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AlloyDevelopmentforTransportation

inSumitomoLightMetal＊

Hideo Yoshida＊＊

SumitomdLightMetal（SLM）hasbeendevelopinghighstrengthaluminumalloys．Dr．Igarashi

atSumitomoMetalinventedthehigheststrengthaluminumalloyintheworld，ESD（ExtraSuper

Duralumin）in1936．Thisalloy，Aト8％Zn－1．5％Mg－2．0％Cu－0．5％Mn，COntainingO．25％chromium

thatpreventedSCCwasimmediatelyappliedtotilemainwlngSOfZerofightersinWorldWarII．

AfterWWII，SLMinventedafine一grained7075－0sheetforthetaper－rOlledstringerofaircraft

WithMHI，WhichwasappliedtocommercialB767andB777airplanes．Thissheet，grainrefining

technologywasalsoappliedtosuperplasticsheetsof7475and8090．Recently，the2013alloywas

developedtosavethecostoffabricationwithKHI．The2013－T6sheethashighstrengthcompared

to2024－T3．ThisalloyhashigherformabilityinT4than2024－T3．Therefore，thisalloysheetcan

beformedinT4followedbyartificialaglng．Furthermore，thisalloycanbeextrudedintohollow

Shapeswiththinwallsbyportholediesandcontributestofabricatingintegratedpartswithout

SeamS．Inmotorcyclesandrailwaycars，aWeldablealloy7003，A1－6％Zn－0．75％Mg－0．15％Zr，With

higherextrudability，lowerquench－SenSitivityandmediumstrengthcomparableto6061－T6was

inventedin1967byBabaatSLMandappliedtotheSeries200Shinkansenandmotorcycleparts．

Alloy6NOl，Which can be extrudedinto hollow cross－SeCtion shapes with thin walls，WaSalso

developed for the300and700Series Shinkansen．In motorcycles，eSpeCial1y，mOtOCrOSS，high

Strengthaluminumalloyswithtensilestrength，mOrethan600MPa，havebeendevelopedforthe

Outertubeofthefrontforks．Inautomobiles，eSPeCially，aluminumbodypanelsforhoods，theA1－

4．5％MgalloycontainingzincandcopperwasinventedandadoptedtothehoodoftheMazda

RX－7in1986forthefirsttimeinJapan．TheA1－4．5％Mg－Cu（5022）andA1－5．5％Mg－Cu（5023）

alloys were then developed from the viewpoint of formability．For the A1－Mg－Sialloys，neW

processes wereinvented toimprove the bake hardenability at170℃Or toimprove the hem

formability．Toincreasetheformabilityofaluminumalloys，Superplasticforminghasalsobeen

appliedtothehardtoproofofHondalsS2000andthefenderandtrunklidofHondaTsNewLegend

（AcuraRL）usingthe5083alloy．

1．Introduction

Many big companies manufacturlng tranS－

portation，alrPlanes and aerospace，railway

CarS，mOtOrCyCles，andautomobilesaresituated

in the Tokai area，the midland ofJapan．In

World WarII（WWII），Sumitomo Metal

established a new aluminum manufacturing

plant（now，SumitomoLightMetal）inNagoya

Thispaperwaspresentedasaninvite（Flecture at the

12thInternational Conference on Aluminium Alloys

（ICAA12），Yokohama，Japan，September，5－9，2010．

＊＊　R＆D Center，Sumitomo Light Met，alInd．Ltd．，Dr．of

Eng．
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to provide aluminum products for aircraft

manufacturing companies．After WWII，SLM

has been developlng neW aluminum alloys and

PrOViding aluminum products for companies

manufacturing railway cars，mOtOrCyClesand

automobilesforfifty years．Inthis review，the

history of Extra Super Duralumin（ESD），

Which alloy has been ouridentity，is first

described．The topics of research and

developmentofaluminumalloysforaircraftat

SLM after WWII are then shown．Third，the

R＆D of Al－Mg－Si and Al－Zn－Mg alloy

extruSions forrailway cars and motorcyclesis

Summarized．Finally，the recent R＆D for the
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bodypanelsofautomobilesisintroducedl）．

2．HistoryofExtraSuperDuralumin

（ESD）foraircraft

In1916，theJapaneseImperialNavyobtained

PartOfthe frameoftheZeppelinAirship shot

downin the suburb of London and ordered an

analysIS Of the fr・ame Shownin Fig．1by

Sumitomo（SumitomoCopperRollingWorks）．

Onthebasisoftheseresults，Sumitomotriedto

PrOduce the Duralumin sheetin1919．After

WWI，tOlearnthe technology of aluminum

productionascompensationforthewar，in1922，

Sumitomo sent fourenglneerS With military

PerSOnnel to Dtirener Metallwerke AG，Which

PrOducedDuralumin．Basedonthistechnology，

in1935，Sumitomo developed Super Duralumin

Similar to AIcoa alloy　2024．In this year，

Igarashi（Fig．2）and his co－WOrkers at

Sumitomo Metal made a start on the

development of higher strength alloy than

SuperDuraluminattherequestoftheNavy．As

aresult，theyinventedanewalloy（A1－8％Zn－

1．5％Mg－2％Cu－0．5％Mn－0．2％Cr）　with the

hightensilestrengthof600MPabasedontheE

alloy（A1－20％Zn－2．5％Cu－1．5％Mg－0．5％Mn），S

alloy（A1－8％Zn－1．5％Mg－0．5％Mn）and Super

Duralumin（A1－4％Cu－1．5％Mg－0．5％Mn）and

immediatelymadeapatentapplicationin1936．

This alloy，named ESD（Extra Super Dura－

1umin）after E alloy，S alloy and Duralumin，

hadchromiumtopreventseasoncracking（now

knownasstresscorrosioncracking）．

Atthattime，thecauseofseasoncrackingwas

not clear．Igarashirecognized theinfluence of

the tensile stress and corrosive environment

such as sodium chloride solution on the season

CraCking．Therefore，hedevisedtheseveraltest

PrOCedures shownin Fig．3　to evaluat，e the

lifetime to crackin A1－Zn－Mg－Cu alloys

COntainingseveraladditionalelements2）．These

tests showed that the cracking was grain

boundary embrittlement and the addition of

Chromiumwasthemosteffectivetopreventthe

CraCking．Hethoughtthecaus諺Ofcrackingwas

inter－granular corrosion and the addition of

Chromium and manganese reduced the

intergranularcorrosion．Healsofoundthatthe

excess addition of chromium caused the

Fig．1PartoftheframesofZeppelinAirship

ShotdownedatLondon，broughtinto

JapanandstoredinSLM．

Fig．2　Dr．Igarashi，theinventorofESD．

OCCurrenCe Ofgiant compounds combined with

manganese during solidification，and these

COmpOundsreducedthefatiguestrength．

TheESDalloyextrusionandcladsheetwere

used for the main wings of the Zero Fighter

ShowninFig．4in1938．To producealuminum

Sheets，eXtruSionsandforglngSforaircraft，the

NagoyaWorkofSumitomoMetalwasbuilt，in

1941near the Mitsubishi HeavyIndustries

（MHI）and aluminum products of about4000

tonpermonthweremanufactured．Atthesame

time，AIcoa also investigated the stress
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（b）cuppingby

Erichsen Test

（C）bending

Fig，3　Testprocedureofstresscorrosion

（season cracking）devised by

IgarashiandKitallara．

Fig．4　ZeroFighteranditsmainwingstructure・

corrosionresistanceoftheAl－Zn－Mg－Cualloys

andintroduced alloy7075with chromiumin

19433）．

3．Aireraft

3．1Taper－rOlledstringerof7075alloy

InJapan，the R＆D and manufacturing for

aircraftwereprohibitedforawhileafterWWII．

However，theJapaneSeaircraftindustrieshave

beenreestablishedthroughtheproductionofa
Japanese alrPlane，　the YSll，　and

subcontracting the fuselage o忘　Boeing’s

alr・Planes・During manufacturingthefuselage

ofthe Boeing767shownin Fig・5，Baba and

UnoatSLMinventedthegrain－COntrOlled7075

alloysheetforthetaper－rOlledstringersin1979・
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Fig．5　FuselageoftheBoeing767，

The taper rolled stringer has a variable

thicknessintherollingdirectionshowninFig．6

，because the thickness of the stringer at the

jointtoframeneedstobethickandtheotherto

bethintoreducetheweight．Forproducingthe

taperrolledstringer，theO－temPered7075alloy

sheetis used andis cold－rOlled from O to80％

reduction followedby solution heattreatment・

In solution heat treatment，the grain growth

occurredin the smallreduction of aboutlO to

20％andcausedacrackduringthero11－forming

into hat shapes or a reductionin the fatigue

strength・MHIrequestedustodevelopthesheet

withoutgraingrowthatthesmallreductionin

solut，ion treatment．Baba et al．invented a new

processincluding grain refining by rapid

heating and cooling followed by overaglng・

Fig7showstheeffectofthecoldrollingonthe

grain size of the stringer produced by newly

developedandconventionalprocess4）．

3．2　Superplasticityof7075andAl－Lialloys

Thegrainsizeofastringerrapidly－heatedat

solution temperatureis from30to50FLmin

Fig・7・However，tO get mOre fine grains of

about，10pm，thesizecontroloftheprecipitateS

beforerollingwasneededasdescribedbyPaton

etal．atRockwellInternationalCorp・，in19785）・

Theirgrainrefinementprocessincludedsolution

heat treat，ment，OVeraglng，quenChing，Warm

rollingandrecrystallization・Inthecommercial

process，itis difficult to quench a coilto the

aglng temPeratureand then warm rolling，SO

another process instead of Rockwell
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主攣一二二Movableroll

（．19〝蒜Cruhh oggle）

〔Fabricationpr雌〕

範。．野良011
表廼㌔表年表産、感多産

Fig．6　Thicknessdistributionandfabricationprocessoftaperrolledstringer
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Coldro＝ngreduction

Fig．7　Effectofthecoldrollingreductionon

thegrainsizeofstringerproducedby

newly developed and conventional

International，sprocesswasrequired・In1983，a

newprocesswasinventedincludingheatingthe

coil at more than400℃followed by furnaCe

cooling，then，COld rolling at the reduction of

morethan70％andfinallyrapidheatingto480

℃．The sheet produced by SLM was

superplastically formedin MHI as shownin

Fig．86）．

Next we tried to produce the superplastic

sheet of the A1－Lialloys8090and2090in the

laboratory．However，itwashardtohot－rOllAl－

LialloysbecauseofcrackingandtheAl－Lisheet

producedbytheabovementionedprocesshada

slgnificantanisotropylnSuperPlasticityshown

in Fig．9．Toimprove the workability and

anisotropy，Sufficient precipitation at the

precipitationnoseoftheT2（A16Cu（Li，Mg）3）

phase and isothermal　rolling at this

temperature were performed・The sheet

produced by this warmrOlling process had

欝霊湯認諾e＝二二＝こ⇒蒜霊等芸鵬
CostSavi咽30％

We喝htRedudion15％

NewdeSlg∩；Integ柑Idd00日¶Odel

w√軌　SPF kqm dnd

5ナ†汗ener

CortvenIi01101

design

Fig・8Integrateddoorwithbeamandstiffener

deformedby superplasticformingcomr

paredtoaconventionalstructure・

isotropyasshowninFig・9andshowedhigher

strainrate superplasticitythanthe7075alloy

because more finer grainsthanthe7075alloy

occurredduringthesuperplasticdeformationby

dynamicrecry－Stallization6‾8）

3．3　Alloy2013

In recent years，the cost reduction to

manufacture airplanes has been required・For

this request，SLMinvented a new alloy

registered as AA2013（A1－1・7％Cu－1％Mg－

0．85Si－0．16％Cr）　with Kaw声Saki．Heavy

Industries（KHI）．ThisalloyiSheet，hasthesame

strengthinT6temperas－2024－T3andhigher

formabilityinT4・Thusitispossibletoform

the sheet as T4followed by artificialaglng・

Thismanufacturingprocesscontributestocost

savlngSbecauseitdoesnotneedthequenching

offormedpartsandthestressreIieffromthem・

This alloy can be also extrudedin hollow

sections with thin wallslike the Al－Mg－Si
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Fig．9　Superplasticityof8090producedby

warm rolling compared with con－

Ventionalprocess．

alloys．Fig．10showstheapplicationofthealloy

2013extrusions tointegrated structuresin a

PreSSuredeckbeamandawindowframe．Inthis

case，thecostreductionisexpectedtobe72％of

theconventionalconstructionmethod9，10）

4．RailwayCars

4．1AトZn－Mgalloy，7NOl，7003

Aluminumrailwaycarswereintroducedwith

aweldedstructureofskin（5083sheet），frarpe

（5083　extrusion）　and underframe　（6061

extru－Sion）joinedwithrivetsandboltsin1962．

Inthemiddleofthe1960■S，aneWWeldableAl－

Zn－Mgalloy，JISA7NOl，WaSdevelopedandits

extrusionswereusedfortheunderframe．Thus，

all welded aluminum railway cars were

manufacturedandint，rOducedinsubways．

In1942，the HD alloy（Honda Alloy，

A1－5．5％Zn－2％Mg－0．75％Mn－0，25％Cr）　was

developed for extrusion becauseit had better

extrudability compared to SD and ESD・

However，atthattime，rivetjoiningwasmainly

used．AfterWorldWarII，TIGandMIGwelding

weredevelopedandt，hisalloywasconsidereda

weldablealloybecausetheweldjointhadahigh

strength due to natural age hardening after

welding．Thus，theA1－4．5％Zn－1．5％Mg－0．45％MnL

Cr　alloy similar to AA7004　and智7005　was

registeredasJISA7NOl．

In extrusion alloys，quenCh sensitivityis an

important factor for high productivity・Baba

showedthattheaddition ofzirconium wasless

116

Pressu帽deckbeam

Fig．10　Applicationsofnewalloy2013extrusions

tointegrated structuresin a pressure

deckbeamandawindowframe．

SenSitivetoquenchingthanchromiumandwas

effective for preventing the weld crack．The

reasonforbeingmoresensitivebytheaddition

of chromium was that second－phase particles

COntaining chromium were a stable phase and

theinterfaceisnon，COherentwith amatrix，SO

77，phase easily precipitates at theinterface

during quenching，While the precipitates

containingzirconiumhavetheL12StruCtureand

are coherent with a matrix．Therefore the

precipitation does not easily occur during

quenchingll）．Further，theadditionofzirconium

to the ALZn－Mg alloys causes a more fibrous

structureandpreventstheoccurrenCeOfgrain

growth during extrusion or solution heat

treatmentcomparedtochromium．Asaresult，

Weld cracking or stress corrosion crackinglS

prevented．On thebasis ofthesestudies，Baba

inventedanewA1－Zn－Mgalloywit，hzirconium

insteadofchromiumin196512）．Further・mOrehe

found that a small amount（0．15％）of added

copper was effective for stress corrosion

CraCkingintheshorttransversedirection．These

SumitomoalloysarecalledZK47andZK141．

To extrude shapes with high extrudability

and thin thickness，a neW alloy，A1－6％Mg－

0．8％Mg－0．25％MnrO．17％Zr（SumitomoZK60），

whichhasahighercontentofzinc＿andlowerone

Of magnesium compared with　7NOl，WaS

invented by Baba et al．in1967．ZK60TT5has

mediumstrengthcompatiblewith6061－T6and

this alloy was registered as AA7003in1975．

Withthisinvention，Shapesof500mmwidewere

ableto beextruded atKOK havinga9500ton

pressandappliedtothecantrailoftheSeries
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200Shinkansenin1970．Alloy7003was widely

used for the strength member・Of a container，

banandtrailer，rimofamotorcycleandbicycle，

bumperreinforcementandetc．13114）

4．2　AトMg－Sialloy，6NOI

A new　alloy with higher extrudability，

Weldability and corrosion resistance than the

A1－Zn－Mgalloyswasneededtoreducetheinitial

COStCOmParedtostainlesssteel．InEurope，the

AILMg－Sialloy，6005Awas d．eveloped andused

for railway cars．However，the grain growth，

decreased fracture toughness and microfissure

CraCksintheweldeasilyoccurredinthisalloy．

Therefore these pr・Oblems were solved by

COntrOlling the content and the process

COndition，andfinallyJISA6NOIwasregistered

in1980．This6NOlalloywasabletobeextruded

in hollow sections with thin walls and was

appliedtothebodystructure oftheSeries300

Shinkansen．In the1990Ts，a double skin type

body struCture With the trussin the hollow

SeCtionwasappliedtotheSeries700Shinkansen

（Fig．11）．The body and underframe of this

Shinkansenwerebuiltusingonlythe6NOlalloy

extrusion．Recently，brazed honeycomb panels

and friction stir welding technology were

applied to the struCture Of the body and the

underframe．

5．Motorcycles

TheJapanesemotorcycleindustrieshavebeen

developedsinceWorldWarIIandtheshareof

them such as Honda，Yamaha，Suzuki and

KawasakiisnowthelargestintheworldJnthis

development，aluminum has been usedin the

englnepartS，likethecylinderhead，CaSeetC．In

the1980’S，the weight savlng and design of

motorcycleswererequired，eSpeCially，formotor

raclng．As a result，the wheels，frame，SWing

arm and radiator were produced using

aluminum shownin Fig．12．For a spoke type

Wheel，theAl－Zn－Mgalloy，7003wasusedinthe

rimbecausethis alloy has a medium st，rength

and high　Weldability to flash butt welding．

Recently，highstrengthAl－Zn一昭g－Cualloysare

also availableforthisrim．

In the front fork，Whichis the suspension

COnSisting of double tubes，the outer tube

（aluminumalloy）andinnertube（steel）shown

117

Fig．11Series700Shinkansenanditsbody

StruCtureprOducedby6NOlhollow

extrusions with truss cross sec－

tions．

Fig．12　Motorcyclepartsusinghighstrength

Wr・Oughtaluminumalloysforamoto－

CrOSS．

Fig．13　Frontforkofamotor・CyCleusing

ahighstrengthwroughtalumir
numalloyfortheoutertube．
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inFig．13，aluminumcastalloyswerepreviously

usedfort，heoutertube．However，inthe1990’S，

Off road races，SuCh as motocross，required

higherstrengthandtoughnessthancastalloys
in the outer tube because highimpact for・Ce

OCCurred atlanding．Therefore Al－Zn－Mg－Cu

alloys were adopted from the viewpoint of

Strength and toughness．The addition of

Zirconiumwasneededtopreventgraingrowth

atthesurfaceofthetubeandreddcethequench

SenSitivity．Especially，a Vertical furnace and

mild quenchinginto polyalkylene glycol are

effective forlow and uniform residual stress

Circumferentially15）．Recently，ahigherstrength

andtoughnessaluminumalloy，SumitomoZC88，

wasdevelopedforthistube16）．

6．Automobiles，bodypanels

6．1Al－Mgalloys

In the Tokai area，there are many

manufacturing companies related to

automobiles including the Toyota Motor

Corporation．The root of this companyis the

production of automat，iclooms，and this area

WaS the center of the splnningindustries a

hundredyearsago．

After the oil shockin the1970’S，the

application of aluminum body panels was

Studied to save weight andincrease t，he fuel

efficiency．First，the formability of aluminum

alloyswasinvestigatedasasubstituteformild

Steel．As aresult，Unoinvented anew Al－Mg－

Zn－Cu alloy，Sumitomo GZ45，With higher

StrengthandhigherelongationthanAA5182in
1978．Thisalloycontained4．5％Mg，1．5％Znand

O．35％Cuandhada300MPatensilestrengthand

30％elongationin T4temper17）．In1986，the

Fig．14　AlumlnumHoodofMazdaRX－7

GZ45alloysheetwasadoptedforthehoodofthe

Mazda RX－7（Fig．14）for the first timein

Japan．However，Zinc was not addedlater

becauseofnaturalagehardeningwhichcauseda

reduced formability．Thus the A1－4．5％Mg－Cu

alloy，SumitomoGC45，WaSdevelopedandused．

Theadditionofcopperpreventsthereduct，ionof

yieldstrengthafterbaking．

MoreformabilitythanGC45wasrequiredby

Carmakers．Itiswellknowntheformabilityof

theA1－MgalloylnCreaSeSWiththemagnesium

COntent．However，theupperlimitofmagnesium

was decided by the hot workability and stress

corrosion resistance．As a r・eSult，the A1－

5．5％MgrCu alloy，Sumitomo GC55，つWaS

developed．TheA1－4．5％Mg－CuandA1－5．5％Mg－

Cu alloys were registered as AA5022　and

AA5023inAA，reSPeCtively．

6．2　Al－Mg－Sialloys

To further reduce the weight of panels，Al－

Mg－Sialloyswiththepaintbakehardenabilit，y

wer・eneeded．Thetemperatureandtimeofbake

was required at170－180℃for20－30minutes，

Fig．15　Newprocessescontainingpre－aglngOr

reversion developed for enhancement

ofbakehardeningat1700．

（a）Honda（Acura）NSX　（b）ToyotaPrius（Hybridcar）

Fig，16JapanesecarsusingAl－Mg－Sialuminum

alloy sheets wlth high　bake harden－

ability．
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Whichwasthesameconditionasmildsteel．Itis

Wellknownthatitisnecessarytoincreasethe

temperatureupto200℃tobakeAl－Mg－Sialloys

forsuchashorttime・Therefore，thecontrolof

thecontentandheattreatmentwasstudiedf。r

bake hardening at alow temperature．Asa

2010

result，thenewprocessesshowninFig・15were

developedfortheAl－Mg－SialloywithexcessSi18

）・Oneispre－aglngnearlOOOcimmediatelyafter

quenching and the otheris reversion．In each

PrOCeSS，the Mg－Si clusters formed at room

temperaturewerediminished．Theseclustersare

・Holdingdiescontinuouslyathightemperature 

・Threetimesofform－ngPreSSureCOmPared 

Withconventionalone 

・ParaJleIarrangementofseveraIdies 

Fig・17FenderandtrunkLlidofHondaLegendproducedbyhighspeedblowforming，
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Fig・18　DevelopmentofaluminumbodysheetforautomobilesinJapan，
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stableat170℃andinhibittheformationofβ”

Whichcontribut，eStObakehardening．AnewAl－

Mg－Si alloy with high bake hardenability，

Sumitomo SG112，WaS aPPlied to the Honda

NSX（Fig．16（a））in1996．Afterward，the AL

Mg－Si－Cu alloy was developed toincr・eaSe the

formabilityandappliedtotheNissanCedric．In

2003，Sumitomo SG212alloy（modified SG112）

WaS adopted for the Toyota Prius shownin

Fig．16（b）．Recently，ALMg－Sialloyswithhigh

bendformabilityinhemmlng19）orwithahigh

r－Value related to drawability have been

investigated．

6．3　Superplasticity

Theformabilityofaluminumalloysisinferior

to mild steel．Thus Honda developed a high

temperatureblowingmachineandusedtoform

the car body．This formlngis・a kind of

SuPer－plasticity．First，theyuseditforthetank

Ofmotorcycles andthentheroofoftheHonda

S2000with the grain controlled Al－Mg alloy．

Themeritofthisblowformingistheabilityto

formcomplexshapeswithonlyonedie，female

Ormale．Thedemeritisthelongtimeofformlng

COmPared to press forming．Honda soIved this

byimprovlngthemachineandformingathigh

pressure．In2004，Hondaappliedthishighspeed

blowformlngtOthefendersandtrunkridofthe

HondaLegend（AcuraRL）showninFig．1720）．

ThisblowformlngWillbewidelyusedtoform

COmplex parts．The development Of aluminum

bodysheetforautomobilesinJapanisshownin

Fig．181）．

7．Conelusion

Many alloys have been developed for

transportation，SuCh as aircraft，railway cars，

motorcycles and automobiles by Sumitomo

LightMetalS．TheExtraSuperDuraluminhas

been theidentity of this company．Recently

Mitsubishi Heavy Jndustries made an

announcement to begin the production of the

MitSubishireglOnaljet，MRJ，this November．

This news hasinspired our metallurgists to

inventnewalloyssuchastheESD．
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