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Preface

　　The　CCT　diagrams　fbr　welding　produced　aUhe　National　Research　Institute　fbr　M／e毛als　over　a｝ong

per重od　of　time　since匙he　opening　of　the王nstitu£e　were　sum憩arized．　Mos重of　thenR　have　been　published　in

the　Repor毛s　of董he　National　Research　Insti緑eξbr　Metals　and　Transaαions　of　the　NaUonal　Research

Instiωξe　for　Metals．　These　diagrams，　which　represent　abou｛200　kinds　of　steel，　are　produced　under　the

same　measurement　conditions　and　the　same　conception，　judging　the　contlnuous　cool隻ng　transfbrmation

behavior　of　steel．　Each　of　the　CCT　diagrams　con重ains　an　image　represent主ng　the　dependence　of　the

hardness　and　th皐ratio　of　transfbrmation　products　consisting　of　a　microstructure　on　the　coo至ing　t重me．

The　collection　and　edi宅ion　of　these　d童agra憩s，　which　were　perfbrmed　fbr　the　const紺ction　of　a　database

acc色ss圭ble　through之he　Internet，　were　part　of　a　da宅abase　construction　pr（りect　ofξhe　Japan　Science　and

Technology　CorporaUon　σST）．　　The　CCT　database　now　in　progress　is　accessib璽e　at　WWW

（http：／／inabanrim．gojp／Weld／）．　Access　toξhis　database　will　allow　a　more　ef艶ctlve　utilization　of痴ese

CCT　diagrams．

　　Numerous　colleagues　con宅ributed　valuable　suggest韮ons　tha｛were　incorpofated　in宅his　report，　and　we

are　extremely　gratefu正to重hem　We　should　partlcularly　like　to　thank　Dr，　Sa宅oru　Ohno，　Dr．　Masahiro　Uda，

and　Dr．　Aklra　Okada　fbr　the韮r　extensive　review　and　discussion　of　the　manuscript　F主nally，　we　should

like　to　thank　Ms．　Misako　Utsumi，　Mlss　Kazuyo　Miyamoto，　and　Ms，　Hisayo　Ando　fbr　their　assistance

dur圭ng　the　writiag　and　preparadon　of　manusαipt　and　our　wives　Yukiko恥jita　and　the豆ate　Nor韮ko

Kasugai　for　their　pat韮ence　and　understanding．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Mitsutane　FUJITA

Takayosh重KASUGAI

November　1999
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Forward

Michio　INAGAKI
　　　Ex－manager　of　Welding　Research　Depa曲ent　of　NRIM

　　　President　of　The　Japan　Welding　Technology　Center

　　　Principal　ofThe　Japan　Weldlng　Structure　College

　　It　is　my　g－eat　pleasure　to　announce　that　the　I℃CT　diagram　of　various　kinds　of　sξee｝products　fbr　weldi．ng「

which　is　pa韮t　of　a　database　cons匙ructlon　pr（ject　of　the　Japan　Sc童ence　and　Techno圭ogy　Corporation，is　ready　fbr

publica毛ion　on　the　Iηternet　to　be　widely　utilized．　The　production　of　CCT　diagrams我）r　weld童ag　fbr　stmctural

steel，　hi．gh－strength　stee1，　and　low－tempera£ure　steel　was　commenced　by王nagaki　i曲e　Welding／Fabrication

Labora毛ory　u．nder　the　guidance　of　Pro£S．　Ha三主or　Sekiguchi　of　Nagoya　University　under宅he　auspices　of　a

special　research　grant　of　the　Minis毛ry　of　Educa£ion　in　apρroximately　1955．　At　that童ime，　a　period　ofrapid

economlc　growth　wasjust　starting　in　Japan，　and　a　large　number　of　steel　products衆）r　welding　were　consurned　in

由eshlpbuildlng，　automobile，　and　construction孟ndustries．　The　we1．ding　technology　was　developed　mainly　ln

£he　welding　of　structura正steeL　The　development　of　high－streng由steel　and　low－temperature　s之eel　was　also

actively　sought

　　General－purpose　CCT　dlagrams我〕r　heat　treatme磁were　produced　by　Dr．　A．　Rose　et　al，at　the　Max　Plank

Instltu毛e　in　Ge㎜any　at　that　time．　A食er　receiving之he　specificatlons鱈an　appaatus鉛曲eひroduction　of

CCT　diagrams　fbr　heat　ngeatment　f診om　Dr，　Rose，　we　s室arted　researching宅he　development　of　an　apparatus　fbr　the

production　of　a　CCT　diagram　fbr　welding　W6　have　deve玉oped　the　production　method　of　a　so－called　CCT

diagram　fbr　welding　which　reproduced　stably翫e　rap油y　heating／coo1．lng　weld－heat　cyde　of　a　weld－heat

affbcted　zone　similar　to　a　fUsion　zone　during　welding　o賞asmall　specimen，　The　most　difflcult　points　at　that

time　wel℃selecting由e　heat　source　and　stably　setting　a　maximumわeating　temperature　of　1350℃．　A

cylindrical　resistance－heati．ng　fhmace　employed　at　Nagoya　University　fbr　budgetary　reasons　gave　insu壬ficient

heat主ng　veloci宅y，

　　After　being　transfbrred宅。由e　National　Research　Ins｛韮tu乏e　fbr　Metals，王developed　and　commercialized　the

Synthetic　Weld　Therrnal　Cycle　Apparatus拓r　Trans飴rmatlon　Measurement　by　aigh一倉equency　Induαion

Heating　fbr　the飯s賃ime　ln　the　world．　This　appara窒usμoduced　numbers　of　CCT　dlagrams長）r　welding　on

various　kinds　of　high－streng由steel　and　low－temperature　s£eel　which　were　be童ng　develo勲ed　by　steel

manufhcturers　in　Japan　at　that　time．　Thus，痴e　guidehnes最）r　development　and　the　bases　of　weldability

evaluation　of　these　steel　products　have　been　established．

　　Conceming　the　production　of　CCT　diagrarns　fbr　welding，　attenti．on　needs　to　be　paid　to　how　to　detelmine　the

initiatlon　and　termination　of　the　transR）rmation　of　various　kinds　of　microstructures，　The　transformation

呈n重t主aUon　pQlnt（1％i．nltiation　s£ate）was　determined　fヤQm　the　heat－expansiQn　curve，之he　thermal　analysis　curve，

a擁dmlcrostructure　obser＞ations　after　quench韮ng　the　specimens　taken　ou£of　diffbrent　cooling　states　of　the　we玉d

thermal　cycle．　The　reason　that　the　transfbrmation　ini毛ia£ion　of　a　microstructure宙as　defined　as　a　1％initiation

state　was　that　obtaining宅he　strict　point　ofξransfbrmatlon　initia毛ion　with　near－zero沿ercent　was　too　difficult．

　　Ihave　presented　a　descrip£ion　of　the　charaαerlst主。　of由e　weld匙hermal　cycle　and　the　CCT　diagram　fbr

welding　and　its　applicatio勲at£he　18宅h　and　19th　Nishiyama　Memorial　Technological　Con艶rences（sponsored

by血e　Japan　Iron　and　Steel　Associatlon）”Change　in　Ma£erial　ProperUes　during　We1．ding！1　The　developmen重

and　commercializatlon　of　the　Syn匙hetic　Weld　Thermal　Cycle　Apparatus飴r　Trans拓rmation　Measurement　and

1



the　Weld　Thermal　Restraint　Slmulator　increased　exports　of　the　appara室us　to　China　and　many　cou翻es　in

Europe　and　Amerlca　as　well　as　sales　in　Japan．　The　apparatus　and　the　simulator　have　been　actively　utilized．＊

　　The℃CT　Diagram　of　Structural　Steel　fbr　Welding1「was　pubhshed　in　March　l997　by£he　Committee　fbr　the

Technological　Investigation　of　Basic　Charaαeristics　of　Practical圭y　Used　Structural　Steel　in　the　Pro（luαion

Technology　Department　of由e　Japan　Iron　and　Steel　Association．　王Us　to　be　noticed　that　the　CCT　diagrams費）r

welding　summarlzed　ln　thls　pubhcatio寧were　not　always　based　on　the　same　reproduced　weld－heat　cycle，　and　the

classificaUon　evalua窒ion　of　mixed　microstructures　caused　by　continuous　cooling　is　not　always　done　under　the

same　conceptlorL

　　Ihope由at　these　results　are　utilized　in　the　research　prqlecゼISTX－21＊　St珊ctural　Materials　Xs　fbr　21st

Centu【y，膠l　which　is　now　advanced　by　the”Frontier　Structur謹Materiais　Research　Center”of由e　Nat重onal

Research　Institute　fbr　Metals．

＊ M．1nagaki＆H．Minematsu：“Applicatio漁ofSimuiation　T〔遇t　Technobgy飴r　Ev謹uating　Weldability　of

Structural　Steelsラ’（June　1984），

H



CCT　Diagram　for　Welding

Takayoshi　KASUGAI
　　National　Research王nstitu重e　fbr　Metals

1．lntroduction

　　It　is　well　known　thatξhe　microstruαural　change　of　a　steel　at毛he　equilibrium　state　can　be主nvestlga塾ed　by　a

Fe－C　equilibr韮um　diagram，　㎞practice，　however，　the　thermal　cycle　of　a　steel　during　heat　treatment　or　weldlng

is　heated　and　cooled　f白ster　than　that　a宅the　equilib盛um　state．　Therefbre，　it　is　n㏄essaワ£o　know　how　the

equillb曲m　omon－equilibrium　microstructures　appear　in　a　heat沁g　and　cooling　process．　The　continuous

coolhg　trans荻〕rmation　diagram（CCT　diagram）and　the　isotherrnal　transfbrmatioh　diagram（Tlvr　diagram　or　S

curve）are　the　non－equilibrium　dlagrams　which　solve毛hese　problerns．　These　non－equ孟librium　diagrams　show

how山e　transfbrmation　temperature　shifts　f士om重he　equilibrium　state　based　on　an　A3　temperature　at　which　the

艶【Tite　transfb㎝ation　begins　to　take　place　or　in　what　range　of　temperature　and　time　the　non－equiHbrium

microstructures　appear　when　the　cooling　is　done　under　non－equilibrium．

　　There　are　two　types　of　CCT　diagrams．　One　is　fbr　welding，　and　the　other　one　is　fbr　heat　treatment．　The　C　CT

d重agram　fbr　welding　is　also　divided　in宅。　two，　i．e．，　a　SH－CCT　diagram　fbr　a　weld　heat－aξ艶cted　zone（HAZ）a罰d　a

SW－CCT　dlagramξbr　weld　metal．　Most　of芝he　published　S｝｛一CCT　d韮agrams飴r　welding（hereina丘er　called

CCT　diagrams　fbr　we夏ding）fbcus　on　the　weld－heat　a錨ected　zone　nearζhe　fUsion圭ine，　which　is　irnportant　fbr

eva王uating　the　weldab重hty　of癒e　arc　welding　of芝he　steels，　such　as　weld－coldαacking　and　notch　toughness．

CCT　dlagrams　with　a　maximum　heating｛empera宅ure　of　about　1120K～1470K（ca．850～1200℃），

cαTespond主ng　to　the　HAZ鉛r　f士om　the釦s圭on　line，　have　not　been　studied　in　depth．　SH－CCT　d重agrams　fbr

welding　ofabout　200　kinds　R）r　low－carbon　and　low－a圭loyed　steels　stored　in£h韮s　data　book　have　been　made　by

the　Nat韮onal　Research　Institute負〕r　Metals　ofthe　Science　and　Technology　Agency．　Mosωf　them　have　been

made　at　the王ns毛itute　by　produced　under　the　same　measuremen宅conditions　and　the　same　co額ception，judging出e

continuous　cooling　trans｛brmation　behavior　of　steeL　They　aぎe　the　CCT　diagrams負〕r　we至ding　corresponding

to　the　HAZ　near　the艶sion　line　wi由amaxlmum　heating　temperature　of　1623K（1350℃）．

2．CCT　Diagram免r　Weldlng

　　The　re艶rence　temジeratures　of　the　CCT　diagram　fbr　welding，圭，e，，　Al　and　A3　temperatures，were　measured　in

high　vacuum　with　a　heating　and　cooling　velocity　of3K／min，王fthe　tempera£ure　dif艶rences　between　Acl　and

Arl　or　between　Ac3　and　Ar3　were　below　50K，由e　average　ofAcl　and　Ar王was　deflned　as　the　AI　temperature，　and

the　average　of　Ac3　and　Ar3　was　defined　as　the　A3　tempera匙ure，　respeαively，　郵the　dif艶rence　was　over　50K，　both

the　Ac　l£emperature　and　the　Ac3　temperature　were　used，　証Ar蓋and　Ar3　were　ex£raord主narily　Iower出an　Ac　l　and

Ac3，　respectively，　it　was　assumed　tha毛the　e傑u圭1圭briurn　trans｛brmation　did　not　proceed　during　cooling．

　　The　specimen　was　rapldly　heated　up　to　1623K（1350℃）and　cooled　down　immediately　withou由e圭ng　held

at　that　temperature，　according　to　the　synthetic　weld－thermal　cycle．　The　dimensions　ofthe　specimen　wereφ

4．5mln×　15mm　orφ3mm×　12mm．
　　The　production　ofearlier　CCTdiagrams　was　done　uslng　a　tublar－ElemafUmace．1）　Later　on，　a　program－

controlled　high－f｝equency　induction　heating釦mace　was　used，　as　fbr£he　simulation　ofweld一由e㎜田cycles．2）

Trans飾㎜ation　temperatures　during　the　cooling　were　measured　by　the　thermal　expansion　method麺r　slow

coo至ing　or　by　the　thαmal　ana至ysis　method　fbr　fast　cooling

　　The　classification　of血圭crostructures　was　done　according　to　the　dassi負cation　mαhod　deaned　by　the

Welding　Me宅allurgy　Subcommi毛tee　ofthe　Japan　Welding　Society．3）The　area　percentage　of　micros｛Iuctures

was　measured　by　the　linear－analysis　method．　The　hardness　ofspecimens　af走er　cooling　was　measured　us童ng　a

Vicker‘s　hardness　meter（load　10kgO　at　three　poi嬢s　to　get　the　mean　value．　The　CCT　diagram　fbr　welding　was

HI



made　by　drawing　the　cooling　curve　fbr　the　temperatures　below　A30r　Ac3　tempera毛ures　of　a　simu茎ated　weld－

therma肇cycle．　The　ordina£e　ofthe　d圭agram　stands　fbr重emperature，　and　theabscissa　stands　fbr重he　logarithm

of　time．　“A”in　the　CCT　diagram　is　the　austenite　region，“F”，“P”，“Zw”，and“M”in　the　CCT

diagram　are　the艶m£e，　p田ll之e，即ischenstu艶n－ge鉗ge（inte㎜ediate　structure），and　m鍵tensite　tr㎝s飾貰nation

region，respectively．　The　sohd　line　ln　the　tr㎝s癒㎜ation　cuハ！es　means　tha鍵he　tr㎝s飴rmation　was　clearly

鎗ecognized，wh隻le由e　broken　iine　means　that　the　transR）rmation　did　not　clearly　apPear，　In　particular，出e　Zw

trans飾Hnation制owed　by重he艶πite£r㎝s飴㎜a£ion　progr銘ses　con£inuousiy倉om　the艶汀ite　tr㎝s飴㎜a£lon，

preventing　the　appearance　ofadistinct　kn｛兇on　the　the㎜譲exp㎝sion　cuwe．　The綱ority　oξCCT　diagrams

fbr　weld圭ng　stored　in£his　database　ind玉cate　the重rans董brma縫on　initia縫on　lines　buξnαthe　end　of　each

transfbrma毛ion．　The　reason£hat　the　end　of　the　transfbrmation　lines　was　noゆut　on　the　CCT　diagram　is　thad宅

was　difficuk　tQ　obtain　them　f沁m　the　thermal　expansion　curve　and　the　thermal　analysisα1rve．

In出e｝ow℃arbon茎ow－a1歪oyed　steel，　the　add韮重量oR　of　ailoying　elements　includ韮ng　carbon　lowe白重he　A3

tempera室ure．　The　miαostructures　in　the　HAZ　of　steels　are　roughly　d㏄ided　during　the　cool重ng　time＆om

1073K（800℃）毛0773K（500℃）in　the　weld－the㎜司cycle．　Cdticai　cooling　times（SH－CCT　chaacterist重（お）

a釦eshown　in　the　CCT　diagram　fbr　weldlng，　and宅hese　values　suggest　the　dependency　of　microstructures　on　the

cool重ng　time倉om　A30r　Ac3　tempera匙ure　to　773K（500℃）．　Among　these　characteristics，　the　Cz‘is　a　critica1．

coo1沁g　tlme　fbr　Zw　pr㏄ip歪重ation，　Cf’is　a　critical　coohng芝韮me拓r圭brrite　precipitation，and　Cp‘菱s　a　critical

cooling　time　fbr　pearl重｛eμecipitation，　Ce’is　also　aωtical　cooling　time　over　which　martensi宅e

tr㎝s飴㎜ation　do（翻。ミtake　place．　All　ofthese　critlcal　coollng　tlmes綴e　expressed　in£he　coollng　time倉om

A30r　Ac3　to　773K（500℃）and説closely　related　to　the　weldab圭ll重y　of　the　HAZ　described　later．

3．U曲za重loR　of　Diagr㎝fbr　We｝diRg

　　丁聡eCCT　diagram　plays　an　importan電role　in　the　prediction　ofmicrostructures　of　the　HAZ　near　the　fUsion

茎ine．至n　pa控icu茎ar，　the　CCT　diagram　fbr　weld韮ng　on　the　maximum　hea£ing｛emperature　1623K（圭350℃）1s

close玉y　rela之ed　to　the　prediction　of　the　weld－cold　cracking　sensitivity　and　the　toughness　among由e　weldabili．ty

of　the　arc　welding　of　s漉Is．　Weld－cold　cracklng　is　caused　by重he　lnteraction　between　the　microstructul－e，

hydrogen，　and　restraint　stress．　Among　these　three　factors　caus童ng　weld－co玉dαacking，　the　micrQs重ructure　can

be　predicted　f士om　the　CCT　diagrarn負）r　welding，　an宙£is　thus　possible　to　pred主ct　the　weld－cold　cracking　of

steels．　The　order　of　microstructure　having　higher　sensitivity　of　the　weld－cold　cracking　is　martens圭te＞bainite

＞沿earli宅e＞f壱r轍e．4）　The　prevention　of　we玉d－cold　cracking肋m　the　viewpoint　of　the　rn呈crostructure沁the

｝｛AZ　near　the　fhs董on　hne三s　sugges重e虚。　be　necessaτy　to　seleα由e　cooling　timeor　weld董ng　condi縫on　so　as£o

avoid　martens重te　transfbrmation　and　precip主taξe　Zw　and　fbrrite　by　the　weld一匙hermal　cycle．　The　m圭crostructure

a餌㏄芝sthe　toughness　to　a　great　ex重ent　as　we11，　The　toughness　of由e　s之eel　comes　ffom　the　miαostructure　of

免磁e，費earhte，　and　m雛tensite，　but｛he　toughness　is　also　dete㎜ined　by£he　coexistence　oぞvarious　kinds　of

microstructures，　The　coexistence　of　di腕rent　microstructures　decreases　the　unit　crack－pass　against由e　f「acture，

improving　the　toughness，5）　In　conc1ほsion，　we玉d－coid　cracking　and　thetoughness　of幽e｝｛AZ　near　the飴sion

l主ne　are　highly　dependent　on　the　microstructure．　The　mixture　of　martensite，　Zw，　and圭br蹴e　seems　to　be　the

most　suitable　fbr　the　microsξructure　of　the　HAZ　in　the　vicinity　of　the　fUs三〇n　line．6）7）

4．Applicatlon　of　CCT　Diagram　fbr　Welding

　　When　using　a　CCT　diagram　fbr　welding，　the　fbl王owing　apphcations　have　to　be　avoided：

（1）Application　of　a　CCT　diagram　fbr　welding　to　steel　having　di銘erent　composit韮ons．

（2）Applica£lon　of　an　SW－CCT　diagram歪br　welding之。　an　SH－CCT　dlagram　fbr　welding　and　vice　versa．

（3）Application　of　a　CCT　diagram董br　welding　of　the｝｛AZ　near　the　fusion玉圭ne　to　other　parts　of毛he　HAZ　and　vice

　ve㎜．
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（4）Applica£ion　of　a　CCT　diagrarn食）r　heat　trea宅ment　to　a　CCT　diagram錠）r　welding　and　v韮ce　versa．

（1）：互tis　we韮l　known　that　CCT　diagrams　with　diffbrent　comρos重窒韮ons　of　s毛ee至s　are　no｛the　same．　To　what

　　extent　does　the　steel　in　question　have　to　be　sirn圭lar　to£he　reξbrence　s匙eel　in　cornpositions　so　t｝｝at　it　can　be

　　considered毛。　be　similar？　For　example，　the　CCT　diagram　fbr　weiding　of　a　certain　type　ofstee王SM490

　　cannot　be　used　R〕r　all　ofsteel　SM490　deBned　by　theJIS　standard　as　having　a　common　CCT　dlagram薮）r

　　welding．　The　J王S　standard　does　not　define　the　micros重ructure　of由e　weld　heaレaffbcted　zone，　but　it　deflnes

　　the　steel　which　sa宅isfies　a　certai鶏per飴rmance　of　its　base　metal　and　weld　zone．　Compositionally，　the

　　s匙andard　de負nes　the　upper　limit　ofcontents　ofC，S重，Mn；P，and　S．　No　other　alloying　elements芝han　these

　　are　defined　by　theJIS　s毛andard．　Accord童ngly，　there　are　various　stee圭s　wi宅h　diffbre厳compositions　in　steel

　　SM50．　Some　of毛hem　contain　C，　Si，Mn，　P，and　S　at　their　maximum　content　near　the　upper霊imit，　while

　　o匙hers　contain　them　inarnuch　lower　leve1．　Some藪inds　of　stee1　SM490　contain　alby童ng　elements　other

　　than　C，　Si，　Mn，　P，　aBd　S．　The　m至crostructures　of宅he　weld　hea芝一a挽cted　zone　are　considerably　dif艶rent行om

　　one　a罰。由er．　Very　lもwρapers　have　reported　the　limit　of　deviation　of　alloying　elements　f廿om　the　given　steel

　　負〕radopting£he　CCT　dlagram衆）r　welding　which　comes倉orn　the　given　stee1，　The　authors　have　already

　　revealed　the玉irn猛of　a蓋loying　element　deviation8）fbr　steeL　Selecting　the　s芝eel　within　th童s　Iimit　regard至ess

　　of　strength　level　enables　the　adoption　of　the　proper　CCT　dlagram．

（2）：There騰毛wo　ways　to　prepare　an　SW－CCT　diagぐam飴r　weldlng　One　way　is　to　prepare　a　CCT　diagram　by

　　applying　a　complete　the㎜al　cycle　to　speclmens倉om　melting／solidiHca毛ion　to　room之ernperature．9｝The

　　other　way　is　to　prepare　a　CCT　diagram　fめm　an　SH－CCT　diagram　fbr　welding　us韮ng　specimens重aken　out　of

　　weld　rne皇aLlo）　In由e　weldmetal　in由e　arc　welding，　larger　amounts　of　inclusions　are　disperse（i　than　in　the

　　base　meta1．．　In　par£icular，宅he　dispersed　i礁clusions　i猷he　weld　metal　with　large　weld－heat　input　welding　are

　　utilized　as宅he　fbn・ite　predpitation　nucleus　in　order　to　keep　the　notch　toughness　and£ensi豆e　strength．王1｝

　　Even　if由e　composition　of　the　weld　metahs山e　same　as由at　of　the　base　me宅al，　the　tra“sfbrmation　behavior

　　during　cooling　is　assumed　to　be　considerab玉y　diffbrent倉om毛hat　of由e　HAZ，

（3）：Even　in　the　samestee1，毛here　is　a　signi負cant　dif艶rence　between　the　HAZ　near　the　base　metal　and　the　HAZ

　　near　the　fUsion　line　in　the　grain　size　of　austenite　and　the〔i重stribution　of　alloying　elements　including　carbon，

　　The　diffbrence　certa韮n至y　af艶cts山e重ransfbrmation　behavior　during　coo董圭ng　　Mutual　apPlication，由ere負）re，

　　must　be　avoided．

（4）：The　CCT　diagram貴）r　heat　treatrnent　is　dif艶rent　fyorn由e　CCTd童agram　fbr　welding　in匙he韮r　utilization．

　　糾疑pose，　According毛。　the　CCT　diagram鉛r　heat　treatme壌，　a　specimen　of　a　hypouetec｛oid　s£eel　is　kept　at　a

　　temperature　ofA3＋50K　fbr　a　certain　period　ofUme　and　con匙inuously　cooled　down．　In　the　CCT　diagram

　　fbr　welding，　a　specimen　is　rapidly　heated　to　the　maximum　heating　temperature　and　cooled　down　according

　　to　the　synthetic　weld－the㎜認cycle　wi宅hout　being　held　a縫hat　maximum　temperature．　The｛wo　CCT

　　diagfams　have　to　be　used　diffbrent玉y，　as　mentioned　in（3），
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Applicat沁n　of　Simulation　Test　Technology　fbr　Evaluating

　　　　　　　　　　　　　　Weldability　of　Structural　Steels＊

　　　　　　　　　　　　　　　　　　　　　　　Michio王NAGAKI＊＊and　Hiroyuki　MINEMATSU＊＊＊

Abstraα

　　The　authors　have　developed　the　Apparatus　fbr　Measuring　Tr㎝s飼㎜ation　in　Synthetic　Weld　Thermal

Cyck鷺and　The㎜盆Res匙raint　Simulator。　Using室he鉛rmer　ap欝a重us，　a勲umber　of　Continuous　Cooling

Trans｛b㎜試ion　Diagfams　in　Synthetic　We鐙｛e議一下ected　Zone（SH－CCT　diagrams）fbぎvarious　structural

sζeels　were　prepared，　the　transfbrma£ion　behaviour　was　analyzed　and　iξs． 窒?ｌａ重ion　w圭毛h　notch　toughness，　etc．　was

examined．　Using　the　The㎜訓Restr舩Slmulator，　qu㎝titative　an謎yses　and　evaluation　ofweld　cold　crack沁g

and　rehea£cracl（ing，　etc　were　made．

1．　Intro（iuctior｝

　　For　manu鉛αure，　hea£treatment，簿rocessing　and　use　of　materi証s，tes縫㏄hnologies　of　simulating　the㎜al，

dynamic　and　e籟vironmental　conditions　are　vely　impo就ant食）r　development　of　ma宅er重als，　improvement　of

procedures　and　analyses　and　evalua縫on　of　usage　perfbrmance．　Generally毛he　we豆ding　phenomena　include　a

aumber　of　factors　and　it　is　necessary童。　analyze　these　f合ctors，　evaluate　weldability　and　select　propef　welding

condltions．　For　these　purposes　the　authors　have　developed由e　Aρparatus　fbr　Measuring　Transfbmユation　in

Synthetic　Weld　Thermal　Cycles　in　1961　and　Thermal　Restraint　Simulator　in　1969．　The　scope　of　applicat重on　of

simulation宅est　technolog圭es　o挽red　by　these　equipmen宅s　is　ve〔y　wide．　Rere，　t卜ey　give　an　account　of宅he

tr㎝s船㎜ation　behaviour　of毛he　synthetic　weldheat一二㏄ted　zone　ofstmc｛ur組steels　and　the　relation　be芝ween

the玉rmicrostruαure　and　no皇ch　toughness，exarnined　using　these　equipmeRts，The　presen之state　inJapan　ofthe

analyses　of　these　f合ctors　and　the　method　of　evaluating　weld　coldαacking　and　reheat　cracking　is　also

described．

2．Apparatus偽r　Meおuring　Tr㎜s飴㎜ation　in　Synthetic　Weld　Therm謡Cycl（£㎝d　Therm謡R㏄tr瓠nt

　　Simulator

　　The　authors　have　developed　an　apparatus　to　slmulate　weld　thermal　cycle　in　specimen　by　high丘equency

induction　heatlng　co飢rol㎝d　examine　the　trans鉛㎜ation　during｛he　heating　or　cooling　Process．　Using£his

appara匙us，　it　is　possible毛。　measure　the匙rans飴㎜ation　in　contlnuous　cooling　by　simulating　t聡e　weld　therm出

cycle　near　the　weld　bond　and　draw　the　continuous　cooling　transfb㎜ation　diagram　of　syn由etic　weld　hea宅一

a銘eαed　zone（abbreviated　as　SH－CCT　diagram）．u・2｝The　apparatus　also　enables　making　continuous　hea宅ing

transfbrmation　diagram　and圭sothermal　dlagram　Wi出some　inveat　of　this　apParatus　the　continuous　cooling

trans飴fmation　diagram　of　sy曲etic　weld　metals（abbrevlated　as　SW－CCT　diagram）1鶏the　cooling　proce＄a金er

solidification　of　molten　metal　can　also　be　prepared．3）

　　AblGck　diagram　of　the　appara之us藪）r　preparing　the　SH－CCT　diagram　is　showmn　Fig．1．亙n　the　programmable

pattemgenerator　ofthis　diagram，　the　tempe㈱re　and宅imeprogram　sig謡sof　weld　the㎜副cycleareset

digi匙ally．　Theseひrograrn　signals　are　compared　with　the　thermocouples圭gn司fヒom　sp㏄imen，　and　thehigh

＊　Apa道of｛his　paper　is　subml窒ted宅。　the　Intemation謡con艶rence　on　Quality　and　Rehability　in　weId三ng，

　　　held　in　Hangzhou，　Ch圭na，　Sept．1984

＊＊Presldent，　The　Japan　Welding　Technology　Center，　Dr．　Eng．

＊＊＊Forrner　Director，　Ftりi　Elec宅ronic王ndustrial　Cα，　Ltd．
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倉equency　generator　is　controlled　through　the宅emperature　controller；and　in　this　manner　the　specimen　is

hea宅ed　and　cooled　according　to　the　preset　conditions　by　the　high　ffequency　heating　coi玉（inductor）．　Since

the圭nductor　is　designed　as　a　combinat韮on　ofinduαorand　gas－cooling　nozzles，the　spedmen　is　cooled　by

i真lecting　the　coo玉ing　gas　on　it重hrough宅he　nozzles　aヒthe　time　ofcooling　TransR）rmation　is　de£ected　by

measuring　the　expansion　Gr　con毛raction　of　specimen　by　means　ofadiffbrential　transfbrmer（LV．　D．T．）

which　is　attached　to　the　specimenホrough　a　ceramicjig，Especially　in　rapid　cooling，　trans盒）rmation　can　be

de重ected　by　the　meξhod　of　thermal　analysis　as　welL　The　ceramic　jig　has　been　designed　taking　various

factors，　such　as　the　therrnocouple　fbr　measuring　and　cQn£rolling匙ernperature，　rneasurernent　of　expansion

and　contract玉on　and　gas　cooling　effect　ofsp㏄imen，　etc．呈n毛。　consideration　and　it　is　so　constructed　as£o

pemit　easy　mounting　and　dismQunting　ofspecimen！ro　improve　tempera毛ure　control　response，　the　high

倉equency　generator　employs　the　system　of　d嚥y　conversion　by　pulse　modulation　in　order　to　fbllow　quick
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F重g．1Block　d孟agram　of£he　apparatus　fbr　measuring宅ransfbrmation重n　synthetic　we｝d　thermal　cycle．

　　The　weld　thermal　restra童n亡simula｛or童s　used最〕r　s裏mじla｛重ng　the　weld亡herma董cycle　and　the　restralnt　s亡ress　or

strain　dunng由is　process　and　expe雛me虚al韮y　analy盆ng由e　welding　phenomenon．　The　phenomena　of　thermaI

embr重ttlernent，　weld　cracking，　damage　caused　by　d孟f距sion　of　hydrogen　and　reheat　crackmg，　etc．　can　be　clarified

with　this　apParatus．4）

　　As　shown　in由e　block　diagram　ofF圭g．2，thls　apparaωs　co頚sis亡s　of　a書heαnal　sys宅em，　a　mechanica｝system

and　a　co瞭ol　system　fbr　automa｛重cal隻y　controlling　these　systems．

　　Specimen　is　placed　in　a　vacuum　chamber　or　a　charnber　of　a（むustable　atrnosp｝1ere　and　is　eas童ly　an（量accurate歪y

moun£ed　in　uρper　and　iower　grips　by　means　of　the　caρnuts，　The　lower　grip　is　directly　connected　to　a　hydrau董ic

ac紺ato龍Adlgital　deαronic　cirて〕uit　inco琴）oraヒ沁g　a　rnicroprocessor　is　ernPloyed　in　the　programmab歪e芦aζtem

geRerator　and　the　thermal　sys重em　arld　mechanical　system　are　controlled　by　closed　loop　con£rol　system（艶edback

co慌ro歪）．

　　The　thermal　system　is　controlled　by　a　combination　of　a　high倉equency　induction　heating　method　and　a　gas

coohng　method．　The　prese亡｛emperature　program　signal　is　cornpared　w立亡h｛he　signal　r㏄ei＞ed　fめm亡he

セhe㎜ocouplewelded童。　the　sp〔光imen，宅he　deviation　signal　produced譲er　the　com脚sion　ls艶d　to　the　high

含equency　genera亡or出rough亡he　tempera亡ure　controller　to　control　the　h孟gh飽quency　output　current　fbd　to由e

heating　co玉L　For　cooling，　a　combined　coo董ing　con£rohs　used重n　which　a　coohng　gas　is切ected　on｛he　speclmen，

when　necessa〔y，　throじgh　the　gas　nozz歪es（bulldn亡he　heatmg　coi1）亡ogether　wi亡h　the　hまgh　fヒequency　o威puし

　　The　mechanical　system主s　co盛rolled　by　electr量。　and　hydrau茎ictype　control　rnethods．　The　stfess　and　stra主n

apPliedζothe　specimen　are　det㏄ξed　by　means　ofload　ceH　direα1yconn㏄ted亡。　the　upPer　grip　and　t｝le
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Fig2　Block　diagram　of　t卜e　weld｛he㎜al　res£rain£s職1ator

dif艶rential　transfbrmer（L．　V．　D．　T．）direαly　connected£o　the　actua匙or　of　the　Iower　side；these　de｛ected　signals

are　compaIged　with　the　preset　s£ress　and　s£ra韮n　program　signals　and　the　deviation　signal　produced　after毛he

comparision　is　used　to　operate匙he　servo　va圭ve　through　the　servo　con毛rol至er．　The　ser＞o　valve　controls£he

hydraulic　pressure艶d　fナom　the　hydraulic　generator，　which　drives毛he　actuator．

　　王norder　to　accurately　slmula£e　various　welding　phenomena，　it　is　necessary　to　apply　required　stress　and　stぎain

ξothe　specimen　during　the　the㎜訓cycle．　For　this　p岬ose，　the　app綴atus　ls　equipped　with　a　zero鯉ow　up

memo〔y　circuit鉛r　exchanging　the　con宅rol　con貸guration，　which　pe㎜its　exchange　of（s宅r田n　control）⇔

（stress　control）without　time　lag　at　any　arbiξrary　poin匙during　the　cycle．　By　using　the　zone　melting　process

employ重ng　a　heating　co主l　of　special　shape，　it　is　also　possible　to　simula毛e重he　melting－solidiacation　the㎜al

cycleof　a　weld　me宅a1，　conduct　hot　tens韮le　test　a負er　so韮idification　and　evaluatehot　cracking　suscep£ibility　of

weld　metal　with　this　apParatus．5｝

3．S9－CCT　Diagram　and　Mlcros｛ructures　of　Weld　HAZ

To　i鴛vest　igate由etransfo㎜ation　behavlourofthe　weld　HAZ　by　simulating毛he　the㎜al　cycle　ne餌wel　d

bo嚢d，　the　S｝｛一CCT　diagram　fbrwelding　is　used．Fig3　shows　an　exampleof£he　S9－CCT　diagram　fbrwelding

ofagT500r難T60　c1おs　s芝eel．This　diagram　wasachieved　by　simulating　a　weld　the㎜al　cycle　ofm躍imum

heatingtemperature　of玉350℃in　thespecimen．　Sincethe芝rans負〕rmation　m主αos毛ructure　is　generally

determlned　bythecoolingt韮me倉omA3（or　800℃）to　500℃，童hecoolingcurve丘omA3重s　shown　using

logarithrnic　scale　a圭ongthe　ax韮s　of　abscissa．1籍the　diagram，the　regionsAF，　P，B（Zw）and　M　represent　the

transR）rmation　areas　ofaus宅enite，　fe頃te，　pearlite，　ba圭nite　or　intermediate　microstructure　and　mar£e翁site

respectively．　The　number　given　under　each　trans飴㎜ationregion　shows£hemicrost繊cture　ratioandthe

number　at　the　end　of　each　cooling　culve　represents　the　V玉ckers‘hardness（9v10）of　specimen　afセer　cooling　The

cooling　curves　shown　inbroken　linerepresent　cri雛cal　coolingcurves　a£theboundary　where　spec童f｝c
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microstmαure　begins　to　appear．　The　A3500℃cooling　time　i汽these　cur＞es　is　c溢led　c面cal　cooling　time．王f　a

cooling宅lme　occurs　later　than　the　critical　cooling　time　Cz’，it　means　the　a戸pea∫ance　of　bainite　in　martensite；and

if　a　co・ling伽e　occ世s　iater　th㎝由e　critical　coo玉ing　time　Cf㌧艶πite　apPe謎s．　lf　a　cooling　time　occurs　later　than

Cp’，pearlite　apPears；and　if　a　cooling　time　occurs　later　than　Ce‘，　the　miαostructure　consis宅s　of　only　two

X
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Fig．5　Classification　of　micros宅ructure　morphologies　of　weld　HAZ　fbr　low　C　low　alloyed　steels　and　unification

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Of　their　terminologl．es

microst職ctures（艶rrite＋pearlite）．　These　critica董coohng縫mes　Cz’，　Cf‘，　Cp’，and　Ce‘are　called　a　SHCCT

characteristic　value．6｝In匙he　diagram，　cooling　curves　fbr　typical　welding　condiUons　in　various　welding

μocesses　are　also　shown．ηF重g．4　shows£he　S｝｛一CCT　diagram　prepared　in　the　same　manner　fbra｝｛T80　class

steel．6）

　　The　microstructure　of、veld　HAZ　is　largely　af艶cted　by　chemical　composition　ofthesteel　and　weld　therma圭

cycle．　The　mi．crostructure　of　HAZ　is　2roduced　by　the　continuous　coo1．ing　trans負）rmation　and　in　many　cases．

several　microstructures　exist　in　comb叢nations　in　a　HAZ．Morθover，　the　mo導）hologies　ofthe　fbrrite，　pearlite，

balnl｛e　and　martensi毛ethus　produced　change　according　to匙he£emperature　and　time　in由e　cooling　process．　No

de倉nite　approach　has　ye£been　made　fbrunification　ofclassi痘．cation　ofmicrostructure　morphologies　and　thelr

terminologies．　The　matter　is　under　considera宅ion　by　the㎜Commission　IX，　etc．　and　in　Japan　also　a　Working

Grou卿r　inves亡igating　about　uni負cation　of　miαostructure　te㎜inologi（£ofweld　has　been　established　with

由ecooperation　of　the　Welding　Metallurgy　Cornmittee　of幽e　Japan　Welding　Society　and　Commission　No．90f

the　Japan玉nstitute　of　WeldingσN＞）．　Thls　working　Group　h～B　proposed　classi負cation　of　mlcrostmcture

morphologies　and　their　terminologies　fbr　weld　HAZ　micros毛ructure　considering　unification　of　their

terminologies，　which　can　be　applied　to　various　weldingμocesses　of　low－carbon，　low－alloyed　steels．　This



classi行cation　ofm重crostructure　mo甲hologies　was　mainly　based　on　optical　microscope，　but　fbr蝕e　s毛ructure

宅he　results　obtained　by　using　an　electron　rnicroscope　based　on痴e　replica　metho〔i　and　t｝1e　scanning　ty茎〕e　electron

miαoscope，　which　is　considered　as　an　extension　of宅he　optica茎microscope，　were　also　cQnsidered．　Fig．5　shows

the　classification　of　microstructure　morphologies　of　weld　HAZ　fbr　low－C　low－alloyed　steels　and　unification　of

山eir　term重nQIQgieS．8｝・9｝

　　Type　F－hs艶rrite　allotriomorph　which　grows　long　in　the　fbrm　of　a　pancake　precipitated　along　the　austenlte

grainboundaギy，　type　F－II　is　proeutectoid　fbrrite　or　grainboundary　polygonal　f奄rrite　which　grows主nto　a　massive

艶rm　assuming　roundness，㎝d　type　F－lll　is　a艶mte　sideplate　which　grows　ln　the偽㎜of　spe紬ead倉om

austenite　grainboundary主nto　the　grains　and宅ends　to　become　bainit韮。艶rrite　when　maRy　elelnents　are　included　in

comparatively　lafge　quantities．　Type　F一王V　is　intragranular　rodlike　or　acicular艶rrite　which　precipitates　in

rodhke　oゼacicular　fb㎜in　austenite　gralns．Type　F－V　is　intragr㎝ular負ne‘‘rained艶πite　which　pr㏄ipitates　in

small　rnassive　fbrm　in　austenite　grains．

　　According　to　the　results　obtained　by　using　el㏄tron　microscope，　fをr磁esi〔玉e　plate　and　ba玉nitic　fbfrite　can　be

d重sUnguished；but　it　seems倉om　the　results　obtalned　by　using　an　o萎〕tical　microscope　in出e　case　of　a　continuous

coohng　transfb貰naξ韮on，　such　as　in　a　weld　HAZ，　that　the磁s｛inαion　is　difficult．　Fo震his　reason匙he　bainitic

艶rrite　has　been　included　in　the艶rrite　in　the　classiacation　of　microstructure　morphologles　mainly　based　on

optical　microsco誓）e　presen重e（i　in　this　paper．

　　Regarding　the　morphologies　of廻earlite，　type　P－I　is　the　lamellarρearlite　in　which　the　fbrrlte　and　cementite

take　lamellar　fbrm　in　rather　good　order，　and　it　is　easy　to　precipita芝e　when　the　cooling　time韮s　long　k　precipitates

among　various　types　of　comparative至y　coarse　fbrrite　morphologies．　Type　P－II　ls　the　degenerate　pearli毛e　in　which

the　cementite　in　pearlite　gets　cut　into　small　pieces　or　becomes　granular．　This　cementite　becomes　smaller　as　the

the　coohng　time　decreases　and　is　easy　to　precipitate　in　weld｝｛AZ　of　steels　having　comparatively｝ess　quantities

ofalloying　elements　like　mildsteeL　Ia　some　cases，〔玉egenerate　pearlite　preciP1tates　in　quantit韮es　considerably

larger　than　those　estimated　fセom　the　C　content　of　the　steel，　and　the　C　content　of芝短s　pearl韮毛e　shifモs　lヤom

eutectoidcompos主tion（0．80％C）to　low　C　side．　Type　P一王II　is　very盒ne　pearlite　colonies　which　pr㏄ipitate

betwee縦he　narrow　fαri芝e　sidepla定e　and　narrow　intragranular　rodlike　or　acicular　fbrrite　and　is　called　fine　colony

pearhte，　The　cement重£e　in由is　pear1重te　has　a　morphology　like　round窒｝1reads．The倉ne　co圭ony　pearlite　is　easy　to

precipitate　in　a　cooling　tirne　shorter重han　the　cooling　times　fbr芝he　lamellar　pearlite　or　degenerate　pearlite．

　　Regarding　the　morl〕hologles　of　ba重nite，　type　B－I　is　the　upper　bainite　in　which　the　cementite　precipitates

between　the　fbrrite　Ia｛hs．　Type　B－II　is重he韮ower　bainite　in　which　the　cernentite　precipitates　at　the　fbrrite　la癒

boundaries　and　inthe重aths．Σn　a　weld　HAZ，　the　upper　bainite韮s　easier　to　preclpitate　on　the　higher　tempera竃ure

and　Ionger　time　side　compared乾。　the玉ower　ba主nite　but　it　is　dif盒cuho　clearly　dis芝ingu童sh　thern　on　the　SH－CCT

diagram　fbr　welding｝｛owever，　in　low－carbon　low－alloyed　steels，　the　lirn重t　of　fbrma宅ion　tempera組re　regions　of

upper　baini｛e　and　lower　bainite宅ends　to　be　about　450℃．

　　Regarding　morphologies　ofmartensite，　type　MJ　is　the　lath　martensite　which　is　fbrmed　when　the　cooling

毛ime　is　sho葺．　Type　M－I　I　is　an　lnsul置m雛tensite　which偽㎜s　between　the　bainitic艶πite㎝d　intragr孤ul叙

rodlike艶rrite　or　acicular免rrite；and　as　ids　a　high　C　mar£ensite　mixed　with　retained　ausξenite，　iUs　called　M－A

const至tuent，

　　麺no膿ai　welding　condi室ions　ofvarious　arc．welding　processes　fbr　low－carbon　low－alloyed　s芝eels，　in　the

continuous　coOling　process　ofthe　weldthe㎜訓cycle，宅he艶πites　ofvarious　mo甲hologies　preci㈱te　at愈rst

and　especially　fめm　type　F－III　fbrrite　to　upper　bainite，　lower　bainite　and　M－A　cons雛tuent　are　easier重。　precipitate．

In　a　cooling　process　ofamiddle　rate，　when£ype　F一王H艶汀ite　grows，　carbon　is　discharged　to　untrans偽㎜edγ

and　C　concentration　ofγincreases．　The　distributio鴛ofC　concentration　at重his　timeshows　a　peak　on　the　γ

side　ofth合　α／γ　bGunda理of　type　F一肌至fbrrite　and　is　said室。　reach　a　C　content　ofabout　O．6％．　U茎）per　ba童n重te

mos毛1y　ap摯ears　in　the　intermedla重e　temperature　region　of　500　to　450℃and　in　this芝rms拓㎜ation　the艶πite

amoun重fhrther　increases，　C　concentra毛ion　of　the　untransfbrrned　γofα／γboundary　also　f廿rther　increases　a血d

cementite　pa∫tly　pr㏄ipitates．　On　the　o匙her　hand，　carbon　gradually　diffUses　in宅。　γ．Next，　the　lower　bainite
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appears　on　the　lower　temperature　side　near　about　450℃重。　Ms　point；and　b㏄ause£he　dlf董hs圭on　of　carbon　is

slow謡though　the　driving飼rce　oftrans飴㎜ation　increases　and　the　tr㎝s飴rmation　fa£e　b㏄omes　l謎ge，　carbon

accumulates　on　theγside　of出e　tip　of網目ite　Iath　gro舳in毛he　lower　b組nite　tr鋤sお㎜ation，　Fin謡ly，　the

untrans食）rmed　γreaches　below　the　Ms　point　and　M－A　consdtuen匙is　fbrmed．

　　For｛b㎜ation　of　M－A　constituent，　temperature　and　time　conditions　are　necessaIy　under　which　alloys　of

some　klnds　and　quantiti〔忠be　added㎝d　the　bainite　trans鉛㎜ation　st謎t重emperaωre　Bs　should　drop　below

about　500℃㎝d　unξrans飴㎜edγshould　exist　in　stable　state　below　the　Ms　point．　There鉛re，毛he　M－A

constituent　is　mostly飴㎜ed　when　many　alloying　eleme勲ts　are　con芝ained　in　comparat圭vely　large　quantities　and

the　type　F－111艶∬ite　and　upper　b翻te　exist　in　lage　qu～漁y　in　the　middle　cooling之ime　of宅he　weld　the㎜温

cycle　In　a　de副ed　example　of　l　70　sec　cooli封g　tlme　ln　syntheticweldξhe㎜al　cyclefbr　a　HT80　class　s宅eel，　the

amount　of偽㎜ation　of　M－A　constituen芝was　approximately　15％，　of　which　the　amount　ofγwお

apProximately　8％．lo）

4個口｛ch　Toughness　of　Weld　RAZ

　　The　weld　bond　in　an　arc　welded　joint　is　the　boundary　where毛he　base　rnαa至undergoes　fUsion　and

silid重fication，b壌£here　is　not　deflnite　boundaギy　hne　in由e　bond．　Generally，　in　the　we韮d　metal　side，由e　base

me£al　melts　but　does　not　mix　wi芝h　the　deposited　Inetal　of　welding　material，　tha巨s，　an　unmixed　zone　exis｛s　aれd

in　the　base　rne亀al　side　the　grain　size　increases　and　a　partia翌rnelt勿Dne　ex室sts　at　the　grain　boundar圭es．　In　the

beginning　of　solid圭良cation　of　rnolten　weld　metal，　t卜ere　is　a　trend　of　columnar　grain　growth　along　the　same

crysta韮axis　as　the　coarsed　grains　in山e　base　me窒al　side　or　under由e　solid童f圭cadon　surねce，匙hat　is，　there　is　a　trend

ofepltaxial　growth．王t　has　been　fbundξ沁m　the　resu圭ts　of　investiga縫on　of　microstruαure　near　weld　bond　of

various　kinds　of　matererials　that沁each　case　expitaxial　growth　occurs　f妻om　the　coarsed　grain　of　weld｝｛AZ，

unmelted　in　a　base　metal，　in　widths　similar　to　those　of　coarsed　grains．　So　there　is　a　transit韮on　region　of由e　order

of　20　to　100μm，　in　which痴e　chemical　composldon　and　microstructures　change　abruptly　in　a　weld　bond．

　　The　fヨctors　of　materia至quality　fbr　notch　toughness　near　weld　bond　are（1）chemical　compos重tion　and

rnicrostructu蓄es，（2）grain　size　and　faceωnit，（3）dissolved　atoms　and　prec重p孟£a宅es，　nonmαallic　inclusions，

dislocatlons，etc．　and（4）e銘ect　ofweldme宅al．Moreovα，針om　the　viewpoin｛ofwelding　procedure　conditio勲s，

single玉ayer　weld　Qr　multilayer　weld　as　well　as　the　weld　heat　input　aRd　the　eξ艶。室s　of　preheat玉ng　and　postheaUng，

etc．　can　be　considered．

　　The　notch　toughness　of｝｛AZ　near　the　bond　ofaweldedjoint　is　said　to　dec罫ease　due重。　the　upρer　bainite

microstructure　and　coarseness　of　aus毛enite　grains．　As　a　rneasure　to　improve　the　materia圭quality，　a　mixed

miαostructure　of（fをrrite率pearlite）should　be　made　by　decreasing　the　hardenabili£y　in　structural　steels　of　HT60

0r　lower　class；and氏）r　steels　of　RT700r　higher　class，　on　the　contrary，　the　composition　design　and　the　control　of

weld　the㎜認cycle　should　be　made　by　increおing£he　hadenability　to　ob伽amixed　microstmcture　of（low－

carbon　martensite＋10we由ainite）．

　　The　brittle　fヒacture　of　a　welded　join賃ends　to　initia｛e　near　the　bond　wl£hou匙regard沁重he　c霊ass　of　steeL

銭owever，　fbr　steels　of｝｛T600r　Iower　class，　even　if　brittle　f㌃acture　ini宅lates　near　the　bond，　the　crack　deviates　to匙he

unaff奄cted　zone　side　of　base　metal　due　to　the　e脆ct　of　residual　s亀ress　f重eld；but　in　the　case　of　HT8G　class　s宅eel，　e宅。．，

the　crack　tends室。　propagate　along　the　bond　embrittled　due　to　large　heat　input　welding．　For甑s　reason　the　notch

toughness　of　HAZ　near　weld　bond　of　hlgher　strength　s芝eels主s　impor重ant．

　　Since　the　bond　i勲awelded　joint　has　microstructural　transition　reglon　as　desαibed　above，　the宅oughness

consi（圭erably　v創「呈es　according芝。　the　position　of　notch　in　a　nαch一毛oughRess匙est　spec童men　a猟i　is　a樒cted　by　the

quah匙y　ofweld　metal，etc，　wi£h　regard毛。　crack　initiation　and　propagation　courses，Th圭s　happens　when　a　brit縫e

upper　balnite　m韮cros£ructure　a沿pears　in£he　transition　region　of　the　bond．　To　i鍛vestigate　this　by　simplifying　the

relation　between　notch　toughness　and　microstructure　of　HAZ　near　a　weld　bo打d，芝he　material　of　uniR）rm　quality

su切ected　to　synthet叢。　weld　thermal　cycle　is　most玉y　used．　Th韮s　s童mu夏a宅重on£est　is　conducted　by　apply主ng　a　single
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weld　thermal　cycle　corresponding　to　single　layer　weld　or　by　applying　multiple　weldξhermal　cycles　at　a　certain

posiUon　in　the　case　of　multilayer　welding．　M〔oreover，　res宅raint　conditions　during　a　weld宅herrnal　cycle　can　also

be　simulated．　For　example，　a　synthetic　weldthe㎜al（heating　and　cooling）cycle　was　app玉ied　to　the　round　bar

specimen　of　a　HT50　class　s£eel　keeping　its　both　e漁ds　restrained，ahalfsize　Cha縫）y　test　specimen　was　cut　off

肋mits　middleρart　and　the　test　was　perfbrmed．王n　this　case由e　effbct　of　restraint　on　the　toughness　almost　could

not　be　recognized　in　a　wide　range　of　cooling　time　S8／50f　60　to　600　sec．1D

　　Main　composi毛ion　of　mild　steels　and　HT50　cla＄s　non－QT　steels　are　C，　Mn　and　Si；and　also　P，　S，　O　and　N　are

included　as　impu凱ies．　To　improve　notch　toughness　ofaweld　HAZ，　generally韮t　is　deslぎable　that　con£e厩s　of

｛hese　elements　shall　be　kept　low　and　the韮mpurities　be　decreased．王n　the　upper　bainite　region　in　a　SH－CCT

diagram　fbr　welding，　high－C　M－A　constituent　insular　martens韮宅e）is長）rmed　and鉛cet　unit　inαeases，　wh重ch

gives　rise重。　bdttleness．　This　M－A　constituent　ls宅he　insular　palt　containing　high－C　martensite　and　retained

austenite　su汀ounded　by　lath　shaped艶煎e．　The　limit　of飴㎜ation　temperature　regions　of　upper　bainite　and

lower　bainite　is　not　clear，　buUnlow－C　type　steels　it　is　about　400℃and　the　concen之ration　of　carbon童n匙he

untrans拓㎜edγsurrounded　by　lath　shaped川渕e　seems　to　occur　in山e　region倉orn出e　bainite　trans鉛rmation

sta鈍temperature｛o　near　this　400℃Ins　said　that　in　order　to　diminish　this　M－A　consti窺uen匙，　decreases　in　C，　N

and　Si　contents　a∫e　ef艶ctive．　Lower　carbon　content　makes　martensite　tough．　Low　N　conte礒and　a　decrease　ia

dissolved　N　due　to　TiN　and　BN　accelerates且ne免rnte　transb㎜ation，　makes　strain　agelng　decrease　and　ensures

毛oughness，　and　such　steels　are　being　used　fbr茎arge　heaHnput　appl童cations．　A　lower　Si　co礒ent　acce歪erates

precip童tation　of　cementite　and　makes由e　lath　width　of艶rrite　narrow　and　the　toughness　high．　Moreover，　it童s　said

that　REM罐so　accelerates貸ne艶煎e伽s飴〔mation　through釦㎜ation　ofoxysulphide．　TiN瓠d　BNare　more

difficu1宅to　d重sso至ve　at　high重emperature　comparedミ。　AIN　and　VN；and　in　RT50　class　steels至br　Iarge　heat　input

con£aining　TiN　or　REM－B，蝕e　nitrides　precip孟tate　in　the　process　of　cooling　of　weld　HAZ，　which　serve　as艶rrite

generating　nucleous㎝d，　tog　ether　with　the　low－N　e挽ct，　suppress　theξbrmation　of　M－A　cons雛uent　and　ensure

high　toughness．1D

　　Regard韮ng｝｛T50　class　stee壼s　fbr　large　heat　input　containing　T圭N（as　rol茎ed，30mmt），the　notch　toughness　was

evaluated　by　s壼ngle－V－groove　butt　welded　joint，　which　was　perfbrmed　with　a　heat　inpu宅of　150　kJ／cm（coo王ing

time倉om　800℃to　500℃：S8／5＝180S）fbr　one－side　single－layer　submerged　arc　welding　process，　taking

2mm　V　notch　C卜a縫〕y　test　specimens　ffom£he　middle　of之he　plate　thlck籍ess　of　weldedjoint，　making　a　nαch

includi無g日AZ　and　weld　meta1（50％each）in　the　direction　ofplate　thickness　with　the　bond　as　the　center　and

determ韮n韮ng　the　absorbed　energy（vEO）at　O℃On　the　other　hand，　in　the　case　of　an　actual　welded　joint，　since　it　is

di鐙cult　to　quantitatively　investigate　the　precip圭ta匙韮on　sta皇e　ofTiN　in｝｛AZ，　observation　of　TiN　par£icles　and

quantita£ive　analysis　of圭nsolub韮eTi　with　elec重rolytic　extraαion　were　carried　out　by　applying　a　synthetic　weld

the㎜al　cycle（maximum　hea£lng　temperature　1350℃x5S，　S8／5＝180S）．　From　the　results　of　this

investiga縫on童竃was　fbund　that　the　optimu皿content　of　Ti　is　approx玉mate茎yα015％and　that　of　N

approximate至y　O．0050％to　ob£ain　correαdis宅r圭bu匙ion　of　TiN　fbr　securing翻otc｝1重oughness　of　HAZ，12）

　　Regarding　a王uminum　R童11ed　steels　fbr　low　tem摯era宅ure　use，　coarsening　ofγgrains　has　been　prevented　by

decreasing　N　and　pe㎡b㎜ing　TiN負ne　dispersion　treatment　as　well　as　extremely　d〔光reおing　S　and　pe派）㎜ing

Ca　treatme州民）r　dispersion　of　stab至e　CaO　par重ic圭es　in　the　high　temperature　region．　Regarding　butt　weldedjoin之s

of　aluminurn　killed　steel　plate（20　to　40　mmt）fbr　low　temperature　use，4－pass　4－layer　welding　was　perfbrmed

with　about　60　kJ／cm　heat　input　wi由ouΦreheating　and　s｛andard　Charpy　tes｛sp㏄imens　of2mm　V　notch　were

捻ken倉om出e　middle　of　pla£e　thickness，　On　the　other　hand，　regarding　specimens　suヒ導ected　to　synthetic　single

weld　the㎜訓cycle　hea宅lng　time倉om　room重emperature　to由e　m謎imum　heating　temperature　1350　to

1450℃：10S，　S8／5幕32S）correspond孟ng　to　the　welding　cond韮tion，　similar　Charpy匙es£spec主mens　were　taken，

and由e　relations　among由e　notch　toughness（＞Trs，　vE－60），　dispersion　of　TiN＆CaO　and　micros£ruc旬res　were

inves£lgated．　As　a　resu玉t　of由e　invest童gaξ韮on　it　was　fbund£hat　the　no毛ch　toughness　of｝｛AZ　near　weld　bond　was

opdmum　when　Ti／N≒2in由e　case　that　the　conte雌of　N　is　below　80　ppm，　and　even　more　s宅able　high　toughness

wおob面ned　b蜘曲er　extremely　d㏄reおing　S　and　perb㎜ing　Catreatmen£．This　depends　on負neness　ofγ
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grains　and　acceleration　of貸ne艶rrite　transfヒ）rmation　due£o　dispersion　ofTiN　par匙icles　and　stabil主ty　of　CaO

pardcles　near　the　we玉d　bond．

　　LI　HT60　class　steels，甲enched　and　tempered（QT）steels　are　the　main　ty沿e，　bu毛because　of　such歪im重重ations　as

hot飴rming　or　postweld　heat£reatme膿　PWHT），　eξc．，　d｝e　non－QT　s£eels　are　also　used．　Generally由e　strengξh

ofHT50　class　steels　is　increased　by　adding　Nb，　V，　Cr，　Ni，　Cu，　etc．，　but　in　this　case　suitable　procedure　control

（preheating，　heat　input　con宅rol）圭s　necessary　because　of　the　tendency　of　lowering　notch　toughness　of　HAZ．　The

慧T60c茎ass　steels蚕br　laギge　heat　i叩ut　welding　are　low－C　low－N　and　TiN－trea毛ed　HT50class　steel　fbr　large　heat

input　welding　levelled　up　by　quenching　and　tempering．　The　M－A　co簸stituent童s　decreased　by　su即ressing　the

宛㎜ation　ofupp6r　balnite　in　gAZ　near　weld　bond　ofsuch　steels　a轟d　the　microstructure　ch融1ges　to（F＋P）by

accelera芝沁g之he　fbrrite窒rans費〕rrnation．B｝

　　Recently，　controlled　rolling（abbrev呈a匙ed　as　CR）technology　is　deve至op三ng　at　an　alarming　rate．　In　co霊ro重圭ed

rolling，　recッsta圭lizatlon　behavior　ofγgrai韮1s　during　hot　rolling　is　most　impo腫ant　faαor；and　superior　base

me宅al　characteris毛ics（strength，　toughness）are　achieved　by　a縫l　usUng　the　rolling　temperature　and　the　raUo　of

ro壼1重ng　and　using　the　recrystallization　delay　eff6ct．　That　is，　when　rolling　is　done　in　uncrystallized　region，　the　γ

grains　are　elongated，　defbnnation　bands　occur，負）㎜ation　of艶rrite　nuclei重n　Ar3｛ransfbrmation　are　accelerated

and　the　grains　become負鶏e。　By　fhrther　relating　the　Ar3　and　Ar生transfbrmations　based　on　this　fineness　of　grains，

various　t㏄hnologies　are　being　deve茎oped　according　to　desired　puq）ose，　such　as　2－phase　region　rolling，

co帳rolled　Cool重ng，　retransfbrrnation　hoξrolling　and　tempering　or　the　combinatioR　of　their　processes，　etc．
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Fi96 Comparision　of　various　types　of　ThermoMechan韮cal　Con£rol　Process（TMCP）lbr　steels

　　　　　　　　　　　　　　　　　　　　　　　　　contai鶏ing　Nb

　　Fig．6　shows　an　outline　of　the　various　therlno－mechanical　control　processes．（1）represents　conventional

rolhng，（2）contro至墨ed　rol玉ing　in　u籍recrystallized　region　and（3）shows　2－phase（α＋γ）region　rolling　by　which

stee茎s　s£rong韮n　br疑tle倉ac匙ure　propagation　can　be　achieved　f士om撫e　mixed　rn主cros鉱ucture　of艶rrite　conねin韮ng

subsξructure　and　fine　elongated　γgrains．（4）represen匙s　a　type　of　process　in　which　accelerated　cooling　is　added

to　the　pa…ticular　temperature　range　afモer　normal　con重rolled　rolling　ofthe　above（2）and　the　streng由is　increased

wi£hout　degrading　the　we玉dabi玉ity　by　means　offine　grains　and　rapid　cooling　microstructure．王n　this　process，

XV



watef　coohng　stop匙emperature　carries　important　meaning（5）represents　the　process　in　which　reheating　and

reromng　ae　per飴㎜ed叩to　above　the　Ac3　poi飢a貸er　once　coollng　down　to　below　the　Ar［poi批By　this

process，　tempering　ef罫ect　and　fbnnation　of　unifbrrn　flne　gra．ins　are　accelerate（i・In　this　process，　the　notch

toughness　of　steel　is　considerably　affected　by　the　raUo　of　rolling　By　combinirlg　alloying　elements

characteristics　ofmaterials　can　be　fUrther　changed　and　the　characteristics　such　as　toughness　of　base　meta王and

HAZ，　reslstance　agai．nst　weld　cracking，　high　yield　strength　and　othel℃haracteゼistics　fbr　large　heat　input　welding

purpose　can　be　expected．
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Fig．7　Relation　between　cooling　tlme　and　notc版toughness　in　the　syn｛hetic　weld　gAZ　near　bond

　　　　　　　　　　　　　　　　　　　　　　　　　fbr　various　high　strength　steels

　　The｝｛T80　class　steels　are　QT　type　whose　hardenabi玉ity　has　been　increased　by　adding　small　contents　of　Cu，

Ni，　Cr，　Mo，　V，　B，　etc．；the　weld　HAZ　microstructure　near　bond　is　mainly癒e　lower　bainite　and　such　composition

is　adopted　as　to　suppress　the　fbrmation　of　upper　bainite．王n｝｛T80　class　steels　there　is　a　type　to　which　Ni　is　not

added　because　of　resistance　to　su至phide　cracking，　etc．，　but　this　is　s玉ight圭y　inf金rior　in　notch　toughness　cor貧pared

to　the　typeωwhich　Ni　has　been　added．14）Forordinary　HT80　class　steels，　the　weldheat　input　is員mited　to　45

kJ／cm　maximum（plate　thickness≦25mm）to　prevent　embrittlement　in　weld　bond．　To　improve　the　toughness

of　HT80，　low－N，　high　alloying，10w－S主or　add叢tion　of　large　content　of　Ni，　etc．　ca勲be　considered．　Boron　is　added

to　HT80class　steels　as　an　element　fbr　lncreasing童he　hardenabil疑y，　but　the　boron　ef艶。賛ve　fbr　hardenabil重ty韮s

the　solubleboron　which　segregates　a之毛heγgrain　boundaries　befbre　quenching　and　optimum　content　of　this

soluble　boron　is　said亡。　be　3　to　5誓）pm．There長〕re，宅he　hardening　effect　ofboron　is　supPressed　by　AIN，　BN　and

boron　carbide　Fe23（B℃）6，etc．，　and　low　N　is　ef論ective倉）r　ensuring　notch　toughness　of　weld　HAZ　near　bond．

With　reg欲d　to　weld　bond　toughness拓r　large　heat　input，the　e挽ct　ofadding　Ti　to　a　HT80　class　steehs　not　so

prominent　as　in　the　case　of　HT500r　HT60　class　steels；addition　of玉arge　contents　ofTi，　Zr，　Nb，　e宅。．　rather

degrades　the　tough飛ess．　Ni　ls由e　only　element　which　improves　toughness　of　fbrrite　matrix．・Moreover，　it　a｛琵cts

the　bainiξetrans蝕mation　behaviour；and　by　adding　more宅han　2％NI　content，宅he　b缶nitetr㎝s飴㎜ation　start

temperature　is　lowered　to　change之。　lower　bainite　and　the　facet　unit　is　a董so　decreased　by金鍛e　cementite

precipitation，　which　is　ef艶ωve　fbr　increas主ng　the　toughness．　Like　low＿C，10w＿Si　also　tends　to　deαease

hardenabili宅y，　but　on　large　heat　input　side　it　suppresses　the　fb㎜ation　of　insular　M－A　constituent　in　upper

bainite　by　chang沁g由e　microstructure　to（F＋P），and　is　effbctive　fbr　improving　notch　toughness．

　　The　rela亡lon　betwee餓。亡ch　tough獄ess　a薮d　cooling　tlmeS8／5倉om　800ω500℃ofsynthe婁ic　weld　RAZ

near　bond　fbr　various　types　of　high－strength　steels　has　been　investiga£ed．2mm　V　notch　Charpy　impact　test　was

測



per飴㎜ed　on　h証f　sized（5x10x50mm）specimens誼er　su切eαlng　them　to　syntheti　weld　the㎜al（ッcle　with

1350℃maximum　heating　temperature　and　5　seconds　holding　time，　and倉acture　transi｛ion　tempera匙ure　vTrs

was　determ主ned．　The　resu至上s　are　shown　in　Fig7」t　has　been　fbund　tha£the　optirnum　coo韮ing雛me　fbr　notch

宅oughness　of　HAZ　sh玉fts　toξhe歪onger　tirne　side　as　the　strength　and　conten£s　of　anoy重ng　elements　increase；and

as　compared　to　RT50　and　HT60　class　steels，　the　weld　bond　toughness　of　HT80　and　HT　100　dass　steels　depends

more　on　the　cooling　time　and山ey　become　very　brl£tle　on　the　large　heat韮nput　side．　This　is　because　on　the　large

heat　inpu£side　of　any　steel　the　upper　bainite　becomes　the　main　m量crostructure　a罰d　more　M－A　cons£itue盛is

費）rmed　as　contents　of　alloying　elements　increase．　The琵T　100　class　steel　conta圭ns　about　4％Mand　is　superior　ln

notch　toughness　under　the　pracUca玉welding　conditions．圭5｝
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Fig8　Relation　between　microstruαure　and　nαch　toughness（Tr15，Trs）圭n　the　sy霊hetic　weld｝｛AZ　near

　　　　　　　　　　　　　　　　　　　　　　　　　　　　bond　fbr　high　strength　steels

　　Fig．8　shows　the　rela毛韮on　between　synthetic　weld　HAZ　toughness　transi£叢on　temperature　w圭由standard

2mm　V　notch　Charpy　impact　test）aRd　microstructures　near　bond．　The　optimum　m重crostructure　w薗regard匙o

toughness　is　generally　the　one　in　which　10to　30％璽ower　ba美nite　is　included　in　rnaItens重te．　As　the　cooling　t主me

becomes壼onger　and　the　quantities　of　fbrri匙e　agd　upper　bainite　increase，　the　toughness　tends£o　decrease．董｛owever，

this　trend　does　not　holdgood藪〕rthe　high－carbor玉type　gT50　class　s毛eel（0．22％C）because　in毛his毛ype　the

toughness　of　mar£ensi定e　is　low．16｝For芝his，ξhe　limiting　carbon　content　is　said　to　be　abou竃0．18％1η

　　Facet　unit　or　effbctive　crysta茎grain　diameter　of　brittle　f『acture　is　closely　rela芝ed芝。　microstructures．Th重s　is

said　to　be　the蝕est　in　rnixed　microstructure　of（lnartensite　M＋lower　balnite　LB）．ln　the　up鐸er　bainite　UB，　this

飴cet　unit　becomes　coarse　and　it　becomes　extremely　britde　due　to　the負）rlnation　of　M－A　constituen芝．　In（艶rrite　F

＋pearliξe　P）micros紅ucture，　vTぎs主s　proportional　to由e　fαrite　gfain　diameter　d－1／2．

　　Fig．9　shows　the　relation　between　vTrs　of　syn出etic　we玉dHAZ　near　bond　and　the鉛ce宅unit．18）・19）20）1n　this

負gure，　in　the　case　of　HT80　class　steel，as　the　microstruαure　changes肋m　the　mixed　microstruc£ure（M＋LB）to

（F＋UB），vTrs．shifts　t◎considerably　higher　temperature　s圭de，　so　embri慣eme霊due　to　change　in　microstructure

is　recognized．　This　can　be　considered　as　the　M－A　cons嬢uent　ef£ect　of　in　UB；and　embrit£leme擬rernarkab乏y

increases　when　the　microstructure　changes　fねm　UB　O％宅。　UB　100％as　tbe　co傑ents　of　a｝loying　elements

mcrease．
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　　Fig．エOshows亡he　relation　between　vTrs　of　synthe£ic　weld　HAZ　fbr　various　types　of　steeIs　ahd　the倉action　of

M－Acons舳ent．　Without　regard　to　the　type　ofsteel，　their　straight　line　gradients　are譲lnos£癒e　sarne，8℃／％

M－Acons縦uent　In£his盒gure，　the　co擬ribution　ofthe鉛cet　unit　on　the　vTrs　has　been　relnoved　as－13℃／d『1／2．

Moreover　it　can　be　seen　in　this　agure　that　as　t卜e　strength　increases，　the　values　of　vTrs　shift　tQ匙he　lower

｛empera匙ure　side．　This隻s　because　of　the　toughness　improvement　e艶ct　of　rna£rix　due　to　Ni．　Moreover，　by　means

ofve「y　IowC　con£ent，　the　amount　of　M－A　const重£uen宅decreases，緬e　morphology　also　becomes　round　and宅he

toughness　of　HAZ　improves，　which　is　vely　ef琵ctive　fbr　Iarge　heat　i叩ut　welding　purposes．15）
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Fig．11Schematic　diagram　of　ef艶αof　weld　heat　i叩ut　on　notch　toughness　and　microstructures

　　　　　　　　　　　　　ln　the　weld｝至AZ　near　bond｛br　various　hlgh　strength　steels

　　Eventually，　the　trend　of　the　relation　between　notch　toughness　of　weld　HAZ　near　bond　and　weld　heat　input　or

cooling　time　is　as　shown　in　Fig．11，η

　　For　rnul宅圭1ayer　welding，　the　microstructures　and　notch　toughness　of掛e　heat－affbcted　zone（HAZ）change　by

being　su切eαed£o　multiplethe㎜組（ycl㏄．The鉛αo揺which論ect　this　notch　tough頚ess　c㎝be　considerα！給

be（1）負neness　of　crys£al　grains，（2）£empering　ef艶ct　of　quenched　mlcros毛ructure，（3）embrittlement　due　tQ

heating　above　Acl　poi鮫，（4）tempered　embrit重lemen匙around　600℃and（5）ho重stra重n　aging　emb煎lement　at

200to　350℃，etc．．． nfthese，鉛ctors（1）and（2）tend　to　improve　the　toughness　whereas飴ctors（3）to（5）亀end　to

decrease　the　toughness，

　　　γgralns，　wh韮ch　coarse打ln　weld　single書hαmal　cycle　near　bond，　become　f｝ne　in　weld　doub歪e出errnal　cycle　in

the　temperature　range丘orn　800£01000℃，but　the負neness　ofγgralns　is　not　as　e｛琵ctive　as　in　the　case　of　s主ngle

宅hermal　cycle　and　theγgrains　become　rnixed　size．　In　the　case　of　s亡eels　below　the　Mn－Si　type　HT60　class　s£ee1，

ln　most　cases　the　to賎ghness　gets　improved　by　mulξiple　weld宅he㎜認cycles，　but　if　Nb，　V㎝d　Cu，　e£c　are

contained　in　large　quant圭ties，£he　weld　HAZ　near　bond　tends　to　become　britt玉e　and　the　ernbr韮tt茎ement　accelerates

when　stress　or　straln　is　added．　In　the　case　of　HT70　to　HT歪00　class　steels，　the　weld　RAZ　near　bond　becomes　more

brlttle　than　in　the　case　of　weld　slnglecycle　near　bond　when　reheated　to　750　to　1200℃，which　di晩rs　with　the

case　of　steels　below　the　HT60　class，

　　Especially　i舳e　case　ofsteels　to　which　boron　has　been　added，飴㎜atlon　ofBN　in　multiplethe㎜謎cycle

zone　is　prevented　due　to　low－N，　quenching　e鎚㏄t　increases　and　the　toughness　is　improved．　For　embri亡tlement

above　Ac1藝｝o韮nt，　the　rna重n　cause　is　considered宅。　be匙he　M－A　consti亡ue蹴亡；effbc亡ive　so至uble　boro蹴is　assured　due

to　low－N　and｛he　R）rmation　of　upper　baini皇e　including　the　M－A　constituends　prevented，21）
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5．Weld　Cold　Cracklng

　　Basica且y，the　main　factors　fbr　weld　cold　cracking　of　structural　steels　are（1）hardened　microstructures，（2＞

difFUsible　hydrogen　and（3）restraint　conditions．

　　These　three鉛ctors烈噛e　qua殖itatively㎝alyzed　by　using　weld　the㎜al　restraint　simulator，　and　weld　cold

αacklng　is　evalua亡ed．

　　For　investigatlng　co亙d　cracking　of由e　weld　HAZ　near　bond，　that　is，delayed　cracking　due　to　hydrogen，　as

shown　in　Fig12，　hydrogen　is　charged　in　high＿streng由steel　sp㏄imens（outer　dia．7mm，　notch　depth　lmm，

radlus　of　notch　tip　O．25mm）by　changing　the　at面sphere肋m　argon　to　hydrogen　gas　at　950℃during　cooling

of　a　synthetic　weld　thermaユcycle　and　the　restralnt　distance（displacement）is　kept　constant　or　the　load　is

co醸ro1｝ed　a亡aconstan亡value　a亡acer亡a韮n　Polnt　dur加g　the　coo1孟n9．
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F主g13Evaluation　of　cold　cracking　sensitivity　in　the　synthetic　weld　HAZ　of　HT60　and　RT80　class　steels

　　Fig．12shows　each　cycle　of　temperature，　displacement　and　load　in　such　cases．Examples　of由e　results　are

shown　in　Figほ3．　From　this負gure　the　relation　among　the　cooling　time，　the　hydrogen　content愈）r　RT60　and

頁T80　class　steels　and　the　cri亡ical　res書ra重nt　s亡ress　at　which　the　delayed　cracklng　occurs　can　be　known，　The　flgure
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shows重hat　the　criti副硲traln亡s亡r㏄s　of　HT60　class　steel韮s　higher　th㎝£hat　of　HT80　class，飢d　hence　cold

cracking　is　difacul鍵。　occur　in｝｛T60　class，　Moreover，長）r｝至T80　class　s毛eel，　the　crit韮cal　restraint　stress　becomes

higher　in　the　case　of　longer　cool玉ng　time　and　it　fbr山er韮ncreases　as重he　hydrogen　con宅e慌decreases．
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Flg．14Testing　program　of　simula縫on　tes重｛b由ydrogen　delayed　cracking　in　the　synthetic　weld

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　HAZ　near　bond

　　In　the　same　manner，　the　inhomogeneity　of　delayed　cfacking　phenomenon　fbr　rolled　steels　caa　a圭so　be

investigated．　Accord蓋ng　to　the　results　ofsuch　investigation，　the　critical　stress　fbr　weld　cracking　of　through一

芝hickness　specimen　is　veツsmal豆cornpared　to　that　a圭ong　the　direction　of　rol至ing　and　in　the賢ansverse　direction．
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Fig　15Result　of　delayedαacking　test　of　smooth　specimen　fbr　a　21／4Cr4Mo　steels

　　Weld　cold　cracking　occurs　due　to　hydrogen　embrittlement　of　hardened　Inicrost田ctures　whe曲ydrogen

di飾ses　at　the癖arts　where　the　res之rain£stress　or　strainofwe玉ded　j　oints　concentrates．The　temperature　at　which

this　cracki鶏g　occurs　rang（痴om　100℃to　a　no㎜撮tempeぎature，　and（£peci副ly　the　concentradon　of　residual

hydrogen　a毛the　polnts　where　the　cracking　occurs　becomes　a　problem．　The　di飾sible　hydrogen　of　weld
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continues　being　discharge〔l　to　outside　atrnosphere　until　the　temperature　reaches宅he　normal　ternperature〔玉uring

the　cooling　Process　of　the　weld　the㎜謡cycle，　but　lns　necessary　to　investigate　the　critical　v認ue偽r

crackpreventing　ofresidual　hydrogen　content　ofweld　near　100℃at　which　the　coldcracking　occurs．　For　this

purpose，　a　hydrogen　delayed　cracking　test　was　conducted　according　to　the　program　shown　in　Fig　140n　smooth

round　factor　weldbar　specimens　and　notched　round　bar　sp㏄imens（notch　depth　lmm　and　tip　radius　O．4mrn，

stress　concentration　Kt瓢2，5）using　the　weld　thermal　simulator．　Fig．15　shows　an　example　of　the　results　of

testing　with　smooth　round　bar　specimens　fbr　a　21／4CrlMo　steeL
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　　Fig，16shows　the　de玉ayed　crack沁g　critical　stressσcr　obtained倉om　these　test　resUlts　and由e　calculated

hydrogen　con£endn　the　middle　part　of薮。亡ched　found　bar　specimen．　Theσcr　v記ue　decreases　as　using　the

restrain出ydrogen　content　increases，　and£heσcr　value　ofnαched　round　bar　specimens　is至ower　than由a宅of

smooth　specimens．王n　oblique　y－groove　weld　cracking　test，since　the　restrai擬stress　is　considered£o　be　of　the

order　of　the　yield　strengthσy　of　HAZ，　the　critical　hydrogen　content　fbr　preventing　delayed　cracking　at

σy＝90kgf／mm2　is　about玉．O　cc／100gr　fbr　the　smoαh　specimen　and　about　O．3cc／100g漁）r　the　notched　one．22）

　　The　test　fbr　delayed　cracking　due室。　hydrogen　fbr　various　kinds　of　structural　steel　is　also　ρossible　by

prepa錘ng　specimens　su切ected　to　synthe重ic　weld　thermal　cyc玉e，　adding　hydrogen　to出em　by　cathodic

electrolysis　method　and幽en，　if　necessaミy，　plating£hem　with　cadmium　fbr　suppressing　discharge　of　hydrogen，

and　per飴㎜ing　constant－10ad　tensile　tes宅on　them　at　a　room　temperature；which　enab1．〔£evぬation　of　cold
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cracking　sensitiv韮ty　of　weld｝｛AZ　near　bond．　Ll之hls　manner，　an　almost隻inear　relationship　was　achieved　between

critical　restraint　stress　fbr　weld　cracking　obtained　ffom　oblique　y－groove　TRC（匙ensile　restraint　crack童ng）test

and毛he　ratio（σc／σt）of　critical　tensile　stress　ob毛ained　ffom　simulation　test董br　delayed　cracking　dueξo　hydrogen，

σcand　notched　tensile　streng｛h，α，　as　shown　in　Figユ7．

　　As　regards　evaluation　of　lameUa　｛ear　susceptib韮1建y，　fbr　detecting　the　t韮rne　of　tear　in　the　玉aminated

nonmetallic　inclusions　due　to　the　contraαion　strain　during　weld量ng，　it　is　possible　by　simulat主ng　the　weld

thermal　cycles　in　the　middle　ofthe　parallel　pa就of　a　through一二hickness　tens孟le　test　specimen　keeping　its　both

ends　rest面ned㎝d　mou勲ting　the　AE　sensor　in　the　grip　ofweld出e㎜記restr盆nt　simulator．　According　to　the

r（£ults　ofξhis緻，gener盆ion　of　acoustic　emission（AE）was　con倉㎜〔茄om　the　stress　levels　lower　th㎝the

yield　strength　of｝IAZ　in　the　coohng　process　of　weld　therma至cycle　and鉱was食）und　tha£the匙ear　is　easy　to　occur

near　about　300℃without　regard£o　the　kind　of　nonmetallic重nclusions，24）Moreover，　it　was　also　clariaed　in

constandoad　tensile　tes宅of毛hrough－thickness　spec宝mens韮n　which　hydrogen　was　by　cathodic　electrolys重s，　that

the　roles　of　m圭crostructures　and　hydrogen　are　large負）dhe　propagat韮on　of　lamella　tear費om　nonmetallic

inclusions．25）

6．Reheat　Cracking

　　Reheatαacking　tends窒。　occur　along　grain　boundaries　ofcoarse‘‘rained　HAZ　near　weld　bond　at　thαime　of

postweld　heat　treatInent　of　HT80　class　s宅eels　or　Cr－Mo－V｛ype　s£eels，　etc　As　fbr　the　cause　of£his　crack圭ng，由ere

are　two　lines　o食hinking　According重。　one，　at　the　time　of　postweld　heat　treatment　the　intragranular　region　gets

strengthened　by食ne　precipitates　of　precipi重ation　hardening　elements　a勲d　slip　occurs　pre艶rential至y　at　grain

boundar童es　wh圭ch王eads重。　cracking；and　according　to　the　other，　the　intergranu正ar　segregation　of　impurities，

similar　to毛emper　embrit毛leme礒，　occurs　and由e　intergranular　strength　decreases　which　leads　to　theαacking．

Prac之ically，　reheat　cracking　is　considere（i　to　occur　dueξo由e　result　of　combination　of　both　of　these　factors．

　　Using重he　weld｛he㎜訊restr組nt　slmulator，宅here　is　ci罫cula　notched　loading　test・met卜od　during　heating

process，　to　eva圭uate　quantita縫vely芝he　susceptibility　of　reheat　cracking．　Reheat　cracking　occurs　when　the　strain

app難ed£o　material　at痴e　time　of　postweld　heat　treatmen匙becomes　larger　than　the　s芝rain　capacity　of　the　materiaL

So　it　is簸ecessary　to　evaluate　the　continuous　stress　relaxation　and　amount　of　stra重n　during　the　hea｛ing　Process

and　holdi礁g　process　ofpostweld　heat　treatment26）For　this，由e㎜訓cycle　near　weld　bond　was　simulated　in　a

circu董ar　noξched　specirnen　（負）r　exampl．e，　specimen　of　ou匙er　dia10rnm，　no宅ch　depth　　lmrn，　notch　tip　rad重us

O．25mm，　stress　concentration飴。匙or　Kt≒3，4），the　specimen　was　heated　a毛aconsta搬rate（150　to　200℃／hr）up　to

aspecified　temperature（600　to　720℃）a食er　applying　i醐al　s宅ress　load　a毛aroom　temperature，　and　then　kept　fbr

a飯ed　period　of芝ime（1　to　2　hours）and　investigated　fbr　cracking．　The　critical　displacement　or　critical　stress負）r

producing　cracking　was　determined　and　these　values　were　taken　as　an　index　of　rehea重αacking　suscep曲ii圭ty．

　　Fig　18shows　an　example　of由ermal．　stress　cycles　used　in　the　reheat　cracking　si蒲ula重韮on　test　In　this　figure，

zero　load　co盛rol　and　f士ee　expansion　and　contτactio鶏are　adopted　during　the　synthe芝icweld由ermal　cycle．　In

reheat重reatmen£，temperature童s　rai．sed　up　to　spec主君ed　temperature　at　a　cons之a礒rate　a食er　apPlying　initia｝stress

of　5宅050　kgfアmm2，and　the　load　is　kept　constant　at　that　tempera宅ure．　An　example　of　relation　be宅ween　the

displacement　and　temperature　on　heating　of　rehea芝ing　process　fbr　a　21／4Cr4　Mo　steel　achieved　in　this　manner　is

shown　in　F圭gユ9．　The　craclくing　shif乏s　to　the　high　temperature　side　as　the　in韮tial　load　s宅ress　decreases，　but由e

critical　displacement　becomes　minimum　near　600℃and　shows　a　concave　curve，　Evaluaξion　can　be　made　with

the　critical　in重毛ia重stress　where　rehea毛crack韮ng　occurs　at　600℃on　hea甑g，　which　is　more　convenient，　simple

and　prac重ical．27）The　results　of　loadlng　test　during　reheati鍛g　of　circulamotched　specimens　fbr　various　kinds　of

Cr－Mo　sξeel　show　that　addition　of　V（0．05　to　O．25％）or　Mo主ncreases　reheat　cracking　susceptibil韮宅y　by

intragranular　pr㏄ipitation　hardening，　which　is　highest　when　Cr　con宅ent　is　abo威1％，　but　cracking重s　ra重her

difficul毛to　occur　when　Cr　con毛ent　is　about　3％，28）
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　　　　　　　　　　lbr　evaluation　of　rehea室cracking　susceptibility　of　a　21／4Cr－Mo　steel

　　To　investigate　stress　relaxation　characteristic　at　pos細e至d　hea亡treatment，init重al　strain　is　apPhed　to　a　ro腿d

bar　specimen　a重aroorn　ternperatufe，　the　sp㏄imen　is　heated　up　to　a　spec娘ed　tempera宅ure　at　a　cons£ant　heating

罫ate　wh鍍e　keepihg　the　initia豆s£rain　a1ong　a　predetermined　thermal　expansion　c臆ve，　and　he重d　at宅hat　temperature

｛br　a　certain　perめd　of£韮me，　and　the　stress　reiaxation　state韮s　measured　during　this　process．　In　this　case，　in　order　to

achleve　a　wide　uni飴㎜heat　zone，　a　high倉equency　heating　coil　oεabout　5　tums　is　used，　a　single　bevel　notch　or

pr（蓼ect隻on　fbr　measuring　displacement韮s　applied宅。　the　specimen，　and　a　quartz　knifb　edge（GL　about　17mm）and

di艶rential　tr㎝s飼㎜er綴e　moun£ed．　To　invest圭gate　intergranular倉acture　s£reng重h　of　synthetic　weld　HAZ，

syn£he重ic　weid　thermal　cycie　near　bond　is　agp難ed｛o　a　notched　round　bar　speclmen，勧e　specimen重s　hea｛ed　up　to

aspeci負ed　temperature　at　a　constant　heat韮ng　rate　under　constant　load　cond掘on　and　is　kept　a重that　temperature

untiht　ffactures．　Fracξure　init主ation　and　propagation　was　observed　by　means　of　a　high　temperature　microscope，

and　the　rela亀ion　betweeR　the　timeαtemperatufe　whemntergranular　ffacture　occurs　and　the　intergranular倉acture

stress　was　detemllned．　A　comb圭nation　of之he　curves　of　stress　re｝axation　characterist重。　and呈ntergranular　f「acture

strength　is　shown　in　F主g20．　The　figure　reveals　tha毛in　a　HT　100　class　steel，　when　initial　stress　is　larger　than　about

22kgfアrnm2，the　two　curves　i盛ersect，倉acture　occurs　dur玉ng　the　reheating　process　and　the　rehea毛crac1（ing

susceptibiiity　is　very　high．　On重he　other　hand，in　the　case　ofaHT60　class　s重ee1，two　curves　do　not　intersect　and

宅he　reheat　cracking　susceptibihty　isめw．29）
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　　As　fbr　practical　industrial　test　fbr　investigating　reheat　cracking　t卜rough　actual　welding　and　postweld　heat

treaむ鍛en之，　there　are　oblique　y－groove　reheat　cracking　test　and　H　type　restrai践reheaξcracking　test，　but　analysis　of

the　reheat　crackingρhenomenon　is（至重fficult．

7．Final　Comments

　　In　this　paper，　the　application　of　simula宅ion　test　techno歪ogy　has　been　descr韮bed　on重y　fbr　the　behaviour　of　we夏d

HAZ　near　bond　fbr　structural　steels，　but由e　techno至ogy　ca苅also　be　used長）r　evaluating由e　behaviour　including

衡sion　and　solldi食cation　of　weld　metals　and偽r　ev盆uatlng　the　pe血㎜ance　of　welded　joints　under　vadous

e鶏vironmental　loading　condi毛ions．

　　Moreover，　with　suitable　invents　it　c㎝also　be　app薮ed　to　alIQying　design　in　steel　production　and　analysis　of

continuous　casting，　controlle〔l　rolling　and　heat　treatment，and主s　aiready　be沁g　use（圭to　sorne　extent致）r由ese

purposes．　The　equlpments　desαibed　here　areε潅eady　in　regular　use　in　main　Japanese　steel　manu鉛cturers，

we圭ding　procedure　companies　and　engineering　companies．　Further　new　app至icat重ons　ofthese　equipments　are

under　investigation．
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　　　　　　　　　　　　　　　　Materials　Information　System　on　the　Internet

（Prediction　of由e　Properties　of　Weld　Heat－Affected　Zones，　http：〃inabanrim．gojp／Weld／）

Miおunae　FUJITA，　Jun－ichi　KINUGAWA，

Akira　OKADA　and　Takayoshi　KASUGAI

1，　Introduction

　　In　recent　yeas，　rapid　advance　has　been　made　in　the貸eld　of　in佑㎜翫ion　processing　technology　using

networks　and　compute聡，　This　progress　has　enabled　eve甲one　to　transmit　valuable　irlfbmlation　through　the

Internet　and　thus　p星ay　an　active　role　in　his且eld．

　　The　previous　sentence　is　ve〔y　unclear　and　convoluted．　In　the　technical　field　of　welding，　the　systematic

organization　of　theories　and　past　experiences　into　a　database　system　arld　the　availability　of　such　a　system　to　the

public　on　the　Intemet　can　undoubtedly　promote　continuous　trans免r　and　development　ofwelding　t㏄hnology．

However，　breakthroughs　concerning　how　to　store　and　retrieve　data　and　express　results　are　n㏄essaτy　fbr　the

realization　of　this　usefui　system．

　　National　Research　Institute　fbr　Metals（NRIM）has　been　constmcting　a　new　system　to　predict　the　micro－

structures　and　m㏄hallical　properties　ofweld　heat－af£㏄ted　zones（正｛AZ）wh童ch　combines　a　database　system　of

continuous　cooling　transformation　diagrams　fbr　welding（CCT　diagrams）and　an　expert　system　fbr　computing

weldthermal　histories．　In　addition，　this　system　employs　a　t㏄hnique　which　was　invented　while　developing

another　distributed　database　system　naned“Data－Free－Waジ　（DFW）fbr　adv㎝ced　nuclear　matenals［1】Imd

others　obtained　through　some　programs　of　welding　research　at　NRIM　in　the　past［21．

　　This　paper　describes　the　present　state　of　our　new　system　fbr　predicting　the　properties　of　weld　HAZ‘s，　which　is

now　available　through　the　Internet．　Some　problems　with　the　database　in　such　a　system　are　also　presented．

2．General　Concept　of　an　Infbrmation　System飴r　a　Welding　Procedure

　　Generally　speaking，　any　welding　procedure　needs　the　fbllowing　infbrmation：the　material　to　be　welded（base

meta1），　the　geometπy　of　the　j　oint（how　to　prepare　its　edge），　the　welding　process，　welding　consumables，　and

procedural　parameters　such　as　weld　heat　input　and　conditions　of　pre／post－weld　heat　treatment．
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Fig．1　Schematic　representation　of　a　materials　in負）rmation　system．
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　　Besides，　esρecially　in　order　to　make　sound　welds，　the　R）llowing　problems　mus由e　solved　as　well：yes－or－no

ofweld　cracks　caused　by　hydrogen，　residual　stresses　and　martens重tic　structures，　and　needless　to　s3y，　service

perfb㎜ance　inciudlng出e　mechanical　properties　of出e　joint　must　be　predicted　in　advance．

　　Due　to　these　special　requirements　of　the　welding　procedure，　any　designed　system　should　be　ab至e　to　answer　as

many　ofthese　ques宅ions　as　f誌t　and　accurately　as　possible，　Such　a　sys匙em　may　be　a　combinatめn　ofsome　sub－

systems，i．e．，　a　database　fbr　the　procedura玉data　ofwe至ding，　a　knowledge　base費）rpas室empir童cal　daね，　an　expert

system薮）r　calcula£ing　heat　fiows，　and　thermal　experiences　dur韮ng　welding

　　Last，but　not隻east，attention　shoul（i　be象）cused　on　the鉛ct　that，　even　t｝lough　a　great　advance　in由e　fie正（l　of

database　technology韮s　surely　expeαed　in　the　near釦宅ure，　only　a　ve「y　limlted　amount　ofempirical　infb汀naUon

can　be　stored　and　retrieved。Thus，　ifpossible，　it　is　desirable　to　prepare　a長lnαion　fbr　conducting　some　remote

opera宅ions　as　is　refb∬ed　to　elsewhere．
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Fig．　2　0u磁ne　of　the　heat－conduct童on　simulation　fbr　the　propert童es　of　welded｝IAZ．

3、System　fbr　Predicting由e　Propelties　of　Welded　HAZ

3．1　　0utline

　　The　schema匙ic　represen匙ation　of　our　distributed　database　system　DFW　fbr搬atenals　lnfb【mation　on　the

茎ntemeξis　shown　in　Fig．1．Anew　sub－system董br　predicting　weld｝｛AZ　prope腕ies　was　put　in　thls　old　DFW

systern・

　　The　new　system　is　substantially　an　updated　version　of　the　proto之ype　by　Okadaθごa1．［21，wh隻ch　is　operated

only　on　a　personal　computer　and　consists　of　mainly　two　parts．

　　One　is　a　database，　the　m街orpa薮of　which　is銀led　with　factuahn飴㎜a毛ion　obtained　at　NRIM　in　the　past，

while　the　rest　con重ains　b重bhographic圭nfbrmadon　collected　f拍m　various　places　around宅he　world，噛e　da重abase

stores由e　in負）rmation　not　only加numerical　data　or　letters　but　also　in　a　ce震ain　R）rm　of　diagrams　or　photographs．

Users　can　retrieve　this　infbrmatiQn　in　printed董brm，　wh童ch　diffをrs　Iitde　f士om　tha宅displayed　on　monitors　at
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present　Nevertheless，　because　of　the　dlfflcultles　ental｝ed　in　expressing　a取heμaαices　of　the　weld重ng　procedure

鋤as£韮ll凶otograph，　it　may　be　necessary　to　store　them　in　motio飛pictures　with　voice　and　sound　in　fUture．　Such

asub－system，　as　we至l　as宅he　hardware　fbr　it，　is　cuぼently　being　prepared　by　our　group．　Most　of　the　stored

infbrmation　are　CCT　diagrams　in　welding　steels，　which　show毛ransfbrmation£empera£ures　and　metallograρhic

changes　of　we至d｝｛AZ‘sduring　coo鼓聡g　f沁m　some　1623　K　Gust　below　the　melting　temperatures　of　steels）under

di．f艶re傑ra亡es　ofcooling　as　weH　as　the　resu1亡加g　co蹴sti亡u亡io打ofrnlcrG－s匙ruc亡ures　a臓d　hardness．　The　da絡base

s匙。ぎes　al玉curves　of　transfbrma£ion　stardng　temperatures　in　numerical　values　as　we1L　S宅oring　data　in　numer韮cal

values　is　most　advantageous　fbr　theirmost　efacient　use　and　express重on室hroughou乾the　system，互n　the　presen宅

sys重em，however，　d議a　are　not　yet　linked　dir㏄毛ly　be£ween宅』hl．s　CCT　diagram　database　and　the　Weld　the㎜al

hisξoギy　s韮mulator　presented　iater．　Further　consideratio罰may　be　necessary　fbr　6．ndlng　the　besξway芝。　store

da亡a．

　　Theαher重s　an　expert　systern　fbr　sirnula縫ng　the　temperature　distributions　around£he　paぼt　being　we至ded．

HereaRer，　this　sys｛em　is　re免πed　to　as「Weld　thermal　history　simulator”．

　　Users　who　have匙。　make　a　ana圭decision　fbr　each　oftheρrocedural　pararneters　often　need　more　detailed　and

conαe毛e　infbrmation　than　the　veξy　things　retrieved倉om　the　database，　To　rneet　such　a　need，三n　the　present　system，

some　fUnc£ions　lbr　making　remo亡e　exper重me盛s　or　remo亡e　mai飢α、ance　a聡prepared　in　advance．

　　The　whole　syste搬can　be　used　anywhere　in　the　world　where　an　I熊eme£Browser（Netscape，　Explorer，　etc．）is

available．　Figure　2　illustrates由e　outl．ine　of之his　system　and　gives　a　gu重de　map　to　access　the　CCT　diagram

database，　the　Weld　thermal　history　simulator，　or　an　anima重ed　prograrn　fbr　begimers　on　how　to　utillze　them．

32　CCT　Diagram　Da£abase

3，2窪　　Outline

　　For　utilizing　CCT　diagrams重hrough由e　Internet，　data　are　managed　by　using　the　Oracle，　which　is　conneαed

wi£h　the　OracleWeb．　They　are　retrieved　by　accessing　the　Web　through　an王ntemet　browser．　This　operation　is

made　by　c正icking出e　mouse　or　h孟tt量ng　digi遣keys．1ns亡ruα重orls　on亡he　screer達make　the　opera亡ion　easy，

　　The　database　is艶atured　by　the　ability　to　connect　the　stored　data　w油image丘les　or　some　programs　outside

崩edatabase　suchお由e　Weld　thermal　his宅ory　sirnulator，

Base　of　CCT　diagram lmage　data Num釧．cal（ぬta　of　image
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F主9，3 Data　structure　of　a　CCT　diagram　d謎abase．
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3、22　　Stored　Data　an（i皇hei「S重「uctu「e

　　　The　stored　data　include£he　chemical　composition　and　m㏄hanical　propel寸ies　of　the　said　stee1，　its　CCT

diagram，the　graph　attached　to　the　diagram，which　shows　the　change　in　HAZ　hardness，and　also　that　in　miαo－

structural　constitutions　with　cooling　time，　the　photo－micrographs　ofHAZ，　the　data　in　numerical　values　and

iα芝ers　direα1y　connected　w柚any　CCT　behavior　of油e　steel，　and　data　somehow　assodated　wlth　it

　　Figure　3　explains芝heirstructures．　The　table　fbr　the　product　fbπns　of　steels　consists　of由e　product　ID，　its

proper，　popular，　or　technical　name，　another　narne　afモer　sorne　processi．ng，　its　chernical　composition，　and　its

mechanical　prQpemes，　while　that費）r　coo玉ing縫me　and　HAZ　hardness　contains　its　product　ID　and癒eαitica1

（shor匙est）values　of　cooling　timenecessary藪）r　mak韮ng　phase　transfbrmations　ofthe　steeL　The　database　stores

CCT　diagrams　and　the　attached　graphs　showing　the　change　in　gAZ　hardness　and　microstructure　with　cooling

time　in　two　data飴㎜s，　i．e．，　image　and　numerical　data．　As　mentioned　be飴re，　experts　in　welding　should　be

relatively　familiar　with　these　images．　On由eαher　hand，　needless　to　say，　numerical　data　are　essentially

suitable飴r　m遍くing　experiment訊飴㎜ulas　ofthe　HAZ　hardness　or　ratio　of　mlcro－structur譲constitutions　vs．

cooling　time．　Thus，　quantitative　in圭brma芝ion　of｝｛AZ　properties　can　readily　be　obtained　in　advance　to　the

weld重ng　procedu．re　by　subsd継ting出e　predicted　dme　of　cool由g　in亡。亡hese　fbrmulas。

32．3Expression　For　re宅rieva韮

　　For　retr主e＞ing　CCT　diagrams，such　items，measures，　and　parameters　may　be　thought　of　as　the　name　of　the

steel　to　be　retrieved，its　properties，apPlica重ion，　chemica玉com萎）osition，rnicro－struαure，　and，　in　sorne　cases，　the

mQrphology　ofthe　phase毛r㎝s偽㎜ation　and　lts　rate．　Moreover，　as　a　prelimin町step　ofretriev出軸e　pr（鷺ent

CCT　diagram　database，　several　of山e　CCTdiagrams，　which　are　presumed　to　meet　the　user唱srequirements，　are

hste（i　by　inputting　son、e　of　these　items，　measures，and　parameters．　Here，　the　morphology　of　the　transfbrrnation

and　its　above－rnentione（玉rate　are　s賎bstituted　brieξly　by　the　type（shape）of　the　CCT　diagram　and　theαitical

cooling　time　at　which　the　tr飢s飴㎜ations　st頒．　Then，　the　user　hn副ly　sel瞭s　the　most　apPropriateone　to　be

displayed倉orn　those　re汀ieved　f湿rstly．
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　　（b）is　recomposed　of　the　numerical　datastored　in　the　database．　In　order　to　express宅he　CCT　diagram　more

simply，　only主£s　essence　is　given　here．　Since　such　re－composi毛ion　needs　only　a圭imi£ed　number　of　numerical　data，

itres虚s　in　a　shortened　timeof　retrieval　as　we圭l　as　a　reduced　load　on　the　network．王n　addition，　several　CCT

diagrams　can　be　cornρared　at　the　same　dme。

　　Ano£her　attemμfbr　expressing　the　retrieval　of　numerical　da£a　was　made　by　adopting　the　JAVA　language．　An

example　of　such　retrieval　is　shown　in⑥．This　rnakes　it　possible毛。　express　simultaneously　any　numerical　data

such　as｝｛AZ　hardness　and　micro－structura至constitutions　fbr　a　spec韮fied　rate　of　cooling．

　　For　HAZ　micro－structures，users　can　exhibit　their　phαographs　on　a　display　either　one　by　one　or　as　a　seし

33 Weld　Thermal　His之ory　Silnulator

3．3．1　1叩utting　Data

　　Computatlons　of　heat　flows　require　thermal　properties　such　as　the　thermal　conduαi畷y　and　specificぬeat　of

materials．　The　melting　temperatures　and　Ac　l　transfbrmation　tempera£ures　of　steels　a｛e　also　necessaワfbr

computingthe　locations　of　molten　pools　and　weld　HAZ‘s，　respec重ively．至n　addition，　cornp威aUons　require　such

procedural　parame匙ers　of　welding　as　the　arc　c膿ent，　arc　vokage，　weldi臓g　speed　preheat　temperature，　and

dimensions　of£he　work宅。　be　we玉ded．　Figure　5　shows塩e　sαeen　fbr　i叩utting　these　data　in　the　present　simulator．

Most　of　the　da竃a　are　input　by　hitting　keys．王n　addltion，　by　operating　his　mouse，　the　use罫can　selectαher

information　rela宅ed　to　the　heat　source　such　as韮ts　shape　and　energy　density．　On毛he　screen，　boxes我）r　setting

condi£lons　and　patterns　representing　fbatures　of　heat　sources　are韮ald　out　fbr　i叩u£ting　da匙a　wiξh　ease．　Complete

i叩utting，　however，　requires£hat　the　user　of　t卜e　system　have　some　degree　of　expe痴se　of　welding

　　　　　くく轡ai（室恥嚢i・｛¢a肛（沁費《≦就£1〈鴻ミ｝i恥ui窟〈｝ぎ〉＞
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　　W呈th　a　viewセ。　making　a　more　usable　database，especially負）mon－experts　of　welding，　we　are　now　collecting

additlonal　data　of　hea匙sources　apphcable　fbr　dif｛brent　welding　processes　and　welding　conditions．

3．3，2　Method　of　Computat垂ons

　　Numerica玉computadons，　which　are　n㏄essary　R〕r　simulating　transient　or　quasi－stationary　distr宝butions　of

temperatures　around　theρart　being　welded，start　by　inputting£he　data　stated　above，　pushing　the　button　that

feads艦ls倣compu｛瓠ion’1，and　then，　using　a　program　sen爵om　the　Web　server．　The　progr磁n　is　w搬ten　ln　the

JAVA　ianguage，　T卜us，　the　computations　run　without　a　pla｛fbrm．　They　are　executed　by　taking　the　most　suitable

measure，　or童n　some　cases，　by　comb韮n孟ng　suitable　ones倉om　empirical　eq疑ations　repor亡ed　in　tぬe　past，　analytical

solutions，　or　an　iterat主ve　finite　diffbrence　method．

3．3．3　　Expression　of　Compute（i　resu玉ts

　　The　fesults　Qfcomputations　are　expressed　as　shown　in　Figs．6and　7．Figure　6　shows　the　contour　line　of由e

melting　tempera亡ure　a鶏d亡ha亡of亡he　Ackemperature　on　the　transversa1（pe｛pendicular　to癒e　weld　center歪ine）

cross－section　of　a　weld，　which　give重he　profile　of　a　mo玉匙en　pool　and　HAZ，　respeαive至y．　LI　Fig．7，　the　weld

therma茎his匙ofy　at＋point　in　Fig　6　and　tha亀at　the　crossing　po圭nt　of　two　fine　l沁es主n｛he　same　figure　are　drawn　in

two　curves．1nputting　the　cQordinates　of　such　po重nts　is　achieved　by　only　pointing　and　clicking　with　the　mouse．

Aslight　but　not　neg董igible　diffbrence　between　the｛wo　is　seen，　espec圭ally　around　their　peaks．

　　Needless　to餓y，掛e　HAZ　hardness　and　micro－struc加res　of　a　sted　result　from　its緬em餓｝histo〔y　dur沁g

welding　and　its　chemica｝composition．　In　practice，　they　correspond重。｛he　time　of　coo重ing丘om　A3

transfbrlna重ion　te即erature重0773　K（500℃）．　As　a　matter　of　course，　eveギy　computed　curve　makes韮t　possible　to

predict　HAZ　haダdness　and　m韮crひstructures　fbr　each　specified　sζee1．　In　brie£the　CCT　diagram　database　and

Weld　thermal　history　simulator　make　l之possibie　to　predic£the｝｛AZ　hardness　distrlbution歓as匙eel．
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3．4　Prediction　of　Weld｝｛AZ　Prope腔ies
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3．4．1　Flow　ofPrediction

　　The　present　system　has　a　database　subsystem　in　the　cornputer　to　memor圭ze　data　temporarily，　according　to匙he

flow　of　ca茎culation，　as　shown　in　Fig　8．

　　First　of　all，　we　sel㏄t　a　s宅eel，　the　chemical　composition　of　which　is　the　dosest　to　that　of　the　steel　to　be

predicted．　Then，we　retrievαhe　C　CT　diagram　of£he　sel㏄ted　steel．The　retrl．eved　CCT　diagram　and　ail　the　da芝a

concemed　with　it　are　sendnto　that　subsystem　auωmatically．三n　these　data，　we臼nd　a　graph　which　shows　the

change　in　V韮cl（ers‘hardness（load：9．8　kN）and　that　in　the　ra宅loofmi．crG－s宅ructural　cons犠ut韮ons（area％）wi山

cooli勲g　time貸om　Ac3　tr㎝s偽㎜a匙ion　temρerature　to　773　K（500℃）．　Flgure　g　shows　a　typic謡example　of

such　graρhs．Expα・imen£温拓㎜ulas　of琶AZ　hardness　and　ratio　ofmicro－stmctur訓constitutionsおa釦nction

of　cool圭ng　time　are　also　store（i　temporarily　in　that　subsys宅em．

　　　　　　　　　　　　　　　　　　　　　　　　Selection　of　we茎ding　sξee1

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　；

　　　　　　　　　　　　　　　　　　　　　　　　王nput　ofwelding　condit重ons

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　…

Calcula毛ion　of　coolingξ韮me　f士om　Acl　to　773　K　fbr　eve〔y　point　at　intervals　of　lmm　in翼AZ

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　…

　　　Retrieva夏of　the　hardness　corresponding　to出e　time肋m　the　CCT　diagram　da芝abase

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3

　　　　　　　　　　　　　　　　　　　　　　　Drawing　of　the　hardness　map

Fig　8　Flow－cha鍾fbr　the　prediction　of　we正d　HAZ　properties，

　　Second，　thermalμopeΣ重ies　of　the　selected　s宅eel　andひrocedural　parame£ers　of　welding　are　input　into　the　Weld

the㎜al　his毛ory　simulator．　Computations　ofcooling　timewere　executed　over　the　whole　HAZ．　Fin譲ly，　we　get

the　contour　iines　of　HAZ　hardness　by　refbrring　the　computed　cool主ng縫me　at　each　point　to毛he　R）m、ula　of｝｛AZ

hardness．
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3．42　Hardness　Distrib賎毛ion　Map
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　　Figure　10shows　aa　example　of　hardness　contour　lines　on　the芝ransversal　cross－section　of　a　bead　weld．　hl　the

負gure，由e　white－washed　and　semi－elliptical　zone　is　that　ofweld　meta玉，and　its　outside　ls　the　RAZ．　Hardness，

whlch　is　the　highestjust　a（寿acent　to　the　bond　Iine，graduany　lowers　towards　its　base　rnetal　zone．　The　reason　fbr

this　is　the　nature　of　heat　conduction，　in　which　the　shorter　distance　fヒom　the　heat　sQurce　causes　a　higher　peak

重emperature　and　faS芝er　cOOllng．

Ti、、　，．　♪　㌧．－辺　　　ケ…、㌔ぐ凱鼻、，．∴㌧、孤、’擁＾学羅＝ム、L　ン：；　…．　　．／，乎ご．・；、
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噴：’1：li｝i：髪》／：’

Fig　10　Hardness　contour　llnes　on　a　cross－section　of　weld．

　　Thus，　all　the　data　re重rieved　here　converge　into　a　hardness　distribution　map．　Usually，　it　takes　a　long　time　and

much　ef｛b貢to　get　such　a　map　by　processing　measured　data　only．　The　present　system　ofprediction，　however，

achieves　the　same　purpose　quickly　and　with　ease．王n　Fig．10，　the　map　is　ruled　into　1－mm　squares．　Finer　squares，

which　are　available，allow　fbr　more　detailed　and　delicate　infbrmation　fbr　predicting　the　geometry　and　properties

of　HAZもs；this　is　helpful　to　check　any　overlooks　and　to　make　weldedjoints　of　higher　quality．

　　Th童s　subsystem長）r　mak勧g　HAZ　hardness　distribution　maps　is　a　combinat主on　ofthe　subsystem　of由e　CCT

diagram　database　and　that　of　the　Weld　thermal　histoIy　simulator．　It　is　curren纏y　being　re飢ranged　fbr　more

diversified　kinds　of　steel　products　and　more　e＞αended　ranges　of　procedural　parameters　of　welding．　Befbre　long，

this　third　subsystem　will　be　available　to　the　public　on　the　I溢emet，1t　ls　beheved　that　the　release　ofthis　system

will　contribute　to　the　circu圭adon　of　technical　infbrrnation　of　higher　levels．　Another　subsystem　fbr　making｝｛AZ

耐cro－s£ruc亡ura王cons亡ltuen亡dis亡ribution　maρs　will　a星so　be　availab丑e　in　the角ture

4，　Future王）rob董ems

　　Oumext　target　of　deve至opment　is　a　system　fbrrapid　exhibitions　of　images，maps，　and　photographs．　After

realizing　it，　the　system　ls毛。　be　improved　fbr　three－d重mensional　cornputations　and　exhibitions，

　　Further　acqu主siUon　ofdata　is　mos｛essentiaL　Few　CCT　d主agralns　ofadvanced　materials　have　been　i叩ut　in

the　recent　pasしOur　database　will　be　completed　by　supplying　such　lack，　he至ping　us　to　understand　the

historical　process　ofma宅erials　t㏄hnology　andρredlct　fUture　materials．　A　database負）r　welding　consumables

such　as　welding　rods　and　wires　may　be　necessary，especially　fbr　matching　the　properties　of　we玉d　metal　to　those

of　base　mα記．　Databおes　fbr　sewiceρe㎡b㎜ances緻d　case　studies　on　accide打t認含ac亡ures　of　welded　joints

components　and　struc室ures　are　also　fhture　problems．

5．　Concluding　Remarks

　　To　achieve　state－of－the－a綻we茎ding，　itis　desirable給increase　the　mutual　uUhza｛ion　of　information　between

the　fields　of　materials　and　weld韮ng．　The　new　system　presented　in　this　paper　represents　such　an　effbrt，　It

combines　a　database　system　ofcontinuous　cooling　transfb㎜ation　diagr鍵ns飴r　welding　and　an　ex卿system

飴rcomputing　weld　the㎜盆histori（器，　both　of　which　have　been　accumulated　and　developed　at　the　Na宅lo憾
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Research　Ins雛u重e　fbr　Meta玉s　over　several　years．

　The　work　was　conductedおp鐵t　of　the”R〔遇earch　Infb㎜ation　Database　Service　Pr句ecゼI　sponsored　by　the

Japan　Science　and　Technology　Corporaヒion．
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Note　for　Symbols　used　in　CCT　diagrams

A
F

F＋Zw
P

Zw

M
Cz－Cz‘

Cf－Cf‘

Cp－Cp‘

Ce－Ce‘

Austen垂te

Ferrite

Ferr童te＋Balnite

Pearlite

Balnlte

Martensite

Starting　time　of　balnite　transfbrmatlon　on　coollng　fror黙A30r　Ac3　to　773K

Starting　time　of　fεrrite　trans薮）rmatlon　on　cooling　f世om　A30r　Ac3　to　773K

SIarting　time　of　pearlite　transformatlon　on　cooling　f士om　A30r　Ac3　to　773K

Ending　time　of　amrans食）rmations
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Simple　Fe－C－X　Alloy

Fe－C　AIIoy

Chemical　Composition　　　（mおs％）

Steel
C Sl Mn P S Ni Cr Cu Mo V Ti Nb Ai B

Page 鼠ef．

C－0．08 0．08 需 髄 一 一 騨 曾 一 一 F 幽 ， 髄 一
2 1

C－0．15 0．15 ■ 一 ■ 用 一 幽 一 騨 謄 一 一 営 需
4 1

C一α3 0．3
髄 伽 一 一 需 一 幽 曽 ｝ 墜 一 需 営

6 1

C－0．38 0．38 　o
a 幽 ■ ｝ 胃 髄 曽 曽 一 一 一 胃 謄

8 1

C－053 053 謄 一 幽 一 一 一 ” 需 一 F 隔 曽 一
10 1

C－0．94 0．94 鴨 胃 ” 吊 謄 曹 一 一 辱 需 一 一 ，
！2

玉

C－L37 蓋．37
一 騨 需 需 謄 一 幽 曽 雫 曹 曽 F 冊

玉4
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Fe－C－Ni　Alloy
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C Si Mn P S M Cr Cu Mo V τi Nb A1 B
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36 4
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38 4
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46 4
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Fe－C－Cu　Alloy
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Fe一σMo　Alloy

Chemical　Composition　　　（mass％）
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Fe一σB　AIIoy

Chemical　Composition　　　　　（mass％）

Slee1

C S1 Mn P S Ni Cr Cu Mo V Ti Nb Al B
Page 狭ef，
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” 需 謄 曽 瞥 一 一 曽 幽 辱 0．0016 92 P
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編・・『蜻ﾕ∴畿毫「
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慧・
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Experimental　and　Commercial

　　　　　　　　　HT－50kg／mrn2　C互ass

Chenlical　Conlposition　　　　　　　　　　（nlass％）

Steel

C S童 Mn P S Ni Cr Cu Mo V Ti Nb Al B
Page Ref．

RS 0．1 G、0豆 0．41 0，015 0，043 0．02 0．G3 0．互8
一 置 一 片 0，005 幣

96 7

SS 0，H 0．02 0．61 0，008 0，025 0．02 0．03 0．15 m 回 ■ 一 0，005 一
98 8

209 0．14 0．25 0．58 0，015 O，031 ” ｝ ｝ 一 m 一 一
100 P

FH α14 0．09 0．96 0，018 O，026 0．06 0．07 0．18 炉 罰 一 一 0，054 一
102 7

SM41B O．16 0．48 1．42
一 一 『 齢 需 曽 憎 囲 團 酊 曽

104 P

SM41A o．11 0．29 1．47
■ 胃 ” 齢 一 一 一 騨 0，027 0，035 ｝

108 P

YND33 0．09 0．24 U5 0，011 0，007 一 一 一 一 一 一 一 一 一
112 9

KS 0．14 02’3 0．65 0，012 0，007 0．02 0．02 0．16 一 一 π 胃 0，008 一
114 7

NK 0．13 0．23 互．18 0．02 0，025 0．04 0．04 0．13
一 一 一 一 0，O18 一

正16 7

SM50B 0．14 0．32 L32
一 耐 一 一 一 一 0，003 一 醒 一 置

118 P

SM50BS1 0，豆5 0．28 0．97 一 ■ 0．02 0．01
齢 一 一 一 一 一 一

120 P

鵬 0．13 0．41 LO8 α025 0，012 0．02 0．02 0．16 ■ 一 一 置 0，052 而
124 8

E602 0．15 O．4 1．19 一 一 0．09 雫 一 一 一 一 一 一
126 9

Corten 0．09 0．54 1．34 0，096 0．03 0．44 0．96 0．32
一 一 一 一 一 冒

128 10

YE 0．互6 0．45 1．18 0．0互9 0，018 0．02 0．02 0．21
一 一 ■ 胃 0，049 静

130 7

KT 0．15 0．42 1．21 0，016 0．02 0．06 0．04 0」4 ■ 一 一 『 α05互 幣 互32 7

E599 G．19 0．41 1．17
胃 鴨 唖 0．06

一 ■ 冒 曽 P 邑 一
134 P

SM50BC1 0．13 0．44 L44
而 一

0．18 一 冒 ■ 冒 可 0，026 0，028 一
136 P

SiMn

gT50

0．22 0．12 1．08 0，024 0，027 耐 噂 一 一 一
0．0互

『 炉 ”
140 9

FTW52B 0．16 0．41 L22 0，O12 0，021 0．02 一 0．08 一 一 一 四 需 り
互42 10

NM 0．14 G．53 1．12 0，011 0、G互 G．06 0．04 0．06 一 酊 一 一
0．04

冒
144 7

Welten55C 0．18 0．47 1．4
一 而

0．04 0．05 一 一 一 四 騨 0，061 一
146 P

16CMnR 0．18 0．38 L34 0，014 0，012 一 而 炉 齢 一 一 囮 爵
147 P

SM50A 0．互7 0．34 L31
一 耐 一 一 冒 旧 冒 ｝ 一 一 一

148 P
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