingtechnique､Thestudiesincludetheeffectofstaticannealingonthegrain 
boundarystructureManygramboundariesaMnahigh-energynonequilibriumstatein 
lheas-strainedsamp1eThenonequilibriumcharacterisretainedonsomegramboundaries 
msamplesannealedattemperaturesbelowtheonsetofsignificantgraingrowth・Theeffect
ofelectronirradiationonthegramboundarystructurealsoiｓｅｘamined・oE1sevierScience
lnc.,１９９６ 

grainboundaries［４，７LHigh-resolution 
elecbronmicroscopyhasconfirmedthe 
presenceofregularorirregulararrange-
mentsoffacetsandstepsatgrainbound‐ 
ariesaswellasthepresenceofaregionad‐ 
jacenttosomegramboundariescontammg 
significantdistortionorevenmissinglat-
ticefrmgｅｓ[811thasbeenconcludedthat 
thegramboundariesofSMGmaterialsare 

mahigh-energyandnonequilibriumstate 
StaticannealmgexperimentsoftheSMG 
samp1eshaveledtoasignificantreduction 
ofdislocationswithinIhegrainsandthe 
developmentofwell-definedgrainbound‐ 
ariesbeforesi8nificantgraingrowthtakes 
place［９１However,preliminaryObserva‐ 
tionsusmghigh-resolutionelectronmicros-
copy，haverevealedthatthegrambound-
ariesstillretamanonequilibriumcharacter 
[l0lInthisstudy,high-resolutionelectron 
microscopyobservationsarefurthercon-
ductedtoexaminetheevolutionofgrain 
boundarystructureaccompanyingstatic 
annealmg,andmoreevidenceisprovided 

IＮＴＲＯＤＵＣＴｌＯＮ 

Grainsizerefinementisanimportantpro‐ 
ｃｅｄｕｒｅｎｏｔｏｎｌｙｔｏｉｍｐｒｏｖｅｔｈｅｙｉｅｌｄ 
strengthatlowertemperatureswithoutre‐ 
ducmgductility,butalsotofacilitatethe 
adventofsuperp1asticityatfasterstrain 
ratesTherefinementisfeasiblebyusmgan 
intensep1asticstrammgtechniquewhere 
plasticstrainoftheorderofseveralhun‐ 
dredsofpercentisimposedunderquasi-
hydrostaticpressure[l-5LWiththistech‐ 
niqUe,itispossibletoreducegrainsizesto 
thesubmicrometerlevelor,occasionally,to 
thenanometerlevel[6LTheadvantageof 
thetechniqueoverothergrain-sizerefining 
techniquesisthatalargeqUantityofthe 
sUbmicrometer-gramed(SMG)materialmay 
beproducedwithoutmtroducmgresidual 
porosity・
ThemicrostructuresofSMGmaterials 

producedbythemtenseplasticstraining 
techniquearegenerallycharacterizedby 
highlydefOrmedgramsandpoorlydefined 

285 

MATERIALSCHARACTERIZATION37:285-294(1996） 
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iiltosupporttheearlierconclusionsfromthe I■■ 

i》hi小resolutionelecbfonmicroscopystudies．
alloywithaninitialgrainsizeof～5001Lm 
byusmgatorsionstrainingtechnique[4,8, 
11lThestrainedalloywasinthefOrmof 
diskswithdiametersof～15mmandlhickP 

nessesof-O3nⅡn.Thesediskswerereduced 

tothicknessesof-150-2501Lmbypohshing 
onbothsurfaces,andlhensmalldisks,hav-

ingdiａｍｅｔｅｒｓｏｆ３ｍｍ,werepunchedout． 

◆』1

EＸＰＥＲＩＭＥＮＴＡＬＰＲＯＣＥＤＵＲＥＳ 

八miAtotalstramof～７waslmposedatroom
● 

rtemperatureonanAl-3％Mgsolidsolution 

lll 
?■･ﾜﾛ 

(a）as-strained 

鷲ニヅ。

一尹也

(c)448Ｋ 
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FIG､1．Microstructures(a)inas-strainedconditionandafterannealingat(b)398K,(c)448K,(d)523K,(e)623K， 
and(O793Kfbrlh． 
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manydiffractedbeamsaroundringsindi-
catesthattherearemanysmallgrainswith 
multip1eorientationsintheselectedfieldof 
view・Astheannealingtemperatureism‐
creased,the厚amboundariesbecomestrai8ht
andweUdefmed，Theobservationsthus 

suggestthatthereisareductioninboththe 
nonequilibriumcharacterofthegrambound‐ 
ａｎｅｓａｎｄＩｈｅｌｅｖｅｌｏｆｔｈｅｍｔｅｍａｌｓｔｒｅss 

withmthegrams・
Theaveragegramsizesmeasuredfrom 

themicrographsarep1ottedinFig2with 
respecttoannealingtemperatureSignifi-
cantgramgrowthbegmstooccuratatem-
peratureofabout450K． 

/i｢SOmeofIhesmandiskswereannealedａｔ 
’.R,,, 

l1ljtemperaturesupto793Kforlhinanargon 
l/atmosphere・
IhediskswerethinnedfOr位ansmission

がelectronmicroscopywithatwinjetpolisher，
Us1ngaso1utionof10％ＨＣ104,20％Ｃ３Ｈ８０３， 

Ⅱ,and７０％C2H50Hatatemperatureof278K・
lThethinnedspecimenswereexaminedby 
usm8aJEM-1000Dhigh-voltageelectron 
mlcroscopeoperatingatlOOOkVandaJEM-
4000EXhigh-resolutionelectronmicroscope 

loperatingat400kV・ThefOrmernucroscope
Jwasusedforobservationsofgramsand 
Uainboundaryconfigurationsatlowermag-
jnifications；ｔｈｅｌａ仕ermicroscopewasused
lbratomicstructureObservationsatand 

｣nearthe8ramboundariesmtheas-strained 
msamp1esandthoseannealedat448K,which 
correspondtotheonsetofsignificantgram 
growthLatticeimagesweretakenatthe 
optimumdefOcuscondition,typicanyata 
magnificationof500,Ｏ００ｔｉｍｅａＳｍｃｅｌｈｅ 
ｇｒａｉｎｓｉｚｅｓwerelessthanlILm,individual 
grainswerenottilteddurmgObservation 
butasufficientnumberofgninsoriented 
doseto＜110＞wasfbundfOrlatticeimaging． 

ＡＳ－ＳＴＲＡ１ＮＥＤＳＴＲＵＣＴＵＲＥ 

Figure3showsthelatticeimageofthere-
gioncontainingagrainboundarymtheas-
stramedsamp1e､Facetsandstepsarevisi-
bleonIhegrainboundarywiththefacets 
fOrmedparallelto(111)inthegrainonthe 
left,butthereisnoregularityintheforma-
tionofthefacets,C1oseObservationreveals 

thatthereisdistortionofthe(111)Iattice 
fringesoverafewlayersneartheboundary・
Agramboundaryintheas-strainedsam-

p1eisalsoshownmFi9.4(a-d),theparts 
correspondingtotheimagesrecordedafter 
everyfewmmutesatacurrentdensityof 
55mA/ｍ2.Moir6fringesarevisibleonthe 
grainboundarybecausethelatticefringes 

､ 

RESULTS 

ＥＶＯＬＵＴｌＯＮＯＦ 
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FigurelshowslhemicrostrucInreofthe 
samp1eintheas-stramedconditionwitha 
selectedareaelechPondiffraction（SAED） 

patterntakenfromaO551Lmdiameteｒｒｅ‐ 
gion(Fig.１(a))andmtheannealedcondi‐ 
tionsattemperaturesupto793K(Fig.１(b-
f)),therebydemonstratmganevolutionof 
theSMGstructurewithrespecttoanneal-
mgtemperaturelntheas-strainedcondi-
tion,somegrainboundariesarevisible,and 
theseboundariesappeartobemostlycurved 
orwavy・Therearealsosomegrambound-
ariesthatarepoorlydefined,Thecontrast 
withinthegrainsisnotunifOrmbutoften 
changeslnacompIexway､A11oftheseob‐ 
servationssuggestthatthegralnsandthe 
grainboundariesarelnanonequilibrium 
stateHowever，ｔｈｅＳＡＥＤｐａｔｔｅｍｗｉｔｈ 

ANNEALINGTEMPERATURE(｡C） 
100２CＯ３００４００５００６００ 
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FIG､２．Averagegramsizeversusannealingtempera-
ture． 
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ｏｆthetwoadjacentgrainsaresuperim‐ 
posed､Becausethespecunenisnottilted 
andthu8航ｅ鞭ecimensurfaceisperpen-
diculartothebeamdirection,thepresence 
Ofmoir6frmgesindicatesthatthegraln 
boundaryplaneisｉｎｃｌｍｅｄｔｏｔｈｅｓｕｒｆａｃｅ 
ｎｏｒｍａＬＴｈｅｗｉdthofthemoir6frmgezone 
becomessmallalongthegrainboundary 
fromthebottomlefttothetopright,and 
thezoneeventuallydisappearsnearthetri-
plepointThemclinationangleisthendi‐ 
minishedalongthegrainboundary，and 
theboundaryp1aneisperpendiculartolhe 
isurfaceatthetrip1epoint・InspectionofFig，
４(a-d)showsthatthezonewidIhdecreases 
withtheobservationofimagesinparts(a） 
'ｔｏ(｡),ａｎｄthusitdemonsbratesthatthe 

l8rainboundarytendedtobeperpendicular 
tothespecimensurfaceaftereXposureto 
high-energyelectrons、Theportionofthe
８rainboundarynearthetrip1epomt,whieh 
wasperpendiculartothespecimensurface 
attheinitialstageofIheObservation,became 
smoothandstraightandmcreaseditslength 
duringobservationofthefourimages． 

InFig4(c,d),planardefbctsarevisibleon 
{111},asmdicatedbyarrows,butthereare 
nosuchdefectsmFi8.4(a/b）Ｔｈｅdefects 
wereformedbecauseoftheexposureto 
high-ener8yelectrons､Thecriticalvoltage 
fordefectformationhasbeenreportedas 
～170ｋＶ[l2LwhiChiswenbelow400kV)the 

acceleratingvoltageadoptedinthepresent 
observation・

Hgure5showsageneralviewofgrams 
takenaftertheseriesofimagesinFig.４:the 
regloncorrespondmgtoFi8.4isindicated 
byasqUare・Mostoftheboundariesinthe
micrographarecurvedorwavy・Thereare
alsomanyboundariesthatareinclinedto 
thesurfacenormalwiththeinclinationan‐ 

glechangmg． 

ＡＮＮＥＡＬＥＤＳＴＲＵＣＴＵＲＥ 

Ｆｉｇｕｒｅ６ｉｓａｈｉｇhermagnificationimageof 
a8rainiｎＩｈｅｓａｍｐ１ｅａｒｍｅａｌｅｄａｔ４４８Ｋｆｏｒ 
ｌｈＴhegrainboundariesmarkedA,Ｂ,Ｃ， 
andDaresmoothandstraightwithoutin‐ 
clmationtothesurfacenormal，andthus 

theboundariesappeartobeｉｎａｍｏｒｅｓｔａ‐ 
bleconditionthanthoseshowninFi9.5、
However,theboundariesatEandFarein‐ 

clinedtothesurfacenormalandhavｅａｚｉｇ‐ 
zagnatureThus,completeequilibriumhas 
notbeenreachedinthegrainofFig6The 
regionindicatedbyasquareongrain 
boundaryDisfurthermagnifiedinPi8.7． 
Theportionofthegrainboundarynearthe 
triplepointexhibitsastepwisearrange‐ 
mentoffacetsbut,withincreasingdistance 
fromthetriplepoint,theboundarybecomes 
smoothandstraight､Thisdifferenceinthe 
gramboundaryconfigurationismoreclearly 
demonstratedwiththelatticeimagesshown 
inFi８．８，inwhichparts(a)ａｎｄ(b)corre‐ 
spondtotheimagesnearandawayfrom 
thetrip1epoint,respectively・
Ｆｉｇｕｒｅ９ｉｓａｎｏｔｈｅｒｉｍａｇｅｏｆｇｒａｉｎｓａnd 

grainboLmdariesinthesampleanneaIedat 
448KforlhThegrainboundariesmarked 
B,Ｃ,ａｎｄＤａｒｅｓｍｏｏｔｈ,buttheyarecurved 
andbowedoutbetweentwoneighboring 
trip1epoints､Thegramboundariesmarked 
AandEtakeanirregularorzigzagnature 
TTlus,tｈｅｇｒａｉｎｓｓｈｏｗｎｉｎＦｉｇ９ｈａｖｅｎｏｔ 

FIG､３．Gramboundarylatticeimageinas-strained 
condition． 
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i&lhegramshownmFig､6.Thelatticeim‐ 
｛似a8esofthegrainboundariesmarkedＡ,Ｂ，
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mthegramwithtwo-dimensionallattice 
fringes、Betweenthetwoportions，ledges
arefOrmedontheboundary,butthereisno 
regularitymthefOrmationoftheledges 
C1oseobservationrevealsthatthereisdis-

tortionofthelatticefrmgesadjacenttothe 
boundary，andthedistortionextendsto 
abouttwolayersof(111),correspondingto 

FIG4．Imagesrecordedfrom(a)to(d)aftereveryfewmmutesatcurrentde､sity5.5ｍＡ/ｍ2,showingchangem 
● 

gｷﾞﾋﾞninboundaryconfigurationduringobservation． 
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FIG､６．High-magnificationviewofgramafteran-
nealingat448KforlhRegionindicatedbysquareon 
8pramboundaryDisenlargedmFig7、

ｎＧ.７．Enlargementofregionindicatedbysquareon 
grainboundaryDinFi8．６． 
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lmages(a)nearand(b)awayfromtriplepointshowninFi9.7 
● 

FIG､８．Grainboundarylattice 

９
％
．
・
・
。
。
‐

‐
、
。
冒
已

巳
ｊ
■
■
・
Ｐ
■
▽

ｂ必。五■■■』二■】】■■■四一■■■□■回■□■■００．Ｊ．。‐０１

１０、０，

６，1,pDl■ 

蝋ｌｊ
山｢蝿:`
j;いく‘

FIG.,、High-ma8mificationviewofgrainafterannealingat448KfbrlhGramboundaryportionsindicatedby
aITowsongramboundariesA,B,andCareenlargedinparts(a),(b),and(c),reSpectively,ofFig.10. 
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inIhegrainwithtwo-dimensional 
ingesThegramboundaryinFig． 

｢１ 
L］ nealedat448K 

IhelatticeimagemFi8.10(b)revealsthat 
the(111)latticefringesinthegrainonthe 
ri8htmeetwiththoseinthegramonthｅ 

ｎｍ， 
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ＦＩＧ､１０．Crainboundarylatticeimagesatportions 
indicatedbyarrowson(a)grainboundaryA,(b)grain 
boundaryB,and(c)gramboundaryC 
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識口
調1l1eftatanangleof3mhe印amboundary

蕊麗繍搬:柵1雛雛:霊
■;ｉｌｊ１?lhegramonlherigMthepointsmarked 
懇mhegminboundaryappearstobealow‐
誤anglegramboundary,buttheremustbea
:jlWLrOtationofonegramwithrespecttothe 
j1lotherabouttheaxisperpendiculartothe 
;｝(111)1atticefrmgesofeachgrainbecause 
1rUleone-dimensionalfringesappearonlyin 
$ljthegramontheleft・TTleformationofareg-

ll;；jIulararmngementoffacetsandstepssug-
》ijgeststhatthegramboundaryisinahigh‐
'し:>ener8ystate，
PInFig1O(c),the(111)latticefringesinthe 
ルigramontherightmeetwiththoseinthe
fgramontheleftatanan副eof5.,andthere
Jaredislocationsresultingfromthetermma-
i1,tionsof(111)latticefringesinthegrainon 
lWH1erightatthepointsmarkedT､ＡｓｍＦｉｇ・

１０(b),gramrotationoccursabouttheaxis 
wperpendiculartothe(111)latticefringesof 
heachgram,However,thegramboundaryis 
Iﾉﾘｎｏｔstraight，unliketheboundarymFig 
J10(b).Tllus,thegramboundaryagainap‐ 

ipearstobemahigh-ener8ystate・

ＤｌＳＣＵＳＳｌＯＮ 
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ELECTRoNMlCROSCOPy 

Thelower-magnificationimagesshownm 
Fi9.1revealthatthegrainboundariesbe‐ 
ｃｏｍｅｓmoothandwelldefinedasthean-

nealingtemperatureisincreasedThereare 
manysmoothandwell-definedgramboLmd-
ariesvisibleinFigl(c)ｏｆｌｈｅｓａｍｐ１ｅａｎ－ 
nealedat448K,correspondingtotheonset 
ofsignificantgramgrowIh,However，ｔｈｅ 
ｓａｍｐ１ｅａｌｓｏｃｏｎｔａｍｓｓｏｍｅｇｒａｉｎｂound-
arieswithazigzagnatureorbowedoutbe-
tweentwoneighbormggrams､Thepresent 
high-resolutionelechPonmicroscopyObser‐ 
valionshaveconfirmedthatthegrainbound-
arieswithazigzagnatu1巴alwaysexhibitnon-
eqUilibriumstructures,buteventhosewitha 
smoothandweU-definednatureocpasionaUy 
exhibitnonequilibriumstructureswhen 
theyareobservedatamagnificationatthe 
atomicleveLusmghigh-resolutionelectron 
microscopy､Itislhereforeemphasizedthat 
high-resolutionelectronmicroscopyobser-
vationsareimportantinevaluatingthe 
eqUilibriumnatureofthegramboundary． 

ＣＯＮＣＬＵＳＩＯＮＳ 

mhegramboundariesinanas-sbrainedSMG 
sampleweregeneraUycurved,wavy,orln‐ 
clinedtothespecimensurfacenormaland 
weremahigh-energynonequilibriumstate 
Forthesampleannealeｄａｔ４４８Ｋｆｏｒｌｈ， 
correspondingtoanonsetofsignificant 
gralngrowth,thereweremany8rambound-
ariesthatweresmoothandwelldefined・

However,suchgrainboundariesdidnotal‐ 
waysexhibitequilibriumstructureswhen 
Observedatamagnificationattheatomic 
leveL 

ProlOngedelectronirradiationledtothe 
formationofp1anardefectson{111}p1anes 
withmthegrains、However，duringthe
electronirradiation，thegramboundaries 

changedtoamoreequilibriumcondition， 
beconungsmoothand，wheninclmedto 
thesurfacenormal,becommgperpendicu‐ 
lartothesurface・Ｔｈｕｓ,thenonequilibrium
natureofthegrainboundariesobservedby 

ELECTRON-1RRADIAT10NEFFECT 

ThefOrmationoftheplanardefectsshown 
mFi8.4(c,｡)demonstratesthattheeffectof 
electronirradiationissignificant､However， 
exammationofFig4(a-d)revealsthatthe 
gramboundarystructuretendstoanequi-
1ibriumconditiondurmgelectroninadia-
tionThismdicatesthatthenonequilibrium 
characterofthegrainboundarystructure 
Observedatthemitialstageofobservation， 
ａｓｍＦｉｇ４(a),representsIheimageinher-
entorclosertotheas-strainedSMGstruc-

tureltalsoappearsthattheelectron-irradi‐ 
alioneffectshouldberatherminorwhen 

Jmageobservationsaremadequickly・Ｔｈｕｓ，
wheneveranonequilibriumcharacterofthe 
gramboundarystructureisobserved,itis 
duenottoelectronirradiationbuttothein‐ 

herentnatureoftheSMGstructures． 
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ItisnowestabUShedthatanultrafinegminsizemaybeachievedbysubjectingamaterialto 
訂十mIintensePlasIicstrainingthroughpmceduressuchasequal-channelangularpressingandtorsion
'/jJrIstraining･However，ｔｈｅgrainboundariesinthesematerialsareofteninahighenergynon‐ 
ヅ’lequilibriumconfiguration・Thispaperdescribesexperimentsconductedtoexaminetheroleof

microstructumlevolutioninanA1-3％Mgsolidsolutionalloyaftertheinｍｄｕｃｔｉｏｎｏｆａｎ 
ｉ１ ｒultrafinegrninsize、Theresultsshowthatgrainevolutionoccurswithtwodistinctactivation

r■（energiesdependinguponwhetherthematerialisinanunrecrystanizedorrecrystallized 
-（rcondition． 

河，ｎｍＲＯＤＵＣＴＩＯＮ

nlereisconsidemblecurrentinterestinthedevelopmentofmaterialswithultrafinegrainsizes 
inthesubmicrometerornanometerrange・ThesematerialshaveapotentialfOrnumemus
industrialapplicationsincludingsuperplasticfbrmingatrelativelyhighstrainrates【1]・Several
techniquesarenowavailablefbrfblbricatingmaterialswithultrafinegrainsizesbuttheuseof 
intenseplasticstrainingprovidestheopportunityofattaininglargebulksampleswithoutthe 
prcsenceofanyresidualporosity・ThispaperTeviewssomerccentobseIvationsonthestructure
andmicrostructuralstabilityofanultrafine-grainedA1-Mgalloywhereitwaspossibletoachieve 
gminsizesassmallas～９０，ｍ． 
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Ｔ]I1lC】H[N]【(;ｌＩＵＥＳ]FOR】【NTENSEPLASmCSTRA][NING

Ｔｗｏtechniqueswereusedtoproducesampleshavinganultrafinegrainsize：thesetechniques 
areillustratedschematicallyinFi9.1．FigurB1(3)depictstheprocessofequal-channelangular 
(ECA)pressing[2],inwhichapolycrystallinematerialispressed,underaloadP,throughadie 
consistingoftwochannelsofequalcross-sectionintersectingatanangleof①andsubtending 
anangleofvattheouteraICofcurvaturewherethetwochannelsintersect・Thetestmaterial，
ShownshadedinFig，１(a),ismachinedsothatitfitstightlywithinthedie,andthedieis 
designedsothatrepetitivepressingsofasinglesamplecanbeusedtoattainahighlevelof 
smin・ＩｔｃａｎｂｅｓｈｏｗｎｔｈａｔａｔｏｔａｌｓｔｒａｉｎｏｆcNisaccumulatedafterNsepaIatepressings
throughthedie,wherecNisgivenby[3］ 
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Figurel(b)mustratestheprincipleoftorsionstminingI4],wheleasmallsamplcinthefbrm 
ofadisk,typicallyhavingadiameterof～１５ｍｍ,issubjectedtointenseplasticdefbrmation 
bytorsionstrainingunderahighpressure、Forthisprocedure，theimposedstrainisequalto
ln(↓Ｗ),where巾isthcangleofrotationinradiansaｎｄｒａｎｄ〔arethediameterandthickness

ofthedisk,respectively． 
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Ｐ 

③ (b） 

、Fig.１Schematicnlustrationoftheprocedurcsof(a)equal-channelanguIar(ECA)pressing
and(b)torsionstrainingunderhighpressure． 
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Theexperimentswereconductedusingahot-rolledA1-3％MgsolidsoIutionalloywithaninitial 
grainsizeof～500川．SamplesoftheaUoyweresubjectedtoECApressingortorsion
stmainingatroomtemperaturetototalstrainｓｉｎｔｈｅｒａｎｇｅｆｒｏｍ～４ｔｏ～７．Fulldetailsare 
givenelsewhereoftheproceduresemployedfbrECApressingI5]andtorsionstraining[6１ 

騨
処
・
寂

Ｆｉｇｕｒｅ２ｓｈｏｗｓａｎｅｘａｍｐｌｅｏｆｔｈｅｍｉｃｒostructureintheAI-MgalloyafterECApressing， 
togetherwithsele6tedareaelectrondiffTactionpattemslakenfromregionsA，BandCusinga 
diameterof1.9隅、[７１１nspectionshowedthatthemicrostructureafterECApressingwasvery
heterogeneous,withareasofreasonablyequiaxedgrains(asatA)andareasofelongatedgrains 
(asatC)separatedbytransitionregions(asatB)．ItisapparentfrominSpectionoftheselected 
areaelectrondiffiPactionpattemsthattherearelargemisorientationsbetweentheindividual 
gralnsandthepronouncedazimuthsprBadingisevidencefbrthepresenceoflargeintemal 
stl巳ssesintheas-fabricatedmateriaLDetailedmeasurementsgaｖｅａｎａｖｅｒａｇｅｇｒａｉｎｓｉｚｅｏｆ
－0.2牌、:fUrtherinfbrmationonthemicroStructuralmeasulementsweregiveneadier[8]．
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Figure3showsthetypicalmicrostmctureachievedaftertorsionstmining，plusselectedarea 
electrondifftactionpatternstakenfromareasA,BandCusingadiameterof1.3川[７１For
theseconditions,theas-fabricatedmicrostructurewasreasonablyunifbrmandthereweleIarge 
misorientationsacrossthegTainboundaries・Theaveragegrainsizeofthemicrostructureshown
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Fig`２As-fabricatedconditionafterECAprcssing:(a)microstructureand 
（b)selectedareaelectrondiffractionpattemsfromregionsA,ＢａｎｄＣ． 
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Fig.３As-fabricatedconditionaftertorsionstraining:(a)microstructureand 
（b)selectedareaelectrondiffractionpattemsfmmregionsA,ＢａｎｄＣ 

DetailedmicrostructuralinspectionoftheA1-3％Mgalloysubjectedtointenseplasticstraining 
byECApressingrevealedthatmanyofthegrainboundariesarepoorlydefinedandappear 
essentiallyasdiffUsetransitiqnzonesbetweenhighlydefbrmedgrainsI81Theseobservations 
suggestthatthegrainboundariesareinanon-equilibriumconfiguration・Therefbre，to
investigatethegrainboundarystructureinmoredetail,extensiveobservationswereconducted 

)withhighrcso1utionelectlonmicroscopyandusingA1-Mgalloyspreparedwiththetorsion 
stminingtcchnique:M1detAilsoftheseobservationsaｴegivcnelsewhere[6]． 

Fig眼４showsatransmissionelectronmicrographofatypicalgminintheAl-3％Mgalloy
aftertorsionstrainingtoastrainof～７:theselectedareaelcctmndiffractionpattemcorresponds 
toa[110]gminorientation・Thegrainboundariessurroundingthisgrainappeartobecurved
orwavyalongtheirlengthsandthereisevidencefbrcorrugationsoftheboundariesinthe 
regionslabelledAandB・nlesecorTugationsaremorecvidentinthehighermagnification
micrographsshowninFigs5(a)ａｎｄ(b),representingboundaryregionsAandBinFi９．４， 
respectively・Ｉ、Fig.５，thereaｴctwo-dimensionallatticefringesconrespondingtothe[011］
orientationontheleftandone-dimensionallatticefringesfromthe(200)systematicreflections 
ontheright、Ｉ、Fig.５(a),thegrainboundaｴyexhibitsaperiodicandstepwiseaITangementof
f8cetsparallelto(100),witheachfacetconsistingoffburorfivelayersof(111)planes・C1ose
inspectionofFig5(a)revealedaregionadjacenttothegrainboundaIy,havingathicknessof 
～５，ｍ，wheretherewassignificantlatticcdistortionandcvidenccfbrtheprcscnceof 

dislocations：someexamplcsofterminatedlatticefmgesaIcdesignatedbytheletｔｅｒＴｏｎｔｈｅ 
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Ｆｉｇ．４Atypicalgrainmtheas-fabricated 

conditionaftertorsionstraining：selected 
areaelectrondiffi｢actionpattemcolTesponds 
toaUlO]grainorientation． 

Ⅲ 

(a） (b） 

Fig.５Enlargementsofgminboundariesat(a)IegionAand(b)regionBinFig4， 
showingwavyandfacettednatureoftheboundaries． 
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IeftofthegrainboundaryinFig5(a)．Itisimportanttonotethatthepresenceofsomelattice 
dilatationadjacenttothegrainboundariesappearstobeaconsistentfeatureofultrafine-grained 
materialsproducedbyintenseplasticstrainingtechniques[9ｌＩｎＦｉｇ､５(b),takenfromregion 
BofFig、４，itisapparentthatthegrainboundaryhasadistinctzigzagconfiguratio､．
ＭeasurementsofthefacetdensitiesinthcboundarWcgionsatAandBofFig.４gavevalues 
of～101ａｎｄ～２×108ｍ-1,respectively． 

FromtheseObservations,itisconcludedthatthegrainboundariesoftheultrafine-grainedAl-3％ 
MgalloyProducedbyintenseplasticstminingareinahigh-energynon-equilibrium 
configurationwhenexaminedintheas-f2bricatedconditionFurthcrmore，narrowregions 
adjacenttothegrainboundanesshowsignificantdistortionsandthepresenceofmanylattice 
dislocations･Itistherefbreappropriatetoexaminetheroleofstaticannealinginpromoting 
microstructuralevolutionandthedevelopmentofamoreequilibratedstructure． 

1 

TＨＥｎＩＦＬＵＥＮＣＥＯＦＳＴＡＴＩＣＡＮＮＥＡＬｍＧ 

Staticannealingexperimentswereconductedinwhichsamplesoftheultmfine-grainedA1-3％ 
Mgalloywereheldattheselectedannealingtemperaturefbrlhourandthenquenchediniced 
water:fUrtherinfbrmationontheresultsoftheseexperimentsaregivenelsewherefbrsamples 
processedbyECApressing[5,10】andtorsionstraining[刀．

Figure6showsexamplesofthemicrostructuresvisibleafterstaticannealingatdifferent 
temperaturesfbrsamplesprocessedby(a)ECApressingand(b)torsionstraining・Forboth
processingprocedures，itisapparentthat(i）thereissignificantgraingrowthatthehigher 
amealingtcmperaturesand(ii)thereisanevolutionintoamoreequilibratedmicrostructureas 
theannealingtemperatureisincreased・InthesamplcssubjectedtoECApresSing,shownin
Fig､６(a),thereisagradualincreaseingrainsizesuchthat,atanannealingtemperatureof503 
K，thereisaduplexstructureconsistingofareasofunrecrystallizedgrainsandareaswhere 
recrystallizationappearstobeessentiallycomplete・Thisduplexstructureisvisiblealｓｏａｔ５３３
Ｋ，butathigherannealingtcmperaturesthematerialwasfUllyrecrystallizedandthe 
microstructureconsistedofaunifbrmdistributionofgrainsseparatedbyhighangleequilibrated 
grainboundariesJAsimilarmicrostructuralevolutionoccurredalsointhematerialsubjected 
totorsionstmining,asshowninFig,６(b),exceptthatthestructureintheas-fabricatedcondition 
wasmoreunifbrm，ａｓｓｈｏｗｎｉｎＦｉｇ、３，andtherewasnotemperaturerangewheretherewas
evidenceofaduplexstructureofrecrystallizedandunrecrystallizedgrains、Forbothprocessing
routes，theeffectofstaticannealingisanevolutioninmicrostructurefromanarrayofgrains 
containinglargeintemalstressesdelineatedbynon-equilibriumboundaliestoanequilibrated 
structureofreasonablylargeandrelativelydislocation-freegramssurmundedbyhighangle 
grainboundarieshavinganequilibriumconfiguration．Figure7showsthegrowthoftheaverage 
grainsizcasafimctionoftheannealingtemperature,demonstratingthatgrowthoccursrapidly 
attemperaturesabove～500Ｋ． 

Themicmstructuralevolutionvisibleinthisworkhascharacteristics,includinggralngrowthand 
dislocationannihilation，whicharesimilartotheobservationsofcontinuousdynamic 
recrystallizationreportedduringthestrainingof,fOrexample，apre-workedsupelplastic7075 
aluminumalloy[11]andamicroduplexstainlesssteel[12]、However,thepresentevolutionis
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Fig.６Microstructuresafterstaticannealingfbrlhourafter(a)ECApressing 
and(b)torsionstmining． 
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Fig.７VariationofgrainsizewithannealingtemperaturefbrA1-3％Mg 
processedbytorsionstrainingorECAprcssing． 

differentbecauseitoccursunderstaticconditionsanditisadirectconsequenceofthermal 
activationandtheinitialnon-equilibriummicrostructureofthemateriaLTherefbre，itis 
appropriatetodesignatethisprocesscolzli""０噸Ｓｍ耽形c肌lZz"imUio肌

Ｍ[CROHARDIqESSMEASUREMENrS 

TheVickersmicrohardness,Ｈｖ,wasmeasuredfbreachsampleafterstaticannealingandFi９． 
８showsthevariationofHv（ｉｎｋｇｍｍ２)withtheannealingtemperaturefbrthesamples 
processedusingtorsionstrainingorECApressing:theerrorbarsdenotethetotalrangeonseven 
separatemeasurementsTecordedfbrHvundereachcondition・Inspectionshowsthatboth
materialsexhibitasimilartrendexceptonlythattheindMdualvaluesofHvaresignificantly 
higheratthelowerannealingtemperaturesfbrthematerialsubjectedtotorsionstrainingbecause 
ofthesmallergrainsizeinthismaterial(i､e､grainsizesof～0.O9lmaftertorsionstrainingand 
～0.2lmafterECAplcssing)．Contrarytoearlierreportsfbranultrafine-grainedA1-1.5％Mg 
alloy［13］andnanocrystaUinePd［14】，thereisnoevidencefbraninitialincreaseinthe
microhardnessatthelowerannealingtemperatures・Instead，Hvremalnsreasonablyconstant
uptoanannealingtemperatureof～400Ｋ，ａｎｄｔｈｅｎｉｔｄecreasesto-600Kandremams 
essentianyconstantuptothehighestannealingtemperatureof～８００Ｋ． 

Theyieldstressofamaterialisgenerallyrclatedtothegrainsizc，。，throughtheHall-Pctch
equation,andthisapproachcanbeextendedtothehardnessofamatcrialthroughtheexpression 
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Fig.８ValiationofVickersmicrohardnesswithannealingtemperaturefbrA1-3％Mg 
processedbytorsionstrainingandECApressing． 

TP-J￣． 

ＨＶ＝Ｈｏ＋ｋＨｄ－ﾕﾉ２ (２） 

whereHoandkHarCconstantsassociatedwiththehardnessmeasurcments． 

Figure9showsaplotofHvversusdl厄fbrthesamplespmcessedbytorsionstminingorECA
pressing，respectively，withthedatumpointsfbrthetorsionstrainedmaterialextendingtothe 
smallestgrainsizeof～0.0114,．AfterECApressing,alldatumpointsliealongasingleline 
whichisgivenbyequatiｏｎ(2)ｗｉｔｈＨ。＝４６ＨｖａｎｄｋＨ＝３５ＨＷ４ｍｌﾉｭ・Aftertorsion
straining,thedatumpointsalsoapproximatetoastraightlinewithH。＝４７．５ＨｖａｎｄｋＨ＝４１
HWm1nandwiththelinesofminimumandmaximumslopegivingvaluesfbrHo0f44・ＳＨｖ
ａｎｄ５２ＨｖａｎｄｖａｌｕｅｓｆｂｒｋＨｏｆ３２､ｓＨＷｍｌ/Ｚａｎｄ５２ＨＷｍ１/2,respectively． 

C1osercxaminationoftheexperimentaldatumpointsfbrthematerialprocessedbytorsion 
stminingsuggeststhat,althoughthereisnoevidencefbrtheoccurrenceofanegativeslopein 
theHall-Petchplotatthesmallestgrainsizesdevelopedinthisinvestigation，neverthelessthe 
datasuggestapossibledecreaseinslopeatgrainsizesbelow～0.1s似、、Thispossibilityis
examinedinmoredetailelsewhereanditisproposedthattheslopemaydecreaseintheHall‐ 
PetchplotatverysmaUgrainsizesbecauseofthemovementofextrinsicdislocaUonsinthenon‐ 
equilibriumgminboundarieSduringthcimpingementofthehaldnessindenter[7]、Thus,itis
concludedthattherewillbeatendencytounderestimatethematrixhardnessinultrafine-grained 
materialsifthegrainboundariesareinanon-equilibriumconfigumtion． 
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wheredanddoaretheinstantaneousandinitialgrainsizes，reSpcctively，tisthetime,nisa 
constantwhichisusuanytakenasunityandkgincoIpomtesthedependenceontemperature 
throughanactivationenergy,qTakingthevaluesofdoasthesmanestgrainsizesobserved 
experimentally，Fig」Ｏshowｓｐｌｏｔｓｏｆ（ｄ２‐。､2）versusthereciprocaloftheabsolute
temperaturMbrsamplesprocessedusingeither(a）ECApressingor(b）torsionstraining， 
respectively． 
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InplottingthedataafterECApressing,acleardistinctionismadebetweentheunrecrystallized 
andrecxystallizedareasoccurringintheduplexstructureobservedattemperaturｅｓｏｆ～500‐ 
550Ｋ：asnotedearlier，noduplexstructurewasvisibleinthematerialplDcessedbytorsion 
strainingwherethemicrostructurewasmoreunifbrmlnbothmaterials，theactivationenergy 
is～８５－９０ｋＪ、Cl~lintherecrystallizedconditionandthisisconsistcntwiththevalue
anticipatedfbrgrainboundalydiffilsioninpureA1（～８６ｋＪｍｏｒｌ［15])．However，the 
activationenergicsintheunrecrystallizedconditionare～２５kJmol-1,andtheselowvaluesare 
oftheorderｏｆ～0.2QUwhereqistheactivationenergyforlatticeselfLdiffilsioninpureA1 
[15]・TheseverylowvaluesfbrtheactivationcnergyarcattributedtotheoccmTenceofhigh
atomicmobiUtyinthenon-equilibriumgrainboundarieswhichmakeupthemicrostructurcat 
thesesmallestgrainsizes[16,171 
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JU1tlafinegminsizes，ｄｏｗｎｔｏ～９０，ｍ，ｗｅｒｅｐｌｃｄｕｃｅｄｉｎａｎＡｌ-3％Mgalloyusingtwo 
jjdifferentintenseplasticstrainingtechniques､Inspectionshowedthatthegrainboundariesinthe 
:ias-fabricatedmaterialswereinahighenergynon-equilibriumconfiguration・Themicrostructure
1fevolvedi､toanequilibratedstructureduringstaticannealinginaprocessdesignatedcD"[i"““ 
JJ1(、ｃ”ｃＤＩｓｍ"iZajo"・Grainevo1utionoccurTcdwithtwodiffCrentactivationenergies
::Idependinguponwhctherthematerialwasinanunrecrystallizedorrecrystallizedcondition． 
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Abstract-ExperimentswerecondｕｃｔｅｄｏｎａｎＡ１-5.5％Ｍ9-2.2％Ｌi-0.12％Zralloytoinvestigatethe 
fbasibiutyofintroducmganultra-iinegrainsizeusmgequal-channelangular(ECA)prcssingandof 
retaininganultra-finegrainsizeatclevatedtemperatures・ＩｔｉｓｓｈｏｗｎｔｈａｔＥＣＡｐｒｅｓｓｉｎｇｉｓｃａｐａbｌｅｏf
reducingthegrainsizehomaninitialvalueof～４００’ｍｔｏａｖａｌｕｅｏｆ～1.2’ｍ・However，ｔｈｅ〃

microstructurcafIcrECApressingisheterogeneous,withmanyareasofequiaxedgrainshavinghighangle 
grainboundariesandsomeregmnsofsubgrainswithboundarieshavingIowangIesofmisorientation． 
UnUkeearlierexperimentsonALMgbinaryalloys，itisdemonstratedthatthegrainsiｚｃｏｆｔｈｅ 
Ａ１－Ｍ段Li-Zralloyisrcasonablystableuptotemperaturesashighas～７００Kbccauscoftheprescnce
inthematrixofafinedispersionofβ'一AljZrprecipitates・MicrohardnessdataconfirmtheHalI-Petch
lelationshipfbrgrainsizesabove～Z似mproducedbyannealingattemperaturesabovc～６７３Ｋ,but
theHall-Petchrelationshipbreaksdownatsmallcrgrainsizesbecauseofvariatiomsinthevolumefipaction 
ofthe6'一Al3Liprecipitates.。】”７ＡααﾉＶＢｍﾉﾉjJXgim〃c，

1.ＩＮＴＲＯＤＵＣＴＩＯＮ Animportantlimitationassociatedwiththe 

developmentofultra-6negrainsizesinmaterialssuch 

astheAl-3％MgsolidsolutionaIloyisthe 
occurrenceofgraingrowthatelevatedtemperatures・
specifically，experimentsoverawiderangeof 
temperaturesledtotheconclusionthatatemperature 
ofｔｈｅｏｒｄｅｒｏｆ５００Ｋ，closetoone-halfofthe 

absolutemeltingtemperature,rcpresentedessentially 
anupperlimitfbranyutilizationoftheultra-line 

grainedAl-3％Mgalloyin,fbrexample,superplastic 
fbrmingoperations[8lAsaresultofthesedifliculties， 
therctentionofanultra-finegrainsizeatsuperplastic 
fbrmingtemperatureshasbeenidentiliedasthemajor 
challengeinanyhltureattemptstocommercially 
utilizetheECApressingtechnique[11l 
Thepresentinvestigationwasinitiatedinan 

attempttoovercomethislimitationbyusinga 
representativecommerciaIalloywhercitmaybe 
possibletorctainanultra-6negrainsizeatelevated 

temperaturesbecauseofthepresenceofprecipitates， 
Experimentswereconductedtoinvestigatethe 
microstructuralcharacteristicsassociatedwiththe 

ECApressingofanAl-Mg-Li-Zralloycontaininga 
finedispersionof6'一Al3Liandβ'一Al]Zr､Thisalloy

Equal-channelangular(ECA)pressingisanestab‐ 

lishedprocessmgtechniqueinwhichapolycrystalline 
metalispressedthroughadietoachieveaveryhigh 
plasticstrain[1Ltherebyprovidingthecapabilityof 
producinganultra-finegrainsizeinthematerial 

[2,3]・Thisprocedurehasseveraladvantagesover
moreconventionaltechniquesfbrthefabricationof 

materialswithultra-hnegrainsizes,suchasinertgas 
condensation［4]，highenergyballmilling［5］or 
slidingwear[6Lbecauseitiscapableofyieldinglarge 
sampleswhicharefreefiPomanyresidualporosity 
andreadilyamenablefbrmechanicaltestmgand 
fbrmingoperations・
Earlierreportsdescribedthefnbricationofan 

ultra-hne-grainsizeｉｎａｎＡｌ-3％Mgsolidsolution 
alloyusingECApressing[7],ａｎｄｉｔｗａｓｄｅｍｏｎ‐ 
stratedthat,ｉｎａｎａＵｏｙｗｉｔｈａｎｉｎｉｔｉａｌｇｒａｉｎｓｉｚｅｏｆ 
～４００似、,itwaspossibletoattainanultra-iinegrain
siｚｅｏｆ～０．２’ｍ・Subsequentreportsonthisalloy
describedthemicrostructuralstabilityduringstatic 

annealing[8],theroleofgraingrowth[9]andthe 
variationofthemicrohardnesswithgrainsizc 

throughtheHall-Petchrelationship[10］ 
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lntheas-TeceivedhotroIledcondition,theaverage 
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andinspectiomshowedthatthegrainswereelongated 
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areasofheterogeneitywherctherewercarraysof 
sub-grainboundaricshavinglowangleso「misorien‐

ｔａｔｉｏｎＡｎｅｘａｍｐｌｅｉｓｓｈｏｗｎｉｎＦｉｇ２ｗｈereregion 
D,asrevealedbytheSAEDpattern,issimilartothe 
microstructureiｎＦｉｇｌｂｕｔｒｅｇｉｏｎｓＡ，BandC 
containarraysofsub-grai、boundaries・CareMand
extensivemicrostructuralobservationsanerECA 

pressingledtoestimateｓｏ「volumelTactionso「

～60-70％lbrgrainswithhighangleboundaTicsand 

～30-40（Ｘ１ｆｂｒｇ｢ai11swithlowanglebou11daTies、
Generally，thesesubgrainswerecontainedwithin 

regionshavingdiameterso「theordero「10-20ﾉlm
andthcmcasurcdavcragcsubgrainsizc（～１．２/1ｍ） 
wasidenticaltothcmcasurcdgrainsizc、
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Fig.３.(il)ＤｌｌｒｋｎｃｌｄｉＩ１】ilgcshowingul]ilbrnldisIl･ibulioll〔〕「
vcryIincb'一AI1LiprcciI1iIiltc月dlnd（b）［１１()］llclpKIllcrI1
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theAl-M苫Li-ZralloyarehigherthanIbrthe
Al-Mgalloysatallannealingtemperaturesabove 
～５００Kbecauseoftheveryrapidincreaseingrain 
sizeinthebinaIFyalIoys． 

T、２００３００400５CｕeuL

3.4.ﾘﾉﾋJ/減りq/ｌＡｅＨｔｚﾉﾄPaoﾉirehJ"0"sAip

Thehardnessofamaterialisgenerallyrelatedto 

thegrainsizethroughaHall-Petchequationofthe 
fbrm[22,23]： 

５１０［ 

思創

(1) 〃Ｕ＝Ｈｂ＋ｋ,{`-1に，

ｗｈｅｒｅｄｉｓｔｈｅｇｒａｉｎｓｉｚｅａｎｄＨｂａｎｄｋMareconstants 
associatedwiththehardnessmeasu肥ments・

Inpractice，however，caremustbeexercisedin 
makinguseofequation（１）fbrthepresentdata 
becausethealloywascooledinairanerECA 
pressinｇｓｏｔｈａｔ６'一Ａ1ｺLiprecipitatesarepresentin
theECApressedmaterial,asTevealedinFig3(a).It 
isanticipatedthattheseprccipitatesarelostwhem 
annealingathightemperatulcs,above～６７３Ｋ,and 
thesubsequentquenchinicedwaterwiUpelmitonly 
averyminorreprecipitationoftheJ′phasaBy 
contrast,therewillbeachangeinthevolumefinction 
of6'precipitatesatanneaIingtemperaturesbelow 
～６７３Kbecauseattheselowertcmperaturｅｓｔｈｅ６′ 

precipitatesareonlypartiallydissolvedP41・The
ellbctonHUofavariationinthｅｖｏｌｕｍｅｈａｃｔｉｏｎｏｆ 

６'一Ａl〕Liisrevealedbytheexperimentaldatain
Tablelwhere,lbrincrcasingannealingtemperatｕｒｅｓ 

ｕｐｔｏ６２３Ｋ,thereisclearevidencefbrasystemａｔｉｃ 
ｄｅｃｒｅａｓｅｉｎｔｈｅｖａｌｕｅｓｏｆＨＤｂｕｔwithno 

corrcspondingincreaseinthemeasurcdgrainsize、
Itisanticipatedthethe6'precipitateswiIlbefUlIy 

dissolvedintotheAlmatrixwhenannealingat 

temperaturesabove～６７３Ｋand，inaddition，ｔｈｅ 
ａｍｏｕｎｔｏｆ６′reprecipitatingonquenchingwillbe 
smalIandessentiaIlyidenticalIbraⅡspecimens・Thus，

atanncalingtcmperatu妃ｓａｂｏｖｅ～６７３Ｋ，corre-

spondingtogramsizesabove～２/ｕｍ，ａｌｌｏｆｔｈｅ 
ｓｐｅｃｉｍｅｎｓａ｢ｅｉｎａｓｉｍｉｌａｒｓｔｒｕｃｍｒａｌｓｔａｔｅａｎｄｔhe 
Hall-Petchrelationshipshouldapply・Thiscon-
clusionisconfirmedinFi9.7ｗｈｉｃｈｓｈｏｗｓａｐｌｏｔｏｆ 
ＨｂｖｓＪ－Ｉ/zfbrtheAl-Mg-Li-ZralIoyplusthethree 

additionalmaterialsdocuｍｅｎｔｅｄｉｎＦｉｇｓ５ａｎｄ６ 

[10,21]:theerrorbarsoneachexperimentaIpoint 
denotetherangeinthemeasuredindividualvalueｓｏｆ 
Ｈｂａｎｄ‘，respectively，Althoughthedatumpoints 
fbrtheAl-Mg-Li-Zralloyextendoverasmalｌｅｒ 

ｒａｎｇｅｏｆｇｒａｉｎｓｉｚｅｓｔｈａｎｆｂｒｔｈｅbinaryalloys，ｔｈｅ 

､、4,0５００600７００Ｂｕｏ叩【
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Inthepresentwork，itisshownthatthe 

microstructureintheECApressedconditionis 

heterogeneousandcontains,inadditiontoarraysof 

grainswithhighangleboundarieS,ａｖｏｌｕｍｅＢｎｃｔｉｏｎ 

ｏｆ～30-40％ofgramswithlowanglesub-bound‐ 

aries・ExperimentsonAl-basedalloyshavecstab-

1ishedthatthepresenceofamajorityofboundaries 

withlowanglesofmisorientation（ｏｒｔｈｅｏｒｄｅｒｏｆ 

～60％ofallboumdaries)limitstheabilitytoachieve 

hightensileductility［36lNevertheless，thrCe 

observationssuggcstthatthemicrostructureattained 

byECApressinginthepresentinvestigationmaybe 
capableofprovidingmaterialwhichwillexhibit 

reasonablyhightensileductilities・First，thereare

reportsofelongationsoｆｕｐｔｏ＞1000％ｉｎａｎ 

Ａｌ-8.0％Ｍ9-1.0％Ｌi-0.15％ZraUoycontaininga 

finegraihsizewithamixtureofbothhighandIow 
angleboundaries[37]・Second,thereisexperimental
evidencemanAl-Cu-Li-Mg-Zralloylbran 

evolutionduringsuperplasticdefbrmatioMiPomveTy 
finesub-grains，havingsizesof～0.5-10瓜、，into
linegrainswithhighanglegrainboundariesandsizes 

of～G7似、[33lThird,resultsreportedrecent1yhr

anA1-10％Ｍ告0,1％Zrauoyshowhighclongations
tofnilureinamaterialinwhich～２２％ora1l 

boundarieshavelowang1esofmisorientation 
(＜１５｡)ｐ８］ 

Animportantobservationinthepreｓｅｎｔｗｏｒｋｉｓ 

ｔｈａｔｉｔｉｓｐｏｓｓｉｂｌｅｎｏｔｏnlytoreducethegrainsize 

fiPom～４００似minitiallyto～１．２/LmthroughECA

pressingatatemperaｍｒｅｏｆ６７３Ｋｂｕｔａｌｓｏｔｏｒｅｔａｉｎ 

ａｎｅｘｔｒemelysmaUgrainsizeevenaHerannea1ingfbr 
lhattemperaturesashigｈａｓ～700Ｋ.Ｔｂisgrain 
stabilityisattributedtｏｔｈｅｐｒＣｓｅｎｃｅｏＭ'一Al3Zr
precipitateswhicharestableathightcmperatues 
because，bycontrast，itisanticipatedthatthe 
relativelyline5'一Al3LiprecipitatesvisibleinFi9.3(a）
wiUdissolveatthesetemperatures､Theretentiono「

averyfinegrainsizeattemperaturesupto～７００K 
isanespeciallyattractive化atureofthisalloybecause
oftheneedtoavoidLi[39,40]ｏｒＭｇ[41]dcpletion 
atevenhighertemperatures・

Inpractice，ｔｈｅｇｒａｉｎｓｉｚｅａｔｔａｉｎｅｄｉｎａｎｙＡＩ－Ｌｉ 
alloyiscriticallydependentupOntheprecisealloying 
elementssothatameaningfnlappraisaＩＣ「the
signilicanceofthepresentresu1tsrequiresthatthese 

dataarecomparedwithotherreportSusingthesame 
commercialalloy・Intwoindependentattemptsto
obtainanneandsuperplasticgrainsizeinthis 

A1-Mg-Li-Zralloythroughappropriateprocessing， 
theresuItswerereportedtogiveadislributiono｢high 
angleboumdariesandmeasuredgrainsizesinthe 

rangeof～15-4s似、[42]andanaveragegrainsize
of～５－８〃mwithboundariesofunspeci6edmisori‐
entations[43lThus,thepresemtresultsdemonstrate 
theexceptionalmicrostructurewhichmaybe 

introducedintothisaⅡｏｙｂｙＥＣＡｐＩ･essingandthey 
conhrmthepotentialutilityo「tllisapproaclMbrthe

fnbricatioｎｏ「materialslbruseinsuperplastic
mTmingoperations， 

0.05 
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A1uminium-lithiumalloysareattractivefbrstruc‐ 

turalapplications，especiallyintheaerospace 
industry，becauseoftheirlowdensityandhigh 
stiflhess[25,26],butthelackofsignificantductility 

Wasgenerallyconsideredamajordisadvantageinthe 

・
－
１
｜

ｑ
０
■
巴

寸
‐
駁

十earlydevelopmentoftheaUoys[27］Aconsiderable
eHbrtwastherefbreinitiatedinordertoimprovethe 

defbrmationcharacteristicsofthesｅａｌｌｏｙｓａｎｄｔｈｉｓ 

｢Ｗｏｒｋｈａｓｓｈｏｗｎｔｈａｔ，withappropriateprocessing 

treatments，itispossibletoachievehigh，ａｎｄｅｖｅｎ 
八superplastic,ductilitiesinseveralAl-Liauoys[28lAs
aresultofthesefindings，muchattentionhasbeen 

devotedtodevelopingmethodsofattainingveryline 

grainsizesinAl-Lialloyswhichmaybeamenablefbr 
9superplasticfbrmingoperations・

Finegrainsizes，ｕｐｔｏ～１０似ｍｉｎｓｉｚｅ，are

rgenerallyobtainedinAI-Lialloyscitherbystatic 
recrystallizationpriortosuperplasticdefbrmation 
［29,30]orbytheoccurrenceofdynamicrecrystaIliza‐ 
tionduringdefbrmationundersuperplasticcon‐ 

’ditions[31,32］Morerecently,majorattemptshave 

lbeenmadetodevelopappropriatethermo-mechan-
ica[trCatmentswhichwiIlgivefine-grainedstructures 

capableofproducingsuperplasticductilities 
［12,33,34lInpractice,averysignificantdiHiculty 
associatedwiththesestudiesistheultimate 

attainmentofanarrayofhighanglegrainboundaries 

ratherthananarrayoflowanglesub-boundaries 

［12,34lThepresenceofboundarieswithhighangles 
ofmisorientationisgeneraUyconsideredanimport‐ 

antprerequisitefbrhightensileductilitybecause 

gIFainboundarysliding，whichrequiTeshighangle 

boundal･ies，isthedominantHowprocessduring 

superplasticdefbrmation[35]． 
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SubmicrometergrainsizeswereintroduccdintoaZn-22％A1cutectoidalIoyusingtwodi舵rentprocedures:torsionstraining
Aandequal-channelangular（ECA）ｐｒ℃ssing・Microstructuralexaminationshowedthattorsionstrainingglvesanessentially
/】cquiaxedgrainconfigurationwithｓｏｍｅmixingofthetwoseparatephases・AfterECApressingtoastrainof～８atatemperaturC

of373K,thereisasubmicrometergrainsizebutwithagglomeratesofultralineAl-richandZn-richgrainswhichareJbrmedby 
J氏theseparatedivisionoftheoriginalgrainsintosmaUersubmicrometergrainswithonlyvery1imitedmixingofthctwophases・
釘TensiletestingoftheECApl巳ssedmaterialgaveneck-freesuperplasticHowbut,exceptｏｎＩｙａｔ４７３Ｋａｔｔｈｅｆｌｓｔｅｓｔｓｔｒainrate
.,rol-10-Is-1wheretheelongationwasunusuallyhigh,theelongationstomilureweresimiIartothosereportedearlierfbra 

jcommercialalloywithagramｓｉｚｅｏｆ～２．５１１ｍ・TheresultsdemonstratetheneedtodevelopanECApressingprocedurewhich
、avoidsthefbrmationofagglomerateｓｏｆｔｈetwophases・o1g98E1sevierScienceS.Ａ、
hoqf 

K2ywoITfs:EquaI-channeIanguIarplcssing;Submicrometergrains;Superplasticity;Torsionstraining;Ｚ､-22％AlaI1oy 

Grainboundaryslidingisthedominantflowprocess 

insUperplasticity[3]andthereisexperimentalevidence 
showingthatadecreascinthegrainsizeleadsnotonIy 
toanincreaseintheoverallductilityorthematerial 

underoptimumsuperplasticconditionsbutalsotothe 
occurrenceofthesehigheｒeIongationsatfasterstrain 

rates:fbrexample,adecreaseingrainsizefiPom4､２ｔｏ 

２５１１ｍｉｎｔｈｅＺｎ-22％Aleutectoidalloyincreasedthe 
ductilityat473KfiPomamaximumof～2000％ｔｏａ 

ｖａｌｕｅｏｆ～2800％［４１Thcrcarcalsoexpcrjmental 
resuItsondnAI-Cu-Zr[S]andaMgaIloy[6]showing 
thatareductioningrainsizcreducesthetemperature 

fbroptimumsuperplasticHowBothofthesetrends 
wouldbebeneficialfbrindustriallbrmingprocesses 
becausethereisthepotentialfbrl1abricatingpieces 

morerapidlyandatalowerfbrmingtemperaturewhere 
toolwearisreduced、

ＴｈｅＺｎ-22％Aleutectoidalloyisaclassicsuperplns‐ 

ticmaterialwbiChhasbeensubjectedtoextensiveme-
chanicaltestinginlaboratoryexperiments［7]．Ｔｈｃ 

LIntmdqUction 

HightensileorsuperplasticductiIitiesmaybeob‐ 
servedinmetalswhenthegrainsizeｉｓｖｅｒｙｓｍａｌｌ， 
typically＜10Ⅱｍ,andwhenthetestingisconductedat 
arelativeIyhighhomologoustemperamreoftheorder 
Oratleast0.5酷,whereフHnisthemeltingpointofthe
materialindegreesKelvin[1lExperimentsshowthat 
superplasticductilitiesareachievedoveralimitedrange 
ofstrainrates,typicallyinthevicinityof～ｌＯ－３－１０－Ｉ 
ｓ－１,andthereisadiminutioninthesuperplasticefYbct 
atbothfnsterandslowerstrainrates[2lThislossin 

thesuperplasticcapabilityatthefasterstrainratesis 
especiallyimportantwhenattemptｓａｒｅｍａｄｅｔｏｕｓｅ 
ｔｈｅｓｅｍａｔｅｒｉａｌｓｉｎｓuperplasticfbrmingoperations． 

心CorrBspondingauthoT・E-mai1:langdon＠usc・edu
IPresentadd唾ss：ＡＥＭ，Inc.，ll525SorreI1toVaIIeyRoad，San

Diego,CA9Z12LUSA. 

0921-5093/98/$19.00．】,D8EIsevierScienceS.A・AIlrightsmescrvcd、

Pl7SO9Z1-5013(97)00481-4 
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Fig.１.Principlesor(a)ECApressingand(b)tor君ionst｢aining．`ｊｉｊ【‘

上；

Y1rutilityoftheZn-22％AIeutectoidfbrsheetthermo-tantmicrostructurewiththatobtaineC 
-brlningprocesseswasfirstrecognizedmorethan30ｓtraining・Second,toconducttcnsilete
h,yearsago[8]andthealloyisnowwell-establishedasapreparedbyECApressingtodetermill 
ﾍﾟmaterialfbruseinindustrialfbrmmgoperations[9]・fbrsuPerplasticflow
nHowever,normalgrainreliningoftheZn-22％Aleu-

-LtectoidaUoygenerallygivesaminimumgrainsizeof 

､Ｊｔｈｃｏｒｄｅｒｏｆ～１－２Ⅱ、.２.ExperimentalmateriaIandlDrocedures
hRecentexperimentshaveshownthatitislbasibleto 

、introduceasubmicrometergrainsiｚｅｉｎｔｏｔｈｅＺｎ-22％ AcommercialZn-22％ＡｌｂｉｎａｒｙａＵｏ 
ノAlalloybysubjectingthematerialtoaveryhighplastic inasuperplasticconditionwithanas 
strainusingatorsionstrainingprocedure[10]ｂｕｔｔｈｅ ｓｉｚｅｏｆ～１１１ｍ・Sampleswereprepal

umaterialprocessedinthiswaywasinthefbrmofsmall plasticstrainingusingtheprocedures 
diskswhichprecludedthepossibilityofsimpletensile pressingortorsionstrainingasillustrate 
testing・Ithasbeenestablishedthatultrafinegrainsizes inFi9.1(a)ａｎｄ(b),respectively、
ｍａｙｂｅｉｎｄｕｃｅｄｉｎｂｕｌｋｓａｍｐｌｅｓｕｓｉｎｇtheprocessofInECApressing,illustratedinFig・l
equal-channelangu1ar(ECA)pressingandthisproce‐ pressedthroughadiewithaplungerｕｎ 
ｄｕｒｅｈａｓｂｅｅｎｕｓｅｄｗｉｔｈａｗｉｄｅｒａｎｇeofmaterialsloadP・Ｔｈｅｄｉｅｃｏｎｓｉｓｔｓｏｆｔｗｏｃｈａ

［11-14］Therefbre,tｈｅｐurposeofthepresentinvesti‐cross-sectionintersectingatanallgle（ 
rgationwastwo-fbldFirst,toinvestigatethepossibilityangleWdeliningtheouterarcofcurvatl 
ofusingECApressingtoattainasubmicrometergrainwherethetwochannelsintersect・Ｓａｎ
ｉｓｉｚｅｉｎｔｈｅＺｎ-22％Alalloyandtocomparetheresul‐ pressingwerepreparedmthefbrmof 

obtainedusingtorsion 
tcnsiletestsonmaterial 

determinethepotential 

AcommercialZn-22％AlbinaryaUoywasobtained 

inasuperplasticconditionwithanas-receivedgrain 
sizeof～１１１ｍ・Sampleswerepreparedlbrintense
plasticstrainingusingtheproceduresofeitherECA 
pressingortorsionstrainingasillustratedschematically 
inFi9.1(a)ａｎｄ(b),respectively 
InECApressing,illustratedinFigl(a),asampleis 

pressedthroughadiewithaplungerumderanimposed 
loadP・Thedieconsistsoftwochannelsofequal
cross-sectionintersectinｇａｔａｎａｌｌｇｌｅのandwithan

angleWdeliningtheouterarcofcurvatureattllepoint 
wherethetwochannelsintersect・SamplesfbrECA
presSingwerepreparｅｄｉｎｔｈｅｆｂrmofcylinderswith 
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(typictlI1y～３０×４(）トｌｍ２）istlliI1ncdwith＆lGaion
beamorientedpilrllI1cItolhcspecimcI1surliHce，Intbc 
presentinvestigation，nreasneartotheIiPmctu妃tips
havingthickncsscso「～４５トlmwcrethinnedtotMck-
nesseso「～５００，mandthcnthcses8lmpIcswereexnm‐
ｉｎｅｄｕｓｉｎｇＴＥＭ． 

､ｆ～７［ 

EＩｒｎｎｎｕ 

】ＵＬＩｈｍn匹nｈ匹【

】肝■ＵＵｕ

3．EXIDerimentglIresuIts 

3・ＬＭﾉﾋﾞｿ･”ﾉﾘ･Ｉ化/l"ｗノ(ん"ｗ〔Ｗ｢ﾊﾟｿﾞﾊ．.『

＝、Ｅｕ】

鵬ｒＷ磯;i脇
曲ｄＨｌｔＴｅｉｐｈＩｎｚＵ…ＢｔｏＩ

】Ⅲ

洲
岬
砒
愈
鰄
鋤
醇
噸
銅
碑
・
鰍
醗
鰄
ｗ
ｉ
繩

Ｉ
 

EJUへご囮

Fig.２showsanexampleoftbemicrostructureinthe 

as-rcceivedconditionpriortostrailling・Ｉｔｉｓａｐｐａ1℃nt
thatthereisessentiallyHralldomdist｢ibutionof 
equiaxedAlandZngrainswitl1anaveragesizeo「～1

11ｍ、AnalyticalelectronmicroscopyTcveaIedthatthe
brightanddarkgrainscorrespo､dtotheAl-Iichand 
theZn-richgrains，respectively・Inthiscondition，al-
mostnodislocationsa正visibIeintheimdividualgrains、
Ｓｏｍｅｗｈｉｔｅａ肥ａｓｉｎＦｉｇ､２mdthesubsequentphoto-
microgrａｐｈｓａｒｅｈｏＩｅｓｉｎｔｌｌｅｌｂｉｌｗｈｅｒｅｔｈｅZn-rich 

phasewaspTclbrentiaⅡydissolvcdduringcIectropolish‐ 
ing.Ｔｈｅｕｓｅｏ「tllemocusedionbcammcthodavoidsthc

problemofprelbrentialdisso1utionandproducesaIbil 
ofessentiallyunilbrmtl1ickness・

ThemicrostructureilmtcrECAprcssingtoastrainor 
～８ａｔ３７３Ｋｉｓｓｈｏｗｕ１ｉｎＦｉｇ､３．II1thisconditioll，ｔｌ１ｅ 
ｇＴａｉｎｓｉｚｅｉｓｉｎｔｈｅｒａｎｇｅｏ「0.4-0.81,曲ndtl1e
struclureislleterogeneouswitharcｉｌｓｏ「rclativelylinc
grai11s(shownolltheIentinFig.］)&ll1dHTcilso｢ＣＯ､応cr
grains（ｓｈｏｗｎｏｎｔｈｅｒｉｇｈｔｉｌ１Ｆｉｇ.］)．Ｉｎｎｄｄｉ(ion，the 

grains＆lreeIongatcdandtbe1℃areagglomeTateso「
AI-richandZn-ricbgr副ins､sllggestingtlMlttheultrafinc
grainsizeisachievednolthroughHtruemixingoflhe 
twophasesbutratherbythcdivisionorexistinggTains 
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thcslablehcpZnwhich凱revisiblewiIhinIheAl-ricb
grainsintheas-rcceivedmateriaLTheseobservations 

suggestthatthcZnprccipitatcsarcabsorbcdbytｈｅ 
Ｚｎ－ｒｉｃｈｇｒａｉｎｓｄｕｒｉｎｇｔ１１ｅｉmtensest｢iliningprocedure． 

3.2.ﾉV“ﾊα"ｊｃａﾉﾉ“'"'９ｑ/'`ｒＥＯｲﾉWSF"7９ 

Bccauseofproblemsassocintedwithcrackingduring 
rolling､itwaspossibIetoobtainonlyasmalInumbero「
tensilespccimcns・ThesespecimenswercpulIedtoIitiI-
u1℃underdi舵rentconditionsandthe肥sults､including
theHowstressesandelongationstolililurQaresumma-

rizeｄｉｎＴａｂＩｃＬＩｎａｄｄｉtion、Fig.５showstheappear-
anceo「thetwospecimensexhibitinglhehighest
eIongationstoRlilureaFterｔｅｓｔｉｎｇａｔ４７３Ｋ・

Inspcctiono「Fig.５showsthattllespecimellstested
aｔ４７３Ｋｐｕｌｌｏｕｔｉｎａｑｕａｓｉ－ｕｌ１ｉｌbrmmanner,ｗｉ(llout 

anysigni6cantnecking,andultimateIytheybreakwith 
averｙｓｍａｌｌｃross-sectionalarea：thisHowbehavioris 

characteristicofsuperplasticityandwasdescribedenr-
IierbrZn-22〔ＸｊＡ］specimenstestedwithoutECA
pressingandwithagrainsizeof～2.511ｍｌｌ８１Ｎｃｖｅｒ‐ 
theIess，ｔｈｅoveTaIIelongationstoI1ailure，ａｓｄｏｃｕ‐ 

mentedinTnble］，arelilirlysimilartotboserepoTted 
lbrthesameeutectoidaIloywithoutECApressing[4］ 
suggestingthat，atlcastmrthepresentexperiments、
the雁hasbeenIittlesignilicantimpTovementinthe
superplasticpropertiesthroughECAp正ssing・
Fig6showsthemicTostructu｢einthevicinityofthe 

fi｢acturetipbrasamplepr℃pilredusingthelbcusedion 
beammethodnndtakenatapoinI～lmmlYomthe 
tipofthespecimenｑｓｈｏｗｎｉｎＦｉｇ５、puIlcdtoan
elongatiollorｌ９７０１Ｘ１ａｔ４７３ＫｕｓｉｎｇａｎｉｎｉｔｉnIstTain 

raleo｢３．３ｘｌＯ－ユｓ－１．Ｉ１ｉｓａｐｐａ1℃nttmtgrilingrowlh
hasoccurredduringtesting、ｔｏａｇＴａｉｎｓｉｚｅｏ「～1.5-

2.Ｏｕｍ、ａｎｄｔｈｅｇｒａｉｎｓａrenowrandomlydistributed
withnoevidencelbranyagglomeration、Ｔｈｅｄｉ1℃ction
ofthetensileaxisisindicilｔｅｄｉｎＦｉｇ６ａｎｄｉｔｉｓ 
ａｐｐａｒｅｎｔａｌｓｏｔｈatthegrainsarecquiaxedwithno 
signiIicnntelongntioninthedirccliono「tcnsile・slrain‐

il】gAswiIhothermaterinlsdelbrmedsuperplihsticaⅡｙ
[19]・thegrainboundariesarcsmoothandvcryIbw
dislocationsa1℃visiblewitI1inlhegrilil1s． 
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aeCreaseintheextentoftherod-shapedprecipitateso「

4．Ｄｉ錘uUSsinDD

InordertoexaminetheductilityoftheECApresscd 
specimensimmoredetaiI，itisnecessarylomaken 
directcompilrisonwitheilrliernndmoreextensived弧il

obtainedlbrspecimensofasimiIarcommcrcialaIloy 
whichwasnotsubjcctedtopI･cssing［4]・Thceturlicr
l･esultsaresllow】Uａｓｔｈｅｏｐｅｎｐｏil1tsinFig、７［ｂｌ・

specimeu1sllawingaspnli8lIgrilinsize、（ＡＣ「２．５llm
testedatdilYbrentabsolutctcmpc1･fltu1℃s’７：tl1cuppcl・
pIotgiveslllepercenlngccloI1giltionilllTiIcturc､ＡＬ／ Fig.４．Micr“lructlⅡ℃nIi⑪「l《Dn;iq)ｎ釦noining．
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ｔｗｏｐｈａｓｅｓｌｔｉｓｐｒｏｂａｂｌｅｔｈａｔｔｈｅｐｒesenceofthese 
agglomeratesalterECApressing,ａｎｄtheabsenceofa 
unilbrmandrandomarrayofAl-richandZn-rich 
grains，accountsfbrthefniluretoobserveａｖｅｌｙｓｕｂ‐ 
stantialimprovementintheoveraIlductilitywhenthe 
grainsizeisreduccdtothesubmicromcterlcvcl・

Ithasbeenwellestablishedthroughexperimentsthat 
thedifYbrenttypesofinterfklcesinsuperplasticmicrodu‐ 

plexalloysbehavedifYblmtlyintheirsusceptibilityto 
cxhibitinggrainboundarysIiding[２０１１ntheZn-229'６ 
Aleutectoidalloy，fbrexample，maxlmumslidingoc‐ 
cｕｒｓｏｎtheZn-Znintercrystallineboundaries，thcrCis 
lessslidingattheZn-Alintemhaseboundariesand 

slidinｇｉｓａｍｉｎｉｍｕｍａｔｔｈｅＡｌ－ＡＩｉｎｔｅｒｃｒｙｓtaUine 
boundaries[2】lThus,thedcvelopmentofamic｢ostruc‐
tureconsistingofAl-richandZn-richagglomerates,as 

alYerECApressinginthepresentexpenments,Ieadsto 

anexcessofintercrystallineboundaries，ａｎｄｔｈｅｐＴｅｓ－ 
ｅｎｃｅｏｆａｌａｒｇｃｎｕｍｂｅｒofA1-Alinterclystallineinter-

lnceshasIittIesignificantbenelitinpromotingeasy 
sliding・ＩｔａｐｐｅａｒｓｔｈａｔｅａｓｙｓｌｉｄｉｎｇｍａｙｂｅａChieved
undertheseconditionsonlywhenthetestingtcmperHh‐ 
tureissufYicientlybighthattheseAl-A1boundariesare 
removedthroughgraingrowth，ａｓｉｎｔｈｅｔｅｓｔｓｃｏｎ‐ 
ductedintheseexperimentsat473K・Itistherelbre
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concludedfTomtheseobsewationsthatitisimportant 

todevelopanaIternativeprocessingroutelbrECA 
腕11jInLftheas-receivedcondition,Fig.２showsthatthe
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Fig.６.MicrostTuctuTcinthevicinｉｔｙｏ｢thChr&lcluretipo｢asPecimen 
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5.SummaryandcDnclusions 
Ｆ， 

Asubmicrometergrainsizemaybeintroduccd 
intoaZn-22iX，Aleutectoidalloybyequal-channel 
angular(ECA）pressingorbytorsionstraining， 
ＡｆｔｅｒＥＣＡｐｒｅｓｓｉｎｇｔｏａｓｔｒａｉｎｏ「～８ａｔａｔｅｍ－

ｐｅｒａｔｕｒｅｏｆ３７３Ｋ，thegrainsareelollgatedand 
thereareagglomeratesofAl-richandZn-richgrains 
Aftertorsionstrainingatroomtemperaturetoa 
strainof～７，thegrainsarecquiaxedandthercis 
somemixingofthetwophases、
TensiletestingofsamplessubjectｅｄｔｏＥＣＡｐｒｃｓｓ‐ 

inggavesuperplasticHowbuttheclongationswcre 
notashighasanticipatedlbramaterialcontaining 
asubmicrometergrainsizaltisconcludedthatthc 
failuretoobtainasubstantialincreaseinoverall 

ductilityaf[ｅｒＥＣＡｐｒｅｓｓｉｎｇｉｓｄｕｅｔｏｔｈｅｐｒｅｓｅnceof 
agglomeratesandtheabsenｃｅｏｆａｕｎｉＩｂｒｍａｎｄ「an-

domarrayorAI-richandZn-richgrains． 
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Ｆｉｇ７・Elongationtofnilure(upper)ａｎｄｎｏｗｓｔｒｃｓｓ(lower)ｖｅ｢sus

initialstrainratelbrZn-22％AIspecimenswithagrainsizeo｢２．５１１ｍ 

(openpoints)[4]andfbrlbuTspecimenswithanaveragegraimsizeof 
～ｑ６ｕｍａＩｉｅｒＥＣＡｐ１℃ssing(cIosedpoints)． 

pressingtoavoidthelbrmationofanyagglomerates・
Ｆｏｒexample，ｉｔｉｓｐｏｓｓｉｂｌｅｔｈａｔａｎｉｍｐｒｏｖｅｄｍｉ－ 
crostructuremaybeobtaincdbyperfbrmingthe 

ECApressingatahighertemperatureandlbllowing 
thepressingwitharapidquenchorbyperfbrming 
theprCssingonanalloyfbllowingrapidquenching 

lir0mahightemperature， 
Anearlierreportexamincdthegrainboundariesin 

A1-MgsolidsolutionaIloyssubjectedtotorsion 

straiｎｉｎｇａｎｄｉｔｗａｓｓｈｏｗｎｔｈａｔｔｈｅｓｅｂｏｕｎdaries 
wereinahigh-energynon-equilibriumconliguration， 
theycontainedalargenumberofextrinsicdisloca‐ 

tions，andtherewerealsomanydislocationswithin 
tbegrains［l7lThisobservationcontrastswiththe 
presentreportwhere，afterbothECApressing（Fig. 
3）andtorsionstraining（Fig.４)，thegrain 
boundariesarereasonablysmooth，theyappeartobe 

closertoanesscntiallyequilibriLlmconfigurationand， 
inaddition，thercareverylbwintragranulardisloca‐ 
tions、TbisdiHbrenceisattributedtotbelowmelting

temperatureoftheZn-221/I）Alalloywhichleadsto 

aneasierrelaxationofthehighinternaIstressesin‐ 
tr0ducedbyintenseplasticstlPaiI1ing 
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ExPerimentswe雁conductedtodeterTninetheage-haIdeningcbaracteristicsandthemechanicalprop-
ertiesofanAl-5・SpctMg-2.2pctLi-OI2pctZralloyprocessedbyequal-channelangular(ECA）
pressingtogiveaveryfinegrainｓｉｚｅｏｆ～1.2浬ｍ・Theresultsshowthatpeakagingoccursmore
rapidlywhenthegrainsizeisveryfine,andthisefYbctisinte1pretedintermsoft11ebighervolume 
ofprecipitate-fiPeezonesinthefine-図ainedmateriaLMecbanicaltestingdemonstmtesthattheECA-
pressedmaterialexhibitshighstrengthandgoodductilityatroomtempemtu妃comparedtoconven‐
tionalAlalloyscontainingLi・Elongationsofupto～ｓ５０ｐｃｔｍａｙｂｅａｃｈｉｅｖｅｄａｔａｎｅlevated
tempemtureof603KintheECA-pressedcondition,therebyconfi1mingthat,inthiscondition,the 
alloymaybeasuitablecandidatematerialfbruseinsuperplasticfbnningoperations． 

Accordingly,thisaItic]edescribesaseriesofexpenments 
designedtoinvestigatetheage-hardeningcharacteristics 
andthemechanicalpropertiesofthcAl-Mg-Li-ZralloyafL 
terECApressing、Sometestswerealsoconductedusing
thesamealloyinahot-rolledconditionwithoutECApress-
in９．ＡsWillbedemonstmted，peakagingoftheECA-
pressedmaterialleadstoexceUentstrengthandgood 
ductilityatmomtemperaturelnaddition,higbtensileelon‐ 
gationsmaybeachievedatelevatedtempemmres,including 
elongationsofupto＞500pctatatestingtempemm妃ｏｆ
603Ｋ． 

ＬＩＮＴＲＯＤＵＣＴＩＯＮ 

#1jITisweucstablishcddlatthoadditionofliIbiumtoalu‐ 
ｑ1,., 

iwl;minum-basedalloyssimultaneouslydecreasesthedensity 
i平･andinclCasestheelasticmodulus,therebyprovidinglight-
llWeightalloysfbrpotentialuscinstmcturalapplicationsjL2］ 
,｢ﾙThisarticledcscribesaserieSofeXperimentsconductedon 
志acommercialAl-55pctMg-2,ZpctLi-012pctZralloyin
lwhichhardeningisachievedthroughtbep妃ｓｅｎｃｅｏｆ６Ｌ
心Ａｌ]Lip応cipitatcsandZrisaddedtoimproveｔｈｅｏｖｅｍｌｌ
ﾄﾞductility.(3041 
「Anearlierinvestigationshowedthatitwaspossibleto
hattainave【yfinegrainsizeinthisalloy，ｏｎｔｈｅｏｒｄｅｒｏｆ

～1.2座、,byintroducinganintenseplasticstrainthrougb
Uleprocessofequal-channelangUlar(ECA)pressing､1s】Ｂｙ
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conductingstaticamealingtestsfbrlhouroverarangeof 
temperaturesonspecimenssubjectedtoECApresSing,it 
wasdemonstratedthat,becauseofthepresenceofmetasta-
bleβ-AI3ZTprecipitates,aveIyfinegminsizewasretained 
uｐｔｏｔｅｍｐｅｒａｍｒｅｓａｓｈｉｇｈａｓ～700Ｋ,equivalentto～0.75 
F薊wherWMstheabso1utemeltingtemperatureofthema‐
terial、Theseearlie「Icsultssuggesttwosignificantpossi‐
bilities､Ｆｍｓｔ,itmaybefieasibletoagebaTdenthealloyto 
obtainahighstrengthandｇｏｏｄductilityat1owtempera-
tuTes・Second,hightensileandsuperplastic-likeductilities
maybeachievedatelevatedtempemtures,makingthealIoy 
suitablefbrconsiderationasacandidatemateriaIfbrusein 

supelplasticfbrmingoperations． 

１１．ＥＸＰＥＲＩＭＥＮＴＡＬＭＡＴＥＲＩＡＬＡＮＤ 

ＰＲＯＣＥＤＵRES 

TheexperimentswereconductedusingtbesameA1-5・S
pctMg-22pctLi-O､l2pctZral]oyasinthecarlierinves-
tigation;I5ltllisisacommercialRussianalloywitbthedes-
ignationOI420,I61ThealloywasI℃ceivedinthchot-mlled 
conditionwithaninitialｇＴａｉｎｓｉｚｅｏｆ～400牌、､TheECA
pressimgwasconductedinaiｒａｔａｔｅｍｐｅｍｔｕ塵of673K
usingacylindricalsamplewｉｔｈａｄｉａｍｅｔｅｒｏｆ５０ｍｍａｎｄ 
ａｌｅｎｇｔｈｏｆ～100ｍｍ・TheECApressingftlcilityisiⅡus‐
tratedschematicaIlyinFigurcl，ａｎｄadetaileddescription 
oftheprinciplesofECApressingwasgivenea｢1icrj７］ 
Briefly,samplesarepressedthroughadieinwhichthere 
aretwochannels,equalincrosssection，intersectingatan 
angleof①､Asecondangle,Ｗ,definesthearcofcurvature 
attheouterpointofthcinter5cctionofthetwochanncls・
ThestrainintroducedintothesaｍｐｌｅｎＰｏｍａｓｉｎｇｌｅｐ｢essing 
throughthediemaybecalculatedusingtheprocedurede‐ 
scribedelsewhere・IHllntllepresentinvcstigation,repetitive
pressingsofthesamesaｍｐｌｅｗｅにconductedtoacI1icvca
totalstrai、ｏｆ～3.7,withthcsamplccooledinairaHeTeach
separatepressing 
Toinvestigatetheage-hardcningbebaviorａｎｅｒECA 

pressing,sampleshavingdimensioI1sof3x3×４．７ｍｍｉ 
ｗｅｒｃｃｕｔｆＴｏｍｎｅａｒｔｏｔｈｃｃｅｎｔｅｌ･ｏｆｔｈｃＥＣＡ－ｐ応sscdma‐
teriaLandthesesampleswcresolutiontreatcdinanargon 
atmospllcrｃｌｂＴｅｉｔｈｅｒ３ｈｏｕｒｓａｔ６７３Ｋｏｒｌｈｏｕｒａｔ８１８Ｋ 

ＭＩＮＯＲＵＦＵＲＵＫＡＷＡ，AssociatePro化ssor､ｉｓwiththcDepanmcnt
bfTcchnoIogy,FukuokaUnivc｢sityofEducation,Fukuoka811-4I1Japan・
ＰＡＴＲＩＣＫＢＢＥＲＢＯＮ，RescarchAssistantoDepartmeI1ｔｏ「MateTials
Science，ａｎｄＴＥＲＥＮＣＥＯＬＡＮＧＤＯＮ，Ｐ｢oにSSCT，Departmentso「
MateriaIsScienceandMechanicaIEngineeringOaTewitllIhcUnivcrsityo「
SouIhcmCalifbmia，LosAngelcsoCA90089-I453，ＺＥＮｊＩＨＯＲｌＴＡ， 
AssociatcPro化ｓｓｏｒ０３ｎｄＭＩＮＯＲＵＮＥＭＯＴＯ，PmfbsSoT，aTcwiththc

DepartmentoFMaterialsScienceandEnginecring、KyushuUmive｢sily，
Fukuoka8IZ-8I，Japan・ＮＩＫＯＬＡＩＫ・TSENEV0SeniorScicntist1iswilI１
ｔｈｅlnstituteofChemicaITechnoIogy，ＵｆｈＳ１ａｔｅＰｅ【mIeumTcchnica］
Univc｢sily,Ulil45006Z,ＲｕｓｓｉａＲＵＳＬＡＮＺ､ＶＡＬＩＥＶ,Pro化SSO｢,iswiIh
Il1elnstituteofPhysicsofAdvancedMatcrials，Ｕ値SInteAviation
TechnicaIUniversily,Ufh45000qRussia・
ManuscriptsubmittedAprilI８，１，，７． 

ＭＥＴＡＬＬＵＲＧＩＣＡＬＡＮＤＭＡＴＥＲＩＡＬＳＴＲＡＮＳＡＣＴｌＯＮＳ八 Ｖ()ＬＵＭｌｉＺﾘﾍ、､ＩＡＮＵＡＲＹＩりり８－１６リ



lli 
叺呵か》蛸・ロ？

anyECApmssing・Allofthetestsintensionusedminiature
specimenshavinggagelengthｓｏｆ６４ｍｍａｎｄｇａｇｅｔｈｉｃｋ‐ 
ncssesof2,５ｍｍ，andthetestswerepeIfbrmedat298K 
inairunderaninitialstlninrateoｆ３３ｘ１０－４ｓ－Ｉ・Eacb

specimenwaspulledtofililuretodeterminethetotalelon-
gationfbreachtestinｇcondition 

ThcsuperplasticcharacteristicsofthealloyweICinves‐ 
tigatedbyconductingtestsintensiomat298and603Kand 
usinginitialstrainmtesfrom３．３ｘＩＯ－４ｔｏ３３ｘＩＯ－２ｓ－Ｉ、
TestswereperfbrmedonsamplesinboththeECA-pressed 
andthehot-mlledconditions,andinordertosimplifythe 
processingroutefbranypotentialfblmmgapplication,all 
sampleswe泥testedwithoutanypriorsolutiontreatmentor
agmg 

Spccimenswerepreparedfbrexaminationbytransmis-
sionelectronmicroscopy(TEM)usingtheprocedmcde-
scribedearlier.[5]AIlTEMphotomicrogmphswelcobtained 
withaHitachiH-8100electronmicroscopcoperatingat200 
kV‘Selected-areaelectrondifYinctioｎ（SAED）pattems 
weretakenけomdiffercntregionswithdiametersofl3lLm
Grainsizeswereestimateddi陀ctlyfmmthephotomicm-
graphsbyidentifyingandmeasuringatleast50diffb塵nt
gmlns． 
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AsdescribedintheearlierrCpo1t,【s】themicrostmctu妃of
thealloyafterECApressingconsistsbothofhomogeneous 
regionsofequiaxedgrainswithhigh-anglegrainboundaries 
andanaveragegraｉｎｓｉｚｅｏｆ～Ｌ２ノルｍａｎｄｏｆａｒｅａｓｏｆ
ｈｅｔｅｒogeneitywherctherearCarmysofsubgrainswithan 
averagesizeof～1.2lumandwithboundarieshavinglow 
anglesofmisorientation､ThelCisalsoevidence,afterECA 
pI巳ssing,ofaunifbrmdistribUtionofveIyfine8-Al3Lipre‐
cipitateswhicharefbrmeduponcoｏｌｉｎｇｉｎａｉｒｆｍｍｔｈｅ 
ＥＣＡｐｒｅｓｓｉｎｇｔｅｍperａｍｒｅｏｆ６７３Ｋ.＊ 

Ｏ● 

ＯＤＯＤＣ０Ｄ０ ｜Ｉ 

、●
「
●

’1 

鱗B''一s…１ＭⅡ…'i･nori1i…iliI…CAP…
Ｌ● 

｡.,｡ 

:'１;fbllowcdbyquenchinginicedwater.＊Ａｇｉｎｇｗａｓｃｏｎ－ ＊Inpractice，thecoolimgmtefbIIowingECApressingisnotcritical， 
C 

becauseexpenmentsshowthatlhercisaprCcipitationof5-A】]LiinAl-
LiaIIoysevenaIlerex(焔meIyrapidquenchingJoM2l;'・imXeseIempemm応swereseIectedbecauseithasbeenestabIishedthat

iii2.2pctofLiwiIIbcinsolutioninA】matrixaⅡoysatthcsetwo

l翻纈ilWl鳥綴臓/認硲嚇:；:i１３．１F`鰯淵：鑑
rim扉lbrc,asshownearIieBlslitisclosetotheupperlimitingtemperatmc
lfbrrGteultionofanext”mcIyfinegmainsize・Thehighertemperatureof
８１８KwasselectedinoTdertoexaminetheefYbctofacombinationofLi 

<卜djssolutionwithsomeconcur1℃ntgraingmwth

Ｆｉｇｕｒｅｓ２ａｎｄ３ｇｉｖｅｅｘａｍｐｌｅｓｏｆｔｂｅｍicrostmcmrBs 
aftersolutionanｎｅａｌｉｎｇｆｂｒｅｉｔｈｅｒ３ｈｏｕｒｓａｔ６７３Ｋｏｒｌ 
ｈｏｕｒａｔ８１８Ｋ,妃spectively;fbreachphotomicrograph,the
SAEDpattemsweretakenfiromthelegionsmarkedA,Ｂ， 
andCAHerasolutiont1℃atmentfbr3hoursatthelower 

tempeＴａｔｕｒｅｏｆ６７３Ｋ，inspectioｎｏｆＦｉｇｕ泥２showsthat
themicrostmcmreconsisｔｓｏｆａｎａｒｍｙｏｆｆｉｎｅｇｍｉｎｓｗｉｔｈ 
ｔｈｅｐｒesenceofsomesubgrainboundaries・Theaverage
grainsizeinthisconditionwasmeasuredas～Ｌ５ｔｏ２０ 
ｌＬｍ,therebyconfilmingthatthcreisonｌｙｖｅ【ylimitedgrain
growthduringthissolutiontreatment・Atthehighertem‐
peratureof8l8K,ｓｈｏｗｎｉｎＦｉｇｕｒｅ３,ｔｈｅｇｍｉｎｓａ妃祀la-
tiVelycoarse1withanavemgesｉｚｅｏｆ～４０ｔｏ５０ｌＬｍ,and 
thegrainboundarieshavehigl1angIesofmisorientation・
Thus,significantgTaingrowthoccursafteTannealingatthis 
higheTtempeTature． 

lduCtedinanAratmospherefbrperiｏｄｓｏｆｔｉｍｅｖａＩｙｉｎｇ 
ＷｆＴＤｍＯ１ｔｏ３００ｈｏｕｒｓａｔａｔｅｍｐｅｒａｔｕｒｅｏｆ４４８Ｋ，with 
lSubsequentquenchingmicedwater;itshouldbenotedthat 
･４４８KisthestandardtempematurefbraginginaT6heat 
trCatment． 

』TheVickersmicrohaldness,Ｈｖ(ｉｎｋｇｍｍ－２),wasde‐
にrmincdusinganAkashiMVK-E3microhardnesstester
withadiamondpyramidalindenter､Ａｌｏａｄｏｆ５０ｇｗａｓ 
ａｐｐＨｅｄｆｂｒｌ５ｓｅｃｏｎｄｓａｎｄｔｈｅｒｅｐｏｒｔｅｄｖａｌｕｅｓｏｆＨｖａに
theavelngcofsevenseparatemeasuremcnts・
TheO2pctproofstresswasdeterminedbytensiletesting 

usingspecimensso1utiontreatedfｂｒｌｈｏｕｒａｔｅｉｔｈｅｒ６７３ 
ｏｒ８１８ＫｆｂＩＩｏwedbyquenchinginicedwater・Forcom-
parisonpuIposes,someadditionaltestswe妃conductedus-
ingthehot-rolledalloyintheas-receivedconditiomwithout 

B・ｈ１ﾉｿt'ど"ceq/､jgi"ｇｏ'ＷｔＪｌ･‘'１錨

SeveraIspecimenswerepreparcdusingthetwosolution 
t妃atmentsestablislledinSectionll１－Ａ，andthesespcci‐
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FM川lmenswerethenagedat448Kfbrdifferentperiodsoftime

llWh:麟謡謡HHUlll:sIRll珊艦tiWw':鎚潔晶詩'１１’

'''''1i1fbrthesetwosctsofexperimentalconditions・
Ｈ１::ﾙﾖEXaminingthetwodatapointsfbrtheas-quenchedcon-
Li'Ilwditionpriortoaging,itisapparentfromFigure4thatHv 
IliLlW1ishigheraftersolutionannealingat673KAswiUbcdcm‐ 
iLonstrated,the『cisnoobviousdifYerenceinthedistribution

Iil0f8particlesfbrthesetwoconditionsand,therefblne,ｉｔｉｓ 
,wlBasonabletoconcludetbatthisdifYerCnceinhardnessisa 

:町dircctconsequenceofthe6nergrainsizeaftersolutionan-
i『nealingatthelowertemperature・Inaddition，thishigher’-.,iL 

jhardnesspersistsinthefineﾄgrainedmaterialuptoanag‐ 
１Irmgtimeof～３hours,butthereafter,thefine-g烟inedma‐
Tterialisweakerthantherelativelycoa応e-grainedmateriaI
1ﾉﾉＩＩａｇｃｄａｔ８１８Ｋ・Bothmaterialsexhibitaninitialagehard-
，eningduetothefhrtherprccipitationofmetastable8-AlJLi 
lParticlesbut,subsequently,the【Cisovcraginganda
consequentsofteningdue,ｉｎpart,ｔｏｔｈｅｇｒｏｗｔｈｏｆｔｈｅ６１－ 

■AlJLiparticlesbeyondacriticaIsizefbrmaximumstrength-
“ening.【１３】ＳｉｎｃｅｔｂｅｔｗｏｃｕｒｖｅｓｉｎＦｉｇｕｒｅ４ｉｎtersectatan

ａｇｉｎｇｔｉｍｅｏｆ～３hours，itisapparentthatanoveraged 
conditionisTeachcdmoICrapidIyinthefine-grainedma-
terial・

Inordertoobtainanunderstandingofthesel巳sults,Fig-
urc5showsaseI-iesof(100)dark-fieldimageswhichsum‐ 
marizethemicrostrucmmlcbaracteristicsunderthetwo 

differentagingconditions：tbetopfburphotomicrographs 
relatetosamplessolutiont配atedat673Kfbr3hoursand
quenchedinicedwater,withsubsequentagingat448K 
fbr(a)０hours,(b)0.3hours,(c)３hou殿,and(｡)300hours，
respectively;thcIowerfburphotomicroguでlphsarefbrsam-
plessolutiontreatedat818Kfbrlhourandquenchedin 
icedwater,withsubsequentageingat448Kfbr(e)Oboums， 
(f)0.3hours,(9)３０hours,and(h)３００hours,1℃spectively， 
CarefilIinspectionofthesamplesｂｙＴＥＭｒｃｖｅａｌedanes-
sentiallyidenticalandu､ifbrmdistTibutionof8-Al3Lipa卜
ticlesinthetwoas-quenchedsamples（Figures５(a）ａｎｄ 
(e)),butinbothsetsofsamplesthcrewasaninc”asewith 
inc妃asingannealimgtimcinthevolumefmctionofthe8
phasecombinedwithatcndencyfbrgreaterspheroidization 
ofthe61particles・ItwasalsoapparenMhatthercwereｎｏ

ＭＥＴＡＬＬＵＲＯｌＣＡＬＡＮＤＭＡＴＥＲＩＡＬＳＴＲＡＮＳＡＣＴｌＯＮＳＡ VOLUME20AJANUARY19O8-I7１ 
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ｐ配cipitate-fi｢eezones(PFZ)whcrctherearefbworno8
pa『ticlesThus,itisconcludedthatapeakisattainedmore
mpidlyintheagingcuTvefbrthefiner-grainedmaterial,ａｓ 
ｓｈｏｗｎｉｎＦｉｇｕ妃４，becausetbegminsizeisvcrysmaIＩａｎｄ
ｔｈｅｍｅｉｓａｌａｒｇｅｒｖｏｌｕｍｅｏｆｇｒａｉnboumdariesand，conse‐ 
quently，ｍｏｒｅｐrecipitationsitesfbrthe6andTphases， 
IeadingtoahighervolumeofPFZ、
Itwasshownearlierthatthehardnesｓｏｆｔｈｉｓａｌｌｏｙａｎｅｒ 

８１８Ｋａｎｄａｇｅｄｆｂｒ３０ｂｏｕｒｓａｔ４４８Ｋ.Ｂothofthesccx-
penmentalpoints，whenplottedfbrtheirappropriategmin 
sizes,exhibitaconsidembledeviationfromthesingIeHaIl-
Petcbrelationshipreportedearlierfromstaticanncalingex-
perimentsj5IThus，thehardnessorstTengtboftbeaⅡoyis 
astrongfimctionnotonlyoftheinstantaneousgrainsize 
butalso,bccauseofchangesintheprecipitatemomhology 
withtemperatureandｔｉｍｅ,ｏ「thcpreciseagingcondition
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Fig.７－(ﾛ)BngjlMieIdand(6)daJk-lieldimagescnhesamcm垣aofIheECA‐
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3.3xlO-4s-lfbrthcsetwoconditions,泥spectively､Thus，
thetotalelongationtofhilureisnotonIysubstantiallyin-
creasedfbrthefine-gminedmaterialbut，asanticipated 
ftomexperimentaldataontypicalsuperplasticaUoys,【'81a
lCductioningrainsizealsoleadstotheoccurrenceofthe 
maximumelongationatafhsterstrainratenlisincleasein 
strainrateisespeciallyattractivebecauseitbringsthesu‐ 
perplasticcapabilityoftbealloyclosertothestrainrate 
rangeutilizedincommercialhot-workingprocesses(～l0-I 
tolO2s-1)“】

１Ｖ、DISCUSSION

Earlierexperimentsdemonstmtedthatitwaspossibleto 
useECApressingtoreducethegrainsizeofacommercial 
Al-MgLi-ZralIoyfmmaninitialsizeof～400ｌ１ｍｔｏａ 
ｓｉｚｅｏｆ～1.2ノルｍａｎ｡,inaddition,ｔｏｒｅｔａｉｎａｇｍｉｎｓｉｚｅｏｆ
＜２ノLmuptotemperaturesashighas～700Kbecauseof
thep媚senceofβI-A13Zrprecipitates.[sIThepresentcxper‐
imentsextendtheseresultsbyshowingthattheECA-
pressedmateriaIexhibitsgoodstrengthandductilityat 
roomtemperamreascomparcdtoconventionalAI-based 
alloyscontainingLi・Furthermore，asillustmtedinFignJIB
IO,thestmengthmdelongationtofniluremaybemanipu‐ 
IatedthmughappropriateheattrBatments・

Animportantobjectiveoftheseexperimentswastode‐ 
terminewhethertheECA-pressedmaterialwascapableof 
cxhibitinghightensileandsupelplastic-likeductilityatel‐ 
evatedtemperatures・InsufYicientmaterialwasavailablein
theECA-prcssedconditionfbrextensivetesting;but,ｎｅＶ‐ 
ertheless,theplcsentlimitedresultspmvideveryclearev‐ 
idencefbrtheocCmenceofsupelplaSticHowat603Kin 
tbefine-gminedmaterialprocessedbyECAp妃ssing、It
shouldbenotedthatthemaxlmumtensileductilityof～550 
pctobtainedatastrainrateof～10-コs-lexceedsthetme
efYbctivestraｉｎｏｆ～I50pctwhichhasbeenrecommended 
fbrthedesignofcandidatepartsinsupemIasticfblming 
operations,Izo】anditalsoexceedsthestlainsofupｔｏ～200
tｏ３００ｐｃｔｗｈｉｃｈｂａｖｅｂｅｅｎｃｉｔｅｄａｓｔｈｅmaximumstmins 
incurTedinthesupenDlasticfbrmingofsheetmetalstruc‐ 
turesinaerDspaceandotherappIicationsj2l022】

Itisinstmctivetomakeadirectcomparisonbetweenthe 
tensiIecapabilityrepoTtedfbrthep媚sentalloyintheECA-
pressedconditionandthesuperplasticAl-5083alloywhich 
hasbecomewellestablishedasoneofthetwomajoralloys 
curr℃ntlyinuseinthesuperpIasticfbrmingindustry・pI】＊
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＊TheAl-5083aIIoycontains,typicauy,４.ＳｐｃｌＭｇ,０．７ｐｃｔＭｎ,ａｎｄ 
ＵＩｐｃｔＣｒ． 

andatcstingtemperatureof603Kwasselectedbecause 
1Iheearlierresultsdemonstratedthatthegrainsizeremained 
Vat～1.2/Lmuptothistempemtul巳.[Ｓ】Theresultsareillus‐
tmtedschematicallyinFigurell，wheretheelongationto 
fililureasapercentageisplottedfbrthreedifYbrentinitial 
｣stminratesdesignatedas(1)３．３×10-4,(2)３．３×10-3, 
11,.(3)３．３×１０－２s-lfbrtestsconductedat(a)２９８Ｋ 
Ktop)and(b)６０３Ｋ(bottom);dataareshownfbrthema‐ 
(terialwithoutECApressing(fmnt)andwithECApressing 
J(reaO、InspectionshowsthattheECA-pressedmaterial
glvessubstantiallyhigberelongationstofailuTefbreach 
tcstingcondition:ａｔ２９８Ｋ,themaximume1ongationsare 

Expenmentsonhigh-puritysamplesoftheAI-5083aIloy， 
ｗｉｔｈｌｏｗＦｅａｎｄＳｉｃｏｎｔｅｎｔｓ，gavemaximumeIongations 
of～450ｐｃｔａｔａｔｅｍｐｅｒａｔｕｒｅｏｆ７８３Ｋｕｓｉｎｇａｓtrainmte 
of～２ｘｌＯ－４ｓ－ｌＩ２３】ａｎｄ～700ｐｃｔａｔ７９８Ｋｗｉｔｈａｓｔｍｉｎ
ｍｔｅｏｆ２ｘｌＯ－４ｓ－Ｉ,I24Urespectively・However,subsequent
expenmentsonacommercialAI-5083alloysuggesteda 
maximumelongatiｏｎｏｎｌｙｓｌｉｇｈｔｌｙｉｎｅｘｃｅｓｓｏｆ３００ｐｃｔ 
whentestingat783Katastrainrateｏｆ～４ｘ１０－４ｓ－ｌ・ＰＳ】
Thisisconsistentwith，althougbalittleloweI･than，the 
resultsdocumentedinadetaileddiscussionoftheproperties 
andapplicationsofthecommercialsupemlasticAl-5083 
alloy，wherBapotentialmaximumelongatｉｏｎｏｆｕｐｔｏ 
～460pctwasreportedat783Kunderastmiｎｒａｔｅｏｆ～２ 

: 

露

～Ｉ３ａｎｄ～６pctfbrtheECA-pressedandhot-rolledcon‐ 
ditions,rcspectively,whereasat603K,themaximumelon-
gationsaTe～550ｐｃｔａｔ３３ｘｌＯ－３ｓ－ｌａｎｄ～2ｌＯｐｃｔａｔ 
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,●EIongationsofuptO700pcthaveaIsｏｂｅｅｎ定portedinamodi6ed
AI5083aIloywhe応0.6pctCuwasaddedaSagrainrefiner､Iz7I

FitedlesultsfbrtheECA-pressedAl-Mg-Li-Zralloy,ｉｔｉｓ 
ｌ雪apparBntthatthecommercialAl-5083alloyyieldslower
[坪aluesfbrthemaximumelongationstofailurCand，also，lnB 

lj:ihatthesemaximumvaluesoccurintheAl-5083aIIoyboth 
l紬tlhighertestingtemperaturesandatlowerstrainrates.For
lindustrialapplications,lowerfbrmingtempcramrcsarefa-
ｊＷＯだ。bccausetheyleadtoaminimizationoftoolwear，,２．１－ｊ 

,iandfhsterstrainratesarebeneficialbecausethcyincrease 
1l:ihePotentialusesfbrthefbmnedpartsbyfilcilitatingan 
lJcXtensionoftheproductionrunstolargernｕｍｂｅｒｓｏｆ 
〔Units.【2剛Ｉｔｉｓｔｈｅ妃fbr巳concludedthattbepresentdataon
lanECA-pressedcommercialAl-Mg-Li-Zralloysewetoes-
itablishthisLi-bearingalloyasapotemtialandattractive 
1candidatematerialfbruseinsupelplasticfbnningapplica-
ltions． 

Ｖ・ＳＵＭＭＡＲＹＡＮＤＣＯＮＣＬＵＳＩＯＮＳ

Ｅｘｐｅｒｉｍｅｎｔｓｗｅ妃conductedonanAl-5､SpctMg-22
pctLi-ql2pctZralloysubjectedtoECApressingto 
glveagmｉｎｓｉｚｅｏｆ～Ｌ２ｌＬＬｍ、
FollowingsolutionIImtmentｓａｔ６７３ｏｒ８１８Ｋ，aging 
wasconductedfbrvarioustimesatatempcratuにｏｆ448
Ｋ.Microhardnessmeasurememtsafteragingshowthat 
thepeakagingisreachedmorerapidlywhenthegmin 
sizeisveryfine・Thisisattributedtothehighervolume
ofPFZsaroundthe6-A1Liand/orZLAl2MgLiphascsin 
thiscondition 

MechanicaltestingshowstbattlleECA-pressedmaterial 
exhibitsgoodductilityatroomtempcrature,especially 
ascompa定dtoconventionalAl-basedalloyscontaining
LL 

ElongationstofiPacmｒｃｏｆｕｐｔｏ～550pctmaybe 
achievedintheECA-pressedmatelPiaIat603Kwhen 
testingatａｎｉｎｉｔｉａｌｓｔｍｉｎｒａｔｅｏｆ～IO-3s-l・Thesere‐
sults，therefbre，ｃon6rmthepotentialfbruseofthe 
ECA-prcssedalloyinsupemlasticfbnningoperations． 
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lasticplopertiesoftheZn-22兜A1
nsizeinthistwo-phasematerial，ｏｆ 
)Iasticelongationsupto＞2000％ａｔ 

dtoinvestigatethefeasibiUtyofintroducinganultra-fine 
DthcＺｎ-22％A1anoy・Areductioningrainsizeispotentially
gtheelongationstofailureandfOrincreasingthestrainrates 
，ｆｌｏｗ・Twodifferentprocedureswercusedtoobtaina
Iirst，sampleswerepreparedinthefbrmofdisksandtheywere 
lunderahighpressureatroomtemperatureuptoamaximum 
lhowedthesesampleshadanequiaxedgrainsizeintherangeof 
samplesweredefbrmedｔｏａｓｔｒａｉｎｏｆ～８usingtheprocedureof 
）pressing・Inspectionshowedthatthesesamplescontained
ftheorderof0.4-0.8lLmandtensiletestinggaveamaximum 
estingtemperatureof473Kusinganinitialstrainrateof33× 
themicrostructureinOptimizingthesuperplasticchalacteristics 
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Introduction 

SupeYplasticityhasbeendefinedas''theabilityofapolycrystalUnematerialtoexhibit,ina 
generallyisotrOpicmanner,veryhightensileelongationspriortofamlure1i［1]．Itisnowwell 
cstablishedthattherealetwomajorrequirementsinordertoachievesuperplasticityinmetals 
【2]、First,thegrainsizemustbeverysmallandtypicaUy＜１０川．Second,thetesting
tcmpemturemustbereasonablyhighandtypicallyatleast0.5Tm,whereTmistheabsolute 
meltingtempemtureofthemateriaL 

TheＺｎ-22％Aleutectoidalloyisaclassicsuperplasticmatenalinwhichavelyfineandstable 
gralnslzemaybeattainｅｄｂｅｃａｕｓｃｏｆｔｂｅｐｒｅｓｅｎｃｅｏｆｔｗｏｓｅｐaratephases・Typically，
sUperplasticityisachievedintheＺｎ-22％A1anoywhenthegrainsizeisintherａｎｇｅｏｆ～１－ 
５川:fbrexample,therearereportsoftensileelongationsinthisalloyinexcessof2000％
Overalmosttwoordersofmagnitudeofstrainrate[3]althoughthepreciseelongationsto 
failurearedependentuponthetestingtemperatureandthespecimengrainsize［4]・
ExperimentalevidencewiththeZn-22％Alalloysuggeststhatadecreaseingrainsizewill 
leadtoanincreaseintheelongationstofailureand,inaddition,themaximumelongationswill 

occuratfasterstrainrates[4]、ThcreisalsoevidencefromexperimentsonanA1Cu-Zralloy
thatareductioningrainsizewmreducethetemperatureassociatedwithoptimum 

醤il■蝋nj5HiarE;HHgii6gWHirihgZn鮒Amy魂直銀IhiM5臘iir鼠､石iZe耐ｉ
蔓iL雛ilAl1l:F霊:jlP雛:岡學辮跳珊魏h呈欝:'1;鵲;ｌｌＨｌｉｉ:WIlli9l;H:iH;Ｉ柵
譲>JLthatareductioningrainsizewmreducethetemperatureassociatedwithoptimum

iijLJ籔聯鑑iii磯j1il聯洲辮１１:I詮｡i:！'`卿雛
震曰
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ItwasshownrecenUythatasubmicmmetergrainsizemaybeintroducedinｔｏｔｈｅａｌｌｏｙｂｙ 
'/imposingintenseplasticstrainingusingatorsiontechnique[6]butthesamplesthusfabricated 
weretoosmaUfOrnormaltensiletesting6Therefbre，thepurposeofthepr巳sentpaperisto
cxtendtheseearlieｒｒｅｓultsbyexaminingthemicrostructumldevelopmentandthetensile 

propertiesofasubmicrometer-grainedＺｎ-22％A1alloyproducedusinganaltemative 
iDrocessin2method． 

,rialusedinthisinvestigationwasacommercialZn-22％A1bina【yalloyreceivedin
plasticconditioninthefbrmofas-rolledsheetwitｈａｇｒａｉｎｓｉｚｅｏｆｔｈｅｏｒｄｅｒｏｆ～１ 
Imicrostructureintheas-receivedconditionisshowninFi９．１，anditconsistsofan 
yrandomdistributionofequiaxedA1andZngrains；ｔｈｅｓｅｔｗｏｐｈａｓｅｓａｒｅｒevealed 
anddarkgrainsinFi９．１，respectively、Chemicalanalysisoftheas-receivedmaterial
thefbllowingimpuritiesinppm:Ｃｒ＜10,Ｃｕ４５，Ｆｅ390,Ｍ９２，Ｍ、＜１０andSi
differentproceduleswereusedtointroduceasubmicrometergrainsizeintothisalloy 
}proceduresareUlustratedschematicallyinFig2． 

Equal-channelangular(ECA)pressingisaplocedure,describedelsewhere[刀,inwhicha
sampleispressedwithaplungerthroughadieconsistingoftwochannelsofequalcross-section 
whichintersectatanangle○．Inthepresentwork,thesamplesusedfOrECApressingwere 
cutfromtheas-Iolledsheetinthefbrmofcylinderswithdiametersof20mmandatotallength 
of～７０ｍｍ・ｍｅｅＸｐerimentalfncilityisillustratedｏｎｔｈｅｌｅｆｔｉｎＦｉｇ・ＺｗｈｅｒｅＰｉｓｔｈｅ
ｉｍｐｏｓｅｄｌｏａｄａｎｄｔｈeanglewdefinestheouterarcofcurvatureatthepointwherethetwo 
channelsintersect・Inpractice,thesamesamplecanbepressedrepetitivelythroughthediein
ordertoaccumulatealargetotalstrain・Ｉｔｃａｎｂｅｓhownthatasinglepassagethroughadie
ofthisfbrmleadstoastrain,８，whichisgivenbyI8］ 

1,8％ 



Figurel-MiclostructureofZn-22％A1intheas-Ieceivcdcondition． 
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Figure2‐SchematiciUustrationofECAprcsSing(onlefi)and 
torsionstraining(onrighO． 

…脚…'鍔'｜石

(1) 

膳ＤＪ
８ 

鷺Sothat,fbrNrepetitivepressings,thetotalstrainisNE・Inthepresentexpenments,ｔｈｅＥＣＡ
ｆ;二`ｉｔ

きりprcssingwasconductedat373Kusingafacilitywith｡＝９０．andeachsamp1ewaspressed
:jLLthroughthediefbr8passestogiveatotalstrainof～8． 

職iiTheprincipleoftorsionstrainingwasdescribedearlier[9】anditisillustratedschematically｡.-J~冑[．-

餅ifonthelightinFig､２．Thesamples,inthefbrmofdisksofdiameterl5mmandthickness０．３、ＴｒＷＬ,；，5--

f戦ｉＡｍｍ,wereheldinplaceinatorsionstrainingfncilityunderapressure,P,of5.5GPaandthen
毛ｒＩＨＫ：卜．

蕊tlleywerestminedintorsionatroomtemperaturc、Inthisprocedure,thestrainisgivenby
■･･･帝.,._
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Abstract 

niswcllcstablishcdthatsuperplasticityoccursbytheprocessofgrainboundaryslidingandit 
rcqulresavcrysmallgrainsizc,typicallyinthcrangcof～1-1014ｍ・ItisanticipatcdthatfUrthcr

o 

Ieductionofgrainsizc,especiallybelowlI几、,willlcadtosuperplasticityathigｈｓｔｒａｉｎｒａｔｅｓｏｒ
ｌｏwtcmpcraturcs,whichisclcarlybeneficialfOrsupcrplasticfDrmingproccsscs． 

andcontainregUIarandilTcgularaITangcmcnts 
naturcofthcboundaricsinthcscthIccmatcrials 

hactionsofthemcltingtempcraturcs． 
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Introduction 
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蕊口醐繍篭繍瀞i菫|藁Hilii:織蕊叢蝋鱗
聯nowgainingpopularitybccauseitiscapableofproducingalargcquantity()fthesubmicr()metcr‐
鱈Lglaincd(SMG)materialswithoutintroducinganyporosity・

霧lJMmS…,obS.Ⅷonsu…1M剰川…,､…Ｗｍｗ.｡Ｍ､徴iWm

曇.'隅蝋謡二A:RiH:Hli鯛濡蹴i:翻鶴馴職鰹｝，;卿i鵬
Hconfiguration､ＴｈｉｓconclusionhasbccnconfimMbyrcccntstudicsusinghigb-rcsolution 
騨Mcctmnmicroscopy(HREM)whereatomicstructurcsofthcgrainb()undaricsandthcirvicinitics
;jWcrcexamined[,]InthiMpcr,thcrcsuMthcHREMobscrvatiI)ns…vicwcdwiththrc｡ 
!{wJdiffCrcntmaterials,A1-3%M9,CuandNmefabricationofSMGstructurcsusuallycrcatcsan 
ii[Brmyofnon-cquilibriumgrainboundaricswhichmaybcpartially”laxcdint(）amorc 

iiiJiii篭iii1lliii鱗ｌＩｉｌ鱗灘繍勇繍鱒;脇騨鯏:,鵬
ExDclimcntalmatcrialsandproccdures 

ThcSMGstructurcwasproduccdinsamplcsofAl-3％Ｍ9,highpurity(99.98％)Cuandhigh 

purity(99.99％）Niusingatorsionstrainingtcchniquc・Thcdctailsofthctcchniquewcrc
describcdclsewhcrc[4,5,9]・ThcinitialgrainsizcofA1-3%Mgwas～5()OumandthoscofCu

andNiwcrcboth～５０１，.Ｅａｃｈｓａｍｐｌｃｗascuttodiskswithdimensionsof～l5mmdiamctcr 
and-0.3mmthiCkncssandsubjcctcdtotorsionstraMnguptoastrainof~7.Thcstrainingwas 

conductcdatroomtemperaturewhichcorrespondsto~0.32TlnfOrAl-3%M9,~0.22T1mfOrCu 
and-0､l7ThfOrNi､ThcdisksaftcrstrainingwcrccutandgroundtosmalIdiskshaving 
diamctelsof3mmandthickncsscsof～0.15ｍｍ・ThcsmalldiskswcrcthcnthinncdfOr

transmissionclcctronmicroscopyusingatwinjetclcctropolishingtcchniqucinsolutionsof 

lO妬HClO4，２０％Ｃ３Ｈ８０３ｐｌｕｓ７０％Ｃ２Ｈ５０ＨｆＯｒＡｌ-3％Ｍ9,30％ＨＮＯ３ｐｌｕｓ７０％Ｃ３Ｈ８０３ｆｂｒ
ＣｕａｎｄｌＯ％H2SO4，１０％ＣＨ３０ＨｐＩｕｓ８0％Ｃ２Ｈ５０ＨｆＯｒＮｉａｔａｔｅｍｐｅｒａｔｕｒｅｏｆ２７８KJhc 
thinncdspccimcnswcrccxamincdusinganH-8100clcctmnmicroscopcandaJEM-2000FX 
clcctronmicroscope，ｂｏｔｈｏｐｃｒａｔｉｎｇａｔ２００ｋＶａｎｄａJEM-4000EXhigh-rcsolutionclectron 

microscopcopcratingat400kV､ThcfOrmermicroscopcswcrcuscdfOrobservationsofgrains 
andgrainboundaryconfigurationsatlowcrmagnification,andthclattcrmicroscopcwasused 
fOrhighcrmagnificationandIatticcimagcobscrvationsatandncaTthcgrainboundaries,Latticc 
InagcswcrctakcnatclosctOthcoptimumdcfOcuscondition，typicallyatmagnificationsof 
500,O00timcs・SinccthcgrainsizcswcrcmuchlcssｔｈａｎｌｌＬｍ，indMdualgrainscouldnot

l938 
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alwaysbctiltcdduringobscrvation.Ｈｏｗｅｖｅｒ,asufficientnumberofgrainsoricntedcloscto 
＜110＞wasfOundfOrlatticcimaging． 

ExDclimcntalrcsultsanddiscussioｎ 

Typicalmicrostructurcsaftcrto函ionstrainingareshowninFigs､１，２and3fbrAl-3妬Ｍｇ,Cu
andNi,rcspectivcIy・Theselcctcd-arcacIcctmndiffraction(SAED)pattemsaTcalsoincluded，

takcnhomlcgionsofl､gIAmfbrA1-3％Mgandof1.3ILmfOrCuandMEachSAEDpattem 
consistsofringsWithmanydiffractcdbcamsandthusdcmonstratcsthatthcrealcmanygrains 

Withmultiplcoricntationwithinthcselectcｄｆｉｃｌｄｏｆｖｉｃｗ・Thcavcmgcgrainsizcsmeasurcd
homthcclcctlonmicrographswcre～0.Ｏ９ＩＬｍｆ(〕ｒＡ１-3％Ｍ9,～0.17ＵｍｆｂｒＣｕａｎｄ～().l3Um
fOrNi・Thcimagccontmstwithinthcgrainsisnotunifmnbutchangcsmacomplcxway,Tmcrc
錘、anygrainboundaricswhicharewavy，curvcdornotwelldefined、AUofthese

obscrvationssuggcstthatthcgrainsandgrainboundaricsaftcrthctorsionstrainingalcinahigh‐ 

cnclgyandnon-cquilibriumstate． 

Figures4,5and6aIchighermamficationimagcsofgrainsinthcas-straincdstructuresfOrAl 

3％Ｍ９，ＣｕａｎｄＮｉ，rcspcctivcly・ｃｏｍｍｏｎfCaturcstoallthrceimagcsalcthatthcgrain

boundaricsaIcwavy，curvedorconugatcdalongtheirlcngthandsomcportionsofthc 

boundaricsalcinclincdtothcsurfacenoImalDislocationsalcalsovisiblcwithinthcgrains． 

AlatticcimagcofthclcgionmarkcdAinFi9.4ｏｆｔｈｃＳＭＧＡｌ－３９６ＭｇｉｓｓｈｏｗｎｉｎＦｉ9.7.T11c 

boundarycxhibitsaperiodic,stcpwiscarrangcmentoffacctsparallelto｛111｝planesandcach 

facctconsistsofaboutlOlaycrsof{111}plancs・Thcfacctdcnsityisestimatcdtobc-5xlO8m‐
1.RcgularallangemcntsoffacetsandstcpswercalsoobscrvcdonothcrboundaricsinthcSMG 

Al-3％Ｍ9.Figurc8showsalatticcimageofthcboundaryregionindicatcdbyAinFiｇ５ｏｆｔｈｃ 

ＳＭＧＣｕ､T11eboundarycxhibitsanirregulamaturcconsistingoffacetsandstcpswithoutany 

dcfincdpcriodicitylhcrcisarcgionmarkcdB,Witｈａｗｉｄｔｈｏｆ～４，ｍ,wherconcdimensional 

{111}latticcfringes廿omthclowcrgrainalcbcntat~ｇｏ・ThcrcgionBappcarstobchagmentcd
bromthclowergrain・SolnelatticeftingcstenninatedatpointsmarkcdT，suggcstingthe

prcsenccofdislocations・ThcrcgionindicatcdbyAinFig6ofthｃＳＭＧＮｉｉｓｃｎｌａｒgcdinPig.，
toprovidcaclosccxaminationofthcgrainboundarystmcturc・Thcboundaryexhibitsazigzag

configurationbutthclcisnopcriodicityinthczigzagnature． 
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ThcHREMobscrvationslwcalthatthcgrainboundaricsinthcthrccdiffCrcntSMGsamplcsarc 
notsmoothbutthcyhavcazigzagnaturc,whichthcndcmonstratcsthatthcyalcinhigh-energy 
andnon-equilibriumconfiguration・Furthermore，theboundaricshavchighanglesof

misoricntationdndnalrowwidth・Incarlicrrcports，itwasshownthatthcgrainboundary
ｓｔｒｕｃｔｕｒｃｓｏｆａｎＳＭＧＡ１-3％Mgalloycvolvcdintomorcstablcconfigurationasarcsultof 

ilTadiationbyhigh-cnergyelcctronsduringHREMobservations[9,11,12]・Itisthcnconcludcd

thatthcnon-cquilibriumnaturcofthcgrainboundaricsobservedbyHREMisrcprcscntativcof 
thcstructurcsinhcrcntinorvcryclosctothcas-straincdcondition． 

●▲U 

（i 

f華

］ 

ＩＤ 

ThcstmcturalfCaturesoflhcgrainboundaryalccsscntiallysimilarｉｎａｌｌｔｈｒ巳csamplcs・

Howcvcr,thcstcpsandfacctsobscrvcdintheboundaricsofthcSMGA1-3％Mgalloyal巳more
oldcledandunifOnnlydistlibｕｔｅｄｂｙｃｏｍｐａｎｓｏｎｗｉｔｈｔｈｃＳＭＧＣｕａｎｄＮｉ・Thissuggcststhat

somcrclaxationofthcgrainboundarystmcturchasoccuIrcdinthcＳＭＧＡ１-3％Mgduring 

intcnscstraining・nisreasonablcthatapartiallelaxationofthcgrainboundarystructｕｒｃｍａｙｂｅ
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鵬

Figurcl(top)‐LowmagnificationimagcofAl-3%MgwithSAEDpattcminset， 
Figure2(center)‐LowmagnificationimagcofCuwithSAEDp劇tteminsct、
FigUlc3(bottom)‐LowmagnificationimagcofNiwithSAEDpattcminsct． 

1,940 



(top)-mcctronmicrographandSAEDpattem(inscOfmmgraininA1-3％Ｍ9． 
RcgionAshowncnlalgedinFig､7． 

(ccntcr)-ElcctronmicrographfmmgraininCu・RcgionAshowncnIargcdinFi9.8．
(bottom)-ElcctronmiclOgrapMomgrainsinNi､RcgionAshowncnlargedinFig.，． 

1,941 
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lli 
intmduccdinthcA1-3％Mgbecausctheroomtcmpcraturewhercintenscstmininghasbccn 

pcrfOnncdcorrespondsto～0.32ThlfOrAl-3%Mgandthishomologoustcmpcraturcis 
Significantlyhighcrthanthoscof~0.22Tlnf(〕rCuand~0.17T1nfOrNi．

Summarvandconclusions 

LSubmiclomctergrain(SMG)sizcswcrcintroduccdintosamplcsofp()lycrystallincAl-3％Ｍ９， 
CuandNiusingintcnscplasticplasticstrainingintorsionatmomtcmpcrature． 

2.High-rcsolutionclcctlonmicroscopy(HREM)showedthatthcgrainboundaricsinallthrce 
SMGsamplcscxhibitzigzagconfigurations,indicatingthatthcywcreinhigh-cncrgyandno汗

cqUiIibriumstate.、]cboundaricsalsohavehighanglesofmisoricntati()nwithanarrowwidth．

3．doscobscrvationsbyHREMsuggcstedthatapartialrelaxationofthcgrainboundary 
structureoccursduringstrainingproccssintheSMGA1-396MgbutthcreislessinthcSMGCu 
andNi． 
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Abstract 
QP 

|r,Equal-channelangular(ECA）pressingwasusedtoproduceultra-ｆｉｎｅｇｒａｉｎｓｉｚｅｓｉｎｔｗｏ 
ｊＬＣｏｍｍｅｒｃialA1alloys：anA1-Mg-Li-ZralloyandanA1-Cu-Zralloy・Theresultsdemonstrate
il1epotentialfbrusingthisprocedureinoldertoachievehighstrainratesuperplasticity(HSR 
/)JSP)．Inthepresentexperiments,elongationsuptoandabovelOOO％wereobtainedatstrain 
3yと↑rates三10-2s-1.
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Introduction 

Superplasticmaterialshavethecapabilityofexhibitingveryhighelongationswhenpulledin 
tensionunderoptimumconditions［1】・Ingeneral,therearetwoimportantrequirementsin
ordertoachievesupel1plasticityinmetals【２１First,supelplasticityoccursthroughtherelative
diSplacementsofadjacentgrainsanditrequiresaverysmaUgrainsize,typicallyoftheorder 
of～１－１０似ｍ・Second，thesupelplasticprocessisdiffUsion-controlledandtherefbreitis
necessarythatthetemperatureissufficienUyhighthatdefbrmationoccurswithinthediffnsion 
reglme・Inpractice，ｔｂｉｓｍｅansatemperatureofatleast～0.5Ｔｍ，whereTmistheabsolute
meltingtempemtureofthemateriaLThesetworequirementsaregenerallyincompatible 
becauseoftheeaseofgraingrowthatelevatedtemperatures，Therefbre,metalsexhibitinghigh 

tensileductilityusuallyeitherincorporateafinedispersionofasecondphaseortheyaretwo-・
phaseeutecticoreutectoidalloys． uiJ 

震ノ
Supelplasticfbrminghasbecomeanestablishedproductiontechniquefbrthefabricationofparts 
withintheaelospace，transportationandarchitecturalindustriesunderconditionswherethe 
numberofpartsislimitedto＜10,000units[3]・Thislimitationarisesbecauseoftbeslow
strainratesgenerallyassociatedwiththeoptimizationofthesupelplasticfbrmingprocess、
Thus，fbrmingisusuallyconductedatstrａｉｎｒａｔｅｓｏｆｔｈｅｏｒｄｅｒｏｆ～１０３－１０－２s-1wherethe 
supelplasticducmityismaximizedbutinpmcticethesestramratesrequirefbrmingtimesof， 
typically，～２０‐３０minutes・Thecurlenttechnologyistherefbrenotreadilyamenablefbrthe
massploductionofverylargenumbersofidenticalcOmponents． 
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Theleisexpenmentalevidencesuggestingthatadecreaseingrainsizeｗｉｌｌｌｅａｄｂｏｔｈｔｏａｎ 
ｉｎｃｒｅａｓｅｉｎｔｈｅｍaximumelongationstofhilureandtotheocculrenceofthesehigher 
clongationsatfastertestingstrainrates：fbrexample，thiseffectisapparentfiPomtests 
conductedontheZn-22％A1eutectoidalloywithgrainsizesof2･ｓａｎｄ４．２ｌＬｍ[4]・However，
conventionalsupelplasticmetalalloyshavegrainsizeslargertban～１lLmanditisdifficultto 
reducethegrainsizetothesubmicrometerleveLThereisconsiderablecurrentinterestin 

fabricatingultrafine-gminedmaterials,ｗｉｔｈｇｒａｉｎｓizesinthenanometerrange,usinganinert 
gascondensationtecmique[5]butthisprocedurehasthedisadVantagethattheleremamssome 
residualporosity,oftheorderof～２％,evenwhenusingimplovedcompactiontechniques[６１ 
Asaresultoftheseproblems，thepossibilityhasbeensuggestedｏｆｕｓｉｎｇanintcnseplastic 
strainingtechniqueinordertoachieveanultrafinegrainsizefbrsubsequentsuperplastic 
fbrmingOperations[71ThissuggestionwasputfOrwardbecauseofthewell-establishedability 
toproducesubmicrometergrainsizesusingintenseplasticstraininginproceduressuchas 
torsionstrainingunderpressure[8]andprcssingthroughaspecialdieintheprocedureknown 
asequal-channelangular(ECA)pressing［9,10lThepresentinvestigationwastherefbre・
initiatedtoinvestigatetheECApressingofA1-basedaUoyswithtwospecificobjectives・First，
todeterminethefeasibilityofintroducinganultrafinegrainsizeintoselectedalloysandof 
retainingthesesmallgrainsizesatreasonablyhightempemtures・Second，toexaminethe
potentialfbrattaininghighstrainmtes叩eIplasticity(IISRSP)afterpressing．

↓+9 

Tｌ 

ﾕIＩｕｐｒｕｐ 

Theexperimentsweleconductedusingtwodifferentconventionalcommercialalloysproduced 
bycasting、First，theRussiananoyO1420isalight-weighthighstrengthmaterialdescribed
byFridlyanderaaL［11]andhavingachemicalcompositionofA1-5.5％Ｍ9-2.2％Ｌi-0.12％ 
Ｚｒ･Second,theBritishSuprallOOalloyisanA1-2004alloywhichisverywidelyusedinthe 
superplasticfbrmingindustry[3】andwithachemicalcompositionclosetoA1-6％Ｃｕ-0.4％Ｚｒ・
ThislatteralloycontainsadispersionofcoarseCuA12andfineAl3Zrparticleswhichserveto 
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llli 
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Figurel-PrincipleofECApressingthmughadie:Pistheimposedload． 

llretaintheverysmallgrainsizeintroducedbydynamicrecrystallizationintheearlystageso 
idefbrmationI12L 

iSamplesofbothalloyswercpreparedfbrECApressinginthefbrmofcylinderswithdiameters 
lof～２０mmandtotallengthsof～７０mmThesesamplesweresubjectedtoECApressing 
iusmgadieshownschematicallyinFig､LThediecontainedtwochannels,equalincross‐ 
isection，whichintersectedatananglｅｏｆ①ａｎｄｗｉｔｈａｎａｎｇｌｅｌｒｄｅｆｉｎｉｎｇｔｈｅｏｕtｅｒａｒｃｏｆ 
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A1-Ｍ目Li-Zrallol42C

lnitialexperimentswereconductedinwhicbthesamplewassubiectedtｏＥＣＡｐ1℃ssingfbra 
totalof4passesatatemperatureof673K：fUrtherdetailsconcerningthemicrostructural 
characteristicsofthismaterialafterECApressingaregivenelsewhere[151Figure2shows 
(8)anexampleofthemicrostmctureinthepressedconditiontogetherwith(b)twoSAED 
patternstakenftomtheregionsAandBItisapparentfromFi9.2(a)thatthegrainsizeis 
verysmallandmeasurementsgaveanaveragegrainsizeof～1.214ｍ、ＴｈｅＳＡＥＤｐａｔｔｅｍｓｉｎ
Ｆｉｇ２(b)demonstratethattheboundarieshavehighanglesofmisorientation・Nevertheless，
moreextensiveinSpectionsshowedthattherewerealsoareaswheretherewerearraysoflow 
anglesub-boundaries,withthesub-grainsocc叩yinganestimatedtotalvolumefracｔｉｏｎｏｆ～30
-40％［15]・Testingshowedthatthismaterialwasfairlyductilewithelongationstofailuｒｅｕｐ
ｔｏ＞500％［16lFurthermore,ｔｈｅgrainsizeofthisalloyisreasonablystableuptohigh 
temperaturesof～７００Ｋ，ａｓｓｈｏｗｎｉｎＦｉｇ、３wheretheaveragegminsizewasmeasuredin
samplesannealedfbrlhouratdifferentselectedtemperatures、Figure3alsoincludesdata
leportedeallierfOrultra-finegrainedA1-3％Mgsolidsolutionalloyspreparedbytorsion 
stlaining［17]orECApressing［18]wherethegrainsizeincreasesrapidlyattemperatures 

鰈'J1'）
l煙γ、
凸■■

1.召も．,．

震１lillq(:云澱i撰繍騏鯛11i鯛k鑑li1i霊b:Ｗ………
鰹;11i：

瀞ilnanattempttoimproveonthesuperplasticpropertiesafterECApresSing,sampleswere
;lrj1pressedthrough8passesat673Kand4passesat473K,givingatotalstrainof～12． 

霊１１１１:P粥裏:１１'澱獅需:麓,P蝋W1iIii騨搬麺磯龍t職f1I圏:Hllhali墓
1.'11ノマ，１９

５(:i(Isuperplasticductilitiesinthismaterial:Fig.４showsanexampleofthevariationoftruestress 
jLf1W1ilwithstrainfbrtestsconductedatatempemtureｏｆ６２３ＫａｎｄＦｉｇ・Scomparesthetensile
LA9,｣rloj 

flけelongationsat623KwitllthoseObtainedontheunpressedalloyatasimilartestingtemperature
ifIof603Ｋ．T11us,areductioninthegrainsizefromaninitialvalueof～400ｔｏ～1.2川ｈａｓ
汁川averysignificanteffectontheoverallductility,leadingtoelongationsofcloseto400％ｅｖｅｎ
ルノatateｓｔｉｎｇｓｔｍｉｎｒａｔｅａｓｈｉｇｈａｓｌｓＦ１･Figure6showstheappearanceofthetwospecimens
L“ｔｅｓｔｅｄａｔｌＯ－２ａｎｄｌＯ－ｌｓ－ｌ：itshouldbenotedtllatthetestatlO2s-1wasdiscontinuedwithout 

f八failureatatotalelongationofll80％、Itisapparentfromtheappearanceofthetested
rspecimensinFi9.6that,asintruesuperplasticityatlowerstrainrates,thesesamplesgradually 
jLpulloutwithoutthedevelopmentofneckingwithinthegaugelength、Ｔｍus，ｔｈｉｓｉｓａｃｌｅａｒ
『いLexampleoftheachievementofHSRSPafterECApressing．

ＷＩｈｌｌｎＴｎＩ］ＩＸ 

TheSupralalloywasalsosubjectedto8passesat673Kand4additionalpassesat473K， 
givingatotalstrainof～12．AfterECApressing,themeasuredgrainsizewas～０．５ｌＬｍ、An
exampleofthetruestress-straincurvesisshowninFi9.7fbrtwotestsconductedat573Kand 

aｓｉｎｇｌｅｔｅｓｔａｔ６２３ＫＩｔｉｓａｐｐａｒｅｎｔｔhattheseSpecimensalsoexhibitveryhightensile 
ductility,withelongationsuptoamaximumof970％at573Kwhentestingwithastrainraｔｅ 
ｏｆｌｘ１０－２ｓ－１・TheappearanceofthesethreeSpecimensaftertestingisshowninFi９．８．
TheseresultsaresignificantbecausetheydemonstratenotonlythepotentialfbrHSRSPbut 
alsothatveryhighductilitiesmaybeachievedatrelativelylowtestingtemperatules・Ｆｏｒ
example,adetailedinvestigationoftheSuprallOOalloyrevealedelongationsｏｆｕｐｔｏ＞1000％ 
buttheseoccurledatthemuchhighertestingtemperaturesof～７００－７５０Kandatthelow 
strainratｅｓｏｆ～104tolO-3s-1［19］ 
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ConclusionS 

irLP.iEqual-channelangular巴CA)pressingisaneffectivetoolfbrproducinganultm-finegrainsize
iLLj:inmetals、ThesesmaUgrainsizesmayberetainedtohightempemtureswhenprecipitatesaTe
iWIayailabletoretardgraingrowth、TheresultsfromthisinvestigationdemonstIatethathigh
jjぶMrainratesuperplasticity(HSRSP)maybeachievedintwocommercialcastaluminumalloysqoﾄﾛｰＩＤ 
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鷲mleECAp剛ngwaSconductedusingA1sampleshavingdi…ionsoflO×l0mm2and

蕊I騰鰯:隠纈纈既§i綴翻;職蝋黒磯綴Ｗ鰯謡|：
iiiilJseveraltimesthroughthedietogiveahighcumulativestrain、Inpmctice,itispossibleto
fjjlidefinethreedistinctprocessingroutes，asillustratedinFig、１：ｒｏｕｔｅＡreferstothesituation
jrDwheretherepetitivepressingsareconductedwithoutanyrotationofthesample,routeB 
{i1lIUenotcspressingswhc”thcreisamtationofthesampleby90ointhesamedirectionbetween 
i>H1ieachseparatepressingandrouteCdenotesrepetitivepressingswitharotationbetween 
lIhpressingsofl80｡、SampleswerepressedusingroutesA,BorCfbrupto4passesthrough
;j(IUledie． 

Afterpressingtoaselectedtotalstrain，sampleswerethinnedfbrinspectionbytransmission 
electronmicrosc叩ｙ(TEM)．ObservationsweremadebyTEMusingsamplesorientedinthree
mutuallyperpendicularplanesasdcfincdinＦｉｇ．２，wherex，yandZaretheplanes 
pelpendiculartothelongitudinalaxisofthesamplc,paralleltothesidefaceatthepointofexit 
fromthedieorparaUeltothetopfaceatthepointofexit，respectively・Theprocedurefbr
prepamtionoftheTEMsampleswasdescribedearlier[8］Representativemicrostructuresｗｅre 
recoIdedbyTEMandselectedareaelectrondiffTaction(SAED)patternsweretakenfTom 
regionshavingdiametersofl2.3Ｉ、、Subgrainandgrainsizesweremeasureddirectlyffom
theTEMphotomicrographsusingthestandardlinearinterceptmethod 
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ItisapparentftomtheseObservationsthatECApressingofhighpurityaluminumleadsrapidly 
tothefbrmationofanaysofsubgminbandswithineachgrainandthesesubgrainboundaries 
evolvewithfUrtherpressi､gsintohighanglegrainboundaries・Measurementsweretakenof
thesubgrainsizesandgrainsizesafterl,２，３and4pressingsandtheresultsareshowninFi９． 
７fbrECApressingconductedusing(a)routeA,(b)routeBand(C)routeC,respectively・
SeparatepointsareshowninFi９．７ｆＯｒｔｈｅＸ,yandZplanes，ａｎｄｔｈｅｏｐｅｎ，halfLclosedand 
closedsymbolsareｕｓｅｄtodifferentiatebetweenmicrostructuresconsistingonlyofsubgrains， 
ofamixtureofsubgrainsandgrainsandofM1ydcvelopedgrainsseparatedbyhighangle 
grainboundaries，respectively：wherethesubgrainswereelongated，aMntheearlystagesof 
ECApressing,thesizeslcportedinFig､７alCtheaveragelengthsoftheshortａxis,equivalent 
tothewidthsofthesubgrainbandsvisibleinFi9．４． 

lnspectionofFig、７confirmsthatanarrayofgrainswithhighangleboundariesisachieved
mostrapidlywhenusingpmcessingrouteBandleastrapidlywithrouteA，ＷｉｔｈｒｏｕｔｅＢ， 
theleisanevolutionafter4pressingstoareasonablyequiaxedstructｕｒｅｗｉｔｈａｇｒａｉｎｓｉｚｅｏｆ 
～L3l4mineachplaneofsectioning・Therefbre,thegrainsizehasbeenreducedfTom～1.0
ｍｍｔｏ～１．３浜minonly4plessingsthroughthediebutwitharotationof90゜betweeneach
pressing・Theresultssuggestthatanevolutiｏｎｔｏａｓｉｍｉｌａｒｆｉｎａｌｇｍｉｎｓｉｚｅｗｉｌｌｏccuralso
whenusingroutesAandCbutmorepressingsarethenrequiredtoattainanalTayofhigh 
anglcgrai、boundaries･Theseresultsaretherefbreconsistentwiththosedescribedearlierwhen
usingroutesAandC[8]・C1oseinspectionofFig､７suggestsalsoadifferencebetweenthe
threedifferentplanesofobservatiomlngeneral，thesmallestsubgrainstendtobeobserved 
intheyplanewherethesubgrainbandsaremostcIearlydelineated,andthesesubgrainsremaln 
essentiaUyunchangedinsizeat～０．６ｌｍｗｈｅｎｕｓｉｎｇｒｏｕｔｅｓＡａｎｄＣｂｕttheyincreaseinsize 
withrouteBtothefinalequiaxedgrainsizeof～１．３脾、、
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Figule7‐GminsizemeasurementsfbrroutesA，ＢａｎｄＣ． 

Theresultsobtainedinthisinvestigationaftersmallstrainshavesimilaritieswithearlierreports 
ofmicrostructuralevolutioninpureAlaftercoldrolling，whereithasbeenshownthat 
reductiｏｎｓｏｆ～１５％－３０％leadtothefbrmationofbandsofelongatedsubgrainswithsizes 

of,typically，～１－２脾、［12-14】、However,amoredetailedanalysisofECApressingis
required，includinginspectionbyopticalmicroscopy，ｉｎordertodevelopacomplete 
understandingofthenatureofgrainrefinementintheECApressingprocedure． 

Conclusions 

Samplesofhighpurityaluminumweresubjectedtoequal-channelangular(ECA)pressingup 
tototalstlainsof-4andusingthreedifferentprocessingprocedures:routeAwithoutrotation 
ofthesamplebetweenconsecutivepressingsandroutesBandCwithrotationsof90・ａｎｄ180゜
betweeneachpressin9．MicrostructuralobservationsshowthatsubgrainbandsarefOrmedafter 
asinglepressingthroughthedie，andthesebandsevolveafter4pressingsintoanaITayof 
equiaxedgraiｎｓｗｉｔｈａｎａｖｅｒａｇｅｓｉｚｅｏｆ～１．３似mwhenusingprocessingrouteB．
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;■二鰍鵬謡鯛鯏:鵬灘嚇墨蹄＃蝋纈鶴墨謡
襄](:M1miil:|：lIi昏馴瀦總艦鰯鯛鵬:,鯛:'癌:鯛蹴:蝋襲：
i(1)hsearchfbrwaystoreducethegrainsizeofamateriaLSeveralpowdermetallugytechniqueshave 
ll'iiemergedbutthei｢optimizationisaIongtaskandtheshortcomingsoFresidualporosity,verysmalI 

雲｣測鯛謡鑑Ⅷi:11M．【;::．!!鯛::脇l3liS鵜鰐鯛浮:鯛.P磯
〈l｢｣鰯iiIi1.6iHL離鰡鰡悪:11:|;:illiHiE:'翠鰍躍船i:ii難聴'iilJ蹴
}にtechniquesfbrintroducingahighstrainaretorsionstraining(TS)andequal-channelanguIar
:ｿm(ECA)Pressing[61TSusesacombinationofcompressionandrotationwhereasECApressing 
jIil1introducesstrainthroughsimpleshearbyfbrcingthemateriaIthroughanangleddie[7lInthis 

しiJJ蝋::Wi:'針i:I:鰍｢;脇澱illl:畷:爵Ｗ(::.;W;:ii墨濡雛鯛霊
];ｆ１ＪｓｔｍｃｔｕｒｅａｎｄｔｈｅｓｅｃondgoalwastheintroductionoFsuperpIasticbehavior． 

ロ】ＨＵＫＺ．【

ExperimentswereconductedusingtwodifIerentAj-basedalIoys:ａｎＡ１-5％Znsolidsolutionalloy 
andacommercialRussianaluminumalloyknownasAl-1420andcontaining５５％Ｍ9,2.2％Li 
andQ12％Ｚｒ［８１A11ECApressingwasperfbrmedusingdiesinwhichthetwochannels 

intersectedatanangleofgOo､Ｉｎｔｈiscondition,eachpassintroducedast｢ａｉｎｏｆ～linsidethe 
defbrmedpiece[,]andtherefbrethetotalstrainisequaltothenumberofpasses． 

ThevariousECApressingprocedureｓｕｓｅｄｆｂｒｔｈｅＡｌ-5％ZnaresummarizedinTablelThe 
numberofpassesthroughthediewasvariedfiPom4to8andthespecimenwasrotatedby90oin 
thesamedirectionbetweeneachpassinaprocedu『edesignatedrouteBThematerialwas
preparedfbrobsewationbytransmissionelectronmicroscopy(TEM)bypolishingto300um 
thickness,trimmingto3mmdiameter,polishingtol50Im,andelectropolishingat‐１５ｏＣｉｎａ 
ｍｉｘｔｕｒｅｏｆ２０％nitricacidand80％methylaIcohol・Ａ１ITEMspecimenswerepreparedfiFom
withintbegripsectionsTheobse｢vationswereperfbrmedusingaHitachiH8100operatingat 
200kV． 

TbevanousECApressingp｢oceduresusedfbrtheAl-5,5％Ｍ9-2.2％Li-012％Zralloyare 
summarizedinTablell､Forthismaterial,thenumberofpassesthroughthedieandthepressing 
temperaturewerevariedandtherewasnorotationofthepiecebetweenpassesintheprocedure 
designatedrouteA・Theinitialgrainsizeofthismaterialwas～４００I1mThematelialwas
preparedfbrTEMobservationsfbllowingthesametechniqueasfbrtheAl-5％Znalloywithan 
electrolyteofl0％perchIoricacid,２０％glycerinand70％ethylaIcohoIat～soCRectanguIar 
tensilespecimenswithagaugelengthof4mm,agaugesectioｎｏｆ２ｘ３ｍｍ２,andatotallength 
of24mmweremachinedfromthepressedsampIesandtestedinanlnstronmachineoperatingat 
aconstantcross-headdisplacement､Thetestingtemperatureswerefmm298to673Kcontrolled 
towithin±ZKandthetestingstrainrateswｅｒｅｆｒｏｍｌＯ４ｔｏｌｓ､1． 

'０ 
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TabIeLThethreeproceduresusedfbr Ａｌ-5％Zｎ 
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ResuItsanddiscussion 

A1-5％Zｎ 

Theevolutionofthemicrostmcturewiththenumberofpasses(Le・withtbeamountofstrain

int『oduced)isappa『entけomthephotomicrographsinFigｌafter4,6and8passesthroughthe
dieThephotomicrographsareveIysimilarinthesethreecases,withthegrainsizedecreasing 
slightlyfomFigl(a)to(c)However,importantdifYerencescanbeobservedintheselectedarea 
eIectrondifYiPaction（SAED）pattemslnfigl(a),theSAEDpatternconsistsofaslightIy 
elongatednetpattem,showingtheimportanceofsubgrains､MisorientationangleslowerthanlOo 
dominatethestmcturelnFi9.1(b),amixtureofgrainsandsubgrainsisobservedThepattemis 
notclosetoanetpatternbutitisaIsonotrandomlnFigl(c),thestmctureconsistsoflarge 
4nglegrainboundariesasisevidentfiPomtherandompattem． 

ThisresultgivesaninterestinginsightintothemechamismleadingtograinrefinementviaECA 
pressingofA1alloys,anditisinagreementwiththeconclusionsofFerrasseetalIlO]Itappears 
thatsubgrainsfbrmfirst,fbllowedbyevolutionintolarge-angledgrainboundaries・Itislikelythat
thissequenceofeventscanbegeneralizedtoallcell-fbrmingmaterials[11,121Therefbre,ＥＣＡ 

:ipressingrepresentsaseriouscandidateprocedurefbrtheprocessi､gofallcell-fbrmingalloysand 
lbrtheintroductionofsmallgrainsseparatedbylargeangleboundaries 

Ontheothe｢hand,iftheprocessedaIloycontainsappropriateparticulatestohindergraingrowth 
athightemperatureitwillbeexpectedtoexhibitasuperplasticbehavior［13]・Noattempthas
beenmadeinthisinvestigationtoexaminetheprecisest、ctureofthegrainboundariesintheＡ１‐
５％ZnalIoyafterECApressing、Thisisimportanttodetermineiftheyhaveanon-equilibrium
cbaracterofthetypedescribedbyNazarovetal[141 
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Ｐ｢ocedu｢ｅ Route ProcessinqDrocedure（strainandtemDerature） 

Ａ１ Ｂ ４，２９８Ｋ 
Ａ２ Ｂ ６，２９８Ｋ 
Ａ３ Ｂ ８，２９８Ｋ 

Ｐ1℃cedure Route ProcessinqDrocedurB（sIraInandtemDBrature） 

Ｂ１ Ａ 4,673Ｋ 
B２ Ａ ８，６７３Ｋ＋４，４７３Ｋ 
Ｂ３ Ａ ８，５７３Ｋ 



、、
､?｛ 

(a） 

； 

(b） 

鶴`鮎坐

■Ⅱ．:-1 

灘■■
戯Ｔ
蝋ilr (c） 

Figurel：TEMphotomicrogTapbsandSAEDpattemsfbrA1-5％Znafter(a)4,(b)６ 
and(C)８passes,respectiveIy 

’
’
一
・
ｌ
Ⅲ
、
．
－
－
：
４
－
屯
、
咽
び
牝
恥
一
一
・
・
小
』
ｆ

雛
噸
艤
｛
搬
遡
鰄

凪
枢
Ｍ
ｕ
Ｌ
Ⅲ
四
肘
Ⅲ
小
吋
Ｔ
Ｉ
Ｉ
Ｉ
Ｉ
』
Ⅱ
■
ロ
ロ
庁
。
Ｌ
●
㈹
１
１
‐
Ｉ
Ⅲ
肌
１
円

Ⅲ
Ｕ
Ｄ
Ｕ
ｂ
□
凸
■
９
．
．
研
咄
・
・
・
四
・
争
叩
印
・
川
Ｈ
Ｍ
ｕ
・
●
ｐ
２
．
．
Ｆ
Ｉ

176 
Ⅱ 

脳



iilllIlIliillliiillliiliD､9 
Ｆ１ 

Ｌ」

ｇｐｕｕＵ且mu1uaI回ＩＤｒ

ｔｈａｓｂｅｅｎｏｂｓｅｗｅ［ 

1numd田rｉＰｑｎｌｈｉＤｈｈ

Dnv1aprocedureBlsnowedagraｌｎｓＩｚｅｏｆ～LZ 

Figure2showsthematerialprocessedviaproced 
1sconsistedoflarge-ang1edgrainboundaTies・Ｔｈｉ
ｌ-5％ZnItshouIdbenotedthatthenumeroｕｓｗ 
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b午

Figure4:A1-1420processedviaproccdurCB2,aftertestingat673K 

ThemechanicaltestsperfbrmedontheA1-1420alloyaresummarizedinTableIⅡwheretheyare 
comparedtotheresultsfbrtheinitiaIunpressedmaterialItcambeseenthattheductilityofthe 
materialprocessedviaprocedureBIisalreadygreatIyenhanced，andtheeIongationbefbre 
伽ctureof55096at6o3Kdemonstratesthepossibilityoflimitedsuperplasticity．

nuepmpertiesofthematerialProcessedviaproceduTeB2showexcellentelongations,Teaching 
morcthanl180％at623KWithastrainrateofl0.2s.'・ThevaluesatthestrainratesoflＯ１ａｎｄｌ

Ｓ､ldemonstratethatthismaterialcandefbrmintherangeofhighstrainratesuperplasticity(HSR 
SP)[l71Thesestrainratesaremorethantwoordersofmagnjtudehigherthantheconventional 
superplasticfbmlingstrainTates・Itisofinteresttonotethat,duetothelowtestingtemperatures，
tbePr℃senceofaliquidphaseisimpossibleinthismateria1,therefbreconstituingevidencefbrthe 
occmTenceofHSRSPwithoutaninterboundaryortTipIejunctionliquidphasePreviousresults 
onmetalmatrixcompositesandmechanicaIlyalloyedalloysshowedthatthepresenceofathin 
liquidlayerattriplejunctionsmayenhancethesuperplasticcharacteristicsthroughthe 
phenomenonofstress雁liefimsidetheUquid【18,19]・ThepresentresultismoreIikeIytobe
evidenceofnoTmaIsuperpIasticitywhiChtakesplaceatahighstrai、rate,Thisisinagreement
withtheexpectedshiftinoptimumstrainmtefbrsupelplasticitywithdecreasinggrainsize[20l 
TestsathighertemperaturesIedtoadecreaseinsuperplasticbehavior,inagreementwiththe 
adventofgraingrowthobservedintheTEManalysisThissuggestsapossibleshortcomingof 
thisresuItbecausehighertemperaturesarenecessaJyinOrdertoreducetheyieldstressesTable 
mshowsthattheyieIdstressesmaybetoohightousethematerialinconventionalsuperplastic 
fbrmingpresses,whe『est『essesIowerthanlOMPaarepreferable．

ThepreliminaryresuItsonthematerialprocessedviaprocedureB3showthatthesuperplastic 
stateisaIsoaChievedafteTintroducingastraimof8ThisisofinterestfbrfhltherdeveIopmentof 
theECAprocedure,Ｉｔｉｓａ1℃asonableresultsimcetheTEManaIysisofthematelPialprocessedvia 
routeB1(4passes)alreadycontained60to70％ofregionswithlargeangleboundariesMo｢e 
testsneedtobepeTfbrmedonthismateliaItoveri句theevolutionofthepercentagehighangle
boundarieswithstrain． 
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タン' Table、 MechanicalresuItso 

》
価
３
１
１
９
３
２

2０ 
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Aninvestigationofequal-channelangUlar(ECA)pressingofA1-5%Zngivesinsightinto 
themechanismresponsiblefbrgrainrefinementthroughtheintroductionofstraininthe 
material：thefbrmationofsUbgrainsfbllowedbytheevolutionoflowanglesub‐ 
boundariesintolargeangIegrainboundaries 

AninvestigationofA1-5.5％Ｍg-2.2％Li-0,12％ZrshowsthattheECApressing 
techniqueemergesasaviablemethodtoproducesuperplasticAlalloys-
Theintroductionofatmestrainof8intheALl420allOyappearstobesuflicientto 
produceastmctuTeconsistingentirelyofhighangleboundaries． 
Superplasticbehaviorwasachievedatahighstrainrate，morethanoneorderof 
magnitudehigherthantheusualstrainrateSfbrcommercialAlalloys、
Superplasticitywasachievedatatemperatureof～O7TMwhereTMistheabsoIute 

meltingtemperature,therefbreinCipientmeltingcannotoccurattriplejunctionsorgrain 
boundariesThisisevidencefbrnormqIsuperpIasticityoccurringatahighstrainrate． 

1． 

2． 

3． 

4， 
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室温ＥCAPで相当ひず蕊８を課したＡ１-3％Ｍg-0.2％Scの(a)微細
粒組織と(b)制限視野回折バクーソ． Ｆｉｇ２ＥＣＡＰ法の模式図．
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獅結晶粒微細化に用いた方法を模式的に示したもので，
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齢を導入することで結晶粒微細化が図られる．Fig.１は
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superp1asticityreferstotheabilityofamaterialtopulloutunifbmllytoaveryhigh 
elongationwhentestedintensionuThisprccessisimportantbecauseitprovidesIhe 
potemtiaIfOrthefabricationofcomplexshapesfromsheetmetalsusingsupe中Iastic
fOrming(SPF).2However,ammportantlimitingcharacteristicofSPFisthatthe 
optimumsuperplasticconditions,andtherefO塵themaximumductilities,aregener-
allyattainedatrclativelylows館ｉｎrates,stypicaUyoflheorderof～10倉3-10-2げ1,sothat
thefbrmingtimesa超consequentlyverylong､TT1eselongproductiontimes,which
mayextendupto～30minutes,severelyreslricttheutinzationofSPFtolhefabrication 
ofhigh-valuecomponentsassociatedwithnmitedapplicationsinindustriessuchas 
aerospaceandconstruction, 
ＤＢtailedexperimentsbyMehetaLノconductedjuStoveradecadeago,demon‐

8廿atedthepotentialfOrachievinghigh-strain-ratesuperplasticity(HSRSP)inatleast
somemetallicsystems､specifically,theirexperimentsrevealedthatamaxlmum 
elongationofupto～300percentmaybeachievedattheveryhighstrainrateof3､３x 
lO1s1usingametal-matrixcompoSiteConsistingofanA1-2124ma廿ixaUoywitha
reinlb｢cementofSiCwhiskers・Furthermore,itwasshownalsothattheelongationsto
failuredecreasedbyon1yaminorextentatevenfasterstrainrates・
T11eseearlyresu1tsgeneratedmuchinterestandledtotheinitiationofnumerous 

investigationsthatweredesigmedprimarilytoqUantilythepropertiesandcharacterF 
isticsassociatedwiththeHSRSPprocess･Muchofthisworkwassummarizedina 
recentreview,５andHSRSPhasnowbecomeestablisheｄａｓａｎｉｍｐｏｒｔａｎｔａｎｄ 
ｒ管prcducible企atureofanumberofmetal-matrixcomposites,mechaniCallyalloyed
materia1s,andalloysproducedusingpowder-metallurgytechniques.`Ｖｅｒｙrecently， 
theJapaneseStandardsAssociatiorlproducedastandard,whichwasdCsigmatedJIS 
H700ZfbrmallydefiningHSRSPaStheocCurrenceofhighsuperplastic-likeelongaP 
tionsats位ainratesatorabovelO-zsF1・

nleintroductionofHSRSPprovidesthepotentialfbrincreasingtheutilityofthe 
SPFprocedurebysubstantiallymcreasingtheratesassociatedwiththefbrming 
process､Itisins位uctive,therefbre,toexaminethepossiblemethodsthatmaybe
employedinordertoincreasethesbPainratesassociatedwithoptimumsuperplastic 
flow､Earlylaboratoryexperimentsshowedthatareductioninspecimengramslzem 

□■● 

conventionalsuperplasticalloysmayleadbotl1toanincreaseintheoptimumelonga-
tionstofailureandadisplacementofthesehigherelongationstofasters位ainrates,７
ResultsoflhistypeledtothesUggegtionthatHSRSPmaybeachievedmconventional 
aUoysthroughasignificantreduCtioninthe8Fainsize8Forexample,superpIastic 
metalsgeneraUyhavegrainsizesof-2-51』msolhatitappearsadvisabletorEduce
the聖BiZestowithmthesubmicrometerlevel･

Thereisconsiderableinterestmdevelopingmethod8fortheprocessingofmaterials 
Wilhul位aHnegrainsizesjmethodsundercurrentinvestigationincludeinertgas
condensation,叩ohigh-energyballmUlln31】-23andslidingwear､２６However,Ulese
vanousproceduresarenotyetcapableofproducinglargefUUydensebulkmaterialS， 
and,therefbre,theyappearinappropriatefbrthedevelopmentofmetalBfbrsubse-
quentuseinSPF､Becauseoftheselimitations,attentionhasbeendirectedinstead 
towardlhepossibilityofrefiningthemicrostructureinbulksampIesusingintense 
plasticstrainingtechniques･ 
Twomajormethodsareavailablefbrrefiningthemicrostructureusingintense 

plastics位aining:torsionstrainmgunderhighpressure1岳18andequal-channelangular
(ECA)Press、８．１６J７，'9塾OfthesetwoproEedures,ECApressmgiseSpeciallyatbPactive
becauseithastheabilitytoprovidelargebulksampIesmafUllydensecondiIion・
neprecedingarticlebyMabuchiandHigashi=onpage34ofIhisissuegnvesa 

broadoverviewofthegeneralcharacteristicsofHSRSPjthisarticlesummarizesthe 
recentdevelopmentsassociatedwithattamingHSRSPusingintenseplasticsIraining・
specifically,experimentsaredescribedthatledtoarefinementofthemicrostructures 
ofanAl-Mgsolid-solutionalloyandacommercialAl-Mg-Li-Zralloy,ECApressin8 
iscapableofproducinｇａｎｕｌ上afinegrainsizeinthesematerials,butirIpmctice8ram
stabiUtyatelevatedtempezatUresisanimportantadditionalrequirementinorderto 
achieveHSRSPinthesematerials．．、

UIb城耀g7TZmSlZ2SmuWbei"fmdwcEd
mfob卿1k即湘此ＳｈｙⅣsjPJgl舵i"le"sep〃?s‐
'たsfmi打航gfedb1i9趾ee9zdal-c｝iUm"２１口"g腓
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mfes"PG巾ll7slicilymmqlerjhlSlhnfqrEⅦol
pof道"fjhMlySulpe中lqslic・These花sMlIshnUe
ii，TPOrfa"fj耐Plicmjb"S/bγ"`ｍｃｉ"g"'210'１g
pmdwclj0〃けｍｅｓｔｈａｌｍw7ssOcjlTleamlﾊﾉﾊｅ
ﾉiUlTia，fiO〃γcomPlexPU7′1s“ｓｉ"gsjJper‐
PIUmsl化/br坑聴．

．'ｌｉ 

－t 

0144, 

リ
ニ
■
９
－
。

－
■
一
』
０
１
。
Ⅶ

０
‐
ず
－
６
Ｐ
乃
則
●
卜

税

Ｉ 
rｌ 

■01 

一ら
ｐｒ０ｓｓｏｄＢ２ｍｐＩ０ 

Figurel・AschematIcofECApresslng．

1998Ｊｕｎｅ・ＪＯＭ ４１ 



鰯
岬
鮴
：
艸
鮮
鼬
浄
蝿
構
雛
鯛
舶
蹴
許
、
飢
山
釘
劉
ｉ
い
Ｉ
幻
引
戦
ｆ
町
ｉ
乱
卿
よ
斑
期
：
謝
洲
猟

pIunger Table1.RotationsABBocIatedwlthECAPressIngthroughRoutes 
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IntenseplasticstrainingisinlroducedintoasamplebypressingitIhroughadie 
withinachannel,whichisbentataseIectedangleinordertoimposethelPequisitestTain 
byshear､FigurelisaschematicoftheprincipleofECApressing､Atestsamp1eis 
machinedtofitwithinthedieandispressedthroughthedieusingaplunger､Sincethe 
twosectionsofthechanneIwithinthedieareequalinCroBs8ection,iMbllowsthat， 
neglectinganyendeffects,thepreSsedsamplehasthesamedimensionsastheoriginal 
sample・Thus,repetitivepressmgSmaybeeasilyundertakeninordertoachieveavery
hightota1s位ain
TWoanglesmaybeusedtospecifythesbrainimposedoneachpassagethroughthe 

die､Theseangles,inus廿atedinFigm巳2,representlheangleofinteTsectionofthetwo
channelB,｡,andtheangleBubtendedbyUleouterarcofcuwatureatthepointof 
interBectionofthetwochannel８，Ｖ､Thes位ainimposedonasinglepassagethroughthe
dieiBdeterminedexclusivelybythevalueBof中andV,andinpracticeithasbeenshown
thatthetotalstrain,ｅｉ,,accruedfiPomNpassageathmughthedieisgivenbythe 
relationShipzQ 

Fl9u泊２.AsectlonthrDughtheECApressIng
dl8showln9theintemalanglBsウａｎｄＶ．

圃卿-基ﾄ(鍔)…．．(割
Modelexperimentshaveconnrmedthevalidityoflhisrelationshipwiththeexception 
onlyofthesamp1eedgeswherelhes位ainmaybeaffbctedbyftictionaleffects簿

TheimplicationsofthisrelationshipcanbeillustratedbypIottingthestramaccTued 
onasin81epassagethroughthedie,Ｃｌ,againsttheintersectionangle,｡,fOrarangeof 
valuesofVfromOoto90｡(Figure3).ThevalueofVhasarelativelyminorinfluenceon 
thetotalstram､Inpractice,astrainof~lisachievedonasinglepasswhen｡＝90.,so 
thatatotaloftenpasseswiUgiVeas位aincloseto~10.Ithasbeenshownexperimentally
thatanultrafine厚ainsizeisattamedmostreadilywhenthestrainimposedisvery
intensej26therefbrqlhepresentexperimentswereconductedusingdieshaving｡＝９０゜・
Ｗｈｅｎ亜petitivepressmgsaremadeonthesamesample,differentprocessmgroutes

maybefbllowedfbrthesecondandsubsequentpresBingaTT1reeseparatepossibilities 

Ｂ
Ｏ
Ｄ
 

￣ 

(A） 

0.5 

a塵illus位atedschematicallymFigure4・
ＩｎｒｏｕｔｅＡ,thesampIeispressedeach 
timewithｎｏｍｔａｔｉｏｎｊｉｎｒｏｕｔｅＢｔｈｅ 

ｓａｍｐ１ｅisrotatedby90obetweeneach 
pressimg,andinmuteCtheSamp1eis 
rotatedbyユ80゜betweeneachpressing
lnpractice,rOuteBmaybefUrtherdif 
ferentiatedintorouteBA，wherethe 
sampleisrotatedalternatelyby90oin 
fOrwardandbackwmddirectionSbe-

tweeneachpressmg,androuteBc,where 
thesampIeisrotatedby90ointhesame 
directionbetweeneachpressingT11ese 
designationsaregivenbecauseofthe 
similaritiesintheshearingpatternsbe-
tweenroutesAandBAandroutesCand 
Bc,respectively,Theprinciplesofthese 
fburroutesareillushPatedinTablelfora 

totａｌｏｆｅｉｇｈｔｐressingS・Experiments
haveshownthatanultrafinegrainsize 
withhigh-angleboundariesisachieved 
mostmpidlywhenusingrouteBc､互亟
Theexperimentgreporにdherewerecon‐
ductedusmgrouteAwithnorotation 
betweenconsecutivepressings・

ＥＸＰＥＲｌＭＥＮＴＡＬｎＥＳＵＬＴＳ 

Ｔ耐eabilitytosubstantiallyrefinethe
microStructurebyintensePlasticsけain-
ingmaybeillushPatedbythephotomi‐ 

ＪＯＭ・ｊｕｎｅｌｇｇ８

Oｐ 
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Flgu旧3.ThevariaUonofst垣InwIlhangles．
andVlnasinglepassagethroughanECA 
presslngdle． 

Flgu旧４.ThreeprccessIngmutesfOrECA
p旧sslng
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wllhanumberoldilfeIBnmntB趣buMorslmp1lcMy，、”０個In9ruwU1､FWeachPmce銅ingIuulBiilB
UM8anlcl8dea1s8l0cIuslveWwllhoKpeI1mentBcc､.、BamplBBwe『ocoo1edIna1rbBIwBenconsecullve
ductedonanA1･M98cI1d･soM10nal10yandacomm即ｐ耐881,98.FuIthBrdotal四ｍOaIdlngIhl8materIaland
cIalA卜M9.UZralloy･A8nolBdbyMabI肥hIandH19a8hI藻thoBxperlmentaI『BBuIlsa｢eaI8oPmvldBdeIsB．
n耐stmponBoIHSRSPtodatBh8vocomentratBdonwhBIuo互斜２５
８１umInunl､ba8edmat⑨血但Ｓｌａｔ館日nnBalmgexperimBmswe厄conductBdon

AnA田M9Bolid､8oluMqnalloywa8ob1alnedlnahol・bcU1mBlenalsaherECAP『ossllUbVcuHmOmaIl
rDl1BｄｃｏｎｄｌｉｏｎｗｉＩｈａＯｍｌｎ８１ｚＢｏＩ■5001uT1・Itwa8samp1B8and8nnBalln9fbronehourovGrasBlected
BublBctedloECApmssln9InairatmcmtBmpBmturBIorrEn900Ilempe旧turesuPb-8的KowilhlhBtBmP8rUI・
atotaIoiburpa関B8Ih『ou9hthodiBb91veatotaI8tlnhlIu『Blibldcons位nIduⅡn9annea1in9towilhin±１Ｋ.
of-4MorBdelalledlnfonnaIionconcemIn9thomatBIialSe1eded8amploswolBexamInedaIterPrBssIn9by 
andthBBo(pB｢ImBntalobseⅣatlDn8a｢BOlVeneIse・ＩEnsml8sIonelB風rDnm随mscoPyusln91hBP｢ePa厄Ｉｂｎ
ＷｈＢｍ・吟亘 prpcedumdeBcrib8dBa『llerj9TbcheckonlhedUclⅢly

AcommeIUiaIcasⅡi9mwei9htA1.5,5M9.2,2U･0.12ZrIn1mducGdbythBECAPrB8Bin90IBn8il8sPecbnBns 
alloyowlU11heＲｕ８８Ｉａｎｄ“19natねｎｏ1014200匁ｗａｓｗＢｍｐ｢epa『BdwlU19au901engtI1scuIPa随I1elIolhB
obtalnBdInaho}｢clladcGndillonwlthaOIHln8ｾDＣl10n9ItudlnalaxesaherPmssIn9･ThesosamPIB8we旧
-400lunandlH旧BBublBcIedtoECAp噸BIn91nalrpu11edlnaIraIselBctedBlev日ledIemP8IHlu｢o8uslng8n
ImdBrtwDdIHe尼､lcondltlcn8d8finBdB8muIe80nBBndIn8mntB6l1n9m8chlneopo凪Hn9B1aconstgnlr8teoI
twoim8pecUvB1y､RoutBon8deno1e8alotaIofIowcfos8･hBaddisphcemBntwllh1helBmPB厄ＭＢ８ｃｏ作
pa88esatatBmpBmIumoI673Klo9IVoasbplnol-4；bplledtowlthin±2KdwfnDeachtesI,Inaddillono8DmB 
muloIwodBno旧SatoIaIcfel9htpa8so8al673KBnd8Bmp伯soIlheAl･M9.Uこ『８１町wBmalsolestBdln
anaddiI1o刺fDurpasSB8al473KtDglvoatD垣IsbainlBn810nImheas･旧CeⅣedcondiIlonwlIhOuIany8ubs0.
01.12,whBrBthB1DwBrlemp8旧lumof473KwaBquBn1ECAProssin9．

lishedalBomECApressingthattheboundariesdevelopedintheultTafinegrain 
structureevoIvewithincreasingstrain,､典itisreasonabletoanticipatethatthe
micros位ucturemaybelessheterogeneousafterpressingthrcughroutetwotoatotal
strainof-1Z 

Figure9Showstheas-pressedmicros位uctureafterECApressingviaroutetwoln
thiscondition,IhemicToslructureishomogeneous,andessentiaUyallofthebound-
arieshavehighanglesofmiBorientation､Inaddition,themeasu唾daveragegrainsize
was-1.211ｍ,whichisidenticaltothegminBizerecordedafterprocessingviarouteone 
toatctalsmmof-4・ThuB,itisapparentthatadditionalp妃BsingsofthesamesampIe
throughtheECAdieand,hence,thein位oductionofhigherstrainBhavenosignificant
eff道ctonthemeasur巴dgrainsize,butratherserv巳primarilytoincreasetheaverage
mi巳Orienl錘□nsatlheboundarieS、

ＴＴ１ｅｅｆ1℃ctofstaticaⅡmeaIingoftheA1-Mg-Li-ZralloyisshowninHgurelOlbr 
anneaUngtemperaturesof473K,５７３Ｋ,６”Ｋ,５，．７９３Ｋ,respectively､Inspection 
showsthatgmingrowIhiBverymuchinhibitedinthisalloy,andlheguPainsremain 
Bmallevenatatemperatur巴of6ねICThus,itmaybeconcludedthatlheequilibrium
gFainsizeintheA1-Mg-Ij-ZraUoypr巳ssedat673KislargerthanintheAl-3Ｍｇａｌloy
pressedatroomtemperature,butthegramsoftheAl-Mg-Li-Zralloyshowremarkable 
stabnityatelevaにdtemperatures,suggestmgIhatthisccmmercialalloymaybean
appropriatecandidatemateria1fbrHSRSP､DetailedmicrostructuralanalysiBhas 
establishedthatlhegrainBtabilityofthiscommemialalloyisduetothestabUitywithin 
lhema画xofaveryfinedisperBionof6'一Al3Zrp正cipitates､猟
Figure7includesgram厚owthdatafbrUleAl-Mg-IiZralloy(shownbytheopen

points).TTHuS,thegrainsizeoflhiBalloyr巳mainsat-L21LmuptotemperaturEsclose
to7COIQanditiBwilhintheBuperplasticrangeof＜10Ⅱmuptotemperaturesabove 
750K､However,the厚amsgrcwveryrapidlyattheveryhighesttemperaturessuch
thatthegrainsizeiB~60ILmatatemperatureonlysU8htlyabove800Ｋ． 

TheeffeCtofIhisBmangrainsizeonthetensileductilityiSdocumentedinFigurell， 
wheretheelongationtofailu妃iBplottedagainsttheinitialtestin９ｓ位ainratelbr
experimentsconductedatsimnartemperaturesof603Kand６２３Ｋ.nleIoweropen 
pointsshowtheverylowductiliIyofthiSalloyintheunpressedcondition,andthetwo 
seIsofsoIidpoin焔showtheeflbctofECApressingthroughrcuteonetoaBtTainof-4
andrｏｕｔｅｔｗｏｔｏａｓけainof～12,肥spectively､Thus,theunpressedBamplesexhibit
elongationstoltlilur⑥ofuptoamaximumof-200percentoverthestTainraterange 
from～10冬-10-1sF1,whereasthesamp1espressedlhroughrouteoneandhavingthe
hetercgeneousmicrosけuctu唾giveevidenceoftheadventofsuperplastic-likeflow・
mesampleBpressedthroughroutetwoshowexceptionallyhighelongationsevenat 
thehighestteBtingslrainrateoflsFl,FUrtherdetailsofther巴sultsobtainedontheAI‐
Mg-U-ZraUoyaregwenelBewhe罐⑥togetherwithsimilardataobtainedonthe
traditionalBupe中lasticSupral100aUoyofAlもCu-0.4Zr・Itisimportanttonotethat
veryhighductilitywaBachiev巳dintheAlPMg-LiZralloyonlyafterprocessingvia
routetwqandinthisconditiontherewasunifbnndelbrmationwithinthegauge 

::lil1IIiR;IWiiHl;;M1蝋::lWi鰯i1H鯛鰯鱸麓淑繍雛翻
strainmteoflOF2BF１．，．Ｗor上currentlyinpro弊sshasrwea1edthepossibilityof
attainingsimilarhighduEtUitiesinanA1-3Mgalloywilhtheadditionｏｆ0.2％ 
堅andium“
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(a)ThemicrostructwBollheAI･Mg・
yafterECApresslngtlwough『cutｏ
(bMhBSAEDpattem、
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FactorsinHuencingtheHowandhardnessofmaterials 
withultrafinegrainsizes 

ByMINoRuFuRuKAwA↑,ZENJIHoRITAt,MINoRuNEMoTo*， 
RusLANZMkLIEv§andTERENcEGLANGDoN1 

↑DepartmentofTechnology,FukuokaUniversityofEducation,Munakata， 
Fukuoka811-41,Japan 

＊、epartmentofMaterialsScienceamdEngineering,KyushuUniversity，
Fukuoka812-81,Japan 

§InstituteofPhysicsofAdvancedMaterials,UftlStateAviationTechnical 
University,Uln450000,Russia 

lDepartmentsofMaterialsScienceandMechanicalEngineering,UnWersityor 
SouthemCalilbrnia,LosAngeles,CA90081-I453，ＵＳＡ 
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吟

ABsTRAcT 

UltrafinegrainsizeswereintroducedintoanAl-3wt％Mgsolidsolutionalloy 
andacommercialAl-Mg-L卜Zralloythroughimtenseplasticstrainingbyequal‐
channelangular(ECA)pressingatroomtemperatureandat673Krespectively、
Tensiletestingofpressedsamplesatroomtemperaturerevealedmarkedly 
diHbrentstress-straincurvesfbrthesetwoalloys，ｗｉｔｈｔｈｅＡｌ－３ｗｔ％Mgalloy 
exhibitingahighyieldstresswitblittlesubsequentstrainhardeningandthe 
A1-Mg-Li-Zralloyexhibitimgaloweryieldstressandextensivestrain 
hardeningalteryielding・TheseandOtherexperime､talresultsareinterpretedin
termsofthenatureofthemicrostmctureintroducedbytheECAprcssing 
procedure・Itisconcludedthatsignificantvariationsmayoccurinthe
mechanicalpropertiesofnominallysimilarultrafine-grainedmaterials 
dependinguponthepressingconditionsａｎｄｔｈｅｅｘtentofanyrelaxationwhich 
mayoccurduringthestrainingprocess． 

Ⅲ１ 

§LINTRoDucTIoN ● 

Althoughthereisconsiderablecurrentinterestinfabricatingmetalｓｗｉｔｈ lablecurrentinterestinfabricatingmetalswithultra‐ 
inlbrmationisavailableconcerninEthemechanical finegrainsizes，verylimitedinlbrmationisavailableconcerningthemechanical 

propertiesofthesematerials、ThisdeficiencyarisesbecauseitisdiHiculttouse

standardftlbricationmethods，suchasinertgascondensation，toproducelarge 
Mlydcnsestructures(Sanderse/α/､1997)andsamplesareinvariablyeithertested 
usingproceduressuchastheminiaturedisc-bendtest(Gertsmanc'α/､1994,Ｍａｃ/ 

α/､1995)orattemptsaremadetointerprettheprQpertiessoIelyfrommicrohardness 
measurementsdespitetheapparentdiflicultiesassociatedwiththisprocedure(Yost 
l983)． 

Equal-channelangular(ECA)pressingisaprocessingmethodbasedonsimple 
shear(Segalaaﾉ.1981,Segall995),inwhichanultrafinegrainsizemaybeintro‐ 
ducedintoamaterialbyprcssingthcsamplethrOughaspecialdietointroducean 
intenseplasticstrain(ValievandTsenevl991,Valievelaﾉ.1991);filrtherdctailsof 
theprinciplesofECApressingaregivenintheliterature(IwahashMaﾉ.1996,Wang 
eﾉﾛﾉ.1996b,PrangnellaaL1997,WuandBakerl997).TheECApressingprocedurc 
hastheadvantagethatitprovideslargeMlydensesampleswhichcanbeusedfbr 
standardmechanicaltestmg． 

0141-8610/98＄12.OOol998TayIo｢＆FrancisLtd． 



ＩｉｌＩｉ 
Ｍ・Furukawae［αﾉ．204 

Recently,aseriesoftensileandcompressivetestswereconductedonsamplesof 
pureCusubjectedtoECApressingatroomtemperaturetoproduceagrainsizeof 
～0.2Ⅱｍ(Gertsmanaqﾉ.1996)Theresultsoftheseexperimentsledtothreeimpor‐ 
tantconclusions､First,theyieldstressofCuafterECApressingismuchhigherthan 
inaconventionalCusamplewithalargegrainsizeandtheductilityofthcultrafine‐ 
grainedmaterialisalsoexceptionallyhighSecond，thestress-straincurveofthe 

ECApressedmaterialatroomtemperatureexhibitsaveryshortinitialregionof 
strainhardeningbutthisisfbllowedbyaveryextensiveflowregionwherethereisno 
strainhardeningandthenasubsequentregionwheretherateofstrainhardeningis 
lowThislatterresultissimilartoanearlierreport,alsoonpureCusuhjectedto 
ECApressingandtestingincompressionatroomtemperature，wheretheinitial 

strainhardeningoccurredwithinastrainof－５％andtheregionwithnosignificant 
strainhardeningextendeduptoastrainof～50％(Valievelaﾉ.1994).Third,the 
ratioHV/on1isconsistentlygreaterthanthreeandincreasesinthcECApressed 
materialwithincreasingannealingtemperatureandthercfbrewithincreasinggrain 
size(HVisthemeasuredmicrohardnessandon1isthe0.1％proofstress）Thislatter 

conclusionhasimportantimplicationsinanyattemptstointerpretthemechanical 
propertiesoftheseultrafine-grainedmaterialsfrommicrohardnessdataespecially 
since，fbrcomparisonpurposes，thehardnessandyieldstressdataaregenerally 
relatedbytakingaratioofthree(Ｎｉｅｍａｎｅｌａﾉ.1991,Suryanarayanaelα/､1992, 
LianandBaudeletl993)． 

TheresultsofGertsmanaaL(1996)demonstratethatpureCuwithanultrafine 
grainsizeiscapableofexhibitinganunusualcombinationofhighstrengthandhigh 
ductilityatroomtemperatureandwithextensiveHowhavinglittleornosignificant 
strainhardening､However,ｎｏｓｉｍｉｌａｒｄａｔａｈａｖｅｂｅｅｎｒeportedfbrothermetalsand 

itisdiHiculttojudgewhethertheresuItsonCuhaveageneralapplicability・The
presentinvestigationwastherefbreundertakentoprovideinfbrmationontheHow 

andhardnessoftwoA1-basedalloyssuhjectedtoECApressing､Theresultsdemon‐ 

stratethatthemechanicalpropertiesofthesematerials,andinparticulartheshapes 
ofthestress-straincurves,aredictatednotonlybythesizeofthegrainsbutalsoby 
thccharacteristicsofthegrainboundariesintroduccdbytheECApressingpro‐ D・o

cedure． 
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§zExPERIMENTALMATERIALsANDPRocEDuREs 

TheexperimentswereconductedusingtwodilY1erentmaterials:ａｎＡＩ－３ｗｔ％Mg 
solidsolutionalloyandaRussiancommercialalloy,designated01420,ｗｉｔｈａｃｈｅ‐ 
micalcompositionofA1-5・swt％Ｍ段2.2Ｗt％Ｌｉ-0.12wt％Ｚｒ(Fridlyanderaaﾉ．
1971)． 

Theas-receivedgrainsizefbrtheA1-3％Ｍｇａｌ１ｏｙｗａｓ～S00umanditwas 
subjectedtoECApressinginairatroomtemperaturetoatrueplasticstrainof 
～４.FollowingECApressing,itwasrolledatroomtemperaturetogiveasheetwith 
athicknessof～1ｍｍ・InspectionafterECApressingreveaIedaheterogeneous
microstructurewithanaverageｇｒａｉｎｓｉｚｅｏｆ～0.2仏mFurtherdetailsconcerning
thisalloyafterECApressingareglveneIsewhere(Wangelqﾉ.1993,Furukawaaq/、
1996b,Wange'αﾉ.l996a)．，．､‘ 

ＴｈｅＡＩ－Ｍ段Li-Zralloyhadanas-receivedgraiｎｓｉｚｅｏｆ～4O0lLmanditwas
subjectedtoECApressinginairatatemperatureof673Ｋ.Individualsampleswere 
cooledinairbetweenrepetitivepressingstoatotaltrueplasticstrainof～４.The 
microStructureafterECApressingcontainedamixtureofhighangleandsubgrain 

１ 
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boundarieswithanaveragegrainsizeof～１．２１，.Furtherdetailsofthecharacter‐ 
isticsofthisalloyafterECApressingarealsogivenelsewhere（Furukawaaq/、
1997） 

ＳｐｅｃｉｍｅｎｓｗｅｒｅｃｕｔｆｉＰｏｍｔｈｅＥＣＡｐｒｅssedsampleswithdimensionsof 
2､５×２．５×３．９ｍｍ３ｆｂｒｔｈｅＡｌ－Ｍｇａｌｌｏｙａｎｄ３､Ｏｘ３０ｘ４､７mm3fbrthcAl-Mg-
Li-Zralloyandtheyweretestedincompressioninairatroomtemperatureusingan 
initialstrainrateof～４x10-4s-linatestingmachineoperatingataconstantrate 
ofcross-headdisplacementTｈｅ0.2％proofstresswasmeasuredfbreachsampleas 
the0.2％ofY5etfromtheclasticportionofthestress-straincurve,Priortotesting， 
somesamplcsofeachalloywereanncaledinanargonatmospherefbrlhatvarious 
temperatures,quenchedinicedwater,ａｎｄｔｈｅＶｉckersmicrohardncss,ＨＶ（ｉｎｋｇ 
ｍｍ－２),ｗａｓmeasuredusingamicrohardnesstesterwithadiamondpyramidal 
indentｅｒｕｎｄｅｒａｌｏａｄｏｆ５０ｇａｐｐｌｉｅｄｆｂｒｌ５ｓ:thehardnessdatumpointsdocumen-
tedinthisreportrepresenttheaverageofsevcnscparatemeasurementsatrandomly 
selectedpoints・Averagegrainsizesweremeasuredafterannealingtreatmentsusing
eithertransmissionelectronmicroscopy(TEM)oropticalmicroscopy;sampleswere 
preparedfbrinspectionbyTEMusingastandardprocedurefbrAl-basedaIloys 
(Furukawae'αL1996b） 
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§3．ExPERIMENTALREsuLrs 

Thevariationofgrainsizewithannealingtemperatureisshownlbreachalloyin 
figｕｒｅｌ、ItisapparentthatbothalloysexhibitanultraGnegrainsizeimmediately
afterECApressing,ｗｉｔｈｖａｌｕｅｓｏｆ－０,Ｚｕｍａｎｄ～１umfbrAI－３％MgandtheAl-
Mg-Li-Zralloyrespectively・HoWever,ｔｈｅＡｌ－３％Mgsolidsolutionalloyexhibits
rapidgraingrowthattemperaturesabove～S00KbutthecommercialAl-Mg-Li-Zr 
alloyhasarelativelystabIegrainsizeuptotemperaturesof～７５０Kbecauseofthe 
presenceofAl3Zrprecipitates(FurukawaaaL1997)． 
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： 
Figure2showsrepresentativeplotsoftruestressversusstraiMorsamplesof(α） 

Al－３％Mgand(6)theAl-Mg-Li-ZraIloy､Inspectionshowsthat,althoughalltests 
wereconductedatroomtemperatureusingsimilarinitialstramratesinthevicinity 
of～４ｘＩＯ－４ｓ－１,theshapcsofthetwocurvesintheECApressedconditionarevery 
diflerent:ｔｈｅＡｌ－３％Mgalloyexhibitsastress-straincurvewithlittlestrainhard‐ 

eningwhichissimilarinappearancetotheearlierreportsonpureCubyＧｅｒｔｓｍａｎｅｊ 
ｑ/､(1996)andValievelα/,(1994)buttheALM蟹Li-Zralloyexhibitsveryextensive
strainhardeningafteryielding・

ThreeadditionaIcurvesarealsorecordedinfigure2(α)fbrspecimenssubjected 
toECApressingandthenannealingfbrlhattemperaturesof423,473ａｎd623K 

correspondingtograinsizes,fiPomfigurel，ｏｆ～0.2,－０．４ａｎｄ～３６umrespectively・
Annealingat423Kgivesnomeasurablechangeinthegrainsizeandthestress-strain 
curveagainexhibitsnosignificantstrainhardeningalthoughtheyieldstressis 
slightlyreduced，andannealingat473Kmcreasesthegrainsizebyafhctorof 
abouttwoandthisleadsbothtoadecreaseintheyieldstressa､dtotheintroduction 

ofsomeverylimitedstrainhardeningBycontrast,ａｎ､ealingat623Ktogiveagrain 
sizeof～３６umleadstoaverylowyieldstressandextensivestrainhardeningalter 

yieldingltisimportanttonotethaｔａｌｌｓａｍｐｌｅｓｏｆｔｈｅＡｌ-3％Mgalloywere 
takeｎｔｏａｔｏｔａｌｓｔｒａｉｎｏｆ～５５％withoutfhilureandallcurvesexhibitedsmallbut 

fairlyregularserrationsatstrainsabove-１５％、FortheAl-Mg-Li-Zralloyin
figure2(6),twoadditionalstress-straincurvesarcshownfbrspecimensannealed 
ｆｂｒｌｈａｔ６７３ａｎｄ７９３Ｋｇｉｖｉｎｇｇｒａｉｎｓｉｚｅｓｏｆ－Ｌ６ａｎｄ～４０umrespectively、

Bothoftheseadditionalcurvesexhibitextensivestrainhardeningan｡，asindi‐ 
catedinfigure2(6),therewereprominentserrationsatstrainsabove～20％・In
addition，thetotalductilitiesrecordedfbrｔｈｅｓｅｓａｍｐｌｅｓｗｅｒｅｌｉｍｉｔｅｄａｎｄｉｎｔｈｅ 
ｒａｎｇｅｏｆ～25-40％、

Thevariationswithannealingtemperatureof(α)theVickersmicrohardness 
and(6)the0.2％proof､stressareshowninfigure3fbrtheA1-3％Ｍｇandthe 
AﾄＭ隆Li-Zralloys・ItisapparentfiPomfigure3(α)thatthemicrohardnessof
theAl-M陵Ｌｉ－ＺｒａＵｏｙｉｓｌｏｗｅｒｔｈａｎｔｈａｔｏｆｔｈｅＡｌ-3％Mgalloyfbrannealing
temperatureｓｕｐｔｏ￣４３０KbutthereaftertheA1-3％Ｍｇａｌｌｏｙｈａｓａｌｏｗｅｒｈａｒｄ‐ 
ness､Thisresultisadirectconsequenceｏｆｔｈｅｇｒａｉｎｇｒｏｗｔｈｄａｔａｓｈｏｗninfigure 
landthustothefllilureｔｏｍａｉｎｔａｉｎａｖｅｒｙｓｍａｌｌｇｒａｉｎｓｉｚｅｉｎｔｈｅＡｌ-3％Ｍｇ 
ａⅡoyinthcabsenceo｢anyprccipitates・Inspcctiono｢figurc3(6)sllowstllatthe
variationofthe0.2％proofstresswithannealingtemperatureexhibitsasimilar 
trend 

TheHall-PetchequationrelatestheyieldStressofapolycrystallinemateriaLoy， 
tothegrainsize,dbthroughanexpressionofthefbrm(Hall1951,Petchl953） 
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whereoOistermedthefiPictionstressandlEyisaconstantofyieldinghavingavalue 
whichcanbederivedexplicitlyfbrmodelsinvolvingthepropagationofslipacrossa 
grainandthepileupofintragranulardislocationsattheopposinggrainboundary 
(Ｐａｎｄｅｅｊｑ/」993,Furukawaelqﾉ.1996a,Nazarovl996）butwhichmayaIso

incorporateaneHbctduetosolidsolutionstrengthe､ing（WinterholTand 
Nembachl996)．Equation（１）iswellestablishedlbrmaterialswithIargegrain 
sizesanditmaybeextendedtoincorporatemeasurementsofthehardnessofa 

material,ノヲV，bynotingthat,intheabsenceofappreciablestrainhardening,ｔｈｅ
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hardnessmeasuredwithapyramidalindenterisrelatedtotheyieldstressthrough 
theexpression(AshbyandJonesl980） 

〃ｖ＝AC'ロｙ （２） 

whereｋ'isaconstanthavingavalueofapproximatelythree 
Equation(1)istherefbrerefbrmulatedintermsofhardnessthroughtherelation‐ 

ｓｈｉｐ 

ＨＶ＝ＨＯ＋kH`-1/２ （３） 

whereHOandAHaretheappropriateconstantsassociatedwiththehardnessmea-
surements・

Thevalidityofequations(1)ａｎｄ(3)maybeexaminedbyplottmgthemicro‐ 
hardnessandtheO２％proofstressasafimctionoM-l/２andtheseplotsaregivenin 
hgures4（α）ａｎｄ(6)．Inspectionshowsthatthereisgenerallygoodagreement 

betweentheexperimentaldataandthepredictionsofequations（１）ａｎｄ（３）fbr 
thesetwomaterials・Howeverjitshouldbenotedthattheexperimentaldatain

figures4(α)ａｎｄ(6)excludcpointsfbrtheAl-Mg-Li-Zralloyattheverysmallest 
grainsizeswheretheHall-Petchrelationshipbreaksdownbecauseofvariationsin 
thevolumefractionsoftheAl3LiprecipitatesbetweendifYbrentspecimens 

(Furukawae/α/」997)．

､1 

§4.DIscussIoN 

Thereisacleardichotomyintheresultsobtainedintheseexperiments､Ｏｎｔｈｅ 
ｏｎｅｈａｎｄ，thestress-straincurvefbrtheAl-3％MgalloyafterECApressingis 

generallysimilartothecurvereportedearlierfbrpureCu（Valievcﾉﾛﾉ．1994, 
Gertsmane/α/､1996)includingalongregionwithnostrainhardeningintheas‐ 
pressedcondition(figure2(α));ontheotherhand,thestress-straincurvefbrtheAl－ 
Ｍ段Li-Zralloyafterpressingexhibitsextensivestrainhardening（figure２(6))．
Furthermore，ｔｈｅｙｉｅｌｄｓｔｒｅｓｓｏｆｔｈｅＡ１－３％Mgalloyisveryhighafterpressing1 
similartotheresultsreportedfbrpureCu(Gertsmanem/､1996),butECApressing 
huilstoproduceacorrespondinglyhighyieldstressintheAl-Mg-Li-Zralloy・In
ordertounderstandthediflbrencesinbehaviourbetwcenthcsetwoalloys，itis 

necessarytoconsiderthecharacteristicsofthemicrostructuresintroducedbyECA 

press1ng 

TwofactorsmayservctoinHuencethestress-strainbehaviourobservedinultra‐ 
fine-grainedmaterials:(i)thegrainsizeofthematerialand(ii)theprecisestructural 
fbaturesassociatedwiththegrainboundaries､ＩｎｔｈｅｅａｒｌｉｅｒｅｘｐｅｒｉｍｅｎｔｓｏｎＣｕｂｙ 

Ｇertsmanaq/､(1996),itwasshownthataveryrapidannealfbr3minat473Kafter 
completionoftheECApressinggaveasignificantdecreaseintheyieldstressand 
subsequentstrainhardeningafteryieldingalthoughtheannealingtimewassoshort 
thatitservedonlytoreducetheinternalstressesinthesamplewithnocorresponding 
changeinthemeasurablegrainsize・FromIhisobservation,itmaybeconcludedthat
themicroStructural化aturesoftheultrafine-grainedmaterialsareofprimaryimpor-

tanceindeterminingtheshapesofthesubsequentstress-straincurves、

High-resoIutionelectronmicroscopy(HREM)wasusedearliertoexaminesam‐ 
plcｓｏｆＡｌ－ＭｇａＵｏｙｓｗｈｅｒｅａｇｒａｉｎｓｉｚｅｏｆ～0.11｣mwasproducedbyintenseplastic 
strainingatroomtemperatureusingatorsionstfainingtechnique（Ｈｏｒｉｔａｅ１α/， 
1996).Theseobservationsshowedthatlhemicrostructureconsistedofanarrayo「
high-energygrainbOundarieswhichwereinanon-equilibriumconfigurationwitha 

０１ 

卜I
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highdensityofextrinsicdisIocations､Similarboundaryconfigurationswereobserved 
alsoinsamplesofpureCusubjectedtotorsionstrainingatroomtemperaturctogive 
agrainsizeof～Ｏ２ＩＬｍ(HoritaeM､1998).ItisreasonabIetoassumethattbegrain 
boundarystructuresobservedinthesematerialsareｓｉｍｉｌａｒｔｏｔｈｏｓｅｐｒｅｓｅｎｔｉｎｔｈｅ 
ＡＬ3％MgalloyinthisinvestigationandinthesamplesofpureCuinvestigated 
earlierbyGertsmanaaﾉ.(1996)andValieve1aﾉ.(1994).Thus,allofthesematerials 
exhibitstress-straincurveswithlittleornostrainhardeningafteraninitialrapid 
strainingwithinastrainincrementof～５％、

ValieVe'α/､（1994)interprctedtheresultsonpureCuintermsofamodelin 
whichyieldingoccurredthroughadislocatiOnbow-outmechanism(Lianelqﾉ.1993） 
andthesubsequentextensiveregionwithoutstrainhardeningwasattributedtothe 

occurrenceofanapproximatebalancebetweentheprocessesofstrainhardeningand 
recovery，wheretherecoveryprocessesincludedislocationabsorptionwithinthe 
boundaries，boundarysIidingduetothemovementofextrinsicdislocationsalong 
theboundariesfandboundarymigrationThesameinterpretationcanbeusedto 
explainthestress-straincurvesobservedinthepresentexpcrimentsfbrtheAI－ 

３％Ｍgalloywithanultrafinegrainsize、
Anadditionalsignificantobservation，obtainedfiPomtheinvestigationusing 

HREMwasthattheftlcetsobservedinthenon-equilibriumgrainboundariesof 
theA1-MgalloysweremoreorderedandunifbrmIydistributedthaninultrafine‐ 
grainedsamplesofCuorNi,whereaI1materialswerepreparedbytorsionstraining 
atroomtemperature(Horitaemﾉ.1998).Theimportantfnctordistinguishingthese 
threematerialswasthatthefnbricationwasconductedatequivalenthomologous 
temperaturesof～0.32Tin，～0.22ｍｍ､and～O｣７７MbrtheAl-Mgalloys,Cuand 
Nirespectively・Itwastherefbreconcludedthatsomerelaxationofthegrainbound‐
arystructuremayoccurwhenintenseplasticstrainingisconductedatasufliciently 
highhomologoustemperature,andthisconclusionisfilrthersupportedbyobserva‐ 
tionsonanultrafine-grainedZn-22％A1alloywherethehighinternalstresseswere 
abletorelaxbecauseofthelowmeltingtemperatureofthematerial(Furukawaemﾉ． 
1996c)． 

Inthepresentexperiments,ＥＣＡｐｒｅｓｓｉｎｇｗａｓｐｅｒｆｂｒｍｅｄａｔｒｏｏｍｔemperature 
fbrtheAl-3％Ｍｇａｌｌｏｙａｎｄａｔ６７３ＫｆｂｒｔｈｅＡｌ－ＭｇＬｉ－Zralloyandthiscorre‐ 
spondstohomologoustemperaturesｏｆ～ｑ３２７ｈｉａｎｄ～0.727hmrespectively・Since
theultrafine-grainedAl-M段Li-Zralloywaspreparedatahighhomologoｕｓｔｅｍ‐
perature,itisanticipatedtherewillbeaconsequentrelaxationoftheinternalstresses 
leadingtoamicrostructurewherethegrainboundariesareclosertoanequilibrium 
configuration、Undcrtheseconditions,Structuralrecoverythroughaprocesssuch
asdislocationabsorptionbecomeslessimportantsothatstrainhardeningisableto 
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atelevatedtemperatures,theslidingrequiresanassociatedaccommodationprocesssuchthat 
theactivationenergylbrslidingdependsupOnthenatureoftheaccommodationanditisequal 
totheactivationenergieslbreitherlatticeorgrainboundarydifIilsion(Langdonl994,1996)． 
Asaresult,normalgrainboundaryslidingisadifIi1sion-controIledhigh-temperaturecreep 
processwhichcannotoccurattemperaturesverymuchbelow～ｑ４５Ｔ１ｎ,where7Msthe 
absolutemeltingtemperatureofthematerial(GifkinsandLangdonl964-65).Itappearsthat 
thesewellestablishedtrendsmaynotbefbllowedinultrafine-grainedmaterialsbecausethere 
isevidencelbrexceptionallylowexperimemalvaluesfbrtheactivationenergylbrgrain 
boundarydilIiJsion(Dickenscheidelqﾉ`1991,ValieveZQﾉ.1994)due,itisreasonableto 
assume，tothepresenceofaveryhighdensityofextrimsicgrainboundarydislocations 
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5．TheratiosjYV/ＤＣ,町/ｏｎ２ａｎｄＨＶ/ひ2vcrsusanneaIingtempcraturelbrA1-
3％ＭｇａｎｄｔｈｅＡｌ－Ｍ陵Ｌｉ－Ｚｒａｌｌｏｙ,wherecO，｡0.2ａｎｄＯ２ａｒｅｔｈｅｙｉｅｌｄｓｔｒｅｓｓ,ｔｈｅ
02％proofstressandthe2％proofstressrespectively．． 

Figurc 
ざご｣１９，
ｈFＬ，０ 

震／
魚1:ミゴ
マヱ．

i農F
y2,L 

iiji〈

露■
鰯７

１`ｉｆ 
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occurasinmaterialswithlargergrainsizes(Hgure2(6)).ItmaybeconcludedfTom 
theseobservationstherewillbeanabsenceofstrainhardeninginthestress-strain 
curvesofultrafine-grainedmaterialsproducedbyECApressingprovidedthepress-
ingisconductcdatanhomologoustemperaturewhichissulYicientlylowthatthereis 
verylittlerelaxationoftheinternalstressesduringpressing・Thisconclusionis
fiJrtherconfirmedbynotingtheclosesimilarityintheshapesofthestress-strain 
curvesinfigure2(6)fbrtheA1-M段Li-Zralloyhavinggrainsizesintherange～1.2
ｔｏ～４２Um 

Theseobservationssuggestthatthemechanicalpropertiesofultrafine-grained 
materialsproducedbyECApressing,includingtheyieldstressandthestrainhard‐ 
eningrate,mayshowsignificantvariationsbetweenspecimensofthesamematerial 
evenwhenthemeasuredgrainsizeiｓｉｄｅ､ticaLThesedifferenceswillbeadirect 

consequenceofvariationsintｈｅmagnitudesoftheinternalstressesinthesamples 
arisingfromchangesinthecharacteristicsofthegrainboundariesreHectingdifYbrent 
processingorannealingprocedures・

NumerousexperimentshaveattemptedtodeterminethemechanicaIproperties 
ofmaterialswithultrafinegrainsizeSlＴｏｍmeasurcmentsofthemicrohardness､In 
thepresentexperiments,itisfirstnecessarytonotethat,asshowninfigures4(α)and 
(6),boththcVickersmicrohardness，ノゾV,andthe0.2％proofstress,CO2,scalewith
thereciprocalofthesquarerootofthegrainSize，‘-1/2,throughequations(1)and 
(3)GertsmanaaL(1996)reportedavaluefbrtheratiOHV/DCJ＞３inexperiments 
onultrafine-grainｅｄＣｕ，withtheratioincreasingto～５ａｔthehigherannealing 
temperatures・Tocheckthevalidityofequation(2)inthepresentexperiments,figure

5showsplotsof〃V/内,ＨＶ/cq2andHV/ぴ2Versustheannealingtemperaturefbr
(α)Ａｌ-3％Ｍｇａｎｄ(6)theAl-M段Li-Zralloy,whereDoistheyieIdstressandぴ2ｉｓ
the２％proofstresa 

lnspectionoffigure5(α)showsthattheratioflV/びintheAl-3％MgalIoyis
reasonablyclosetothreｅｕｐｔｏｔｅｍｐｅｒａｔｕｒｅｓｏｆ～５５０Ｋ,correspondingtoagrain 
sizeof～ｓｌＬｍ,butathighertemperatures,wherestrainhardeningbecomessigni6‐ 
cant,theratioatyieldingincreasesto～8.5.IntheAl-Mg-Li-Zralloycurveshown 

infigure5(6),theratioatyieldingisgreaterthanthreeandinthcrangeofabout 
fburtofiveuptoanannealingtemperatuｒｅｏｆ－７５０Ｋ､Athighertemperatures,in 

thepresenceofgraingrowthandstrainhardening,theratioincreasesto～６５.These 

trendsareconsistentwiththeconclusionofGertsmanela/､（1996)thatmeasure-
mentsofHvmaysignificantlyoverestimatethemagnitudeoftheyieldstressand 
theyalsosupporttheanalyticaItreatmentbyYost(1983).InadditioMheyfbllowon 
fiPomtheanalysisofTabor(1951)showingthatMlplasticityisneede｡,andastrain 
typicaUyoftheorderof～８％isrequired,ｉｎｏｒｄｅｒｔｏａｃｈｉｅｖｅａｖａｌｕｅｏｆＡノー３in
equation(2)． 

７ 

､Ｌ 

91 

訂

§aSuMMARYANDcoNcLusIoNs 

(1)UltrafinegraiHSizesof～0.2ａｎｄ~､1.21LmwereintroducedintoanAl－ 
３%MgsolidsolutionaIloyandacommerCialAl-Mg-Li-Zralloythrough 
theprocessofECApressingconductedａｔｒｏｏｍｔｅｍｐｅｒａｔｕｒｅａｎｄａｔ６７３Ｋ 
ｒｅｓｐectively・Annealingofthesamplesatelevatedtemperaturespromoted
graingrowth，therebypermittinganinvestigationoftheinHuenceofgrain 
sizeonthemechanicalproperties． 

(2)Whentestedincompressionatroomtemperature,ｔｈｅＡｌ-3％Mgalloy 
exhibitedahighyieldstressandlittlesubsequentstrainhardeningwhercas 
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theA1-MgLi-Zralloyexhibitedaloweryieldstressandextensivestrain 
hardening,TheVickersmicrohardncss,ＨＶ,ａｎｄthe0.2％proofstress，グ0.2,
wereconsistentwiththeHalI-Petchrelationshipinbothalloys,buttheratio 

fMoq2wasgreaterthanthreeexceptonlyfbrtheAl-3％Mgalloyupto 
annealingtemperaturesof～５５０Ｋ,correspondingtoagrainsizeof～Ｓｕｍ 

(3)Theexperimentalresultsdemonstratethattheflowandhardnessofultra‐ 
fine-grainedmaterialsdependnotonlyuponthegrainsizebutalsouponthe 
characteristicsofthegrainboundariesintroducedduringprocessing・ＥＣＡ

ｐｒｅｓsingoftheA1-3％Mgalloyatroomtemperatureleadstoarraysofnon‐ 
equilibriumgrainboundarieswithhighdensitiesofextrinsicdislocations 
whereaspressingoftheAl-M隆Li-Zralloyatatemperatureof673Kper‐
mitssomerelaxationoftheinternalstressesandtheconsequentdeveloｐｍｅｎｔ 

ｏｆａｍｏｒeequilibratedmicrostructure． 
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lMUS1ngaprocesssuchasequal-channelangular(ECA)pressing,wherBthesampleissubjectedtointense 
IiiiPlaSticstraininginsimpleshear[3,4],becauseitiswellestablishedthatECApressingIeadsto 
::JSignificantgrain肥finementinlarge-grainedpolycrystal]inematerialsdowntothesubmicrometeror
D・１．

卿enthenanometerlevel[5,6],Highstrainratesuperplasticity(HＳＲＳＰ)hasbeenwideIydocumcnted
侭

欧ln,arangeofmetalmatrixcomposites,mechanicallyalloyedmaterialsandinalloysfabricatedusing
・-－０．＿

qir 

i§PoWdermetallulgyprocedu妃s【7,8]andveryrecentlytherewasareportofHSRSPincommercialcast
WbasedaUoysafterECApressing【，].，'
1.1ぃI

牙ExperimentsweredescribedearlierinwhichtheeffectofECApressingwasevaluatedusingan
A1-3％MgaUoywithaninitialgrainsizeof～Ｓ００ｌＬｍ［10]・Theseexperimentsconfirmedthatit

waspossibletoattainagrainsizeｏｆ～O21Lminthisalloybutthesubmicrometergrainsizewas 
znotstableatelevatedtemperaturesandsubsequentannealingafterECApressinggaverisetorapid 

7gramgrowthattemperaturesabove～500Ｋ．Ａｓａｒｅｓｕｌｔｏｆｔｈｉｓｌａｃｋｏｆｔｈｅｒｍａｌｓｔability，ｔｈｅ 
・as-pressedmaterialwasnotsuitablefOrdemonstratingtheadventofHSRSPwhentestingathigh
:IItemperatures. 

/IThepresentinvestigationwasinitiatedinordertoevaluatethepotentialfOrachievingHSRSPinan 
Al-3％MgalloycontainingascandiumadditionScandiumwasselectedfbruseinthisinvestigation 
becauseitiswellestablishedthatdiluteamountｓｏｆｓｃａｎｄｉｕｍｉｎｔｈｅＡｌ－Ｍｇｓｙｓｔｅｍｌｅａdtoa 

ConsiderableenhancementinboththestrengthandthethermalstabilityofthemateriaLForexample， 

1851 



1852 HIGHSTRAINRATESUPERPLASTICITY Vol､38,Ｎｏ．１２ 

｣P. 

/Jithasbeendemonstralbedthatthepresenceofonly0.2％Ｓｃｉｎａ１ｎｌＡＩ-6.5％Mgalloyissufficienttoraise 

／therecrystallizationtemperamreｂｙｌ５０ｏＣ［11]・ＴＹ１ｅｒｅａ肥ａｌｓｏ妃portsofductilitiesofupto＞700％

inanAl-6％Ｍ9-0.3％Scalloy[12]aln,｡＞1000％inＡ1-4％Ｍ9-0.5％ScandA1-6％Ｍ9-0.5％Scalloys 

(［131Acomplehensivereportdftheeffectsofscandiuminaluminumalloyswasprovidedrecentlyby 
l・

Ｋｒ'amerelqL［14]． 

nxnerimentalMaterialandProcedures 

ITheexperimentswereperfOnnedusingA1of99､g996purityandScof99､g9996purity・Ａｌuminumand

nscandiumwerearcmeltedinanargonatmosPheretofbrmanA1-3％Scalloyandthismaterialwas 
いぐP

判IemeltedwithadditionalA1aｎｄ３９６Ｍｇｔｏｇｉｖｅａｎａｌｌｏｙｈａｖｉｎｇａｃｏｍposition,inweightpercent,ｏｆ
〈Ａｌ-3％Ｍ9-0.2％Ｓｃ､Themoltenalloywascastintoastee1moldtofbrmaningothavingdimensions

叩ｏｆｌ７×５５×１２０mm3andtheingotwashomogenizedinａｉｒａｔ７４３Ｋｆｂｒａｐｅｒｉｏｄｏｆｏｎｅｄａｙ・
Followinghomogenization,eachsulfacewasgroundtoremove～１mmandtheingotwasthencutintｏ 

１ｂａｒｓｈａｖｉｎｇｄｉｍｅｎｓｉｏｎｓｏｆｌ５×１５×１２０ｍｍ３Ｅａｃｈｂａｒｗａｓｓｗａｇｅｄｉｎｔｏａｒｏｄｗｉｔhadiameterof 
lil10mmandtheserodswerecutintolengthsof～６０ｍｍ,Eachmdwasannealedinairfbrlhourａｔ８５３ 

」Ktogiveaninitialgrainsizeof～20014ｍ・

fDetailsoftheECAprcssingprocedurehavebeengiveninearlierreports［10,15lInthepresent 
Jexperiments,theECAplcssingdieconsistedofasolidblockofhighstrengthtoolsteeIcontaininga 
1singlechannel,circularincross-section,whichfbrmedanL-shapedconfiguration､Twoanglesare 
,市generallyusedtodefinethecharacteristicsoftheECApressing[16]andintheseexperimentstheangle
丁subtendedbythetwochannels,巾,was９０゜andtheangledefiningtheouterarcofcurvatureatthe
b・・・u

mtersectionofthetwochannels,!｜'bwasalso90o・Theseanglesleadtoacalculatedstrainof～１fbra

iIⅡSinglepassagethroughthedie［16］andinpractice,sincethecross-sectionofthesampleremains 

unchangedbypressing,repetitivepressingswereusedtoreachhighstrains､Eachrodwassubjectedto 

ECAprcssinginairatroomtemperatureusingamolybdenumdisulfidelubricantandapressingspeed 

Cf～ｌ９ｍｍｓ－ｌ・TherodswerepressedthroughthcdiefOratotalof8passestogiveatotalstrainof
～8.Ithasbeenshownthatamtationofthesamplebetweenconsecutivepressingschangestheshear 

iPlanesandsheardirectionsandthisaffectsthenatureoftheas-pressedmicmstnlcture[15,17-19],In 

Ithepresentexperiments,ｅａｃｈｓａｍｐｌｅｗａｓｒｏｔａｔｅｄｂｙ９０ｏｉｎthesamedirectionbetweenrepetitive 

Pressings:earlierexperimentsonpureAlshowedthatthiswastheoptimumprocedurefOrmostrapidly 
achievingahomogeneousequiaxedmicrostructureconsistingofgrainsseparatedbyhighanglegram 

へboundaries[19]．

~lFollowingECApressing,somerodswereslicedperpendiculartothelongitudinalaxistogivesmall 

discswiththicknessesof～Ｏ４ｍｍＴｈｅｓｅｄｉｓｃｓｗｅｒｅｕｓｅｄｔｏｅｖａｌｕａtｅｔｈｅｔｈｅｒｍａｌｓtabilityofthe 

泥microstrucmreatelevatedtemperaturesbyannealingfbrlhourinanargonatmospherewithinapyrex
j.,ノ

JIlglasstubeatselectedtemperamresuptoamaximumof773K・Somerodswer℃machinedintotensile
rsampleswiththegaugelengthslyingparalleltothelongitudinalaxesoftherodsandwithcross‐ 

Tectionalareasandgaugelengthsofl×３ｍｍ２ａｎｄ４ｍｍ,respectively・Thesespecimenswe妃pulled
;}北ofailureinairusinganlnstrontestingmachineoperatingataconstantrateofclDss-headdisplaceｍｅｎｔ
･LWOo 

鼠WithinitialstrainratesfiPom3､３×１０~4to３．３×10-2s-1andattemperaturcsupto723Kwiththe
y--，．０，－． 

０ＣＯ 
●ｇｏ 

>Itemperaturecontrolledto±２KduringeaChtest．．、｛し

rLlSpecimenswerepreparedfbrexaminationbytransmissionelectronmicroscopyusingtheprocedurc 

認ijCscribedearlier[10]andtheywereexaminedinanHitachiH-8100transmissionelectronmicroscope
-･hlfLPq, 

戯Operatingat200kV．
熟F稗

聯;．
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Figu”１．Rep腿sentativcmicrostructureinthcAl-Mg-ScalloyafterECApressing．
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ExlDerimentalResultsamdDiscussion 

FigurelshowsanexampleofthemicrostructureintheAl-Mg-ScalloyafterECApressingthrougha 
btalof8passestogetherwithaselecteda妃aelectrondiffractionpattemtakenfromaregionwitha
diameterof12.31Ｌｍ・Themicrostructureinthisconditionconsistedofananpayofgrainswiｔｈａｎ

Ｌ八averaｇｅｓｉｚｅｏｆ～0.2ｌＬｍａｎｄｉｔｉｓａｐｐａｒｃｎｔｆｉＰｏｍｔｈｅＳＡＥＤｐａｔｔｅｒｎｓｈｏｗｎｉｎＦｉ９．１thatthegrain
boundarieshavehighanglesofmisorientationlnpractice,verycareMexaminationofalargenumber 
ofareasindifferentspecimensrevealedthatthemicrostructurewasheterogeneousandconsistedboth lT 

ofregionsofhighanglegrainboundaries,asinFig､１，andsomeregionsofsubgrainsseparatedbylow 
angleboundaries・ＴｈｉｓlackofstructuralhomogeneitycontrastswithearlierreportsontheA1-3％Mg
solidsolutionalloywherethemicrostructurewashomogeneousafter8pressingsthroughthediebutit 
ｉｓsimilartoobservationsonacommercialAl-Mg-Li-Zralloywheretherewasamicrostlucmral 

heterogeneityafterpressingatatemperatu”of673Ktoastrainof～3.7[20]・Detailedobservations

)afterECApressingsuggestedthatthevolumefractionsofthematerialcontaininggrainshaving 
primarilyhighangleboundariesandprimarilylowangleboundarieswereoftheolderof~90％and 

～1096,respectively,andtherefOrethearrayofhighangleboundariesshowninFi9.1ｉｓ1℃p1℃sentative 
ofthedominantstructure・Itshouldbenotedalsothattheaverａｇｅｇｒａｉｎｓｉｚｅｏｆ～O2lLmobservedin

theAl-Mg-Scalloyintheseexperimentsisidenticaltotheas-pressedgrainsizereportedearlierfbrthe 
/Ａ１-3％MgaUoyWithoutthescandiumadditiｏｎ［10]、

がItwasfbundbystaticannealingthattheultrafinemicrostmctureintheAl-Mg-Scalloywas
IcmarkablystableFigures2(a)and(b)showthemicrostructuresafterannealingattemperaturesｏｆ５７３ 
ａｎｄ６７３Ｋ,妃spectively・Forbothofthesetemperatures，thereisonlyminorgraingrowthandthe
Iaveragegrainsizeremainsat<Ｍｍ､ThisresultcontrastswiththeAl-3%Mgalloywithoutascandium 
-additionwherethemeasuredgrainsizeintheECA-pressedmaterialwas＞201Ｌｍａｆｔｅｒａｎａｎｎｅａｌｆｂｒ 

ｌｈｏｕｒａｔ６７３Ｋ［10LCarefUlinspectionoftheboundaryconfigurationsinanumberofsamples 
indicatedthatthegrainboundariesbecamebetterdefinedwithincreasingannealingtemperature， 

therebysuggestingthattheboundariesareinanon-equilibriumconfigurationafterECApressing[21, 

22]andtheyevolvegraduallywithincreasingtemperatu妃intoamoreequilibratedstmcture

JThestabilityoftheultrafinegrainsathightemperaturesisattributedtothepresenceofadispersion 
ofveryfinecohe”ntAl3Scprecipitateswhichareknoｗｎｔｏｂｅｓｔａｂｌｅｕｐｔｏｔｅmperamresclosetothe 
meltingpointofthematerial［11,23]､Thisgrainstabilitytherefbreprovidesanoppormnitytotest 

WhethertheA1-Mg-ScalloyiscapableofexhibitingHSRSP． 

lUll 

bO7DpL 
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[roomIcmperalu1℃.｣nus,ｍｅ巳しApress1ngTorgra

Iandtherewasｎｏｅｘｔｅｍａｌｈｅａｔｉｎｇｏｆｔｈｅｓａｍｐｌｅ 

ｌecutivepressingsneededtoachieveahightotalstI 
lalgraimefinementprocedurcswherethermo-mecl 
tｈｅｒ巳quisitemicrostructurcs・Ｆｏｒexample，ｉｎｔｈ
,maximumreportedelongationwas＞1000％,theノ

､Ｃｅofageingandannealingtreatments・Similarly,ｉ
9-0.3％Scalloy,wherctheelongationswereupto 
lofcoldrollingandintermediateannealings・Furtl

Mg-Li-ZrandA1-Cu-ZraUoyswasachievedaft 
uperamresupto673K[，】.BycontrasMheprel
ispossibletoachieveHSRSPincastaluminur 
mcnTrentorintermedinIeheatin回一蕊

DO9b 

mor巳
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Abstract 

Thcpossibilityofglain正fincmcntwasinvcstigatcdinAlcontaining0.12％Zrusingthccqual‐

channclangular(ECA)PICssingtcclmiqucwhcrcbyanintcnscplasticstrainisintToducedintothc 

materiaLStructuralobscrvationsusingtransmissionclcctmnmicr()Sc()ｐｙ(TEM)Icvc凱lcdthat

aftcr4prcssingsthroughthcdiesomclegionslcmainMthsubgrainstructurcsbutaftcr8 

prcssingsmostlcgionscxhibitagrainstructurcscparatedbylargcanglcgminboundariesand 

withagrainsizcof~0.7ILm､ThcECA-prcsscd恩amplcswcrcsubjcctcdtostaticanncalingat

sclcctedtcmpcratuⅡcsintherangｅｆｍｍ３７３Ｋｔｏ７７３Ｋ・ItwasfOundthatcxtcnsivcgrain

g【owthoccursatatcmpcraturcｏｆｓ７３ＫｗｈｉｃｈｉｓｈｉｇｈｃｒｂｙｌＯＯｄｃｇｒeesthanthc

corrcspondingtempemturcsleportcdearlicrfOrpurcAlandAl-Mgalloyslhcprcscntstudy 

suggcstsIhatthcadditionofZrisimportantfOrachicvingsupcrplasticityinfinc-graincdAland 

A1alloysproduccdbythcECAprcssingtechniquc． 

几

,`､4,18 
ⅡⅡ●1-

4一

ql 

ThemirdPacificRimlntemationalConに泥nceon

AdvimcedMaterial8andProce５９mg(PR1CM3） 
ＥｄｉｔｅｄｂｙＭＡ・Ｉｍａｍ,RDeNale,Ｓ､Hanada，

Ｚｎ１ｏｎｇａｎｄＤ.Ｎ・IEe
TheMineral8,Metals＆MaterialsSocIety,１９９８ 
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Introduction 

hSupelplasticflowofmctalUcmatcrialsnolmallyappcarsasthcgrainsizcisrcfincdto 

lCssthan～l0ILm[1]・Furthcr”fincmcntofgminsizc,espcciallybclowlIm,maylc圏dto

supcIplasticityathighcrstrainratcsand/oratlowcrtcmpcraturcs[2】､Grainrcfincmcntisthcnan

importanttaSkfOrthcapplicationofsupCrpIasticitytoindustrialfOrmmgopcrations、

Ithasbccnshownthatcqual-channclangular⑮CA)prcssingisapromisingproccdurc 

fbrsuchgminrcHncmcnt[3]､Withthistcchniquc,itispossiblctolcduccthegrainsizedownto 

U1csubmicmmcterIcvcLThcmajoradvantagcofthcECAplcssingtechniqucoverothcrgrain 

ICfiningteclmiqucsisthatalaｴgcqUantityofbulkmatcriaIisproducedwithoutintroducingany 

lesiduaIpolosity6 

Giainle肋cmcntusingthcECApressingtcchniqucconsistsofprcssingasamplc

throughasinglcchannclwithancqua1cross-sectionbutbcntatanangｌｅｏｆ①inasoliddic・Ｆｏｒ

①=９００，oncplcssingcreatcsancquivalcntstrainof～１inthcsamplc､Thcprcssingisrcpeatablc 
asthccntranceandexitdimensionsofthechａｎｎｃｌａｒＢｔｈｃｓａｍｃａｎｄｔｈｕｓｉｔｉｓｐ()ssibIeto 

accumulatcalargctotalstlaininthcsamplcbylcpctitivcprcssings1hroughthechanncliｎthc 

dic・StmcturalhomogcncityandthcmisoricntationanglesbctwccnncighboringgrainsaIc

controllcdbythcnumbcrsofprcssingandthctypesofprcssingroutcsasdcscribcdcarlicr[4,5]、

ＡｓｔｕｄｙｏｎｐｕｒｅＡ１[4］showcdthatsubgrainstructurcsplwailaftcroncandtwo 

prcssingsthroughthcdicbut,ｗithafUrthcrincrcascinthcnumbcrofprcssing,thcycvolvcinto 

grainstructurcscontaininglargcanglcgrainboundarieshwasalsoshownthatadditionｓｏｆＭｇ 

ｔｏｐｕｒｃＡｌｇｉｖｃｒｉｓｃｔｏａsignificantdccreascmglninsizcbutstaticanncalingcxpcrimcnts 

showedthatancxtcnsivcgramgrowthoccursinbothpurcAlandMg-addcdAlatasimilar 

tcmpcmturecorrcspondingto～OST)nwhcrcnmisthemeltingpointi、Kelvin［6,7]､Since

supcrplasticityoccursthroughadiffUsion-controUcdproccss,ｎｎｃ印aincds灯ucturcsshouldbc

stablccSpeciallyatthctemperaturchigherthan～0.5,,.Itisthcnimportanttomaintainthe 

submicromctcrgminstructurcabovc~0.5Ｔｌn． 

ItiSknown[8,91thatasmaUadditionofZriscffbctivctokccpgainsizcstablcathighcr 

tcmpclaturcbecauscA13ZrparticlcsfOrmcdinthesamplcinhibitthcmovementofgrain 

boundaricsandthussuppresscxtcnsivcgraingrowthathighertcmperatureabove-O､ｓＴｈｌ・In

thisstudyiZrisaddedtopurcA1andthcthcrmaIstabilityofthcfincgraincdstmcturcproduccd 

byECAprcssingiscxamincdwithlcspccttothcanncalingtcmpcraturc、Thcrcsultsalc

compalcdwiththoscobtainedusingpurcAL 

1J蝋
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ExperimentalProcedures 
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Aningotwithdimcnsionsofl7x55xl20mm3wasmadchomhighpurityA1(99.99％） 
containingO､12％ZIbThcingotwashomogcnizcdat903KfOr24hoursinailBThcrcaftcr,itwas 
mllcdtoathickncssofl1.5ｍｍ・ＲｏｄｓｗｉｔｈｄｉｍｃｎｓｉｏｎｓｏｆｌＯｍｍｉｎｄｉａｍctcrand60mmm

lcn8thwcrcmachincdfmmthclollcdingotm]ｃｒｏｄｓｗCrcanncalcdat903KfOrlhourpriorto 

ECApressing・RodshavingthcsamcdimcnsionSasA1-0.12％Zrwcrcalsoprcparedfrompure

Al(99.99%)fOrcompansonpurposcs､ThcdctailcdproccdurcfOrthcprcparationwasdescribcd 

clsewhcrc[7】・ThcavclagcgrainsizcofpurcAlbcfmeECAprcssingwas～1ｍｍ、

ＥＣＡPICssingwasconductcdusingadichavingasinglcL-shapedchannelwitha 

1,874 
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abmptdcc1℃ascmpmofstrcssisatlxibutedtothcoccurrcnccofcxtcnsivcgraingrowthbecause 

bothvaliationsofprooｆｓｔｒｃｓｓａｎｄｇｒａｍｓｌｚｃｏｃｃｕｒｉｎｔｈｃｓａmctcmpcratulcrangc・Ｔｈｅ
●● 

dcpcndcnccofthcpmofstressonanncalingtcmpcratureinA1-0.12％ZrisdiffCrcntintwo 

lcspcctsmｍｔｈａｔｉｎＡＬＦｉｒｓｔ，thcproofstrcssincrcascswithanincrcascmanncaling 
● 

tempcTaturcupto473K・Itisconsidcrcdthatthisincrcascｉｓｄｕｃｔｏｔｈｃｆｔ)rmationofAl3Zr
● 

palticIcsduringanncalin8.secon｡,anabnlptdccrcascmproofstrcssocｃｕｒｓａｔ５２３Ｋ，andthis 

istclminatcdat6Z3KwithalmostthcsamcstrcsslcvclasinALThisdccrcasecorrcspondsto 
D 

U1coccmrcnccofcxtcnsivcgamglowthasobscrvcdinA1． 

Sｕｍｍａｒｙａｎｄｃｏｎｃｌｕｓｉｏｎｓ 

1.ThcadditionofO､12％ZrtopurcA1iscffectivcindccrcasingthcECAprcsscdgrainsizc:～１ 

ImfOrA1and～0.7ILmfOrA1-0.12％ZIbHowcvcr,thcadditionofZrrcquircsaIargcrｎｕｍｂｅｒ 

ofECApressingstoattainahomogcncousequiaxcdgrainstructurccontaininglargcanglcgrain 

boundmics：４prcssingsfOrA1and8prcssingsfOrA1-0.12％Zr,bothusingroutcBcwhich 

givcsamorecffectivecvolutiontoahomogencouscquiaxcdgrainstructurcthanothcrToutes、

2.ThcadditionofZrisalsocffCctivctoincreascthctcmpcraturcwhcrccxtcnsivcgraingrowth 
occurs:～473KfbrAland～573ＫｆＯｒＡ１-0.12％ZMtisconsidCrcdthatthisinCrcascisducto 

thcfOnnationofAl3Zrpalticlcsduringanncalin9. 

3．ＴｈｃｓｍａｌｌａｄｄｉｔｉｏｎｏｆＺｒｔｏｐｕ妃AlispromisingfOracMcvingsupclplasticitybccauscit

stabilizesthcECAprcsscdfine-grainstructurcabovc~0.5mm． 
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JEqual-channelangular(ECA)prCssingisrapidlybecom‐ 
inganestablishedpmcedurefbrinducingmicmstructuml 

Ircfinementinpolycrystallinematerialsthroughtheprocess 
ofintenseplasticstminin9.丁ｏdate,therchavebeennu‐

ｗｍｅｍｕｓ膨portsoftheuseioftheECApressmgpmcedure
topmduce2Fninlefinementdowntothesubmicrometer,or 
occasionallythenanometerllevelinarangeofmetallic 
materials【l-Iojandinsomeintermetalliccompounds､IIIJ2】

ＩｎＥＣＡｐ唾ssing,ａｓａｍｐｌｅｉｓｐ虚ssedthmughadiehav-
ingtwochannels,equalincrosssection,whichintersectat 
anangleof①,withsimpleshearoccumngasthesample 
movesthroughtheanglesubtendedattheintersectionof 
thetwochannels.[1..14】Sincethecrosssectionofthesamplｅ
泥mainsunchangedonpassagethroughthedie,theproce-
du妃isreadilyamenabletorepetitivepressingsofthesame
sampleinordertointroducehightotalstrains,Pressingsare 
generallyconductedusingdieshaving①－９０deg,axud 

undertheseconditionstheequivalentstrainintToducedon 
eachpassagethroughthedieisapproximatelyequaItol.【ｌ９ｌ
Ｉｎｐ歴ctice,ｅxperimentshavedemonsratedthatthcmicro・
stmctumlcharacteristicsintroducedbyECAprcssing,in-
cludingthestructumlhomogeneity,theaverageshapesof 
theindividualgrains,andthemisorientationanglesofthe 

boundariesbetweenadjacentgmins,areaUdependentupon 
cxperimemalconditｉｏｎｓｓｕｃｈａｓｔｈｅｎｕｍｂｅｒｏｆｐａｓｓａｇｅｓ 
ｔhroughthedie,15.p･'0.16】theshearingdirectionsineachsep‐
aratepassageasmanifestedbyanyrotationoftbesample 

betweenseparatepresslngs， ．［9.0.16】andthetcmperatureat
whichthestrainingisconductedIIol 
Wbenrepetitivepressingsareundertake､,itisastandaYd 

procedu爬toidentifythreediffbrentroutes,designatedA，
Ｂ,andC,inwhichthep妃ssingsareconductedwithoutany
rotationofthesample,withrotationaboutthelongitudinａｌ 
ａｘｉｓｂｙ９０ｄｅｇｂｅｔｗｅｅｎｅａｃｈｐｒｅｓｓｉｎｇａｎｄｗｉｔｈｒｏｔａｔｉｏｎｂｙ 
ｌ８０ｄｅｇｂｅｔｗｅeneachpressing，respectively,Ｔｗｏ『ecent

TBportshavecompareddirectlytheefYiciencyofthesedif 
Lfbrentprocessingroutesfbrestablishingahomogeneous 
StTuctureconsistingofanarTayofequiaxedgrains・Inex-
perimentsbyFerrasseelaLI9jonCuandAIalloys,itwas 

cOncludedthatpmcessingbyrouteCproducesamoreho‐ 
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Fig,l-SchematiciIlusImationofp”cessingmutesBAandBowhe鷹each
sampleismtatedby90degbetweeneachconsecutivep鮨ssing．

mogeneousandequiaxedstmcturethanroutesAandB 
IwahashiemLIs】ｕｓｅｄｓａｍｐｌｅｓｏｆｐｕ雁AIandconfirmed
theefficiencyofrouteCoverrouteA,butlatershowed,ｉｎ 
ｍｏ『edetaiIedexperiments,【I61thatmicrostructuralevolution
occul恩mostrapidlywhenprocessingthroughmuteBThe
apparentinconsistencyinthesetwosetsof雁suItsappears
toarisebecauseFerｍｓｓｅｅｌａＬ【ｇｌｄｅｆｍｅｄｒｏｕｔｅＢａｓａｎａｌ－

ｔｅｍａｔerotationby90deginapositiveandnegativedirec-
tion，whe龍aslwahashiejqLII61definedmuteBasa

repetitiverotationby90degｉｎｔｈｅｓａｍｅｄｊ1℃ctionbetween 
eachpreSsing・Thesetwopmcessingroutesareillustrated
schematicaＩ１ｙｉｎＦｉｇｕｒｅｌ，whe雁thedesignationroutcBA
representstherotationemployedbyFennasseelaﾉ.,equi隈
alenttoOdeg-90deg-0deg-90deg，andthedesignation 
muteBcreprcsentstherotationemployedbylwahashia 
qL,equivalenttoOdeg-90deg-180deg-270deg､TbepreS-
entinvestigationwastherefbreinitiatedinorderbothto 
examinethemicrostmcturesproducedinthreeorthogonal 
planesofsectioninginpureAlwhenusingrouteBAand 
tocomparethesemicrostmctureswiththosereportedearlier 
fbrthesamematerialwhenusingrouteBc・I06I
TheexperimentswerCconductedusingthesamehigh 

purity(ｇ１１９ｐｃｔ)ａIuminumasinearlierexperiments.【5.1`ｌ
ＡｎＡｌｂＩｏｃｋｗｉｔｈａｄｉａｍｅｔｅｒｏｆ～３０ｍｍａｎｄalengthof 
～l50mmwasswagedintoalO-mm-diameterrodatroom 
temperatu雁,andtwosampleswerecutbavinglenｇｔｈｓｏｆ
～６０ｍｍ，Ｅａｃｈｓａｍｐｌｅｗａｓａｎｎｅａｌｅｄｉｎａｉｒｆｂｒｌhourat 
773Ktogiveameasuredgraiｎｓｉｚｅｏｆ～lmmTheECA 
pressingwaSperfbrmeduｓｉｎｇａｓｏＩｉｄｄｉｅｏｆｈｉｇｈｓ(rCngth 
toolsteelinwhichasinglechannel,withdiametersoflq3 
andlO､Ommattbeentranceandexit,respectiveIy,passed 
throughthediewithanangleofinte応ectionofの＝，o
de9.Ｓａｍpleswerepressedatmomtempemtu礎usingMoS勺
asalubricantandwithapressingspｅｅｄｏｆ～ｌ９ｍｍｓ－Ｉ・
EachsamplewaspressedusingmuteBAtoatotalofeither 
threeorfburpassesequivalenttostrainsof～３ａｎｄ～４， 
妃spectiveIy､Thesestminswereselectedfbrcomparison
withrouteBcbecausetheearIierresultsshowedthatfbur 
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Fig.３－MicTosm1ctuにandassocialedSAEDpattem5afierp虎ssing
lhmu8hmuteBJL・fbratotaIoffburpasses．

UHF、ＡＰＵ】、「

ｍＩ７Ｐ ｎＦ■Ⅱ ■。ⅡⅡ■

inthejrandyplanesbuttheya[efairlyequiaxedinthez 
plane・However,thereisanimportantdifYbrencebetween
thepresentobservationsandthosereportedeaTlieronthe 
samematerialpmcessedthroughmuteBc,becauseinroute 
Bcthesub8印ainswe肥replacedbygminshavinghighangle
gminboundariesafterthreepassesthroughthedie､lI6IThus， 
comparmgwiththeearIierdatafbrmutesA,Ｂｃ,ａｎｄＣ， 
thepresentmicrostmctm色ｉｓｍor巳similartorouteAwhere
subgrains肥mainafterthreepasses､Despitethisdifference，
theaveragesubgrainsizeineachpIaneinFigu雁２ｉｓ～l
似、,andthisissimilartothesubgminandgrainsizes彪一
portedearlierfbrtheotherprocessingroutes.【I6l
TheSAEDpattemsinFigu雁３ｓｈｏｗthat,afteratotal

offburpasses,thesUbgrainsalldlowangIeboundanesre･ 
ｍａｉｎｉｎｔｈｅｘａｎｄｙｐｌａｎｅｓ，butthedifYtactionspotsare 
diffUsedinthezplaneindicatinganmcreaseinthemiso‐ 
rientationangles、Inspectionofthephotomicmgraphs
showsthepresenceofelongatedsubgrainsintheJrandy 
planes，ｂｕｔｉｎｔｈｅｚｐｌａｎｅｔｈｅｓｔｒｕｃｔｕ肥isevoMngmore
rapidIyintoanarTayofequiaxedgrainswithhighangle 
boundaries､Thus,somesubgrainstmctureremainsinmute 
BAevenafterfburpassesthmughthedie,andinthisrespect 
thepmcessingmuｔｅｉｓｓｉｍｉｌａｒｔｏｒｏｕｔｅＡ､Theearlierob‐ 
serwltionsusingrouteBcshowedthatthreepasseswere 
suflicienttoeliminatethesubgminstructureandfburpasses 
gaveahomogeneousmicrostmctu泥ofequiaxedgrains
withboundaTieshavinghighanglesofmisorientation・II6IBy
contmst,ｔｈｅｐ雁sentobservationsusingrouteBArevealthe
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にtentionofasubgrainstructure,withmanyelongatedsub‐
ｇrains,evenafterfburpassesthroughthedie． 
(、Theresultsobtainedinthishwestigationprovideanex-
planationfbrtheapparentinconsistencybetweenthedata 
reportedbyFerrasseeraLI9】andlwahashielaLIKb】Ferrasse
aqLPerfbrmedtheirECApressingusingrouteBA,where 
cvolutionintoana【Tayofequiaxedgrainsisyeryslow，
whereaslwahashiejqLp泥ssedusingmuteBc,wherethe
evolutionintoanequiaxedgrainstructureoccursmorerap‐ 
idlyBasedontheTesultsavailabIetodatefbreachpro-
cessingroute,itisreasonabletoconcludetbatrouteBcis 
mostefYbctiveinproducingahomogeneousultrafine‐ 
grainedstructure,routeCisintermediate,androutesAand 
BAaretheleastefYbctive 

lnsummary,（１）therateofmicrostmcturalevolutionin 
ECApressingdependsuponwhetherthesampleisrotated 
betweenconsecutivepressings;（２）ｗｈｅｎｍｔａｔｉｎｇｂｙ９０ 
ｄｅｇ,thesamplemaybeeitherrotatedaltematelyinpositive 
andnegativedirections(routeBA)orrotatedeachtimein 
thesamedirection(muteBc);and(3)theexperimentsshow 
thatmicTostructuralevolution，andthedevelopmentofa 
homogeneousmicrostmctureofgrainsseparatedbyhigh 
angleboundaries,occursmorerapidlyimouteBcthaniｎ 
ｒｏｕｔｅＢＡ． 
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1屯

nlual-channelangular(ECA)pressingisanexpe[imentalprocedurewhichmaybeusedto 
introduceanultm-finegrainsizeintoamaterialthmughintenscplasticstmining・Inprinciple，
thistechniqueshouldprovidematerialswhicharecapableofexhibitinghighstrainrate 
superplasUcityatrelatively1owtestingtemperatures・Experimentswereundertakento
dcterminethcfeasibilityofintroducinganultra-finegrainsizcandattainingsupcrplastic 
pmpertiesinacommercialA1-Mg-Li-ZraUoycontainingafinedispersionof6'一A13Liandβ'‐
A13Zr・Theresultsdemonstratethatitispossible,byselectinganappropriateprocessmg
routeotoachieveabensilcelongationof＞1000％inthisaUoyatOestingtcmperaturesof573‐ 
623Ｋｍｄｗｉｔｈａｎｉｍｐｏｓｅｄｓｔｌａｍｒａｔｅｏｆｌｘ１０２s-1. 
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ｌ・INTRODuCrlON．!？、

iJh脚…,MMmnofhwiIsM・卿…i…i,………Ⅲ
盤>materialshavingsmallgrainsizes,typically＜１０川［１１．However,highsuperplastic
'iLelongationsaregenerallyconfinedtoanarrowrangeofstrainlatesinthevicinityof～104‐ 
!〈l0P3s-1IandtheseslowratesservetorBstzicttheuscofsupcrplasticfbrmingtechniquesto

:i(.；叩pliCationswhereproductionislimiOedto-100‐10,(X)Ounits[2]nleMsexperimental
irCvidencesuggestingthatareductioning函nsize,byuptooneorderofmagnitude,wUlboth
jiﾕdecrcasethetempcraturcandincreascthcstrainratcassociatedwithoptimumsuperplastic 
藤.|flow[3,41ｍ･setrendswouldbebcneficialinthesupcrplasticfbrmingindustrysincca
謡/J11owcroperatingtempemturcwmreducetoolwearandafhsterstrainmtehasthepotentiaMbr

)/reducingthefbrmingtimeandtherebyintmducingthepossibilityofthemassproductionof 
liIalargenumbcrofcomponcnts･nleprcscntpapcrdcscribcsanattcmpttoachievehighstmin 
jratesupelplasticityinarepresentativecommercialaluminumalloy． 
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2．EXPERIMENTALMMERIALANDPROCEDUREＳ 
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Theexperimentswereconductedusingalight-weighthighstrengthcommercialRussianalloy 
designatcdO142qTmisalloyhasachemicalcompositionofA1-5.5％Ｍ9-2.2％Ｌi-0.12％Zr 
andthedcvelopmentofthcal1oywasdescribedbyFridlyandere'＠ﾉ.[5J 

ThematerialwasreceivedinthefOrmofahot-rolledplateanditwasfbundbymicroscopic 
examinationthattheas-receivedgrainsizcwasofthｅｏｒｄｃｒｏｆ～4001,．Thislargeinitid 
grainsizeprCcludesanypotentialfbrsupelplasticityintheas-receivedcondition． 

４．１ 

０‐ 

Inordertointroduceanultｴa-finegrainsizcintotheA1Mg-Li-Zralloy,itwasdccidcdto 
makeuseofaprocessingprocedurclmownasequal-channelangular(ECA)pressing、InECA
pressing,apolycrystallinemetalismachineｄａｎｄｐｒ巳ssedthroughaspecialdiecontainingtwo
channe1s，equalincross-scction，whichinterscctwithinthcdietogiveacontinuoussinglc 
passage・msprocedurewasdevelopedmanyyearsagoinordertointroduceanintense
plasticstrainintomatcrialswithnochangcinthccmss-sectionalaｴ巳ａ［6］ａｎｄitisnow
estabUshedasamethodfbrattmningasubmicrometerornanomctergrainsizc[7,8】、Inthc
presentexperiments,cylindricalsampleswerecutfromtheas-receivedplate,withdiameters 
ofeither50or20mmandwithlengthsintherangeof～７０－１００ｍｍ,andthesccylindcrs 
werepresscdthroughthedicinairusinganECAfbLcilityinwhichthcangleofintersection 
ofthetwochannelswas90o･FoUowingpr巳ssing，thesampleswcrealrcooledand，if
required，theyweretheu1prcssedagainthloughthesamedie．Ａ唾lationshipisavailabLto
cstimatcthcstrainintmduccdintoasampleonasinglepassagcthroughadie[9】andit
fbUowsfromthisrelationshipthatasinglepassageintheplBsentexperimentsgivesastrain 
of～１．Initially,ECApressmgwasconductedfbr4passesatatemperaturcof673Kgiving 
atotalstminof～４butsubsequcntECAprcssmgwasconductcdwhcIethcrewere8passes 
at673Kand4fmrtherpassesat473Kgivingatotals伽、ｏｆ～12．Forconvemence,these
twoECApressingpmceduresaredesignatｅｄＲｏｕｔｅｌａｎｄＲｏｕｔｅ２，respectively． 

○ 

FollowingECApressing,tensUespecimensweremachinedftomthesamp1eswithagauge 
lcngthof4mmandacross-sectionwithinthegaugelengthof3x2mlYf、Tmesespecimens
werepuUcdinairusinganInstrontestingmachincoperatingataconstantmtCofcross-head 
displacementandwiththetestingtempemtureheldconstanttowithin±5°Ｃ． 
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FThestabintyofthemicrostructuIcafterECAprcssingwasevaluatedbycuttingsmanpieccs 
ftomthesamples,withdimensionsof3x3×４．７mm3Dannealingeachpieccinanargon 

Fatmospherefbrlhouratselectedtempemturesintherangefroｍ３２３ｔｏ８３３Ｋａｎｄｔｈｅｎ 
－ｑｕｅｎｃｈｉｎginicedwatcr・Microstructuralexaminationwasconductedbypreparingdiscswith
T/ａｔｈｉｃｌｍｃｓｓｏｆ～20014mandthenmechanicaUygrindingandthinningthescdiscsfbr li↑ 

cxaminationbytransmissionelectlonmicroscOpy(IEM)．SelectedareaelectrondifftHction 
l（SAED)pattemswererecomedfmmregionsofthesampleshavingdiametersofl3川．me
Javcragegrainsizewasdetcnninedincachsamplcbyt血ingTEMphotomiclographsandthcn
pf'．･･･ 

とｎｍeasuringindividuallyatleast50differentgrainsfbreachcondition･Aprocedurewas
〕fadoptedinwhichSAEDpattcmswCretakensystematicallyalonglinesofUneartmverseof

liJJi.■翻組磯stl認識搬添鵬:f駕繍&澱…f…I`…1umo

●
↓
 

i:iiAdditionalinfbrmationisdocumentedelseWhereconcemingtheproccduresandther巴sults
影ObtaincdontheA1-Mg-Li-Zralloy【10,111
1J刑,

－８２－ 



3．EXPERIMENTALRESULISANDDISCUSSIＯＮ 

Figurc1showsthemicrostructuresofthealloyandtheassociatedSAEDpattemsafterECA 
Pressingusing(a)Routeland(b)Route2．Adetaileddescriptionofthemicrostructureafter 
pressingbyRoutelisgivenelsewhere［10]butinpracticeitwasfbundthattherewas 
hetcmgeneilywithinthismaterialwithsomeaIcaswherethegrainboundarieshadhighangles 

ofmisorientation,asindicatedbythcSAEDpattcminFi9.1(a),andotherareaswherBther巳
werearraysofsub-grainboundarieshavinglowanglesofmisorientation・Thisheterogeneity
psuggeststhａｔａｓｔｍｉｎｏｆ～４byECApressingisinsufficienttoproduceahomogeneous 
)lmicrostructureinthismateriaLItwasshownbymeasurementthattherewerevolume 
hactionsｏｆ～60-70％ofgminswithliighangleboundariesand～30-40％ofgrainswithlow 
jangleboundariesaftGrprocesSingbyRoutel、Bycontrast，therewasahomogeneous
structureofhighanglcboundariesafterprocessingbyRouOe2J 
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Fi9，１ MicrosmlcturesafterECAprcssingthrough ③ Ｒｏｕｔｃｌ and(b)Route２． 
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ANNEALINGTEMPERATURE(1０ 

Fig.２Averagegramslzeversusannealingにmpcrature，
includingcxperimentaldatafbrA1-3％MgafterECAprcssing[12】
andA1-3兜MgIl3】andＡ１-1.5％Ｍｇ[14]afiertorsionstraining．

meaveragegrainsizeintheA1-Mg-Li-ZralloyafterECApr巳ｓｓｉｎｇｂｙＲｏｕｔｃｌｗａｓ～1.2
脾、，andthisvalueappUedequanytotheareasofgminswithhighangleboundariesandto
theareasofsub-grainswithlowangleboundaries・Anidenticalgrainsizeof～１．２似mwas
measuredalsoafterproccssinｇｏｆｔｈｅａｎｏｙｂｙRoute２．Thus，thcintroductionofahigher 
strainｉｎｔｈｅＥＣＡｐｒｅｓｓｍｇ ・doesnotleadtoanadditionalr巳finementofthemicrostructurebut

rathcritscrvcstopcrmitanhomogcnizationofthestructuleandanevolutionofthe 
boundarieswithinthoscaｴcascontainingamysofsub-grains． 

Thestabilityofthemicrostrucmreatelevatedtemperatureswasevaluatedbyamealing 
samplcsprocesscdbyRoutclandthenmeasuringtheavemgegrainsize・meresultsare
plottedinFig､２and,inaddition,datumpointsareincludedfbranA1-3％MgsoUdsolution 
alloyafterECApressing［12】andＡ１-3％ＭｇａｎｄＡｌ-1.5％MgsoUdsolutionalloyswherC
anintcnscplasticstrainwasintroduccdusingthealtemativcproccdureoftorsionstmining 
[13,14】、AnimportantconclusionftomtheworkontheA1-MgsoUdsolutionalloyswasthat
anultm-finegminSizcmaybcinpoduced,withatypicalsizeof-O.Ｌ０．２川，butthese
verysmangrainsizcsaｴeunstableattcmpcraturesabove～500KsothatgmingrowthoccuTs 
veryrapidly、Ｂｙｃｏｎｍｓｔ,theultm-finegrainsintroducedintotheA1-Mg-Li-Zralloyused
inthepresentinvestigationdisplayremarkablestabⅢtysuchthatsignificantgmingrowth 
occursonlyattemperaturesabove～750Ｋ,ＣＯ【Tespondingto～0.8ThwhereTmislhe
absolutcmcltingtcmpcratureofthcmatcrial・Thisstabnityisattributedtothepresenceofβ'‐
A13Zrprecipitatesinthisalloybecausetheseprecipitateswmbestableattheschigh 
tempcratureswhercasthcfiner6'一A13LiprecipitaIBswUldissolve・SincesupeIplasticityisa
diffWion-conpoUedprocess，the唾sultsinFig・ZsuggestthattheA1-Mg-Li-Zralloymaybe
asuitablecandidatematelialfbrthedevelopmentofsupelplasticityattempcrzltu雁ｓｉｎｔｈｅ
ｍｎｇｅｏｆ～５５０－７００Ｋ：thesetemperatufesareattractivebecausetheyavoidprobIems 
associatedwiththedepletioｎｏｆＬｉａｎｄＭｇ[15-17】athigherにmperatures．
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Fig.３StressversusstrainafterECApressingthroughRoutel． 
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Fig.４E1ongationversusstrainrateafterECApressingthmughRoutel 
● 

andwithoutECApressmg． 

FigurBs3and4showmechanicaldataobtaincdonthcmatcrialsubjectedtoECApressing 
usingRoutel：thestress-smincurvesaregiveninＦｉｇ．３fbrthreesamplestestedata 
temperatureof603Xandatstrainmtesけoｍ３．３ｘ１０ｒ４ｔｏ３､３x10-2s-l，respectively,and
thetotalelongationstofailurefbrthesethreesamplesaleplottedinFi８．４togetherwith 
datumpointsobtainedunderthesametcstingconditionsfbrtheAl-Mg-Li-Zralloyintheas‐ 
receivedandunmessedcondition． 
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Fig.５StressversusstrainaftcrECApressingthroughRoutc2． 

FurtherdetailsontheductilityoftheA1-Mg-Li-Zralloyaｴegivenelsewhere[11,18],butit 
isappaIentfTomFig､４thatthemateIialsubjectedtoECApressingthroughRoutelshows 
substantialductility,withamaxlmumelongationof～550％atastrainmtcof3､３×１０３ｓ-1． 
A1thoughtheseIcsultsaｴ巳attractive，ｔｈｅｙneverthelessfmlshortoftherequlrementsfbra
supemlasticcapabiUtyatstminrateswithintherangeofcommercialhotworkingprocesses． 

Asalreadynoted,themicrostructureafterprocessiｎｇｔｏａｓｔｒａｉｎｏｆ～４throughRoutelwas 
hetelogcncousandcontaincdareasofbothglainsandsub-grainsDwhereasthemicrostructure 
afterprocessingthroughRoute2washomogencouswithanmrayofgrHUnshavinghighangle 
boundariesandwiththesamｅｇｍｉｎｓｉｚｅｏｆ～１．２脾、、Therefbre，testswereconductedto
detelminetheeffbctofusingamolehomogeneousmicrostlucture・meresultantstress-strain
curvesareshowninFig・SandthevariationofelongationwithstminrateisgiveninFi８．６：
itshouldbenotcdthatthesesamplcswcretcstedattheslighUyhighcrtempcmturcof623K 
andFi9.6includcsalsothethreedatumpointsfbrtheu叩ressedmaterialtestedat603K・

ItisappaｴentftomFig、５thatthesesamplesshowaninitialperiodofstrainhardening
fbllowedbystrainsoftening,exceptfbrthetestconductedatthcloweststrainrateofl×１０２ 
３１Ｗherethetcstwasdiscontinuedwithoutfracturcandwithouttheadventofstminsoftening 
atatotalelongationofll80％・Theappearanceofthesethreespecimensaftcrtesting，
togetherwithotherspecimensalsotestedafterECApressingthroughRoute2，isiUustmted 
inFig､７．Highstrainratesupelplasticity(HＳＲＳＰ)isnormaUydefinedasahightensile 
elongationatastrainratcfnstcrtｈａｎｌＯＦ２ｓ.'･T11usOthepresentsctofresultspmvidca 
remarkabledemonstrationoftheabiUtytoattainHSRSPinanon-superplasticcommercial 
aluminumalloysolelybysubjectingthematerialtoECApressinginordertointroducean 
ultra-fineglainsize･InA1-basedmaOeria1s，theoccurTcnceofHSRSPhasbecnconfinedto 
datetoalimitedrangeofmetalmmixcompositesomechanicanyaUoyedmaterialsandalloys 
processedusingpowdermetaUurgytechniques【19]、THeseresultsshowthepotentialfbr
achievingevenhigherclongadonsandHSRSPinconvcntionalcommercialaluminumalloys． 
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FabricationofBulkUltrafine-GrainedMaterialsthrough 
llntensePlasticStraining 
，ヘ

ＰＡＴＲＩＣＫＢ・ＢＥＲＢＯＮ,ＮＩＫＯＬＡＩＫ､ＴＳＥＮＥＶ,ＲＵＳＬＡＮＺＶＡＬＩＥＶ，
ＭＩＮＯＲＵＦＵＲＵＫＡＷＡ,ＺＥＮＪＩＨＯＲＩＴＡ,ＭＩＮＯＲＵＮＥＭＯＴＯ,ａｎｄＴＥＲＥＮＣＥＧＪＬＡＮＧＤＯＮ 

U1trafinegrainsizeswe応intmducedintosamplesofanA1-3pctMgsolidsolutionalloyandacast
A1-Mg-Li-Zralloyusingtheprocessofequal-channelangular(ECA)prcssing､ThcAl-3pctMg 
alloyexhibitedag｢ａｉｎｓｉｚｅｏｆ～0.23メルｍａｆｔｅｒｐ肥SSingatroomtemperaturetoastrainof～4,but
therewassigniiicantgraingrowthwbenthepressedmaterialwasheatedtotemperaturesabove～450 
Ｋ.TheAI-Mg-Li-Zralloyexhibitedagｍｉｎｓｉｚｅｏｆ～Ｌ２ｌＬｍ,andthemicmstTucturewashetero-
geneousafterpressingtoastrainof～４at673Kandhomogeneousaflcrpressｉｎｇｔｏａｓｔｒａｉｎｏｆ～８ 
at673Kwithanadditionalstrainｏｆ～４ａｔ４７３Ｋ.Thebeterogeneousmaterialexhibitedsuperplastic‐ 
likeflow,butthehomogeneousmateTialexhibitedhigh-strain-烟tesupelplasticitywithanelongation
of＞１０００ｐｃｔａｔ６２３ＫａｔａｓｔｒａｉｎｒａｔｅｏｆｌＯ-2ｓ-1．Itisconcludedthatahomogeneousmicrostructure 
isrequircd，andthcTefbreahighpressingstmin，inordertoattainhigh-stmin-ratesuperplasticity 
(HＳＲＳＰ)inultranne-grainedmatcrials． 

becauseitisasimpleprocesswhichmaybereadiIyadapted 
fbrawidcrangeofmaterials，theprocessedsampIesare 
fiPceofanypomsity,ａｎｄthereisthepotentialfbrfhbricat‐ 
ingla『gebulksampleswhichmaybcsubsequentlyutilized
inawiderangeofapplications、

Inthesupemlasticfbrming(SPF)industry,fbrexample， 
itiswelIestabIishcdthatSPFbecomesaviableprocessing 
toolonlyfbrhigb-added-valueproductsinmediumtolow 
productionrunsoftypicaⅡy,～５０to5000pieces・I12IThis
limitationonSPFtechnologyarisesprimarilybecauseof 
therelativelylowfbrmingspeeds(typicaUyupｔｏ～lO-3 
s-1DJI)andtheconsequentlylongfblmingtimes(~Z0to 
30minutes).However,thereisexperimentalevidencefrom 
superplasticalloysthatadecreaseingrainsizewill1ead 
bothtoanincreaseinthesuperplasticcapabilityofthema‐ 
terialandtotheoccurrenceofoptimumsupemlasticityat 
fasterstrainmtes.【14】Thisexperimentalobscrvationhasled
tothesuggestionthatareductioningrainsizefiromthe 
standardsuperpIasticrangeof~ltolWLmintothesub-
micrometerrangemayprovidethepossibilityofattainmg 
superplasticdefbrmationatfhsterstminrates,【】s〕therebypo‐
tentiallyexpandingtheutiIityofSPFtechnologD/sothatit 
becomesaviableprocessfbramuchwiderrangeofappli‐ 
cationa 

lntheprescntarticle，expcrimelltsaredescribedwhich 
weredesignedtoprovideausefillsubmicrometergrainsize 
inselectcdaluminum-bascdalloys・Aswillbedemon-
stratedOECApressingisavaluabletooIfbrachievingan 
ultrafinegrainsizeinthesubmicrometermngc,butthesub‐ 
sequcntthermalstabilityoftheseveIysmallgminsdepends 
criticaIIy,atleastinaluminumalloys,uponthepresenceof 
p妃cipitateswhichaにnecessalytorestrictgraingTowthat
elevatedtemperatures． 

ＬＩＮＴＲＯＤＵＣＴＩＯＮ 

ＳＥＶＥＲＡＬｍｅｔｈｏｄｓａｒｅavaUablefbrthepmcessingof 
materialswithultrafinegIhainsizcs,includinginertgascon‐ 
densation,11.2]high-ene【gyballmilling,【］landslidingwear.【4l
TheseprocedurCsareattmctivefbrproducingmaterialswith 
grainsizeswithinthenanometerrange,buttherearedis‐ 
advantagcsbecausesomercsidualporosityremainsafter 
hbricationanditisdifficulttousethesetechniquestomake 
largebulksamples・AsaconsequcnceofthesedifYiculties，
muchattentionhasbeengiventothealtemativeprocedure 
ofintroduciluganultrafinegrainsizeinamaterialthrough 
intenseplasticstraining・
TorsionstrainingunderahighprBssure(5】andequal-chan‐

nelangular(ECA)pressing,ninwhichasampleispressed 
throｕｇｈａｄｉｅｗｉｔｈｎｏｃｈａｎｇｅｉｎｔｈｅｃｒｏｓｓ－sectiomIarca， 
aretwometbodscuTrentlyunderinvestigationfbrtllefilb‐ 
ricationofmaterialswithultrafinegrainsizes庇Ⅱ】AItbough
itispossible,inprinciple,tousetheseprocedurestopro-
ducematerialswithinthenanometerrange,thegrainsizes 
attainedbythesetechniquesa”０fteninthesubmicrometer 
Iangeof～0.ｌｔｏＬＯ似、､Despitethispossiblelimitation，
however,ECApressingisanespecial1yattractiveprocedure 

叩,ＰＡＴＲｌＣＫＢ‘ＢＥＲＢＯＮ，RcscarcbAssistantoDcpartmentofMIlIerials
Science，ａｎｄＴＥＲＥＮＣＥＯ、ＬＡＮＧＤＯＮ，ProlbssoroDepaUtmentsof
MalerialsScienceandMechanicalEngincering,ａ1℃withIhcUniversityoF 
SoulhemCaIifbmiaoLosAngeleSoCA90089-l4S3．ＮＩＫＯＬＡｌＫ・
TSENEV,SeniorScientistoiswiththelnstituteofChemicalTechnoIogy， 
UfilSIatePctToIeumTeclmicalUnive『siW,Ufh4500620Russia､RUSLAN
Z・VALIEVoPmfbssor，ｉｓｗｉｔｈｔｈｅｌｎｓｔｉｔｕｔｅｏｆＰｈｙｓｉｃｓｏｆＡdwlnced
1M8terialsDUfilSlateAviationT℃chnicaIUniversity,Ufil4500000Russia・
MINORUFURUKAWAOAssociatePmfbssor0iswiththeDepartmentof 
庇chIlology,FukuokaUniversityofEducatio､，MurakalaFukuoka811‐
４１，JaPanZENJIHORlTAoAssociatePmfbssorbandMINORU 
NEMOTO,PmmessoBarcwiththeDepartmentofMaterialsScienceand 
Engineenng,KyushuUnive応ity,Fukuoka812-81,Japan・
ＴｈｉｓａｒｔｉｃＩｅｉｓｂａｓｅｄｏｎａｐ随senlationmadeinthesymposium
o,0ＭechanicalBehaviorofBuIkNanoc『ystalIineSolidso，，presentedatthe
I997FaIlTMSMectingandMateTialsWeek･September14-18,1997,ｉｎ 
NMianapoIisOIndianaoundertheauspicesofIheMechanicaIMet日IIurgy
（SMD)，PowderMa(eriaIs（ＭＤＭ､),andChemis何ｙａｍｄＰｈｙｓｉｃｓｏｆ
Ｍａ焔『ials(EMPMD/SMD)Committees．
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ＰＲＯＣEDURES 

InitiaIly,experimentswereconductedusinganA1-3pct 
Mgsolidsolutionalloywiｔｈａｎａｓ－雁ceivedgrainsizeof
～500牌ｍ・Subsequently,theexperimentswereextendedto
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ＴｈｅＡｌ－３ｐｃｔＭｇａＵｏｙｗａｓｐｒｅｓｓｅｄｉｎａｉratroomtem-
peram妃fbrfburpassesthmughthedie，equivalenttoa
stTainof～4.TheAI-Mg-Li-Zralloywaspresscdinair 
eiUleratatemperatureof673Kfbrfburpasses,togivea 
strainof～4,ｏｒｆｂｒｅｉｇｈｔｐａｓｓｅｓａｔ６７３Ｋａｎｄａｎａｄｄitional 
fburpassesat473K,ｔｏｇｉｖｅａｔｏｔａｌｓｔＴａｉｎｏｆ～12,with 
thesampIescooledinairbetweenconsecutivepressings・
Forconvenience，thesetwoproceduresaredesignateｄ 
ｒｏｕｔｅｓｌａｎｄ２,rcspectively,anditshouldbenotedthatthe 
lowertemperatureof473KwasselectedfbrthefinaIfbur 
passesinroute2inordertominimizegraingrowth 

Staticannealingexperimentswercconductedtoinvesti-
gatethestabilityoftheultrafinegrainstructuresafterECA 
pressing・SamplesweIcannealedfbrlhouroverarange
ofselectedtemperatureswhichwereheldconstanttowithm 
±1Ｋ.Specimcnswereprcparedfbrexaminationbytrans‐ 
missionelectronmicroscopy(TEM）usingtheprocedure 
describedearIier.【Iu

TensiletestswereconductedafterECApressingbyma-
chiningspecimenswithgagesectionsof3x2mm2palalleI 
tothelongitudinalaxisofthepressedsamples・Allspeci‐
menswerepulledinairunderselectedconditionsoftem-
peratureandstrainrateandusinganlnstrontesting 
machineopemtingataconstantrateofcrossheaddisplace-
ment,Testingtempemtu1℃swereheldconstanttowithin 
±ZKduringeachtest，Forcompansonpurposes，some 
additionaltensiletestswe肥alsoconductedontheAl-Mg-
Li-Zralloyinthehot-rolledconditionwithoutECAprBss‐ 
ｍ9． 

PIunger 

IＩＬＥＸＰＥＲＩＭＥＮＴＡＬＲＥＳＵＬＴＳ 

ＡＡｊ－３ＰｂﾉﾉM2Aﾉﾉqy 

Figure2showstypicaIexampIes,attwodiffbrentmag‐ 
nifications,oftheintemalstmctureintheAl-3pctMgalloy 
afterECApressingatroomtempelnturetoastrainof～4； 
alsoincIudeda妃selected-a泥aelectrondifYraction(SAE､）
pattcmsobtainedfiomregionswithａｄｉａｍｅｔｅｒｏｆＬ９ｌＬｍ， 
ItisapparentfmmFigure2,andwasconfirmedbydetailed 
inspection，thatthemicrostructurewasessentiallyhomo‐ 
geneousintbeAl-3pctMgalloyintheECA-pressedcon‐ 
ditionbutthegminboundarieswereofienpoor1y 
delineated,asisevidentinFigure2(b),therebysuggesting 
thatmanyoftheboundarieswereinanonequiIib｢iumcon‐ 
figurationI2zﾕｭｌＴｈｅＳＡＥＤｐａｔｔｅｍｓｄｅｍｏｎｓｔｒａｔｅｔｈatthe 
glninboundaricshavehighanglesofmisorientation，and 
measurementsshowedthatthemeanIinearinterceptgmin 
sizeinthealloyinthisconditionwas～0ユ３ノＬｍ、

Ｔｈｃｓtabilityofthegrainstructureatelevatedtempera‐ 
tureswasinvestigatedbyannealinｇａｓｅｒｉｅｓｏｆｓａｍｐＩｅｓｆｂｒ 
ｌｈｏｕｒｏｖｅｒａwiderangeoftemperaturesupto8０３Ｋ． 
Figure3showsthevariationofgrainsizewithannealing 
tempemturefbrtheAl-3pctMgalIoyprocessedbyECA 
pressing：datapointsareincludedalsofbrthesamealloy 
processedbytorsionstraining【1nlandfbrtheAI-Mg-Li-Zr
alloypTocessedbyECApressinganddiscusscdinSection 
III-B･Ｉｔｉｓａｐｐａ"ntfiPomthisplotthatthegrainsizeofthe 
Al-3pctMgalloyincreasesrapidIyattempemturesabove 
～450Ｋ,suchtbatthegrainsizeis＞100lLmatthehighest 

`annealingtemperatu肥s・TherCsultsdocumentedinFigure
３ｆｂｒｔｈｅＡｌ－３ｐｃｔＭｇａｌｌｏｙａｒｅａｌｓｏｖｅlysimilartodata 

Fig.１－SchematiciI1ust埴ｔｉｏｎｏｆｔｈｅＥＣＡｐ”ssinglhciIity．

includeacommerciallycastAl-5･spctMg-2､ZpctLi-ql2 
pctZralloy,designatedOl420,withaninitialgIninsizein 
thehot-roUedconditionoF～400/Ｌｍ・Furtherdetailsare
givenelsewhereconccmingtheproccssingandpropeTties 
oftheA1-3pctMgIIM6J7IandtheAI-Mg-Li-Zr(IF･'9】alloys・
ＴｂｅＥＣＡpressingwasconductedusingthefhcilityil‐ 

lustratedschematicallyinFigureLTwochannels,equaIin 
crosssection,intersectwithinadie､Thetestsampleisma-
chinedto6ttiｇｈｔｌｙｗｉｔｈｍｔｈｅｄｉｅａｎｄｉｔｉｓｔｈｅｎｐｒｃssed 
throughthedieusingaplunger､Thcstrainimposedonthe 
sampleinasinglepassagethroughthedieisdetermined 
bythevaluesofthetwoangles,①ａｎｄＶ,showninFigulc 
LSincethecrosssectionofthesampleisunchangedby 
passagethroughthedie,additionalpressingsmaybecon-
duｃｔｅｄｏｎｔｈｅｓａｍｅｓａｍｐｌｅｔｏａｔｔａｉｎａｈｉghstrainlthas 
beenshowntheoretically,[20】andconfirmedexperImen-
Ially,｢21】thatthestrainassociatedwithatotalofﾉVp肥ssings
throughthedie(ＢｈＪｍａｙｂｅｅｘｐ雁ssedas

剛=釜[2..1(÷:)+w…(:+割][n
lnthepresentexperiments,thediewasconstmctedwitb① 
＝９０ｄｅｇａｎｄＷ'＝Odeg,ｓｏthat,ftomEq.［1],astInin 
of～１isintmducedineachpassagethmughthedie． 
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ANNEALINGTEMPERATURE(｡C） 
100２００３００４００５００６００ 

Fig.４－Rcp塵sen⑱tivemicrostmctu藤ｉｎｌｈｅＡ】-Mg-Li-Zralloyaher
ECApH巳SBingUlmughm)routeland(6)mute2,1℃spectiveIy．０ 

－．－Ａ隅Mg(TbmlcnBtrE1nlng） ItisweUh1ownthatsuperplasticityisadifTUsion-con‐ 
trolledprocess配quiringtemperaturesontheo『derofat
least～O5Zh,whereＺ"istheabsoIutemeltingtemperatuTe 
ofthemateriaL【２s]Therefb1℃，theinabilitytoretainanul‐
tmlinegminsizeatthesubmicrometerIevelintheAI-3pct 
MgalIoyattempemm妃ｓａｂｏｖｅ～450Ｋ,corTcspondingto
～0.48鴎，impliesthatthesubmicmmeterguvlinsize
achievedbyECApressingwillbeunstabIewithinthetem-
pemturemngeassociatedwithhighsupemIasticductilities・
These妃sultssuggestthatitmaybeprefbTabIetoinvestigate
thcECAp配ssingofanaluminum-basedalIoycontaining
p媚cipitatestoinhibitgraingrowth;theseexperimentsare
descnbedinSectionB． 

０２ 

0１ 

1００ 

:;1０．１ 

N10週
HP 

1J 
Tfi‐’一

300４００５００６００７００ＢＯＯ９００ 

ANNEALINGTEMPERATUREOO BALMg衝Lj-ZWｲﾉﾉqy

ThecommercialAl-Mg-Li-ZTalloywassubiectedto 
ECApressing，andFigure4showsthemicmstructurCsin 
thealloyandtheassociatedSAEDpattemsafterECA 
pressingthrough(a)ｍｕｔｅｌａｎｄ(b)route2,respectively、
Amoredetaileddescriptionoftheprocessingthroughroute 
lwasgivenearlier,IIB･IDlanditwasreportedthatthemicro‐ 

fbrtheAl-3 

pTcssingand 

afinegrain ■InHu 

１ICＤＶＩ【
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thanthegrainsizeof～0.231AmobtainedbyECApressing 
oftheAl-3pctMgalloy・Second，despitethelargeras‐
pressedgminsizeintheAI-Mg-Li-Zralloy,thegraincon‐ 
figurationis1℃markablystableuptotempemtulBsａｓｈｉｇｈ 
ａｓ～750Ｋ,corTespondingtoahomologoustemperatureof 
～0.80Ｚ".Therefbre,pmcessingWqroutelleadstoan 
ultrahnegrainsizcwhichisstablewithintheanticipated 
temperaturerangefbrsupcqDlasticity・Asnotedearlier,I18I
theeXplanationfbrtheverymarkedgrainstabilityinthe 
Al-MgLi-Zralloyliesinthestabilityoftｈｅβl-Al3Zrpre‐ 
cipitatesattheseMghtemperatures・Bycontrast，ｔｈｅｆｉｎｅ
８－Ａ１３Liprecipitatesarenotstableanddissolveatthese 
temperatures・

Itisimportanttonotealsothatthestabilityofthemi‐ 
crostructureattemperaturesinthｅｒａｎｇｅｏｆ～600to700K 
hastwosignificantconsequences・First，thistemperamre
rangeisattmctivebecauseitavoidstheproblemsofLiａnd 
MgdepletionwhichreadilyoccurinAl-Mg-Lialloysat 
highertemperatures.【27,28,29】Second，ｔｈｅｐｒｅｓｅｎｃｅｏｆｔｈｉｓ
ｖｅｒｙｓｍａｌｌａｎｄｓtablegrainsizeathightemperatuにｓｓｕｇ‐
geststhepotentialfbrfUlfillingtheweIl-establishedneed 
fbranSPFcapabilityinAl-LialIoysattemperaturesbelow 
～700Ｋ.poI 

FigmC5showsaplotofthetruestress(のMsthestrain
(BMbrth妃esampIesoftheAl-Mg-Li-ZraI1oypmcessed
wqroutelandtestedintensionatanabso1utetemperaturc 

(7)of603Kandatstmainrates(e)firom3､３×10~4t０３．３ 
×lO-2s-IIasindicated,thegramsize(｡)inthiscondition 
is1.2脾、，ThethreecurvesinFigu應Sshowaninitial
briefperiodofstrainhardening,whichisprobablyassoci‐ 
atedwitharelaxationofthehighintemalstressesintro-
ducedbythｅＥＣＡｐ妃ssimg,fbllowedbyaperiodofstrain
weakeningandultimatefhilu臆．Itisapparent，fi9omthis
plot,thathigbtensileductilitiesmaybeacbievedinthis 
alloyafterECApressingeveninthepresenceofaheter‐ 
ogeneousmicrostructureymmutel：fbrexample,theeloル
gationtofailureis～550pctattheintelTnediatestIaainraｔｅ 
ｏｆ３３ｘ１０－３ｓ－ｌ・

Figure6showsstress-straincurvesobtainedontheAl‐ 
Mg-Li-Zralloyafterprocessingthroughroute2fbrarange 
ofstminratesandfbrtestingtemperaturesof(a)523,(b） 
573,(c)623,and(｡)673Ｋ,respectiyely・Inspectionshows
thatthealloyisr巳markablyductileintbishomogeneous
conditionAt523K，fbrexample，ｔｈｅｔotaIductilityof 

● 

～620ｐｃｔａｔｅ＝ｌＯ－３ｓ－ＩｉｓｅｖｅｎｈｉｇｈｅｒｔｈａｎｔｈｅｄｕctiIity 
achievedwiththealloyprocessedvmmutelatthehigher 
testingtemperamreof623K(Figures).Ａｔ５７３Ｋ,the 
highestelongationis～1040pctatastrainrateoflO-zs-I， 
whe妃asat623KtbetestconductedatastminrateoflO-z

s-lwasdiscontinuedwithoutfailureataneIongationof 

ll80pct､Atatestingtemperatureof673K,colTesponding 
totheECApressingtemperaturefbrtheinitialeightpasses， 
theelongationsa”substantiallyreducedbutthe6ow 
stressesareinc”asedlnspectionbyTEMaftertensiletest-
ingrevealedtheocculTcnｃｅｏｆｓｉ印ificantgraingrowthun‐
derdynamicconditionsatthistemperatu妃．
Basedontheselimiteddata,ａｓｔｍａｉｎｒａｔｅｏｆｌＯ－ｚｓ－Ｉａｔ 

ａｔｅｍｐｅｍｔｕｒｅｏｆ６２３Ｋａｐｐｅａｒｓｔｏｂｅａｎｏｐｔｉｍumcondition 
fbrthedevelopmentofveryhightensileductilityinthis 
alloy､Figure7showstheappeamnceofthemicrostructure 
inthesampletestedｉｎｔｅｎｓｉｏｎａｔ６２３Ｋｔｏａｎｅｌｏｎｇａｔｉｏｎ 
ｏfll80pctwithoutfnilure・CareMmeasurementsshowed
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1？Fig.５－丁『uestrcssusstrainat603KfbrtheAI-Mg-Li-ZralIoya6er
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雀;１

１〆

：Tstructureofthismaterialshowedheterogeneitywithsome 
１ｹ‐aJBashavingarTaysofgrainboundarieswithhighanglesof 
jliimisorientation,ａｓｉｎＦｉｇｕ”４(a),andotherareashaving 
I--.-

Palraysofsubgminboundarieswithｌｏｗａｎｇｌｅｓｏｆｍｉｓｏｒｉ－ 
ｊ(lWcntation・Carefillmeasurementsrevealedthat,fbrthiscon‐
iHMitionwithatotalstrainftomECApressingof～4,there 
i▲wasavolumeftactionof～60to70pctofgrainswithhigh‐ 
IkliYangleboundariesand～30to40pctofsubgrainswithlow‐ 
iwLangleboundaries・Despitethediffbrenceinboundaly

misorientations，measurementsofthegrainsizeandtｈｅ 
へsubgrainsizegaveidenticalvaluesof～1.2lLLmThepres‐
‘enceofmarkedheterogeneityafterpmcessingviaroutel 
-〃suggeststhatastlninof～４inECApressingisinsuflicient
亜toattainastablehomogeneousmicrostructureinthisalloy．
＞Bycontrast,carefUlexaminationofthealloyprocessed 
Livmroute2toastrainof～l2revealedahomogeneous 

microstructureconsistingofanarmyofgrainsseparatedby 
boundarieshavinghighanglesofmisorientatioｎＴｈｅｍｉ‐ 

rcrostructu”ｉｎthisconditionisshowninFigure4(b),and 
measurementsgaveagrainsizeｏｆ～L2l4mwhichisidem-

mcaltothegrainsizemeasuredafterprocessingviamute 
LItisreasonabletoconcludefromthesemeasu”ments， 

therefbre,thathigherstrainsinECAprcssingpermitaho-
ImogenizationofthemicrostructulcthroughboundaIyev‐ 
olutionbutwithnoconcomitantrcfinementinthe 
microstructureThisconclusionisconsistentwithobser‐ 
vationsoftheevolutionoftheu1trafinegrainsandthe 

changesintheboundarymisorientationsduringtheECA 
pressingofpureALI26l 
StaticannealingexperimentswereconductedanerECA 

pressingoftheAl-Mg-Li-ZralIoyprocessedbyrouｔｅｌ， 
andthedatapointsa”incIudedinFigure3・Inspection

JbshowsthatthecommercialAl-Mg-Li-ZralloydifYbrsfmm 
〒rtheAl-3pctMgsolidsolutionalloyintwoimPortantre‐
Spects､First,thegrainsizeof～1.2lLmintroducedintothe 
fA１.Mg-Li-Zralloyafterastrainｏｆ～４issignificantlylarger 
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Stmin(%）Stmin(%） 

（c）（の

Fig.６－True…sBMsstminfbrtheAl-Mg-Li-Zrauoyafterpmcessingvlmoute2attempematu『巴ＳＯＦ(q)523Ｋ,(6)５７３Ｋ,(c)623Ｋ,and(｡)６７３Ｋ．

andthesesupelplasticelongationsoccuratveryhighstmin 
rates． 

thelewasaverysmallincrcasemthｅｇｍｉｎｓｉｚｅｉｎｔｈｉｓ 
ｓａｍｐｌｅｔｏａｖａｌｕｅｏｆ～2.0/ｍ1． 
FiguI巳８provides,fbrsimilartestingtempemturesinthe

vicinityof610K,adirectcomparlsonoftheelongations 
obtainedasafimctionofstminmtefbrtheunp塵ssedA1‐
Mg-Li-Zranoywilhalargegminsize(openpoints)ａnd 
fbrthetwomaterialssubjectedtoECAp肥ssmgtostmins
of～4(mutel)and～１２(mute2),”spectively・Thus,the
unpressedalloyexhibitsonlymodestelongationsevenat 
thelowestexperimentalstrainmte,whereasprocessingWZz 
routcltoproduceabeterogeneousmicrostructuregives 
supeIplastic-likeHowandelongationsofupto＞ｓ００ｐｃｔ， 
andprocessingvmroute2toproduceahomogeneousmi‐ 
crostructuregivesexceptionallyhighelongationstofhilure 

１Ｖ・DISCUSSION

High-strain-mtesupe1plasticity(HSRSP)isdefinedfb炉
mallyastheoccurlenceofsupemIasticityatstIainlmes 
fasterthanｌＯ－２ｓ－リコIlTherefbre,itisclearthatthcIcsults

obtainedwiththeAI-Mg-Li-Zralloyatatemperatureof 
623Kafterprocessingviaroute2,asdocumentedinFigu妃
8,肥presentanexamp1eoftheoccu【TenceofHSRSPina
commercialalloyfhbricatedbycasting､Ａｓｉｍｉｌａｒｃｘａｍｐｌｅ 
ｏｆＨＳＲＳＰａｎｅｒＥＣＡｐrcssinghasbeen肥portedalsojna

ＶＯＬＵＭＥ２９A､SEPTEMBERIDg8-2241 h唾TAlJmqGUCALANDMAT垣RＩＡＬＳＴＲＡＮＳＡＣｎＯＮＳＡ



toastrainof～１２(mute2)buttheelongationstofblilu肥
a肥muchlowerwhenthealIoyisprocessedonlytoastrain
or～４(ｍｕｔｅｌ).Thisdiflbrenccarisesbecauscsuperplas‐ 
ticityoccursbytheprocesso「grainboundarysliding､ＩＭＩ
anditisweIIestablishedthatthep尼senceo｢ａ1℃asonabIy
Iargenumberofgminboundarieshavinglowangleso｢mis‐ 
orientationwillsewetosubstantiaⅡylimittheabiIityora 
materiaItoexhibithightensiIeductilities・lJ7IThe妃fbre、it
isconcIudedthatECAp施ssingmustalwaysbccontinucd
toasufYicientIyhighstTaininordertodevelopahomogc‐ 
neousmicmstructurethatwiIIpennitarealizaIiono「thc
specialmechanicalcI1mTIcteristicsassociaにdwithlhcprc1i‐
enceofanuItmfinegrainsize､Thisisparticular1yIrucin 
anyattempttoachievesupemlasticnow,wheTeIhcoccuF 
虚nceorgrainboundaIys1idingneccssitntcsthcdcvclop‐
ｍｃｎｔｏｆａｎａｎａｙｏｆｂｏｕｎｄａｒｉｅｓｈａｖinghighanglcso「
misorientation． 
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ＬＳａｍｐｌｅｓｏｆａｎAl-3pctMgalloyandacommercialAl‐ 
Mg-Li-ZralloyweresubjectedtoECApTcssinginorder 
toattainanultmfinegminsize、

2．ＴｈｅＡ１－３ｐｃｔＭｇａｌｌｏｙｗａｓｐｒｅｓｓｅｄａｔｍomtemperatu『ｅ
ｔｏａｓｔｍｉｎｏｆ～４，ｇｉｖｉｎｇａｇｍｉｎｓｉｚｅｏｆ～0.23牌m
Staticannealingshowedthisgminｓｉｚｅwasunstableat 
temperamresabove～450Ｋ． 

3．TheAl-MgLi-Zralloywaspressedeithertoastrainof 
～４ａｔ６７３Ｋ(mutel）ortoastrainof～８ａｔ６７３Ｋ， 
andthentoanadditionalstTainof～４，４７３Ｋ,togive 
atotalstminof～１２(route2)． 

4．TbeA1-Mg-Li-ZraIloypmcessedWZmoutelbadahet-
erogeneousmicrostnlcturewithagrainsizeof～1.2脾ｍ・
ThismaterialexhibitedsupeqDIastic-likeflowat603K 
withaneIongationof～Ｓ５０ｐｃｔａｔａｓｔｍｉｎｍｔｅｏｆ～10-ｺ 
ｓ－１． 

５．TheAl-MgpLi-ZraIIoypmcessedvidJroute2hadaho-
mogeneousmicrostructu1℃ｗｉｔｈａ図ninsizeof～1.2'Lm
ThismaterialexhibitedHSRSP,ｗｉｔｈａｍａｘｉｍｕｍｅｌｏＬ 

ｇａｔｉｏｎｏｆｌｌ８０pctwithoutfhilureatatemperaturｅｏｆ 
６２３ＫｕｓｉｎｇａｓｔｍｉｎｒａｔｅｏｆｌＯ－ｚｓ－1. 

6.High-strain-mtesupcrplasticitycanbeattainedincast 
alIoysbyintroducinganultxafineg『ainsizethrDugh
ECApressing,butthe妃sultsdemonstmtethatitismec-
essa【ytopresstoasufficientlyhighstrａｉｎｉｎｏ『derto
deveIopahomogeneousmicmstnlctu【e、

1m 
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rostructuralCharacteristicsofUltrafine-GrainedAluminum 

ducedUsingEqual-ChannelAngularPressing 

YosHINoRIIwAHAsHI,MINoRuFuRuKAwA,zENnHoRITA,MINoRuNEMoTo,aｎｄ 
ＴＥＲＥＮＣＥＧＬＡＮＧＤＯＮ 

liiT 
111IJ 

Theshearingassociatedwithequal-channelangular(ECA)pressingwasexaminedusingoptical 
microscopy・SamplesofpureAIwithalargegrainsizeweresubjectedtoECApressingtodifYb媚nt
strainsandthenexaminedonthreeorthogonalplanes､Sampleswercpressedwithoutanyrotationor 
witbrotaｔｉｏｎｓｏｆｅｉｔｈｅｒ９０ｏｒｌ８０ｄｅｇｂｅｔｗｅｅｎeachconsecutivep肥ssingoTheexperimentalobser-
vationsarecomparedwithmodelswMcbpredicttheshearingcharacteristicsassociatedwitbECA 
pressingunderdifYbrcntconditions･Itisdemonstratedthattheにisgoodagreement,mte『msofboth
thegrainelongationandtheshearingwithinindMdualgrains,betweentheexperimentalresultsａｎｄ 
theprcdictionsofthemodels． 

Ⅲf蕊議議
dictedshearingpattemsintmducedintothesamplesduring 
theECApressingprocedure． 

ｎ．ＥｘＰＥＲＩＭＥＮＴＡＬＭＡＴＥＲＩＡＬＡＮＤ 

ＰＲＯＣＥＤＵRES 

Theexperimentswereconductedusingsamplesofalu‐ 
ｍｉｎｕｍｏｆ９9.99pctpurity､AnaIuminumingotwasrolIed 
intoaplateatroomtemperatur巳ａｎｄｓａｍｐｌｅｓｗｅｒｅｃｕｔｆｂｒ
ＥＣＡｐ”ssingwithdimensionsoflOx10ｘ７５ｍｍ３Ｅａｃｈ 
ｓａｍｐＩｅｗａｓａｎｎｅａｌｅｄfbrlhourat773Kandthelongitu‐ 
dinalsurfaceswe配prepar巳dfbrECApressingusing800-
gritSiCpaper,Obsewationsintheunpressedconditionre-
vealedanarrayofequiaxedgrainsbavingsizesintherange 
of～0.5ｔｏ1.0ｍｍ・

TheprinciplesofECApressimgweredescribedinearlier 
配ports.【8.17lFigurelshowsaschematicillustrationofa
sectionthroughtheECApressingfhcility,withthediecon‐ 
sistingoftwochannels，equalincrosssectiom，whichｉｎ‐ 
tersectatanangleof⑩､TheECApressingwasconducted 
bymachiningeachtestsamplesothatitfittedtightlywithin 
theverticalchamnelofthedieandthempressmgthesampIe 
throughthedieusingaplunger・
AsindicatedinFigurel，anangIeVdefinestheaにof

curvatureattheouterpointofinte『sectionofthetwochan‐
rlels､Ithasbeensbownbycalculatiom,【'81andconfirmedin
modelexperiments,【l91tbatthestrainaccumulatedinECA
pressing(２W)isgivenbytheexpression 

蝋‐蓋[２．．，(:+:川w…(:+:)]、
whereノVisthenumberofpassagesthroughthedie・Itis
possibletoperfbrm泥petitivepressingsofthesamesample
toachievehightotalstrainsbecausethecmsssectionofthe 
sample歴mainsunchangedduringpassagethrｏｕｇｈｔｈｅｄｉａ
ｌｎｔｈｅｐ妃sentexperiments,tｈｅｄｉｅｗａｓfhbricatedfiPom

twoblccksofSK3toolsteel(Fe-LOtol・ＩｐｃｔＣ)held
togetherwithlargebolts・Ｅａｃｈｃｈａｍｅｌｈａｄａｃｒｏｓｓｓｅｃｔｉｏｎ
ｏｆｌＯ×１０ｍｍ２and,asindicatedinFi餌ｒｅｌ，theexpeF
imentswereconductedwiｔｈａｎECApressingdiehaving 
anglesof①＝ｇ０ｄｅｇａｎｄＷ＝Z0deglnthiscondition， 
itfblIowsftomEq.［l］thatastrainof～lisintroduced 
intothesampleineachpassagethroughthedie・Allofthe

iWwiR鵬雛i鰯lMhiWMH8:i綴糊蝋:I
ilXTomonitorthemicrostructuralevolutionasafimctionof 
(WStlaininsamplesofpurealuminum､lI51However,thereｈａｖｅ 
:11/beennosimilarinvestigationsusingopticalmicmscopy・
ilThepresentilwestigationwasinitiatedinordertoaUe‐ 
ilviatethisdeficiemcy.Experimentswereconductedonpure 
&a1uminumwiththeobjectiveofexamining,usingoptical 
iirnucmscopy,themacroscopiccharacteristicsofECApress-
･■６１－０ 

皆｢ingasafimctionofthe・totalimposedstrain・Theresults
《fiDmtheseexperimentsaredescribedinthisreportand,in
Faddition,itisdemonstratedthatthereisaverygoodcoﾄ 
iixTelationbetweentheexperimentalobservationsandthepre‐ 
』耳
DbbF 

iiI1-YOSHINORIIWAHASHI0fbmIerIyResearChAssi5tantwiththe 

il1嚇醗二MilliKMislifi雛繍離Wih鯛I1Mvw澱､１. 

lIJJi1I鰯flNMiilI瀞繍蝿蝋繍iilil鑓'１:ｌｉ
ＴＺＥＮⅡHOIUTA，AssociateProfbssor，andMINORUNEMOTO， 

１１鉈;PmMbssoIiarewiththeDepaTtm6ntofMaterialsScienceamdEngimee『ing，
frKyushuUnive花ity,Fukuoka812-81,Japan・TERENCEGLANGDON，
ＩｌｉＪＰｍ化ssorbiswi山theDepmmentsofMateTialsSciemceandMechanica】
iIEn8ineering,U･ＳＣ､0LosAngeles,CAgOO8g-I453･ 
ｚＴｈｉｓａｒｔｉｃＩｅｉｓｂａｓｅｄｏｎａｐＨ巳sentationmadeinthesymposium
,１$＃MMechanicalBehaviorofBulkNamcrystaIIimeSolids,.ｏｐにsentedatthe
iWJ997FalITMSMeetingandMateria1sWeek1Septemberl4-18,1,97,im 
WIM図n8polis,lndima,undcrtheauspiccsoflheMech圏nicaIMetaIIurgy
二KSMD)，PowderMaterials（ＭＤＭD)，andChemistryandPhysicsof
…Mate『ials(EMPMD/SMD)Committees，
い､
２‐ 
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､.|､、
Fi8`l-SchematiciIlustraliono「IheECApre9singlnciIity,showingthc
v8Iuesusedinthep妃semexpcrimentsfbrlhetwoangｌｅｓ《ｐａｎｄＷ、

ECAprcssingswereconductedatroomtemperatu肥using
apressingspeedof～1gmms-1andpressuresinthe圃nge
of～Ｓｔｏ２０ｔｏｎｓ・Priortopressing,sampleswcrccoated
withalUbricantcontamingMoSz・
Thesampleswerepressedusingthreediffbrentpmcess-

ingroutes,asillustmtedinFigure2,InrouteA,thesample 
istakenthroughconsecutiveprcssingswithoutanyrotation 
betweenpressings;jnrouteB,thesampleismtatedinthe 
samedirecｔｉｏｎｂｙ９０ｄｅｇｂｅｔｗｅｅｎｅａｃｈconsecutivepress‐ 
ing;ａｎｄｉｎｒｏｕｔｅＣ,ｔｈｅｓａｍｐｌｅｉｓｒｏｔａｔｅｄｂｙｌ８０ｄｅｇｂｅ‐ 
tweeneachpressing 
EachsampIewaspressedtoaselectednumberofpas-

sqgesthroughthedie､FoIlowingpressing,thesurfiuceswe肥
groundonSiCpaperandelectropolishedaｔ２７８Ｋｕｓｉｎｇａ 
ｓｏＩｕｔｉｏｎｏｆｌＯｐｃｔＨＣＩＯ４，２０ｐｃｔＣ１ＨＢＯ｡，ａｎｄ７０ｐｃｔ 
ＣｚＨ２０Ｈ，ａｎｄthenthesurfhceswereanodizedfbr～４０ 
minutesina4pctH2C204・２H2Osolution､Sampleswere
examinedextensivelyusinganopticalmicmscope,andrep-
resentativcphotomicrographswerctakeninthethreeor‐ 
thogonalplanesdefinedinFigu祀３，whereXis
pelpendiculartothelongitudinalaxisofthesampleandy 
andZaletheplanespamlleltothesidefilcesortothetop 
fhceatthepointofexitけomthedie,rCspectively・
SomeselectedspecimenswereaIsoexaminedusing 

TEM､TbcsespecimenswerepreparedfbrTEMbycutting 
discsof3-mmdiameterfiPomthecentmlareaofthep1℃ssed 
sampIes，grindingthemonSiCpapertoathicknｅｓｓｏｆ 

Fig.２－TheIh躍edifYbrentpmccssingmutesusedintheseexpenments：
inrcuteAthereisnorotationbetweenconsecutiveprEssings,andinroute3 
BandCthesamplesa臆rDtatedby90andl80degbetwecneachprcssing，
豚peCtively．

ｙ 

Fig.３＝nncth”eorthogoIMDIpIanes,Ｘ；KandZexaminedinthesc 
experimentS． 

～160ｍｍ,andthenthinningthemtoperfbrationinatwin‐ 
jetpolishingunitwithasolutionoflOpctHClO４，２０ｐｃｔ 

ＭＥＩ汎ＬＬＵＲＣＩＣＡＬＡＮＤＭＡＴＥＲｌＡＬＳＴＲＡＮＳＡＣTＩＯＮＳＡ224←VOLUME29ADSEPTEMBBRl9g8 



Fig.５－Ｍｉｃｍ８ｍ】ctmpsintheXW;andZplancsalteTtwopassages
thmuBhthediewithotBtmtation(mcu8eA)． 
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Fig.６－Micmslmctu鹿sintheJrlXandZpIamesallertwopassages
Unmughlhcdicwithmtationof90deg(muteB)． 

nｍｍ 

Ｂ、７ＷｏＲＪｓｓｑｇ２Ｆ肋mwgﾉｾ肋eDje

T1leappearanceofthemacmscopicmicrostructuresafter 
twopassagesthroughthedieisgiveninFigures5thmugh 
７fbrsamplessubjectedtonomtationｉｎ｢outeA(Figure 
s),arotationof90degbetweenp妃ssingsinrouteB(Fig‐
u妃6),andarotationofI80degbetweenp歴ssingsinrouIe
C(Figure7lrespectiveIy， 
JInFigure5,subjectedtopressingviqmuteA,inspection 
intheXplanerevealedtｈａｔｔｈｅｇｍｉｎｓｈａｄｂｅｃｏｍｅｅｖｅｎ 
ｍｏｒｅｅｌongatedalongtheybaxis，and,therefb雁，flattened

、

】偲、【Ⅲ Ｆ肝
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Fig.８－MicmsmlctuJ巳intheyplancaftcrfburpassagesthmughthedie
withmtationof90deg(routeB)． 
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prBssingsillustratesthepotentialutilityoftheECAp虚ssing
plccedure・
FigmB10showstheappearanceofthemicrostructurein 

theyplaneafteratotalofsixpr巳ssingswdzmuteB・The
micmstructur巴isagaincomplex,andtheg城linboundaries
aIcnotclearlydefinedbecauseoftheintenseshaining,ｂut 
the肥issomeevidencefbrshearingatanangleof～３０deg
totheXB8xis． 
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Fig.’１－SchematicillustmlionofshearinBinpsinglepa55agcthrGKIgh 
thedie､pIusthccDrT垣spcndinBdelbmmticnintheXl）《andZlDIa爬吊，

Inordertoobtainanunderstandingｏｆｔｈｅｐ泥sentob‐
selPvations,itisneccssa『ytoconsidertheprccisecllaractcr-
isticsassociatedwiththcshearingintr0duccdonpasIiagc 
throughanECApressingdie． 
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Figu妃ｌＩｇｉｖｅｓａｓｃｈｅｍａｔｉｃｉⅡustIzltionofthcshcaring
associatedwithasinglepassagethroughthediefbrthe 
conditionwhere｡＝９０ｄｅｇａｎｄ,fbrsimplicity,Ｗ＝o 
de9.＊ＴｈｅｃｕｂｉｃｅｌｅｍｅｎｔｏｎｔｈｅｌｅｆｔｉｎＦｉｇｕrｅｌｌｐａｓｓｃｓ 

巾Ｔｈｅｐ紀semcxpcTimcntswCrcconducteｄｕｓｍＢＷ＝２０dcgowhich
avoidSthepmblemoTcvealcdbyfimite-elementmodeling,Iz1lthattheComCr 
attheintersectionofIlletwocllannel5maynotcompletely6IIwhen 
hicticnispTBsent・Ｉｎｐ砲ctice，ｉｔｉｓｅａｓｉｅｒｔｏｉⅡusmtethesheaTing
schematicaUｙｂｙｕｓｉｎｇａｖａｌｕｅｏｆＷ＝Ｏｄｃｇ． 

mRmnDruII 

throu8hlhetheoreticalshearplane,shownshadedatleft， 
andisshearBdmtotherhombOhedralshapeillustrated 
withintheexitchannelofthedie,Thethreeinsertsdepict 
theconsequentdefbrmation,intermsofthemacmscopic 
8minelongationandtheassociatedshearingplaneswithin 
theindividualgmins,fbrobservationsinthexXandZ 
planes,respectively・

ThepredictedbehaviorinFigurellisingoodagreement 
withtheexperimentalobserwltionsgiveninFiguｒｅ４ｉｎ 
ｔ９ｒｍｓｏｆｂｏｔｈｔｈｅｄｉｒｅｃｔｉｏｎsassociatedwiththegrain 
b8undariesandthepredominantsheardirectionswithinthe 
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;ＷＦｉｇ;l2-SchematiciⅡustTationofsheaTingaftertwopassagesthmughthe 
門dicvitJrouteA,pIusthecorTespondingdefbrmatioｎｉｎｔｈｅＸｌｙｌｍｄＺ
･jHpIanes． 

Ｘ＜－ 

Fig`１３￣Schematici11uslmtionofshearinBaftertwopassagesthroughtllc 
dｉｃＷｑｒｏｕｔｅＢ,pIustheco】TespondingdeibTmationimtheXhXandZ
pIanes． #/Aindividualgrains`Inparticular,theexpenmentalobsewa． 

↑:：iEtionofgrainboundariesintheYplanelyingatapproxi‐ 
ﾉｺｍａｔｅｌｙ２５ｔｏ３０ｄｅｇｔｏｔｈｅＸらaxisisconsistentwiththe
l肘shearingbehaviordepictedinFigUrell,wherethegmins
llllbecomcelongatedintheyplaneatapredictedangleof27 
Iif1degtotheXLaxis,TheexperimentalObservationsalsore‐ 
f｢」VealcdshearingoccunPmgpTedominａｎｔｌｙａｔ４５ｄｅｇｔｏｔｈｅ
幻XLaxisintheyplanaAgain,thisisconsistentwithtbe
wLIexpectationsfiPomthesimplesheardepictedinFigurell 
iihandtheadditionalmultiplicityofshearingobsewedexpeト
ムimentally，overanangUlarmngeof～２０ｔｏ～７０ｄｅｇ１ｉｓ
〆duetotbelimitationsonthecrystallogmaphicsheardirec‐
htionsinthefbclatticeandtheinHuenceofthesmTounding 

(:）Igrainsinmaintainingacontiguousstructure． 

ｔｏ～ｌ５ｄｅｇｔｏｔｈｅ基axisisconsistentwiththeprediction
thatthegrainselongateinadirｅｃｔｉｏｎａｔｌ４ｄｅｇｔｏｔｈｅＸＬ 
ａｘｉｓ､Thepresenceoftwodistinctsheardirectionsinthey 
planeinFigure5isinagreementwiththeshearingmoｄｅｌ 
ｉｎＦｉｇｕｒｅｌ２ｗｈｉｃｈＳｈｏｗｓｔｂａｔｔｗｏshearplanescoexist 
afterthesecondpressingthroughthediaItisimportant 
alsotonoteacharactelPiSticofrouteAwbicbisevident 

firomthemodeLNamely,thedirectionofshearinginthey 
planechangeswitheachpressingtbroughthediewhenus‐ 
ｉｎｇｍｕｔｅＡ,whereas,bycontrast,the獣ainsexhibitaddi・
tionalelongationintheYplaneasthｅｎｕｍｂｅｒｏｆｐ妃ssings
mcreasea 

TheshearingmodelｆｂｒｔｗｏｐｒｅｓｓｉｎｇｓｖｍｒｏｕｔｅＢ，。e‐
pictedinFigurel3,isalsoconsistentwiththeexperimental 
obsewationsshowninFigure6、specifically，themodel
predictsthatthegrainsareelongatedonallth應eorthogona1
planesandthatoneachplanetheindMdualgrainscontain 
twodistinctshearingdirections.＊ 

ESｿieari"g/b'TwOP…！"gF 

Theeffbctoftwopressingsthroughthedieisillustrated 
schematicallyinFiguresl2,13,andl4fbrpressingscon‐ 
ductedvmroutesA,Ｂ,ａｎｄＣ,respectively.＊ 

1－ｌザ

巾RouteBmaybenrtberdividedintotwosubcategories，dependmg
uponwhethertheTotationsarc＋ｇ０ｄｅｇｉｎｔｈｅｓａｍｅｄｉ塵cticmbetween
6achp鴎ssingor±９０degwiththedirecticnofrotatiomaltemating
betweenconsecutivepressings､Thepresentexperimentswercconducted 
usingthelblmerTouteWbiChDfblPsimpIicity,isheredesignatedrouteB． 

＊ＯはeofthetwoBhearmgdirectiomswithineachBrainistransposedby
l80deginFigurel3bycompansonwiththeexperimentalobservations 

● 

becauseDfbrconvenienceindispIaying【ｈｅにsultspicloriallyOthe
hypolheticaIsampleusedinthemode1wasrctatedby90deginan 
anticlockwisedirection,『atherthaninacIockwisedirection,whenIooking
alongthe1ongitudinalaxisintbedi鱒ctionofpにssing，Figurc12depictsshearingcharacteristicswhicharegeか

．いcrallyconsiste凡twiththeexperimentalobservatioｎｓｍＦｉｇ－
ｉ）ure5・Inpalticular,theeloTlgationofgninsalongtheYBaxis
…ｉｎtheXplaneispredictedbyFigurel2，ａｎｄtheobserva-
jwtionintheyplaneofelongatedgrainslyingatanglescｌｏｓｅ 

Figurel4depictstheshearingchaIncteristicsaftertwo 
pTessinｇｓｗａｒＣｕｔｅＣ仇AnimpoItantcharacteristicofroute
Qwherethereisarotationofthesamplethroughl80deg 
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grainsaｆｔｅｒｔｗｏｐｌ巳ｓｓｍｇｓａｎｄｅａＣｈｇ【amthencontainsa
singlesheardirection・Ｔｈｅｐ施dictionsfiromthemodel,ａｓ

;」illuslmtedmFigm巳14,aIethatsheanngwithintheindivid‐
|甲ualgrainswilloccurparalleltotheYLaxisintheXplane,ａｔ
Ⅲ45degtoUleXLaxisintheyplane,andparalleltothe】L
hj8xisintheZplane,Eachofthesepredictionsisconsistent 
IWWiththeexperimentalobserwltionsrecordedinFigure7． 
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,ｉｃｓＡ圏α'i"g/brMbrem`"TwP…"卵｡R･…
iiISincetheexperimentalcvidencesuggeststhatrouteBis 
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Fig.１５－SchematicjI1usmltionofsheaTingWtJmuteBanerthree,fbu｢， 
andfivepassagesthroughthedie． 灘
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噂InprEctice,theconditionfbrrCachingamacmscopicequiaxedgmin
Conli即rationinallthreeoTtbogonalplancswhenusimgroutcBisgiven
bWV=4",wheTc"isaninteger. toassumethat,asobservedexperimentally,【Zolthispressing

conditionwillrepresentanoptimuminanyattempttoattain 
anarrayofultrafineequiaxedgrains､Thisconclusionisalso 
consistentwiththeTEMmicrostructurevisiblｅｉｎＦｉｇｕｒｅ９， 
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?ｕ１．Samplesofpurealuminumcontaininglargeequiaxed 
､BFamsweresubjectedtoECApressingtodifferent 
､/wstrainsatroomtemperatureandthｅｎｅｘａｍｉｎｅｄｉｎａｎ 
汀opticalmicroscope
l'１２，Thedefbrmationwasexaminedinthrceorthogomal 
jLplanesofsectioningandfbrsamplespressedeitherwith． 
P2-0’ 

』冊outrotation(routeA)orwithrotationofeither90deg
パユ（routeB）ｏｒｌ８０ｄｅｇ（routeC）betweenconsecutive
PPressings、
ル１３.Itisdemonstratedthattheexperimentalobservationsare
壁Jconsistentwithmodelswhichpredicttheshearingcha炉
)Aacteristicsfbreachpressingcondition・Thisconsistency
…includesboththeprimarydirectionofgrainelongation 
FTaftereachpressingandthenatureoftheshearingwithin 
i｝ｔＭｍｉｎｓ． 
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ＫＨ､｡Ⅶ 
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ＳＩＡ 

稔*＊

賞***＊

堀田善治＊古川

TerenceGLangdon**＊根本

ＩｌｉｉＩ 
１Ｉ 
ｉｌｉ 

腱
↓ 

１．ECAＰ法とは

;圧延，線引き，押し出しなどの加工法は，材料を薄くす

75,細くする，成形するなどが第一目的で，同時に加工硬化

や回復．再結晶を利用して組織を制御している．ECAP

l(Equal-ChannelAngularPressing)法とは，図ｌに示すよう

に金型中で交差する同じ径の二つの溝孔(Channel)を通して

材料を押し出し，曲り角で材料にせん断変形を与えるという

1きわめて単純なもので，加工前後で材料の断面形状は変わら
力:いから，原理的にプレス回数には制約がなく，パルク状態

のままできわめて大きな加工ひずふを加えることができると

いう塑性ｶﾛｴ法である．一種の押し出し法でもあるので

ECAE(Equal-CharmelAngularExtrusion)法とも呼ばれて

いる．素材の大きさが変わらないという点で従来の圧延や線

引きとは全く異なる新しい加工法である．良好な特性がパル

ク状態のままで得られれば，それから任意の形状に成形で

き,素材としての形状や寸法の制約から逃れることができ

る．

ＥCAP法はSegalら(1)-(5)によって集合組織制御法として

瀞築きれ1981年に公表されたが，強加工による結晶粒の超

微細化にValievら(6)-(11)が応用して以来世界的に注目され

るようになった('2)．金属材料のどの教科醤にもあるように，

結晶粒の微細化は材料の靭性の向上や超塑性特性の発現には

必須の条件である．結晶粒の微細化法にはいろいろあるが，

鉄鋼のような相変態が利用できない場合には，強ｶﾛｴｰ再結

Ｂ 
プレス後の試料

図１ECAＰ法の原理(模式図)．

晶法が最も良く用いられる．しかし，圧延や押し出し，線引

などの通常の加工法では，強加工を与えると材料の厚さや太

さが小さくたり，加えられる変形量には現実的な制約があ

る．一方，ＥCAP法にはこの制約がなく，動的あるいは静

的回復・再結晶を組承合わせると，従来達成できなかった領

域まで結晶粒を微細化することができる．最近の研究により

いろいろな材料で超微細粒組織が達成され，延性や超塑性特

性が改良されることがわかり，新しい加工プロセスとして期

待が高まっている．

＊九州大学助教授；工学部物質科学工学科材料工学教室(〒812-8581福岡市東区箱崎6-10-1）
軸福岡教育大学助教授ｉ技術科

Ⅶ…UniversityofSouthemCalifomia,Professor;DepartmentofMate面aIsScienceandEngineering
`…九州大学教授；工学部物質科学エ学科材料工学教室

Equal-ChannelAngularPressing(ECAP):ANovelMethodforMicrostructuralControl;ZenjiHorita*IMinoruFurukawa**,Ｔ､G 
Iangdon…,MinoruNemoto…*(*'*…FacultyofEngineering,KyushuUniversity,Fukuoka.＊*FukuokaUniversityofEducation， 
Munakata.…UniversityofSouthemCalifornia,LosAngeles1CA,USA） 
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, 

１回のECAＰによる相当ひず糸量の①および‘
による変化．

図４

、７，

ことを示している．図２のように折れ曲がり角のが90゜で

!P'が0゜のときの単純せん断ひずゑ量は２，相当ひずふ量にし

て２/ｲｰﾋﾞ｢にも達する．ＥCAP法では繰り返しプレス回数に

は原理的に制約がないから，たとえば，Ⅳ＝１０のときの相

当ひず承11.5を圧延で達成しようとすると，１０万分の１以

下の厚さまで薄くしなければならず，ＥCAP法がいかに有

力であるかわかろう．
１$ 

3．カロエ組織制御の可能性

どのような組織が形成されるかはくり,PMVだけではなく，

温度，ひず糸速度，せん断方向の組糸合わせにも依存する．

ECAPでは溝孔の交差面上で単純なせん断変形を受けるか

ら，繰り返しプレス過程で材料を挿入するときの回転のさせ

方を変えることによりいろいろなせん断変形を組柔合わせる

ことができる(5)(17ﾙ(21）

金型に対して材料を回転させずに挿入して繰り返しプレス

するのをRouteA，毎回90.ずつ回転させる場合をRouteB，

180゜回転させてプレスする場合をRouteCと定義する．

RouteBには90゜，０．，９０．，０゜と回転させるRouteBAと90゜1

180.,270.,360゜と回転させるRouteBcがある．図５はそれ

ぞれのrouteでどのようなせん断が組欺合わされるかをわか

りやすく示したもので，RouteAとRouteCではせん断が

Ｙ面に垂直な面上だけで起こり，RouteBAとRouteBcで

はＹ面とＺ面に垂直な面上で三次元的にせん断が組糸合わ

されていることを示している．また，ＲｏｕｔｅＢｃでは３パス

目と４パス目のせん断がそれぞれ１パス目，２パス目と同一

面上で逆方向に起こっており，RouteCでは２パス目と４

パス目のせん断が１パス目と同一面上で逆方向に生じてい

る．RouteAとＢＡでは最初のせん断面はその後のパスでせ

ん断されるので，図に示した面が繰り返しプレス後に実際に

￣ 

￣ 

図２ＥＣｊＬＰによるせん断変形．

プランジャー

↓ ↓ 金型

のの

霜
ヘム

図３ECAＰの一般的な金型．
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Ⅲ 
Iｊ 

ｉｈ 
Ｕ 
トー

形態を理解しやすい(20)(21)．材料の上面をＺ面，側面をＹ

面，押し出し方向に垂直な断面をＸ面とすると，１回のプ

レスによりＺ面上の粒形は変わらないが，Ｘ面ではつぶれ，

Ｙ面ではプレス方向と26.6°傾いた方向に伸びる．図７は２

回目のプレスを(a)RouteA,(b)RouteB,(c)RouteＣとした

場合の形状変化を示している．２回目のプレスにより

RouteAではＺ面上の粒形は変わらないが，Ｘ面ではさら

につぶれ，Ｙ面ではpress方向と14゜傾いた方向に伸びる．

RouteBでは，Ｙ面，Ｚ面の両方で結晶粒が伸びる．全く対

照的にＲｏｕｔｅＣでは２回目のプレスにより結晶粒は元の形

,！｛鵬されるせん断面の方向を表しているわけではないことを

|柱蔵しておきたい．
lm6は，孔の交差角度が90゜の場合，１回のプレスにより

､ﾌﾟﾚｽ前の立方体単位がどのように変形するかを模式的に示

したもので，変形前の単位立方体を結晶粒と承なすと変形の

1回目プレス２回目プレス

し，

RouteA 

１ ４３２ 

ｌ
ｒ
 

”｜←鱸,ＲＤｕｔｅＢＡ 

－４Ｃ 
ＯＣ 

Ｏｃ 
ｏ 

ｏ、

ロゥヴ

1 ４３２ 

露霧鑿Pどこ…￣

霧
霧ﾖ､彰

RouteBc 扉･・・

鯵ｋ ..､ｉ 

１ ２ 

Ｙ面Ｘ面

i霞’１
図６１回のプレスによる立方体単位の形状変化

RouteC 

図５挿入時の試料の回転によるせん断面の組糸合わ
せ．

Ｚ面

Xヨー

畷↓

iｉ ?ごく繭Ｉ
￣￣ 

一
Ｐ二

Ｆ
ヴ

三一つ￣
Ｐ￣ 

霞‘ Ⅳ 

Ｘ面 Ｙ面 Ｙ面Ｘ面 Ｙ面 Ｘ面

i昌
一Ｙ

ｉｆ圏＝′行園Ｚｉ
－Ｙ Ｘ－－ＹＸ－ 

=￣= 
Ｘ￣ 

(a）RouteA:２回プレス （b）RouteB:２回プレス（c）RouteC:２回プレス

図７２回プレスによる元の立方体単位の形状変化．（a)RouteA,（b)RouteB,（c)RouteC．
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11｣． 

１ 
と，

『’

ir 

11に戻る．これは図４に示したように２回目のせん断が１回

;且と逆方向に起こるためである．RouteBは3回目以降に
iliRouteBAとRouteBcにわかれる．図８はRouteBcで

;０３，４回目プレスによる結晶粒の形状変化を示している．

JRouteBcはRouteCの三次元合成であるから，４回目のプ
i 

ルスで結晶粒}ま元の形に戻ることがわかる．

!｝図9は各交のrouteにより結晶粒の形がどのように変化す
!》５かをまとめたものである(21)．RouteAではＹ面で押し出

i北方向に組織は伸び，Ｘ面ではつぶれる．RouteBAではＹ

《面とＺ面の両方で元の結晶粒は押し出し方向に伸びる．し

たがって，RouteAは圧延と類似した集合組織，ＲｏｕｔｅＢＡ

ｊは押し出しや線引と類似した異方性の強い組織になる.もし

１＄２相組織から出発すれば，２相が一方向に伸びたいわゆる

WjlI5伽複合組織をつくることができる(22)．一方，ＲｏｕｔｅＢｃ
７では粒の形は４回目毎に元に戻り，RouteCでは２回目毎

に元に戻る．したがって，これらのrouteでは加工集合組織

'１１k形成されないと考えられる．RouteBc,RouteＣのように

｢大きなせん断ひず柔を加えながらも結晶粒の形を元のままに

保てるのがＥCAP法の特徴である．このように，ＥCAP法

によればせん断方向の組染合わせによっても加工組織を大幅

に制御することができ，組織の微細化や均一化を含めて広い

'応用が期待できる．たとえば，Xiangら(23)は2024A1-3％Fe‐

５%Ni(質量％)合金の急冷凝固粉末を冷間静水圧プレス

（CIP)後，RouteCに相当する方法で573ＫでECAＰする

ことにより623～723Ｋで通常の押し出し加エした場合とほ

ぼ同じ密度でより微細な内部組織を達成している．

1，，１． 

RouteBcで３回および４回プレスしたときの立
方体単位の形状変化，

図８

4．結晶粒の微細化過程

人ＥＣＡＰ法で強加工と回復・再結晶を組承合わせると結晶

粒の微細化が可能となる．ＥCAP後に加熱焼鈍して静的に

再結晶させ結晶粒を微細化することもできるが，加工中の温

度や変形方向を制御することにより動的あるいは連続的に結

榊粒を微細化できるのがＥCAP法の特徴である．

図10は室温で１回プレスした99.99％A1のＸ,Ｙ,Ｚ面の透

過電子顕微鏡(TEM)組織の立体合成写真で，転位が配列し

た帯状組織(shearband)が約111ｍ間隔に形成されてい

る(20)．shearbandはＸ面では底辺にほぼ平行，Ｙ面では押

し出し方向と約45.方向，Ｚ面では押し出し方向とほぼ垂直

に並んでおり，Ａ１中の{111)すべり面の方向とは一致しない

弧，図５から予測されるせん断面との交線方向に近い．１パ

ヌでの変形は材料中できわめて均一である．図中に示した制

限視野電子線回折(SAED)パターン(直径13.51J、領域に対

応)はいわゆるnetpatternを形成しているが，個々の斑点が

円周方向に拡がっていることから，shearband間には方位

差があり，亜結晶粒界となっていることがわかる．図11は

RouteBcで４パスした純アルミニウムの組織で，SAEＤバ

クーソは高角度粒界からなる粒径約Ｌ２ｕｍの微細粒にたつ

ll 
lBcl 

l 

繰り返しＥＣAＰ による立方体単位の形状変化．図９

ていることを示している．結晶粒界面は滑らかで，内部には

転位がほとんど観察されず，微細粒ではECAＰ中に原子拡

散がかなり起こっていることを示している．純アルミニウム

で通常の強加工-再結晶法により達成できる粒径はl0um程
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蝋!‘

図l1RouteBcで４回パスした99.99％A1のＴＥＭ組
織(三次元合成)．

１回パスした99.99％AlのＴＥＭ組織．Ｘ,Ｙ,Ｚ
面から観察して立体図に合成．視野制限回折
(SAED)パターンはそれぞれの面の直径13Mｍ
領域からに対応している．

とを示している．具体的な再結晶機構は明らかでないが，高

温変形中の動的再結晶過程について提案されているよう

に(”，アルミニウム中ではECAＰの強いせん断変形中に結

晶粒回転が促進されている可能性が考えられる．また，強加

工により蓄積されたひず承が回復による微細粒の形成を促進

し，微細粒化がさらに回復を促進すると考えられる．

Prangne1lら(１６)は１パスと10パスした99.75％Alをいろい

ろな温度で焼鈍し，組織のＴＥＭ観察と背面散乱稲子線回折

(EBSP)解析により，亜結晶粒界は移動速度が小さいため静

的焼鈍ではむしろ高温まで残留しやすいことを示している．

このように，99.99％アルミニウムは室温でECAＰ加工し

ただけで結晶粒が微細化される(16)(19)(20)．一方，Ａ１-1質

量％Ｍｇ合金を室温で６回プレスすると平均0.451｣ｍ径，

Ａｌ-3質量％Ｍｇ合金を８回プレスすると平均0.27ｌｌｍ径の

微細粒が得られる(25)．しかしA1pMg合金を室温でECAＰ

した場合には粒界面や粒内に高密度の転位が残存している．

このように，プレスのroute，繰り返し数，温度，合金組成

などは結晶粒間の方位差の増加の速さと到達粒径をきめる重

要な因子である．

ので，ＥCAP法は結晶粒の微細化にきわめて有効ＨＬＦａ 

蕊蕊：
､ら，結晶粒の微細化は動的連競

うことができよう．また，図１２

加傾向がrouteにより異ない

ことがわかる．図５に示したよ

二つの面上での繰り返しせん断

:いる．純アルミニウムについて

鰯i曽晶により湿

RmjteBcで鐙も年L〈霜

聯撤UteBcでは交差する
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鱒Ni鰯
20. 

10, 

0. 

3ｍ. 
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０． 
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673Ｋで８回パス，さらに４７３Ｋで４回パスし

たＡ１-5.5％Ｍ92.2％Li-0.12％Zr合金のＴＥＭ組
織．

図1３

20. 

蹄はその材料の融点(K)である．純アルミニウムや純

銅(10)(29)，Ａｌ－Ｍｇ二元系合金(30)(31)では微細粒の熱的安定性

が低く，高温では粗大化してしまうので超塑性特性は発現し

ない．ECAＰしたＡ１-3％Ｍg合金の結晶粒は不安定で‘電

子顕微鏡観察中に加熱しなくても粒界移動が起こる(31)．超

塑性特性の発現には結晶粒の微細化に加えて粒内変形を抑制

するための固溶強化と結晶粒界をピン止めし微細粒組織の熱

的安定性を高めるための粒子分散あるいは熱的に安定たこ相

共存組織にする必要がある．．

Ａ1-5.5％Ｍ92.2％Li-0.12％Zr合金(1420合金)はＭｇとＬｉ

により強化され，Al3Zrの微細分散により結晶粒の粗大化が

抑制されている(32)．この1420合金を673Ｋで８パス，さら

に473Ｋで４パスECAＰ変形すると，図13に示すようにほ

ぼ全域にわたって高傾角粒界からなる平均粒径約１２１｣ｍの

微細粒となった(33)．図１４はこの材料をいろいろな温度と初

期ひずふ速度で引張試験した後の試料で，623Ｋ,１xlO-2

s-1のひず難速度で引張試験すると1180％を超える伸びが観

察され，１x10-1s-1の高ひずゑ速度でも約900％もの伸び

が得られることを示している(33)(34)．図15はA1-Li系1420合

金についてこれまでに報告されている超塑性特性(35)と比較

したもので，従来のｶﾛｴ熱処理材と比較して低温度で著しい

高速超塑性が発現していることがわかる．特に，従来の超塑

性Al-Li合金の多くが粉末冶金法でつくられているのに対し

て，パルク法であることは特箪できる．また，同じように

ECAＰ加工したＡｌ-6％Cu-0.4％Zr合金(SuprallOOA)では

平均粒径が約0.511ｍとなり，573Ｋ,１x10-2s-1のひずゑ
速度で約970％の超塑性伸びが観測された(33)．これらはいず

れも高速超塑性の領域にある．

A1-Mg-Sc合金は，Ｍｇによる固溶強化と整合なA13Sc粒

子の微細分散で優れた強度と延性を示すことがすでに知られ

10。

０． 
３ １２ 

プレス回数

0 

SAEＤバクーソ中の回折点の円周方向の広がり
のパス回数とプレスrouteによる変化．

5．高速超塑性の発現

獺i雲i鱗:f､…蚕
議輝':雫，；i1ii翼i糞f宝繍Izl:JIiiWl裳ii蝋
議IlZbbは変形のしきい応力,‘は結晶粒径ハは拡散の

鱗ｉｌ蟻'1鱗:難蝿謹
i1lill鵜iii1iii鱗蓋1iiiiiiiiiii:iH:襲
議ひず熟速度超塑性あるいは高速超塑性と定義し("),アル

蕊:繍繍爵i鵜蝋纈鰯
繊n工を迅速に行えるようになるから工業上の価値は大き

鰯騨…霞-枇肌以上･…現する…
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中間焼鈍を加えると伸びは1500％に達しさらに優れた超塑

性特性が発現している．ＥCAP法はＭｇ合金系でも試象ら

れ超塑性特性が発現している(40)．しかし，二相合金のＺｎ‐

22％Al合金では，ECAＰにより各狗の相内の結晶粒は微細

化されるが混合状態は変わらず，超塑性特性の改善効果は小

さい(41)．

咬近、

室温

と，６７

を露旧

6．延性の改善

結晶粒の微細化は，延性を損なわない唯一の材料強化法

で，高強度材の延性改善には結晶粒の微細化が必須である，

Al-Li系合金は，高比強度，高比剛性で次世代の航空搬川ア

ルミニウム合金として101待され活発に研究されてきｿこ､21．

ECAＰされた1420合金の微細粒組織は糊1Mでも淡定tにので，

ECＡＰ後，粒成長を起こさない秘庇のiWlillWLで両溶体化処ｊ１Ｉ１

し時効すると価化させることができる．図１６は，熱1m[1司延材，

813Ｋ溶体化，時効材(粗粒材)とＥＣＡＰ後673Ｋで栫体化

し時効した場合(微細粒材)の強度を(''１びに対してプロットし

たもので，ＥCAP材の煎度-延性!'州;が大I11iiに改葬されてい

ることを示している(42)．このようにＥCAP法は材料の靭

性改良にも有効である．Markushevら(43)はAl-Mg-Si系

合金の強度と靭性に及ぼすＥCAPの膨辮をiilMべており，

Semiatinら(ｲ･ＩｊはTiA1系金屈側化合物のECAＰを試.2人．Ｗｌｌ

れの発生傾向と塑性変形特性との関係を検討している．

Ｔ＝５２３Ｋ ３７０％ 

Ｔ＝823Ｋ 
〕１１ＢＯ

－６７３Ｋ 

7．結 － 

口

ＥCAP法は，コロンブスのたまご的発想で見いだされた

独創的な加工法で，結晶粒の微細化法としては従来の強加工一

再結晶法の分類に入るが到達結晶粒径はかなり小さく，酸化

洲．

図１４６７３Ｋで８回パス，さらに４７３Ｋで４回パスし

たＡｌ-5.5％Ｍg-2.2％Li-0.12％Zr合金の引張試験
による試験片の変形．
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ひずみ速度，ど/８－１

図l5Al-Li系1420合金の超塑性伸びのひずゑ速度依存
性の比較．

図1６ 673Ｋで４回パスし，６７３Ｋで溶体化後時効処理

したＡ１-5.5％Ｍ9-2.2％Li-0.12％Zr合金の0,2％
耐力と伸びの圧延材および高温溶体化処理材(粗
大粒材)との比較．
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ABsTRAcT 

Equal-channelangular(ECA)pressinghasbeenusedtointroduceａｖｅｒｙ 
ｓｍａｌｌｇｒａｉｎｓｉｚｅｉｎｔｏａｃｏｍｍｅｒcialcastAl-Mg-Li-Zralloy・Tensiletesting

磯':t蹄，澱i協琴Ｗ,禅ｆＷ鯉:糊suWi副゜(h:{慨
potentialisrealizedonlyifasuHicientlyhighstrainisintroducedduringｔｈｅ 
ＥＣＡｐｒｅｓｓｉｎｇｓｕｃｈｔｈａｔｔｈｅｍｉｃrostructureishomogeneousandconsistsofan 
arrayofgrainshavinglarge-anglegrainboundaries． 

§L1NTRODUCTION 

Superplasticfbrmingisanindustrialprocessinwhichthehightensi]eductilityof 
asuperplasticsheetmetalisusedtofbrmacomplexshape（Barnesl994).This 

procedureisemployedextensivelylbrthefnbricationoflowvoluｍｅｓｏ「high‐
valuecomponentsbuttherehasbcennocxtcnsionintomassproductionbccause 

thefbrmingisconductedattherelativeIyslowstrainratesassociatedwithoptimum 
superplasticductility,typicallyuptoaboutlO~3-1O-2s-I（Langdonl982),andthe 
fbrmingtimesareconsequentlyverylong(about20-30min)． 

TherehavebeenseveraIrecentreportsoftheoccurrenceofhigh-strain-rate 

(HSR)superplasticity(SP)inaluminium-basedmaterialswherehightensileelonga‐ 
tionsareachievedatstrainratesabovelO-2s-1(HigashMα/､1996).However,these 
reportshavebeenrestrictcdｔｏｄａｔｅｔｏａｌｉｍｉｔｅｄｒａｎｇｅｏｆｍｅｔａｌｍａtrixcomposites， 
mechanicallyalloyedmaterialsandalloysfabricatedusingpowdermetallurgypro‐ 
cedures(Ｎｉｅｈａｑﾉ.1997)andtherehavebeennoreportsofHSRSPinconventional 

commercialaluminiumalloysprocessedbycasting・

Experimentsonsuperplasticmaterialshavedemonstratedthatadecreasein 
grainsizeleadsbothtoanincreaseintheelongationstofni1ureandtotheoccurrence 
ofthesehighereIongationsatftlsterstrainrates（Ｍｏｈａｍｅｄｅｌａ/，1977)Thiswell 
establishedtrendledtothesuggestionthatitmaybepossiblｅｔｏａｃｈｉｅｖｅＨＳＲＳＰｉｎ 

p、

O950-O831/９８＄12.OOo1998Taylor＆FrancisLtd． 



Ｐ・ＢＢｅｒｂｏｎｅｌａﾉ．３１４ 

Conventionalcastmaterialsbymakingaverysubstantialreductioninthegrainsize 

usingaproceduresuchaMorexample,equal-channelangular(ECA)pressing(Ｍａ 

ｃﾉﾛﾉ」996).SomeprcliminaryexperimentsonacommercialAl…Mg-Li-Zralloy

subjectedtoECApressingreveaIedapotentialfbrsuperplastic-1ike6owathigh 
strai、rates（FurukawaaaL1998a)andveryrecentlyHSRSPwasachievedin
thisalloy，ａｎｄｉｎａｎＡ１－Ｃｕ－Ｚｒａｌｌｏｙａｌｓｏ，withhightensileductilitiesuptostrain 
ratesofaboutlO-1s-'（Valieve【α/,1997).Thispaperreportsfilrtherexperiments
whichweredesignedtodelincatethepreciserequirementsfbrattainingHSRSP 
whenusingECApressingfbrthegrainrefinementofcastaluminium-basedalloys． 

§２.ExPERIMENTALMATERIALANDPRocEDuREs 

TheexperimentswereconductedusingaRussianlight-weighthigh-strengthalloy 
fabricatedbycastingandhavingthecommercialdesignationofOl420;thealloyhas 
ahubricatedcompositionofAl-5・Swt％Ｍ9-2.2Ｗt％Li-O・ｌ２ｗｔ％Zrandcontainsa
finedispersionof6'一Al3Liandl3'一Al3Zrprecipitates､Thisalloywasselectedinitially
becauseofthewellestablishedneedtodevelopasuperplasticfbrmingcapabiIityin 
Al-Lialloysatrelativelylowtemperatures,oftheorderof600-700K,wheretbereis 
negligibleLiandMgdepletion(Ｐｕαα/､1995).Theexperimentalalloywasreceived 
inahot-rollednon-superplasticconditionwithaninitialgrainsizeof～４００Imand 
grainrefinementwasachievedusingECApressing・

TheECApressingprocedurewasdevelopedseveralyearsagoasamethodof 

metalworkingbysimpleshear(SegaMα/､1981)andsubsequentlyitwasreported 
tlｌａｔＥＣＡｐｒｅｓｓｉｎｇｍａｙｂｅｕｓｅｄｔｏａｔｔａｉnsubmicrometerornanometergrainsizesin 

metals(Valievclα/､1991,ValievandTsenevl991）TheprincipleofECApressingis 
illustratedschematicallybythesectionthroughapl･essingdieshowninfigureLTwo 
channelsofequalcross-sectionintersｅｃｔｗｉｔｂｉｎｔｈｅｄｉｅａｔａｎａｎｇｌｅｏｆのandthereis

anadditionalanglelPdefiningthearcofcurvatureattheouterpoinｔｏfintersection 
ofthetwochannels・Ａｔｅｓｔｓａｍｐｌｅｉｓｍａｃｈｉｎｅｄｔｏｆｉｔｗｉｔｈinthechannelanditis

pressedthroughthediewithaplunger・Ithasbeenshownfromfirstprinciples
(Iwahashiclaﾉ.1996),andconfirmedinmodelexperiments(ＷｕａｎｄＢａｋｅｒｌ９９７)， 
thatthestrainEⅣaccUmulatedinECApressingisgive、ｂｙ

・卿臺剥２．.((芸+筈ﾙw…｡(芸羊筈)｝
whereﾉVisthenumberofpassagesthroughthedie､Sincethecross-sectionofthe 

sampleremainsunchangedafterasinglepassagethroughthedie,repetitivepressings 
ofthesamesamplemaybeundertakeninordertoachievehightotalstrains， 

Samplesweremachinedinthefbnnofcylindershavingdiametersofeither50or 

20mmandwithcorrespOndinglengthsof～100ｏｒ～70mmrespectivelyTheECA 
pressingwasconductedinairatselectedelevatedtemperatureswiththesamples 
cooledinairbetweenconsecutivepressings､Inthepresentexperiments，theangles 
associatedwiththedieｗｅｒｅの＝９０ｏａｎｄｌＰ＝Ｏｏｓｏｔｈａｔａｓｉｎｇｌｅｐｒessinggavea
strainofaboutunity､Twosetsofexperimentswereundertakenusingpressingroutes 
lor2、Ｉｎｒｏｕｔｅｌ，eachsamplewaspressedfbrfburpassesthroughthedieata

temperatureof673Kgivingatotalstrainofaboutfbur;ｉｎｒＯｕｔｅ２,thesampleswere 
pressedfbreightpassesat673Kandlburadditionalpassesat473Ktogiveatotal 
strainofaboutl2,withthelowertemperatureselectedbrthefinalpassesinorderto 
minimizegraingrowth． 
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FigureLTheprincipleofequal-channelangularpressing． 

Thepotentialfbrsuperplasticfbrmingwasevaluatedbymachiningtensilespeci‐ 
mensparalleltothelongitudinalaxesoftheECA-pressedsampleswithgauge 
lengthsof4mmandgaugecross-sectionsof3mmx2mmThesespecimenswere 
pulledinairinatestingmachineoperatingataconstantrateofcross-headdisplace-
mentatselectedelevatedtemperaturesfrom523to６７３Ｋ,withthetemperatureheld 
constantduringeachtesttowithin±２Ｋ.Smalldiscsofsomesampleswereprepared 
fbrinspcctionbytransmissionelectronmicroscopy(TEM)usingastandardprepara-
tionprocedurefbrAl-basedalloys(ＷａｎｇｅＭ､1996)． 

§３．ExPERIMENTALREsuIrsANDDIscussIoN 

InspectionofsamplesbyTEMafteｒＥＣＡｐｒｅｓｓｉｎｇｂｙｒｏｕｔｅｌｒｅｖｅａｌｅｄａｈetero‐ 
geneousmicrostructureconsistingOfareasofreasonablyequlaxedgrainsseparated 

bylarge-angleboundariesinterspersedwithareasorsubgrainswheretheboundaries 
wereatsmallanglesofmisorientationMeasurementsrevealedanaveragegrainsiｚｅ 

ｏｆ～1.2↓LmandthevolumelYactionswereestｉｍａｔｅｄａｓ～60-70％ofgrainswith 
large-angleboundarｉｅｓａｎｄ～30-40％ofgrainswithsmall-anglesuboundaries； 
fUrtherinfbrmationonthenatureofthemicrostructureinthisconditionhasbeen 

givenelsewhere(FurukawaeZα/､1997,1998a).Tensileexperimentsonthesesamples 
demonstratedapossiblepotentialfbrhighsuperplasticductilitiesbutthemaximum 
recordedelongationatatemperatureof603Kwasonly～550％ｗｈｅｎｕｓｉｎｇａｓｔｒａｉｎ 
ｒａｔｅｏｆ３３ｘ１０－３ｓ~landtheelongationtofhiluredropｐｅｄｔｏ～340％whenthe 
strainratewasincreaseｄｔｏ３３ｘ１０－２ｓ－ｌ・Thismicrostructuralconditionappears，
therefbre,toachieveonlypartiallytheanticipatedsuperplasticityathighstrainrates 

FigureZshowsarepresentativemicrostructurewithinthealloyafterECApress‐ 
ingthroughroute2・VerycarefnlexaminationbyTEM,combinedwithinspectionof
theassociateddiflractionpatternS，revealedahomogeneousstructureofequiaxed 

１．､ 
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Figure2・MicrostructureintheAl-M段Li-ZralloyafIerECApressingthroughroute2．

grainswithanaveragegrainsizeof－１．２umwhichwasidentica1withthesamples 
pressedthroughroutelbutwitllallthegrainboundariesnowhavinglargemisor‐ 
ientationangIes・Itwasobservedalso,asisevidentinfigure2,thatmanyofthegrain
boundariesexhibitedanon-unifbnncontrastwhichistypicalofthehigh-energynon‐ 

equilibriumboundariesintroducedthroughintenseplasticstraining(ValieveZα/， 
1993,HoritaeM､1996,1998)． 

Sevcralspecimensprocessedthroughroute2werepulledintensionatrelativeIy 
highstrainratesandtheappearanceofthesespecimensaftertestingisrecordedin 
Iigure3;theupperspecimenisuntested・Itisapparentfi｢omligure3thatsomcof
thesespecimensexhibitextremelyhightensileductiIities,withamaximumelonga‐ 
ｔｉｏｎｏｆｌ180％withoutfailureinasamplepulledaｔａｎｉｎｉｔｉａｌｓｔｒａｉｎｒａｔｅｏｆ 
ｌｘ１０－２ｓ－ｌａｔ６２３ＫａｎdaneIongationtofnilureoflO40％ａｔｔｈｅｓａｍｅｓｔｒａｉｎ 
ｒａｔｅａｔ５７３Ｋ・Theunifbrmdefbnnationofthisandotherspecimensandtheabsence

ofvisiblemacroscopicneckingwithinthegaugelengthsconfirmtheoCcurrenceof 
superplasticdefbrmationinthesesamples・Inaddition，thestrainratesassociated

withthesesuperplasticductilitiesareremarkablyhigh，includinganelongationof 
340％achievedａｔ６２３Ｋｗｉｔｈａｓｔｒａｉｎｒａｔｅｏｆｌｓ－１・IndustrialsuperpIasticfbrming
operationsarepcrfbrmedatstrainrateｓｕｐｔｏ～10-zs-1andtheseoperationsgeか
erallyrequirestrainsoftheorderof300-400％（Dressell995,WisbeyandKearns 
l995）Therefbre,thepresentresultscon6rmthepotentialbothfbrintroducing 
ultrafinegrainsizeswithconsequentsuperpIasticductilitiesintonominallynon‐ 
superplasticcommercialcastalloysandfbrutilizingthesealIoysinsuperplastic 
fbrmingoperatｉｏｎｓａｔｓｔｒａｉｎｒａｔｅｓｕｐｔｏｔｗｏｏｒｄｅｒｓofmagnitudemsterthan 
employedincurrentpractice． 
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Figure3． 

TheexperimentalresultsrevealthａｔＥＣＡｐｒｅｓｓｉｎｇｔｈｒｏｕｇｈｒｏｕｔｅｌｔｏａｔotal 
strainofaboutfburisinsufficienttomaximizethesuperplasticcapabilitiesofthis 
alloywhereaspressingthroughroute2toastrainｏｆ～l2Ieadstoveryhightensile 
ductilitiesatfaststrainrates・Currentevidencesuggeststhatgrain-boundarysliding
iscapableofaccountingfbrallthedefbnnationoccurringundersuperplasticcon‐ 
ditions(Langdonl994)and,sincesmaIl-anglegrainboundariesarenotconduciveto 
easysliding,itisconcludedthatpressingthroughroutelfailstoachievethevery 

hightensileductilitiesbecauseoftheheterogcneityinthemicrostructureandespe-
ciallythepresenceofmanysmall-anglesub-boundaries、Itisconcludedthatthe

developmentofHSRSPincommercialaluminium-basedalloysrequirestheintro-
ductionbyECApressingofasuHicientlyhighstrainsuchthatthemicrostructure 
evolvesintoanarrayofreasonablyequiaxedgrainsseparatedbylarge-anglegrain 
boundaries， 

EarlierexperimentsshowedthatthemechanicalpropertiesofECApressedmate‐ 
rialsweredependentuponthetemperatureofpressingandtherefbreuponthenature 
ofanyrelaxationofinternalstresseswhichmaytakeplaceduringthestraining 
process(FurukawaeZaL1998b).Thepresentresultsextendthisworｋｂｙｄｅｍｏか
stratingthatthemechanicalproperties,andespeciallytheattainmentofHSＲＳＰ,ａｒｅ 

■ 
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dependentalsoupontheprecisenatureofthemicrostructureintroducedduringthe 
ECApressinglnparticular,itispossibletoutilizeECApressingtoachieveSPat 
highstrainratesinnon-superplasticcastalloysbutcaremustbeexercisedtoensure 
thatthepressingiscontinuedtoasuflicientlyhightotalstrain． 
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Abstmct 

Equal-channelangular（ECA）pressingisaprocessingprocedureinwhichsubstantial 
micmstructuralrefinementmaybeintroducedintoamaterialthroughintenscplasticshearing・
ThispaperdescribesaninvestigationoftheeffbctsofECApressingonanA1-Mgsolidso1ution 
alloyandonacommercialaluminumalloyfabricatedbycasting・Thercsultsdemonstratethe
potentialbothfbrproducingaverysmallgrainsizeandfbrachievingsupelplastictensile 
ductilitiesofupto＞1000％athighstminrates（三102s~')．
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Introduction 

Superplasticityrebsmtheabilityofapolycrystallincmaterialtoexhibitaveryhigh 
elongationwhenpunedintension・Underoptimumconditions,materialshavingapotentialfbr
superplasticflowusuallyexhibitmaximumductilityatstrainratesoftheorderof～103‐１０－２ 
s-1andthe[eareverysubstantialdecrCasesintheelongationstofhilureatbothhigherandlower 
strainmtes[1】．，i１

Theoccurrenceofsupelplasticityprovidesthepossibilityofmakinguseofthisprocessfbrthe 
fHbricationofcomplexpartsintheprocedureknownassuperplasticfbrming・Becauscofthe
natureofthesuperplasticprocess，thisfbrmingisusuallyconductedatthestrainrates 
colTespondingtｏｏｐｔimumsupemlasticflowsothatthefbrmingtimesaIefairlyslowandoｆ 
ｔｈｅｏｒｄｅｒｏｆ－２０－３０ｍｉｎｕｔｅｓ，ThisfbrmingmteissufficienUyslowthatitprecludesthe 
massproductionoflaIgenumbersofidenticalcomponentsfbrusein，fbrexample，the 
automotiveindustryands叩erplasticfbrmingistherefbrerestrictedinsteadtothefabrication
ofhigh-valuecomponentsinmorelimitedapplicationssuchastheaerospaceanda【chitectural
industries． 

● 

ThepossibilityofachievinghighstrainratesuperplasticityqISRSP)wasfirstlcportedbyNieh 
e'＠J.［2]inexperimentsconductedonanA1-2124matrixalloyreinfOrcedwithSiCwhiskers・
Intheseexperiments,amaximumelongationof～300％wasachievedattheveryhighstrain 
ｒａｔｅｏｆ３３×１０.ls-landtherewasonlyarelativelyminordecreaseintheelongationsto 
fblilureatevenfasterstrainrates・Ｔｈeseunusualresultsledtotheinitiationofseveralmajor
investigationsintothepropertiesandchamcteristicsofHSRSPinarangeofmaterials：much 
ofthisworkwassummanzedinarecentreview[3]andtherearenownumerousreportsof 
HSRSPinalangeofmetalmatnxcomposites,mechanicallyalloyedmaterialsandinalloys 
fblbricatedusingpowdermetallurgyprocedures[4]・AsaresultofthisverySubstantialactivity，
HSRSPhasbeendefinedfbrmally，inastandarddesignatedJISH7007bytheJapanese 
StandardsAssociation，astheadventofhighsuperplastic-1ikeelongationsatStrainratesator 
abovelO-2s-1[3]． 

Ｉｎｃonventionalsupelplasticanoys,thereisexperimentalevidenceshoＷｉｎｇthatareductionin 
gramsizeleadstohigherelongationstofhilureand,inaddition,thesehigherelongationsoccur 
atfasterstrainrates【５１ThisolDs&rvationledtothedevelopmentoftheproposalthatitmay
bepossibleｔｏachieveasupeIplasticfbrmingcapabnityathighstrainratesinconventional 
materialsbymakingasubstantialreductioninthegrainsize[ｑ・ItistherefOrenecessaryto
considerpossibleproceduresfbrachievinganultrafinegrainsize． 

SeveralmethodsalecurrenUyunderinvestigationfbrtheprocessingofmaterialswithultrafine 
grainsizes,includinginertgascondensation[7,8Lhighenergyballmilling[9]andslidingwear 
[10]・However,thesemethodshavethedisadvantagethatsomeresidualporosityremalns
withinthematerialsafterfabricationsothattheproceduresmaynotbeappropriatefOr 
subsequcntuseinsuperplasticfbrmingoperations・Analtemativeprocedureistorefinethe
microstructulcthroughintenseplasticstrainingusingtheproceduresoftorsionstrainingunder 
ahighpressure［11］orequal-channelangular（ECA）pressing［12,1310fthesetwo 
pmcedures，ECApressingisaneSpeciallyattractiveprocessingroutebecauseasampleis 
pressedthroughadiewithnochangeinthecross-sectionalarea，therebypermittingthe 
possibilityoffabricatinglargebulksamplesinafUlly-denseconditionTherearｅｓｅveral 
rcportsoftheuseofECAplCssinginoldertopmduceultmfine-grainedstructuresinAl-based 
andMg-basedalloys[14-16]andthepresentinvestigationwasconductedinordertodetermine 
thefeasibilityofusingthisprocedurctoattainHSRSPinaluminumaUoys． 

1１２ 

ペ



0 

ＴＴｐｎ■ⅡＩ】ロ

TheECApressmgwasconductedusingafacilitywhichisiUustratedschematicallyinFi９．１． 
Thefacilityconsistsofadiewhichhastwochannels,equalincross-section,intersectingatan 
angleof○．Asecondangle,Ｗ，definestheouterarcofcurvatureatthepointofintersection 
ofthetwochannels，Ｐriortoprcssing,thetestsampleismachinedsothatitfitsMthinthedie 
anditisthenpressedthloughthedieusingaplunger･Itisapparentthatthesampleexiting 
fromthediehasthesamecross-sectionastheoriginalsample・Thcrefbre,repetitivepressings

maybeconductedinmdertoachievehightotalstrains． 

Inpractice,thestrainimposedonasinglepassagethroUghthedieisdeterminedexclusively 
bythemagnitudesofthetwoangles,｡ａｎｄＷ、Itcanbeshownthatthestrain,８N,associated
withatotalofNpassagesthroughthediemaybeexpressedbyarelationshipofthefbrm［17］ 

財岩|…(鍔)帆.…(；･芸)} (1) 

Modelexperimentshavebeenconductedinwhichlayeredbilletsofcoloredplasticinewere 
pressedthroughadieofplexiglassandthesehaveshownthatequation(1)providesanaccurate 
reprcsentationofthestrainintroducedduringtheECApressingprocedureexceptatthesample 
edgeswherethereareftictioneffects[l8lTheimplicationsofeqn.(1)areillustratedinFig・
Ｚｗｈｅｒｅ８ｌ，correspondingtoasinglcpassagetｈｒｏｕｇｈｔｈｅｄｉｅａｎｄＮ＝１，isplottedasa 
fimctionoftheanglebetweenthetwochanne1s，｡，ｆｂｒｖａｌｕｅｓｏｆｍ'ｆｉｒｏｍＯｏｔｏ９０ｏ・The
presentexperimentswereconductedusingadiehaving｡＝ｇ０ｏａｎｄＷ＝0．andtherefbre 
itfbllowsfromeqn.(1)andFig.２thatastrainof～１isintroducedoneachpassageofthe 

し

samplethroughtheECAdie． 
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FigureLECApressingfacility、
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Figure2-Strainintroducedinasinglepassagethroughthedie 
asafimctionoftheangles①ａｎｄｒ． 
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TT1eexperimentswereconductedusingtwodifferentmaterials,anA1-Mgsolidsolutionalloy 
andacommercialA1-Mg-Li-Zralloy． 

ＡｎＡ１-3％MgsolidsO1utionalloywasobtainedinahotroUedconditionwithaninitialgrain 
sizeof～500川．ThealloywassubjectedtoECApressingatroomtempemtuletoatotalof
fburpassesthroughthedie，equivalenttoastrainof～４．Furtherdetailsconcemingthis 
mateIialaregivenelsewhere[19-211 

AcommercialcastA1-5.5％Ｍ9-2.2％Ｌi-0.12％Zralloywasreceivedinahotrolledcondition 
withagrainsizeof～400似、:thismaterialisaRussianlight-weighthighstrengthanoywith
thedesignationofO1420［221TheAl-Mg-Li-Zralloywaspressedundertwodifferent 
conditionsdesignatedroutesland２，respectively・Ｉｎｒｏｕｔｅｌ，sampleswerepressedinairat
atemperaturcof673Kfbratotaloffburpassestogiveastrainof～４．Ｉｎｒｏｕｔｅ２，the 
sampleswereagampressedindirbuttoatotalof8passesat673KandafUrther4passesat 
473K,therebyintroducingatotalstrainｏｆ～12．Ineachprocessingroute,thesampleswere 
cooledinairbetweenconsecutivepressings，Ｉｎｒｏｕｔｅ２,thelowertemperatureof473Kwas 
usedfbrthefinalpressingsinatattempttominimizeanygramglowthwhichmayoccurat 
theseelevatedtemperatures・Furtherdetailsconcemingthismaterialaregivenelsewhere
【23,241

FollowingECApressing,ｂｏｔｈmaterialsweresubjectedtostaticannealingexperimentsin 
whichsmallsamplesweleannealedfbrlhouroveraselectedmngeoftemperatures,withthe 
temperatmeheldconstanttowithin±１Ｋ．Selectedspecimenswerealsoexaminedby 
transmissionelectronmiclDscopy(IＥＭ)usingthepr巳palationproceduredescribedelsewhere
[19lTmsiletestswereconductedafterECApressingusingspecimcnsinwhichthegauge 
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1engthswelcparaneltothelongitudinalaxcsofthesamplesafterpressing・Forthetensile
tests,sampleswerepuUedinairusinganlnstrontestingmachineopemtingataconstantrate 
ofcross-headdisPlacementandwiththetemperaturescontrolledtowithin±２Kduringeach 
sepamtetest・Forcompansonpurposes,sometensiletestswerealsoconductedonsamplesof
theA1-Mg-Li-Zralloyintheas-receivedhotmlledconditionwithoutsubsequentECApressing． 
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Figurc3showsthemicrostructurcintlleA1-3兜MgalloyafterECApressing，togetherwith
aselectedareaelectrondiffiaction(SAED)pattemobtainedfTomaregionhavingadiameter 
of1.91,．Detailedinspectionshowedthatthemicrostructurewasessentiallyhomogeneous 
inthisalloyafterECAprｃssingatloomtemperaturetoastlai、ｏｆ～４andtheSAEDpattem
demonstratesIhatthegminboundarieshavehighanglesofmisorientation、Themeanlinear
intemeptgrainsizeinthisconditionwasmeasuredas～0.231LmMoredetailedinspection 
showedthatthegminboundariesweregenerallypoorlydelineatedsuggestingthat,asinA1-Mg 
aUoyssubjectedtointenseplasticstrainingintorsion[25]，theyareinhighenergynon‐ 
equilibriumconfigurations【26,27】．
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TheseresultsdelnonstratethepotentialfbrattaininganultrafinegrainsizeintheA1-3％Mg 
alloybutitisimportanttodeterminethestabilityofthisstructurBsinceanyattemptstoachieve 
aslPelplasticconditionwiUnecessitatethetesUngofsamplesattemperaturesoftheorderof 
～0.5Tmorhigher,wbereT1nistheabsolutemeltingtemperature[1Lmeeffectofannealing 
fbrlhouratdiffbrentelevatedtemperaturesiSillustratedinFi９．４，wherethefbur 
photomicrOgraphscorreSpondtoannealingtemperaturBsof(a)443Ｋ,(b)503Ｋ,(c)533Ｋand 
(｡)563Ｋ,reSpectively・ItisapparentfmminspectionofFig,４thatthereisanincreaseinthe
avemgegminsizewithincreasingtempemature,thereisthedevelopmentofaduplexstructure 
ofunr巳crystanizedandrecrystanizedgrains,andasthegrainsgrowthercisacorresponding
evolutioninthenatureofthegrainboundariesintoamo1℃equilibratedstructure・The
lBcrystallizationoccurringinthesesamplesisadircctconsequencebothofthermalactivation 
andoftheinitialnon-equilibriumnatureofthemicrostmctureinthematerial;thisprocesshas 
beendesignatedcontinuousstaticrecrystaUization[28]． 
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Figure3-MicrDstructureoftheA1-3％MgaUoyafterECApressing、
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Figure4‐MicrostructurcsintheA1-3％Ｍgalloyanerannealingfbrlhour 
aMa)443Ｋ,(b)503Ｋ,(c)５３３Ｋand(｡)５６３Ｋ,”spectively． 

Asnotedearlicr,theA1-Mg-Li-ZraUoywassubjectedtotwodifferentECApmcessing 
conditionswhicharedesignatedroutesｌａｎｄ２．Figures5and6showtypicalmicrostructures 
andtheassociatedSAEDpattemsafterpmcessingofthisaUoythroughroutesland2， 
respectively． 

CalBhllinspectionafterpmcessingvlamutelshowedthatthemicrustructurewas 
hetelogeneousandconsistedofaleaswherethercwelegrainboundarieswithhighanglesof 
misorientation，ａｓｉｎＦｉｇ、５，andotherareaswheretheboundarieswereinlowanglesof
misorientati０，．MeasurementsshowedthatthevO1umefractionofgrainswithhighangle 
boundarieswas～60-70％andtheremainingvolumeof-30-40％containcdlowanglesub‐ 
boundaries・Measurementsshowedalsothattheavemgegrainsizeandthesub-grainsizewere
essentiallyidenticalat～１．２１，．Itisclearffomthescobservationsthatroｕｔｅｌａｎｄａｓｔｒａｉｎ 
ｏｆ～４isnotcapableofprovidingastablehomogeneousmicrostructure． 

Bycontlast,themicrostructurewashomogeneousafterplocessingthroughroute2tｏａｓｔｒａｉｎ 
ｏｆ～l2andalloftheboundaricsexhibitedhighanglesofmisorientation・Itiswell-established
thattheboundarymisorientationanglesincreasewithincreasingnumbersofpIessingsinECA 
pressmg,andtherefOrewithincreasingstrain[29】,andthcseresultsdemonstmtethatastrain
of～l2issufficienttoattainanarTayofhighangleboundaliesintheA1-Mg-Li-Zralloy・
MeasurementsIcvealedanaveragｅｇｒａｉｎｓｉｚｅｏｆ～1.2lmandthisvalueisidenticaltothe 
rccordedgrainsizeafterpmcessingthrOughroutel・Therefbre，additionalpressingstoa
higherstlainserveonlytopermitanevolutionofthemiclostructurewithnocolTesponding 
refinementtosmallergrainsizes． 
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Figure5‐MicmstructureoftheA1-Mg-Li-Zra'1oyafterprocessingthroughroutel． 

Figule6-MicrostructureoftheA1-Mg-Li-ZraUoyafterprocessingthroughIoute2． 
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Figure7-MiclostmcturesintheA1-Mg-Li-Zralloyafterpressingthmughroutel 
andannealingfbrlhourat(a)473Ｋ,(b)５７３Ｋ,(c)673Ｋand(｡)７９３Ｋ,respectively． 

Figure7showstheeffbctofstaticannealingoftheAl-Mg-Li-Zralloy，wherethe 
microstructuresarethe”sultofannealingoflhourattempemturesof(a)４７３Ｋ,(b)５７３Ｋ， 
(c)６７３Ｋand(｡)７９３Ｋ,respectively，Itisapparentthat,bycompansonwiththeannealed 
microstructuresshowninFi9.4fbrtheAl-3％MgaUoy,gramgrowthissignificanUyinhibited 
inthismaterialsothatthegraimsremainsmaUevenattemperaturesａｓｈｉｇｈａｓ６７３Ｋ,asshown 
inFig､７(c)．Furthermore,thisinhibitionoccursdespitethefactthattheinitialas-pressedgrain 
sizeislargerbyafactorof～5．Thisgminstabilityisattributedtothepresenceofβ'一Al3Zr
precipitateswhichaIestableatthesehightemperaturcs． 

ThegrainsizestabilityofthesetwomaterialsiscompareddirectlyinFig.８．Thus,theＡ１-3％ 
MgaUoyexhibitshirlyrapidgraingmwthattemperaturesabove～500Kwhereasthe 
commercialAl-Mg-Li-ZralloyletainsessentiaIlｙｔｈｅｓａｍｅｇｒａｉｎｓｉｚｅｏｆ～１．２似mupto
temperaturescloseto700K・Attheveryhighestannealingtemperatures,inthevicinityof800
K，itisappalentthatbothmaterialsexhibitverysubstantialgraingrowｔｈａｎｄｇｒａｉｎｓｉｚｅｓｏｆ 
～100lmafterannealingfbrlhour． 

Tbnsiletestswereconductedonsamplesprocessedthroughrouteslaｎｄｒｏｕｔｅ２、Figure9
Showsanexampleofthestress-strainculvesfbrSpecimensprocessedviaroutelhavingagram 
size,。，ｏｆ1.2仏mandpulledtofnilurcatanabsolutetempemture,Ｔ,of603Kusinginitial
strainrates，６，ｆｒｏｍ３．３×１０４tｏ３．３×１０２ｓ-1．Thethreecurvesexhibitaninitialstrain 
hardening,probablyassociatedwitharelaxationofthehighintemalstressesassociatedwith 
theECAprcssing，andthenastrainweakeningandultimatefhilure・Theseplotsshowthe
potentialfbrsuperplasticdefbrmationwithrccordedelongationstofailureofupto～550％． 
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Figule8-Grainsizeversusannealingtemperaturefbrstaticannealingtreatmentsoflhour 
ontheA1-3％MgalloyandthecommercialA1-Mg-Li-Zranoy． 
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Figure9‐TmestressversusstrainfbrtheA1-Mg-Li-Zralloyafterprocessingviaroutel． 
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FigurelO‐TruestressversusstrainfbrtheA1-Mg-Li-Zralloytestedat573K 
afterprocessingvialoute2． 

SimilarplotsareshowninFigslOandllfbrsamplesprocessedthroughroute2andtestedat 
temperaturesｏｆ５７３ａｎｄ６２３Ｋ,respectively・Theseplotsrevealthepotentialfbrremarkably
highductilitiesatrapidstrainrates，includinganelongationtofailureｏｆ～1040％at573K 
withaninitialstminrateoflO2s-1andanelongationofll80％withoutfhilureat623Kwith 
aninitialstrninrateoflO2s-1：thelattertestwasterminatedwithoutultimatefailureofthe 

specimenanditclearlyrevealsthepotentialfbrHSRSPinthisalloyafterECApressing、This
tendencyisfilrtherconfirmedbynotingthattheelongationstofailureat623Kaｒｅｇ１０％ａｎｄ 
340％fbrtestsconductedwithinitialstｒａｉｎｒａｔｅｓｏｆｌＯｌａｎｄｌｓ－Ｉ，respectively、These
elongationsobtainedonthecastAl-Mg-Li-ZralloyafterECApressingexceedthetabulated 
datafOrA1-basedmaterialsexhibitingHSRSPandpreparedusingmechanicalanoyingand 
powdermetallurgyprocedures[3]． 

Figurel2showstheappearanceofthetwospecimensexhibitingthehighestelongationsata 
testingtempemｔｕｒｅｏｆ６２３Ｋ：thetopspecimenshowstheuntestedconfiguTation・Inspection
showsthatbothspecimenspulloutinaveryunifbrmmanner,withoutanyneckingwithinthe 
gaugelength，therebyconfirmingtheadventofsuperplasticflowunderthesetestingconditions． 

ＡｃｏｍｐａｎｓｏｎｏｆＦｉｇｓ９ａｎｄｌｌ，whichrepresentalmostidenticaltestingtemperatures，shows 
thattheductintyisgreaUyenhancedbyECApressingtoastrainof～１２(route2)ratheTthan 
toastminof～４(routel)．Thisdifferenceisattributedtothepresenceofahomogeneous 
aITayofhighanglegrainboundarieswhenusingprocessingroute2． 
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Figurc11‐TYuestressversusstrainfbrtheA1-Mg-Li-Zralloytestedat623K 
afterprocessingviaroute2． 

Figurel2‐AppeamnceoftwoSpecimenspmcessedviaroute2 
andtestedintensionaｔ６２３Ｋ:theupperspecimenisuntested． 
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Figurel3‐E1ongationversusstrainratefbrtestsconductedatsimi1artestingtemperatures 
usingsampleswithoutECApressingandafterECApressinｇｖｉａｒｏｕｔｅｌ（strain-4） 

ａｎｄｍｕｔｅ２(strain～12),reSpectively． 

AdirectcompansonoftheelongationsisshowninFi９．１３fbrtestsconductedatsimilar 
temperaturesinthevicinityof610K・Intheunpressedcondition,withaninitialgrainsizeof
～４００１ｍ，thetensileductilitiesalelowinthestrainraterangeftom～１０４tolO-ls-I，but 
pressingthrOughroutelgivesreasonableductilityandtheappearanceoflimitedsuperplastic‐ 
likeflowandpressingthroughroute2givesexceptionallyhighelongationstofailureevenat 
thehighesttestingstrainrateoflsF1． 

ItisapparentftomtheseresultsthatECApressingisaneffectivetoolfbrintroducingan 
ultrafinegrainsizefbrsubsequentHSRSPintensiletestingbut,becausesuperplasticityoccurs 
bygrainboundarysliding【30Lhighanglegrainboundariesareanimportantprerequisitefbr
theoCcurrenceofsignificantslidingandthisnecessitatescontinuingtheECApressingtoatotal 
strainwhichissufficientlyhighthatthemicrostructureconsistsofahomogeneousarrayofhigh 
angleboundaries・IntheplesentexperimentsonthecommercialA1-Mg-Li-Zralloy，ｔｈｉｓ
conditionisachievedwithastrainof-12butnotwithastrainof～４． 

uｕIIUll堕匹

1．mepmcessofeqUal-channelangular(ECA)plcssmgcanbeusedtoproduceultrafinegraln 
sizesinA1-basedalloys，butthesubsequentstabilityofthesegrainsatelevatedtemperatures 
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requiresthepresenceofprecipitatestoinhibitgraingrowth・Experimentsshowthatal】Ａ１-3％
Mgalloyexhibitsrapidgraingrowthattemperaturesabove～500KwhereasacommemialA1‐ 
Mg-Li-Zralloyexhibitsarelativelystablcgrainsizeuptotemperatuｒｅｓａｓｈｉｇｈａｓ～７００Ｋ． 

2．Highstrainratesupelplasticity(HＳＲＳＰ)ｃａｎbeattainedinthecastA1-Mg-Li-Zralloy 
providedtheECApressingiscontinuedtoasufficientlyhighstrainthatthemicrostructureis 
homogeneousandconsistsofanarrayofhighanglegrainboundalies． 
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CultureofJapan，ｉｎｐａｒｔｂｙｔｈｅＪａｐａｎＳｏｃｉｅｔｙｆｂｒｔｈｅＰromotionofScience，inpartbythe 
NationalScienceFoundationoftheUnitedStatesunderGrantsＮｏＤＭＲ－９６２５９６９ａｎｄｌＮＴ‐ 
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Abstract 

AnAI－３％Ｍ9-0.2％ScaIIoywassubjectedtoequal-channelanguIar(ECA)pressing 
toproduceagrainsizeｏｆ－０２１ｌｍ、Statlcanneallngexperimentsshowedthatitwas
possibIetoret副ｎａｖｅ｢ysmallgrainsizeattemperaturesuｐｔｏ６７３ＫｆＯｒａｎａｎｎｅａｌｉｎｇ
ｔｉｍｅｏｆｌｈour・LargetensileductilltieswereobseIvedafterECApressing，includlng
elongationsof＞600％ａｎｄ＞1000％whentestingwithaninItialstrair`ｒａｔｅｏｆａ３ｘｌＯ~２ 
s-1attemperaturesof573and673Korespectively･Theresultsdemonstratethe 
potentlalfbrusingascandiumaddltioninAI-based副Ioysinordertoretainanultrafine
grainsizeatelevatedtemperaturesandtherebytoachievesuperplasticductilities， 

』

HotDelblmationofA1uminumAUoysn 
EditedbymRBieler,Ｌ､Ａ・LaUi,ａｎｄＳ.R･MacEwen
meMinerals,Metals＆MaterialSScciety,１９９８ 
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Introduction 

Superplasticityreferstothecapabilityofsomematerialsfbrexhibitingverylarge 
elongatlonswhenpulledlntenslon【1]、ItlsnowweIl-estabIishedthattherearetwo
lmportantrequlrementsinordertoachlevesuperplasticityinpolycIystallinemetals[2]・
First,superplasticityoccursbytheprocessofgrainboundaryslidinginwhichstrainis 
achlevedbytherelativedisplacementsofadjacentgrainspandthismeansinpractice 
thatthegrainsizeofthematerlalmustbeverysmalLTyplcalgrainsizesinsuperplastic 
aI1oysareoｆｔｈｅｏｒｄｅｒｏｆ－１－１０似、、Second,superplasticityoccursbyadiffusion-
controlledprocessandthisrequlresasufflcientlyhightemperaturesothatdiffusionis 
reasonablyrapidInpractice，superplastlcductilitlesaregenerallyobservedat 
temperaturesaboｖｅＯ５１１ｎ,wherellnlstheabsolutemeItlngtemperatureofthe 
material． 

FormostsuperplasticmetalsDthegrainsizeisgenerally～１－５口mandoptimum
superplasticityoccuｒｓａｔａｓｔｒａｉｎｒａｔｅｉｎｔｈｅｖｉｃｉｎｉｔｙｏｆ～１０~３s-1withastrainrate ロノーーー、●‐。■

sensitivtiy,ｍ,whichlsusuallycloseto-Oo5、Thisbehaviorisdeslgnatedregionlland
inpracticethesuperplasticeffectlslostatsIowerandfasterstrainratesinthetwo 
reglonsofbehaviordesignatedregionsIandllI、SincesuperpIasticityoccursovera
narrowrangeofstraInrates,superplastlclbrmlngoperationsinindust『yarerestricted
torelatlvelylowstralnratessothattheIbrmlngtlmesarefairlylong(typicalIy,upto-30 
minutes)． 

Aposslbleprocedurelbrachiev1nghightensileductllityatfasterstrainrates，and 
therebyimprovingthesuperplasticlbrmingcapability,istodecreasethegrainsizeto 
withinthesubmicrometerornanometerleveLExperimentsontheZn-22％Aleutectoid 
alIoyhaveshownthatadecreaseingrainsizehasthepotentialfbrbothlncreasingthe 
totalelongationstofailureandachievingthesehighelongationsatfasterstrainratesn 
HoweverIitisusuallydifficultinpracticetoreducethegrainslzewithinapolycrystalline 
matrixtoasizeIessthan-1似、．

Attentionhasbeenfbcussedrecentlyonanewprocedurelbrgralnrefinementknown 
asequal-channelangular(ECA)presslngThisprocedurewasoriginallydevelopedas 
amethodofworkingmetals1nsimpleshear同andsubsequentlyItwasreportedthat
ECApressingmaybeusedtoproduceultraflnegraInslzeslnpoIycrystallinematerials 
[6,7lTherefOre,therelsapotentlalfbruslngthlsproceduretoachIeveanultrafine 

grainslzeanditispossible,inaddition,thatthematerialmayexhibltsuperplasticityat 

Ili薯liill請蝋識蝋辮鶏職詳窺;'鱗
alIoys,respectively旧]．

ThepresentinvestigationwasinitiatedinordertoexaminetheECApresｓｉｎｇｏｆａｎＡｌ－ 
３％MgalloycontaininganadditionofO２％Ｓｃ・Scandiumwasselectedastheaddition
becauseitisweIlknownthatthepresenceofqllUt且amountaQfscandiuminaluminum-
basedalloysleadstoenhancedproperties1ncludlngincreasedstrenglhandasignificant 
inhibitioningraingrowthandrec『ystalllzation【9,101.Furthermore,thereisexperimental
可i能Hi諺IbrhlghtensileductiI1ties(>1000%)inanAl-4％MgalloycontainingO5％Sc
therebydemonstIatingthesuperplastlcpotentlallnAl-MgalloyswithScadditions[11]． 
▲且WiUhegemgn目UaLQg,theＡＩ-3％Ｍ9-0.2％ScaIloyusedinthepresentinvestigation
exhibitedasubmlcIometergrainslzeafterECApressingandsubsequenttenslletesting 
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ｅ 

gaveelongationstofailureofupto＞1000％ 
ｒａｔｅｏｆａ３ｘｌＯ－２ｓ－１． 

wheMestingat673Kwithanlnitialstrain 

．．－.ｑ 

Ｋ回巳「lＵＵＩＵＩｌＬHＩｌｄＬＵＩＩｌＵｐＵＵＬｕＬ

TheexperimentswereconductedusiｎｇａｎａｌｌｏｙｏｆＡ'－３％Ｍg-0.2％Ｓｃ、ThemateriaI
waspreparedbyarcmeItinginanAratmosphere,Ａｌｏｆｇｇ､99％ｐｕｒｉｔｙａｎｄ３ｗｔ％Ｓｃ 
of99.999％purityto1brmanAI-3％ScalIoy・Thlsmaterialwasthenremeltedwith
additionaIA1and3wt％MgtogivetherequiredAl－３％Ｍ9-0.2％ＳｃａＩ１oy･Themolten 

解鯖欝搬繍上再:WIi:皐雁:LflW:||｣驍鯛蝋翻;J1:MH§Ｉ諦凝
i1:191111鯛l1iHMF(I臘禦::::剛;圏lillH:H雛辮W郷:lrWIWl:'淵皇：
barswereswagedtoprovidetheEUloyinthefbrmofrodswlthadiameterｏｆｌＯｍｍ・
Therodswerecuttolengthsof-60mmandtheywerethenanneEＵｅｄｌｂｒｌｈｏｕｒｉｎａｉｒ 
ａｔ８８３Ｋ・InspectionbyoptiｃａｌｍIcroscopyafterannealingreveヨｅｄａｇｒａＩｎｓｉｚｅｏｆ～200

側、．

EachねdwassubjectedtoECApressingusingtheprocedureillustratedschematically
inFigl、InECApresslngthesample,whlchistyplcaIIyintheiormofarod,ispressed
throughadleusingaplunger」nthepresentexperiments0thediewasmadefToma
solidblockofhighstrengthtooIsteelanditcontainedasinglechannel,circularincross-
section,whichpassedthroughthedielnanL-shapedconfiguration・TWoangIesare
generalIyusedtodefinethepreclsenatureoftheECApresslngconfiguratIon・Ｉｎｔｈｅ
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presentexperlments,theangleofIntersectionbetweenthetwoseparatepartsOfthe 
channeIwas｡＝g0oandtheangledeflnlngtheouterarcofcurvatureatthepolntof 
Intelsectionwasil)＝90..Ａ11pressingswereconductedinairataⅡ121釦Ltemperature
fbratotaIof8passeｓｔｈｒｏｕｇｈｔｈｅｄｉｅａｎｄｗｌｔｈｎｏａdditlonalannealingduringthe 
pressingprocedure･ThreedistinctprocessingroutesareillustratedinFigl・However，
itwasshownearlier，ｉｎｅｘｐｅｒｉｍｅｎｔｓｏｎｐｕｒｅＡＩ，thatahomogeneousequilibrium 
microstructure，consistingofanarrayofgralnshavinghighangIegrainboundariesois 
achievedmostreadilywhenthesampleisrotatedby90o1nthesamedlrectionbetween 
eachseparatepassagethroughthedie【12]andthesameprocedurewasusedlnthese
experiments・ThisprocessingtechniqueisdeslgnatedrouteBinFiglandthe
assoclatedshearingcharacteristlcsaredescribedIndetaIlelsewhere【13]．

ltcanbeshownlTomflrstpr1nciplesthatthetotaIstralnaccruedinasampleonpassage 
throughanECApressingdledependsuponthevaIuesofthetwoangles仲ａｎｄ山[14]、
Forthepresentexperiments,thevaIuesof○ａｎｄ山leadtoacalculatedstrainof～１on
eachseparatepassagethroughthｅｄｌｅ,givingatotalstrainof-8after8passes，Model 
experimentshaveconfinnedthevalidltyofthemethodusedtoestimatethestrainexcept 
lnthepresenceoffTictionaIeffectsatthewaI1softhechannel【15Llnthese
experimentsDfTictionaleffectswerereducedbyusingamolybdenumdisulfideIubricant． 

AftertheECApressing,severEUbarswereslicedperpendiculartothelongitudinalaxis 
togiveanumberofsmallpIeceshavingthicknessesof～０４ｍｍ・Thesespeclmens
wereusedtoinvestigatethestablIItyoftheas-pressedmlcrostructurebystaticaIIy 
annealingfbrlhourinanargonatmosphereatselectedtemperaturesintherangefTｏｍ 
３７３ｔｏ７７３Ｋ． 

Fo110wingECApressingthrough8passesItensilespeclmensweremachinedfTomthe 
sampleswithcross-sectIonsoflx3mm2andgaugelengthsof4mmThemachlning 
wasconductedsothatthegaugeIengthofeachsamplelayparalleltothelongitudinal 
axisafterpressingTenslletestswereconductedusinganlnstrontestingmachine 

;鶴'89語翻辮興.fI:鯛:謡f:slMi：IiflWl:悪鯛灘WIli:|期鰯爲駆
to723KwiththetemperaturecontIdledtowithIn±２Kduringeachtestandwiththe 

var1ationofloadwithstraln旧coIdedcontinuousIyonastrlp-chartrecoIder，Theyield
stresseswereestimatedITomthe0.2％offSetslbreachseparatecurve． 

Sampleswereexaminedbytransmissionelectronmicroscopy(TEM)afterECApresslng 
andalsoafterstaticanneEUingDiscswerepreparedhavingdlametersof3mmand 
thicknessesof～０．１５ｍｍａndthesedlscswerethenthlnnedtoperIbrationusingatwin-
jetelectropo1ishingunitwithamixtureofl0％HCI04,20％C3H803and７０％C2H50H 
atatemperatureof278K・SpecimenswerepreparediorTEMhPomw1thinthegauge
lengthsaftertensiletestingusingaiocusedionbeamfacility(HitachiFB-2000)．A11 
microstructuralobseⅣationsweremadeusinganH1tachiH-8100transmissionelectron 
microscopeoperatingat200kMSelectedareaelectmndiffraction(SAED)patterns 
weretakenh・omregionsofthesamplesusingoexceptwherenotedotherwise，ａ
ｄＩａｍｅｔｅｒｏｆｌ２３似、．

FOrcomparisonpurposesosomeaddltionalexperlmentswerealsoconductedusingan 
A1-3％MgsolldsoIutionalloyw1thanlnitialunPressedgrainslzeof~500似ｍ・Further
detailsconcemingtheECApresslngandthecharacteristicsofthlsmaterialwereglven 
inearlierreportsI16-18l． 
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Figure2showsexamplesofthemlcrostructureaIterECApressinglbr(a)ａｎＡＩ-3％Mg 
alloysubjectedtoECApressingatroomtemperaturelbratotalof8passesand(b)the 
Ａｌ-3％Ｍ９－０２％ScalloyafterECApressingfOratotalof8passes:theSAEDpatterns 
arealsoincludedfbrbothofthesemicrostructures． 

InspectionoftheSAEDpatterninF19.2(b)showsthatthemicrostructurefbrtheA1-Mg-
ScalloyinthisfieldofviewcontaInsboundarleshavinghighangIesofmisorientation 
anditisapparentthatthereisanarrayofessentiallyequiaxedgrains・However,carefi｣｜
inspectionofalargeareaoftheA1-Mg-Scsamplereve副edaheterogeneous
microstructureconsistingofsomeregionswithgrainSsepa旧tedbyboundarieshaving
highanglesofmisorientationandsomeregionswithsubgralnsseparatedbyboundaries 
havinglowanglesofmlsorientation、ThisIackofhomoganeity,andthepresenceof
regionsofbothgralnsandsubgralns,ｉｓsimilaralsotoobservationsrepo｢tedearlierfbr 
anA1-Mg-Li-ZraIIoysublectedtoECApressingtoastrainof~a7atatemperatureof 
673K［19］butltcontrastswiththeA'－３％Mgsolidsolutionalloywherethe 
microstructureishomogeneousafter8passesthroughtheECAdieatroom 
temperaturaThus,themlclostructureshownlnFlg2(a)Isrepresentativeofthegrain 
boundan/configurationsinthisaI1oy･ 

ItwasestimatedfTomdetailedinspectionthattheA1-Mg-SceⅡloycontalnedoafter8 
passesthroughthedie,avolumefTacUonoftheorderof－１０％ofsubg間nｓｗｉｔｈIow
angleboundariesand－９０％ｏｆgrainswithhlghangleboundaries・Theaveragegrain
s1zelnthis副ｌｏｙｗａｓｅｓｔｉｍａｔｅｄａｓ－Ｏ２似miTomanexaminationofseveraldifferent
areascontainingbothsubgrainSandgrains・AswIththeA1-Mg-LI-Zralloylnvestigated
earIier【1gLthemeasuredaveragesubgralnsIzewasessenti副Iyidenticaltothe
measuredaveragegrainsize． 

AnlmportantconcluslonhPomtheseobservationsisthatthegralnslzeattalnedlntheA1-
Mg-Scalloy(-02Ⅲ､)ｉｓ,withintheexperimentalaccuracy,Identi劇tothereported
gralnsizelbrtheA1-3％MgalloyafterECApressingatIoomtemperature㈹２１um）
[17]・RecentexperimentshaveshownthattheequilibriumgrainsizeattainedbyECA
presslngdepends,atleastinpart,upontherateofrecoverylnthematerialEO]・lnpure
AMbrexample,theequiIibriumgrainsizewasmeasuredas-1似mafterECApressing
atroomtemperatureIbr4passes【12,21]andinacommerc回AI-Mg-Li-Zralloythe
equilibriuｍｇｒａｉｎsizewasreportedas-121LImafterpresslngtoastrainof－３，７ata 
temperatureof673K[191Basedonthepresentresults,ｗｈｅｒｅｔｈｅＡｌ-3％Mgalloy 
andtheAI-3％Ｍ９－０２％ScalloybothhaveessentiallyIdentlc副equⅢbriumgrainsizes，
itisreasonabIetoconcIudethatthepresenceofO2wt％ＳｃｉｎｔｈｅＡ１－３％Ｍｇａｌloyhas 
noslgnlficanteffectoneithertheoverallrecoveryrateorthemagnitudeofthestacklng 
faultenergyofthematerlal． 

InspectionofFig2shows副ｓｏｔｈａｔｔｈｅＡｌ－Ｍｇ副loyandtheAl-Mg-Scalloyboth
contalngrainboundarieswhicharerelatlvelypoorlydellneatedandappeartorepresent 
thetransitionsbetweengrainsorgralnfTagments・Theseboundariesaregenerally
characterizedasnon-equilibriumboundarles［22,23］andU1eyaretypicalofthe 
boundariesobservedinultrafine-gralnedmaterlalsfabricatedusingintenseplastic 
strainingtechnlques『,24-2句．
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SeveralspecimensweresublectedtostaticanneaI1nglbrperiodsoflhouratdIfferent 
temperaturesupto773KandFig3showsexampIesofthemicrostructuresafter 
anneEJingIbrtheAI-3％Ｍg副loy(Ontheleft)andtheAl－３％Ｍ9-0.2％Ｓｃ副loy(onthe
righ0． 

AdetaiIeddescriptionofthemicrostructuraIevo1utionwhichoccursonannealingofthe 
AI-3％MgalloywasgivenearIier【17]、Briefly,thls劃IoyexhIbltedlittleornograin
growthuptotemperaturesof-500Kbutattemperaturesintherangeof-500-560K 
therewasaduplexstructureofverysmallunrecrystalllzedgraInsandlarger 
recrystalIizedg頃insandattemperaturesabove-560KthematerialwasessntiallyfUlly
rec『ystaI1izedandtherewasaunIfOrmdIstributionofgrainsseparatedbyhIghangle
grainboundaries，Ultimatelyoattemperaturesabove-750K,thegrainsgrewtoreach 
averagesizesof＞100似ｍ･TheseobseⅣationsofsubstantialgralngrowthatelevated
temperatuねssuggestthattheA1-3％MgEMloylsnotasuitablecandidatematerlalfOr
thedevelopmentofasuperplasticIbrmingcapability.」tistherelbreimportantto
examinemethodsbywhichanuItrafinegraInｓｌｚｅｍａｙｂｅｒｅtEHnedattemperatures 
higherthａｎ－５００Ｋ． 

ひ

ItisapparentiominspectionofthemIcrostructuresgiveninFig31brtheAl-Mg-Sc 
aIloy(ontherigh0thatthestructureremaIns副mostthesameasintheECA-pressed
condition2Hteranne副ingat473K・Ｉｔｉｓ副soapparentthatthereisonlyaminorincrease
lntheaveragegrainsIzeatanne副ingtemperatureｓｏｆ５７３ａｎｄ６７３Ｋ副thoughcarelUl
inspectionrevealedthatsomeofttlegrainboundarIesbecamebetterdeflnedalter 
anne副ingatthesehighertempe剛uressuggestIngagradualevolutionintoamore
equilibratedconfiguration．FurthermoreoandunliketheN－３％MgsolidsoIutionaIoy， 
thegrainsIzeoftｈｅＡｌ－Ｍｇ－ＳｃａｌＩｏｙｒｅｍａｉｎｓｌｎｔｈｅ－１－２似mrangeevenafter
anneallngatatemperatureof723K･AtthehlghestanneaIIngtemperatuｒｅｏｆ７７３Ｋ， 
ＩｔｗａｓｆｏｕｎｄｔｈａｔｔｈｅｒｅｗｅｒｅｓｏｍｅｒｅｇlonscontalnlngreasonabIyIargegraIns；an 
exampleoftheseIargegrainsmaybeseenInthemlcrostructureshownatthebottom 
rightinFIg3． 

Theseobservationsdemonstratethattheve｢yfinegrainsizeis”markablystableinthe 
A1-3％Ｍ９劃IoywhenO2wt％SclsIntIoduced、ThegrainstabⅢtyInherentintheA1-
Mg副IoythIDughtheintroductionofscandiumisevidentITomthedirectcomparison
showninFig4whichplotstheaveragegrainsizeversustheannealingtemperaturefbr 
theAI-3％Ｍｇ副Ioy[17,18】andlbrtheA1-3％Ｍ9-0.2％Scalloy､Thus,theN-Mg-Sc
alloyretainsagrainsizeof＜３１｣muptothehlghestanne副ingtemperatureof773K
whereastheＡ１-3％Mgalloyexhibitsgraingrowthtosizesof〉100リmintheabsence
ofthescandiumadditive． 

Thestabilityofthegrains汀ucturebytheadditionofdiluteamountsofscandiummaybe
attributedtotheintroductionoffinecoherentAl3ScprecipitateswhichseIvebothto 
strengthenthematrixalloyandtoInhlbitrecrystalIization[9,27,28]・Theseprecipltates
arethermalIystａｂｌｅｕｐｔｏｔｅｍｐｅratu旧ｓｃｌｏｓｅｔｏｔｈｅｍｅｌｔｉｎｇｐｏＩｎｔｏｆｔｈｅalloyand
therefOretheyareexceptionallyeffectlvelninhibitingthemovementofgrainboundaries 
andinsuppressinggraIngrowth･FOrexampIe0itiswelldocumentedthatthepresence 
ofsmalIamountsｏｆＳｃｉｎａＩｕｍｉｎｕｍ－ｂａｓｅｄ副loyscanincreasethorecrystaⅢZation
temperatureto＞600°ＣＰ]whichIshIgherthanthenormaltemperaturelbrthesolution 
heattreatmentofalumInum劃loysinlndustrialappllcations．
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Figure3-Microstructuresafterstaticannealingforlhourfor 
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ANNEALINGTEMPERATURE(K） 

F1gure4-GrainsizeversusanneallngtemperaturelbrAI-3％Mg 
andforAI-396Mg-0.2％Ｓｃ． 

ｐｅｎａｖＩｏ「｡「ＩｎＢ□－ａｌｌ［

TherequirementbrtheねalizaMonofhlghstralnratesuperplastlcityisgoodtensile
ductilityandsuperplastlcelongatlonstofaIIureatstraInratesfasterthan10-2s~'[29l 
Therefbre,tenslletestingoftheN-Mg-ScalloywasconductedafterECApressingbut 
withoutanysubsequentannealing． 

Typicalstress-straincurvesareshowninFig5brtwotestsconductedunderthesame 
conditionsofanlnitialstralnIateofa3x10と2ｓ~'ａｎdatthetwotemperaturesof573
and6７３Ｋ．Inspectionshowsthatbothcurvesexhibitaninitialperiodofstrain 
hardeningandthensubsequentsofteningleadingultimateIytofailureofthesamples, 
Theyieldstressesfbrthesetwocurves，correspondlngtotheO,2％offsets，ｗｅｒｅ 
ｅｓｔｉｍａｔｅｄａｓ－３１ａｎｄ－１２ＭＰaatthetestingtemperaturesof573ａｎｄ６７３Ｋ， 
『espectively，

ltisapparentlTomFig5thatthetwoECA-pressedspecimensexhibitsubstantial 
ductilityevenatthis旧pidstrain尼Ite,withelongationstolailureof-610％ａｎｄ-1030％
ａｔｔｈｅｔｗｏｔｅｍｐｅ徹ｕｒｅｓｏｆ５７３ａｎｄ６７３Ｋ，respectively・TheseresultstherefbrB
demonstratethecapabllityofachlev1ngsuperplastlcbehaviorintheAl-Mg-Scalloyat 
highstrainrates． 
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TOexaminetheductllityinmoredetalloandtoprovideadirectcomparisonwithearlier 
work,Fig6showsaplotoftheelongationtofailureversusstrainratebrtheA'-3％ 
`Ｍ9-0.2％ScalloyusedinthepresentinvestigationandlbranAI-4％Ｍ9-0.5％Ｓｃ 
副loytestedearlierbySawtellandJe､sen[11]:theverticalarrowsinFig6denotetests
whichwerediscontinuedwithoutfallureatelongationsoflO20％． 

InspectionofFig､６showsthattheductilitiesachievedinthepresentexperiments,when 
comparedatsimilarstrain畝esandtestlngtemperaturesotendtobeslightlyhigherthan
thosereportedintheearlierlnvestigatlonbySawtellandJensen[11]・However,ｂｏｔｈ
lnvestigatlonsdemonstratehightenslleductilltyatstrainratesof10-2ｓ~１． 

Forcomparisonpurposes0addItlonaltestswereconductedusingspeclmensoftheAI－ 
３％Ｍg－０．２％ScaI10ysubjectedtoanneallngfbrlhourat853Kbutw1thoutanyECA 
pressing・Theseunpressedsamplesweretestedataninltialstrainrateofa3xlO~2s-1
atthetwotemperaturesｏｆ５７３ａｎｄ６７３ＫａｎｄｔｈｅｙｇａｖｅelongationstofailureofonIy 
97％ａｎｄ150％，respectively･Theseresultsthereforese『vetodemonstratethe
importanceofECApressingInintroduclnganultrafinegrainsizelnordertoachievehigh 
stralnratesuperplasticity． 
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Figure7showstworepresentativemicrostructurestakenfromthespecimenpulledto 
failureat673Kwithaninltlalstrainrateofa3xlO~2ｓ~':thesephotomlcrographswere 
taken(a)withinthegrlpsectionofthesampleinanarealocatedbehindthepinning 
pointand(b)withinthegaugelengthinanareaveryneartothepointoffallure， 
resPectively、AsIndicatedinFlg7(b)，thetenslleaxisishorizontalfbrthe
photomicngraphtakenwithinthegaugelength． 

InspectionofFig7showsthatsomegraingrowthoccursaftertestingatatemperature 
of673Klnthegripsection0theaveragegrainsizewasｍｅａｓｕｒｅｄａｓ－１似mwhichis
consistent,atthistemperatureowiththegraingrowthdatashownearlierinFig4、Within
thegaugelength,however,thegraingroWthwasmoreextensiveandtheaveragegraｉｎ 
ｓｌｚｅｗａｓｍｅａｓｕｒｅｄａｓ－４ｕｍ・ThegralnswereessentialIyequiaxedinthegripsand
alsowithinthegaugelengthDtherebyshowinganabsenceofanyobviouseIongationof 
thegrainsalongthetensiIeaxis･Therewasevidencefbrtheformationofsome 
cavitationwithinthegaugeIengthunderthesetestlngconditionsandseveralvewsmall 
cayitiesarevisibleatthetriplejunctlonsneartheupperedgeofFlg7(b)．lnspection 
ofalargeareaofthissampleshowedevidencefbrthegrowthofsomecavitiestobm 
cracksalongthegrainboundaries． 
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Figure7-Microstructuresaftertensiletestingwithan 
ofa3x10-2s~'ａｔ673Ｋ:(a)withingrlps,(b)withiｎ 

initialstrainrate 

gaugelength． 
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￣ し

、｢、己ｎｒｌｕＬｕｌｌ巴IｕごIuH

1．ThepresenceofO､2％ＳｃＩｎａｎＡ１－３％Ｍｇ副1oylsveIybeneficialIbrret副ningan
ultrafinegrainsizeafterECApress1ng、Intheseexperiments,themeasuredaverage
grainsizeafterECApressingwas-O2似、．

2．HighstrainIatesuperpIastlcitywasachlevedIntheA1-3％Ｍ9-0.2％Ｓｃ副loywith
atensileelongationof＞1000％whentestIngatatemperatureof673Kw1thaninitial 
stralnrateofa3×１０－２ｓ~1． 

しＨ「ＩＵＩｕＵＵ巳mＩｕＩＩＬ
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