
A　Study　of　the　Rearrangement’　of　the’Crystals

　　　　　　　　of　a　Metal　by　lts　Recrystallization

By　USaburo　Yoshida　anct　Saburo　Nagata

（Received　Sept・　i8，　ig36）

　　　　　　　　　　　　　　　　　　　　　　　　　　　Abstra¢t

　　　By　means　of　an　X－ray　exainination　of　tl｝in　plates　of　aluminium，　it　was　observed

that　the　germination　process，　in　the　case　of　stidden　heating　to　the　germinative　tempera－

ttire　range，　took　place　in　two　stages　with　a　cold　worked　aluminium　p］ate；　pr’imary

grain．growtli　to　a　rnoderate　size　starting　from　a　very　ininute　one，　and　then　the

secondary　grain　growth　to　exaggerated　size　starting　from　the　moderate　one．　As　to

the　orientation　of　the　crystal　formed　by　recrystaMzing　elongated　thin　altiminium　plate

consisting　of　its　sfngle　crystal　with　gtt．adual　heating，　lt　was　fonnd　that　when　the

elongation　was　less　thaii　abotit　2　percent　the　nesv　crystal　formed　by　recrystallization’

・retained．one　of　the　orientation　before．recrystallization　which　had　been　occupied　by

one　of　the　micro－crystals　formed　by　crushing　the　single　’crystal　by　the　process’ 盾

stretching；　and　that　svhen　the　elongation　svas　greater　tlaan　abotzt　2　or　3　percent　the

orientation　of　the　new　crystal　forined　by　recrystailizatien　was　independent　from　those

of　the　micro－crystals　befotre’ 窒?ｃｒｙｓｔａｌｌｉｚａｔｉｅｎ．

’

　　　　In　a　papert　recently　publi．shecl　the　・writers　stated　that　the　grain

growth　of　metal　crystals　to　a　considerable　size　by　recrystallization　in

the　germlnative　temperature　range　did　not．　tal〈e　pl，ice　directly　by．

consu面ng．the　initial　minute　crystallites．which　had　suffered　some

distortion　by　a　previous　co1d　working，　but　that　it　was　produced，by

repeating　several　times　（twd　times　．probably）　the　proces＄　of　melting

and　crystallization，　as’　was　manifGsted　by　rather　even　or　uniform　grain

growth◎f　the　metal　crysta胱es　at　a　rather　low6r　recrystall｛za乞ion

temperature．　This　poin亡being　very　il：npor亡ant　in　understanding　the

process　of　recrystallization　of　metals，　the　present　ex．　periment　to　elucidate

it．was　carried　out　with　thi　n　conarnercial　alumiitium　phc　te．　The　size　of

an　the　test　pieces　was　i　o　cm×i．s　crn×1　mtn．　These　te＄t　pieeeS　were

first　ahnealed　for　48　hours　at　the　temperature　of　3200C，　aAd　then　were

stretched’in　various　de．grees　of　elongation　rangi　ng　froM　i　to　s　per・一

cent．　Each　test　piece　was　then　put　suddenly，　and　for　various　clurations

of　time，　into　a　furnace　always　kept　at　the　temperature　of　・630“C．　This

tepa．peg．ature　is　certainly　within　the　germinativg　temperature　range　for
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the　test　．　pieces　stated　above．・　As　it・wa．s　Becessary　i　n　the’ 垂窒?ｓｅｎｔ　base

to　inspect　with　X－rays　・the　manne＃　of　the　grain　’growth　in　the　inter－

mediate　stage　of　recrystallization，　each　test　piece　Svels　Subjected　sud－

denly　and．　successively　to　the　same　recrystallization　temperature・　for

various　durations　of　recrystaliizing　titne　ranging　frorn　twenty　or　thirty

seconqs　to．several　minutes　by　inserting　intd’　and　ta1〈；ng　out．of　the

furnace　alternately．　An　X－ray　diffraction　phot，ograph　was　taken　at

every　stage　o£　manipulation．

Table　1

回目ate　of　the　　　　　　・test　plece

Man圭Pu！at圭・羅・f　th。　tesゆiece
State　of　the　　　　　　◎£est　p三ece

M・取三P・1圭at量…ftheとes亡piece

α commerc1al　AI　Plate 8 ！an1｝eaIed　at　630つC，4塒inutes

δ α繊nealed　at　320つC，24　hOIlrs ゐ ざγannealed轟t　630＝）C，2ユ苅inutes

ご ∂elongated　L3％ ，
z

乃annealed　at　6300C，3塒inutes

躍 ・annea！ed　at　630つC，2（）s6conds 　曾 ガannealed　at　630つC，5millutes

　　　　　．
W 4anllealed　at　6300C，　エm圭ユ1ute ゑ ノanuealed　at　6360C，5n1圭澱u乏es

∫ 8anllealed　a亡6300C，2　n1呈nutes

　　　　An　example　of　such　manlpuladon　of　a　test　piece　elongated　by

i・3　percent　is　shown　by　Table　1，　and’some　of　the　X－ray　photographs

．taken　at　the　different　stages　o£　iinanipulation・　are　reprodticed　in　Fig．

i“　Plttte　1．　Any　o　ne　o’f　the　photographs　represented　by　a，　c，　h　and

／e　corresponds　respectiyely　to　the　stage　of　the　test　piece　which　ig－

denoted　by　the’　saiine　let’ 狽?ｒ　in　r［［’able　1．　Thus　Fig．　i，，　is　obtained　from

the’@Qriginal　conamercial　alumii7ium　plate，　］ig，　i．　from　the　test　piece

elongated　i．3　percent　after　the　annealing　qt　320℃　for　2’4　hourss　Fig．

ir，　fro　m　that　subjectecl　’five　titnes　strccessively　to　the　higher　recrystal－

lization　temperature　of　6300C，　and　liig．　i　k　from．　that　subjected　more

three　times　successive．ly　to　the　same　recrystallization　tempeyatuge．　ln

thls　last　le　state　many　mlnute　1．aue－spots，　which　were　visible　in　earlier

stages　of　reerystallizatibn．，　Svere　almost　entirely　displaced　by　a　few

stronger　ones．　This　indicates　that　the　germination　is．．　almost　corapleted

in　this　state，　and　any　change　in　the　distribution　and’the　intensity　of

the工aue－spots　was　not　detected　on　more．　prolonggd　subjecti．on　to　the

same　recrystallizatibn　temperature．　1？ig．　i’h　corresponds　to　an　inter－

mediate　stage　o£　the　germlnation；　and　thls　photo．frraph　shows　us，　in

addition　to　a．　few　stronger　1．aue－spots　which．　are　the　same　as　those

＄een　in　Fig．　i　k，　the　presence　of　a　large　number　of　mlnute　and　’distinct

ILaue－spots　whose　appearance　．　is　’Clearly　different　from　those　in　．［Fig．　t．．
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The．d呈ffused　apPearance　of　the　ILaueLspots，　and　consequently　a　tather

cont｛nuous　imp廿ession　i1ユ：F三9・1。，量s　of　course．dud　to　the　presehce　of

an　immense　number　of　very　tiny　crys乞εしllites　scattered　rather　e’▽enly

to　some　extent　in　their　ori臼ntatio．ns・　、These　Very　tiny　crystallites

9髪Gw　up　first　into．1aτger　Qnes，　as　至s　observed　by　the・pre＄ence　o垂

alarge　numb6r　oξ　minute　and　dist｛nct　Laue－spQts　it3　Fi9。　Ih．；　and

then　the℃rysta重1ites　thus　grown　develop　to　o1Te　or　a　fcw　adult　crystals

ill　the　process　of　g『ermination，．as　is　shown　by　the　pr｛≦sence　of　a　f（∋w

strong’Laue－spots　in　Fig’．　Ik．　FrQm　these　facts圭t　does　not　seem
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　の
absurd　to　say　that　the　growth　of　the　crystals　in　t1ユe　germi…ユation　of

acold　wo】rked　m6tal．takes　place　rough！y　in　two　stages：βrst，　from

very　tiny　crystallites　to　those　of　intermediate　size，εm．d　then　to　the

adult　size登om　the　interl：nediate　one・Here　it　must　be　noted　that，　in

takir｝g　the　I，aue－photographs　at　various　．stages　of　manipulation　of　a

test　piece，．　special　care　was　always　taken　to　illum圭nate　the　sar自e　por－

tion．of　the　speclmen　with　the　pencil　of　X－rays．　The　photographs

reproduced　in　Fig．2，　Plate　I　represent　another　examp1曾of　the　manner

of　crysted　growth　in　the．process　of　germination　oガa　commerci謡

aluminium　plate，　which　is　the　same．as　in　the　case　of　Fig．1．　These

photographs　were　taken　by　the　long　slit　method　so　εls．to　be　capab正e

of　reveailng　a　larger　portion　at　once．　Fig．2a　was　t欲ell　with　a

specilnen　obtained　by　annealing　a　commercial　plate　of　alumlniu　n　at

320QC　for　24　hours，　by　elongating’it　3　percent　and　then　by　subjecting

it　to　the　recrystalllzation　tempera加re　of　620℃　for　I．5　millute．　With

this　short．duration　of　recrysta11至z勧g　time　no　indlcation　of　recrystεしlliza－

tion　could　be　detected．　：Fig．2ゐwas　ob亡ained　when　the　same　test

piece　was　heated　suddenly　for　2．5靴inutes憩ore　4t　the　sa…：ne　recry－

stallization　ternperature．　It　corresponds　to　an　intermediate　stage　of

germination．　Fig．2。　Was　obtained．when　the　same　test　piece　was

heεしted　still　more　suddenly　for　5　minutesεしt　the　same　1；ecrys乞allization

temperature．　This　corresponds　to　the　s毛age　of　completed　germinat｛on．

These　photographs　seem　to　reveal　the　same　aspect　of　the　crystal　groWth

in　the　germination　Pヒocess　as　in　the　case　of　Fig．1，　Pユate　I．　More－

over，　a　close　inspection　bf：Fi9．2みand：Fi9．2，　shows　us　the　manner

of　the　crystal　growth　minutely　in　an　interesting’manner．

　　　　Next，　the　wれters　prepared　rn爲ny　single　crystaユplates　oぞalum｛nium

by　the　ordinary、stress－annealing　method，　and　stretched　them　separately

i．n　var至ous　degrees　of　elongation　ranging　from　o．g　to　g　percent　of　the

original　length．、These　plates　were　then　recrystallized　at　a　tempera趣re
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of．　about’　6　i　oeC　for　various　durations　of　time　ranging　from．　’severai　to

about　20　hours，　the　temperature　being　raisecl　gradually　from　the　room

temperature’ D　The　orientation　of　the　alttminium　crystals　thets　forrned

by　recrystaユ1izati6n　was　examined　by　taking　Laue－phQtographs　of　the

spec言mens　before　and　after　the　recrys亡allization　respectivel．y．　A　mere

comparisork　of　the　two　Layie一一photographs　taken　before　’and　after　the

recrystallization　of　the　same　portion　of　the　specimen，　will　show　clearly

whether　the　orientation　of　the　new　crystal　formed　by　recrystall．ization

changed　from　or　recoveted　that　Qf　the　crystal　before　recrystal］izatio’n．

Three　examples　of　such　1”aue－photographs　are．　reproduced　in　［Figs．　s，

4　and　．s　i　n　Plate　II．’In　the　case　of　Flg．　3，　where　the　elongation　was

2e／o，　the　photographs　were　taken　by　the　long　slit　method．　ln　this

Plate，　］Fig．　3．　corresponds　to　the　orig｛nal　slngle　crystal　plate，．　IFig．’　3．

to　the　recrystallized　one　and　IFiLg．　3b　to　the　elongated　oi．ie　before

recrystal！izatlon．　The　scattering　of　tlae　orientations　of　the　crystallites

formed　by’　crushing　the　origlnal　single　crystal　by　the　process　o£　elon－

gation．is　sufficiently　perceptible　in　the　diffuseness　o£　the　1．aue－lines

ln　1［iig．　3b．　・Such　cliffuse　1．atie－lines　beccime　perfectly　sharP　with　re－

crystallizatiQ．R，　as　is　seen　in　Fig．　3．．　Their　position　in　thls　figure

coincides　perfectly　with　those　ln／　Fig．　3，，，　sltowing　that　the　orientation

of　the　riew　crystal　formed　by　recrystallizatlon　recovered・that　of　the

original　crystal　before　recrystallization．　The　photographs　reprociuced

in　lligs．　in4　and　s　in　？late　II　were　taken　by　the　ordinary　Lat｝e－method．

IFigs．　4．　aBd　sa　correspog，　d　t．o’the　elong‘ated　siqgle　crystal　plates　before

recrystallization，　and　Figs．　4b　and　sb　c’盾窒窒?Ｓpond　to　the　re6rystallized

plates　respectively．　ln　the　case’of・Fig．．4　the　photogi　aphs’show　that

the　orientation　of．　the　new　crystal　formed　by　recrystallization　recovered

that’　occupiecl　by　some　one　of　the　crystallites　in　the　elongated　te＄t

plece　before　recrystallization，　as　in　thg　case　of　Fig．　．」”．．　Contyary　to

＄uch　examples　the　photographs　in　［Fig．　s　show　tlaat　the　new　’erystal

formed　by　recrystallization　tool〈　a　new　orientation　which　was　entirely

different　fro　rn　tlaose　of　the　crystallites　in　the　elongated　plate　before

rectystallization．　The　wri’ters　caryied　out　the　same　experiment　with

’many　siragle．cryStal　plates　of　alurninittm　which’　wetie　elongated　dlffetient－

ly，　and　the　results　obtalned　are　tabulated　in　Table　U．　・As　is　・seen　in

the　table，　the　orientation　of　the　new　crystal　formed　by　recrystallization

recovered，　with　bnly　one　exception，　that　of　some　one　of　the　crystal－

lites　before　recrystallizatlon　when　the　elongation　was　less　than　about

2e／o，　・while　it　changeC｛　alway＄　by　recrystallization　when　the　elongatiQn
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Table．　1［

Ei。ngatio職 Orientaセ三・且of　the　recrystal・ ：Elongat三〇n Orien亡atΣon　of　the　recrysta1一

in％ lized　crystaI in％ 1ized　crysta1

9・2 d1鋤ged 2・7 challged

9・1

V4

changed

QcrysヒalS，　both　changed

2．6

Q・5

le讐黙Q。，犠離匿｝

6．1 challged 2．O reCQvered

ふ2 many　crySしals L6 recovered

5・2 chaaged L5 recovered

3・7 c血anged L5 recovered

3．6 2　crysta！s，　both　d｝anged 1・4 recovered

3・2

R・【

2　crystals，　1）oth　challged

窒?ｃｏｖｅｒｅ?

L3

H．1

鑑濫。ne欝齪寵｝

2・9
cllanged 0・9 recovered

was　greater　than　about　3．．20／o；　and　with　elongation　between　these

two　limits，　the　results　were　mixed．　・Before　this　experiment　a　similar

one　with　・almaniRiu，m　was　performed　by　1〈．　TanakaZ　who　elongated　the

single　crystals　within　the　range　of　4－20　percent，　and　found　that’the

new　crystal　formed　by　recrystall｛zatien　took　a　new　orientation　which

was　rather　independent　from　those　of　the　crystallites　before　recrystal－

lization．　Thus　his　resu！t　agrees一　with　the　present　xVhen　the　el　ongation

is　greater　than　about　3　or　4　percent．

　　　　In　a　theory　of　the　recrystallization　of　metals2　proposed　by　one

of　the　writers　and　1〈oyanagi，　it　was　assumed　that　distorted　metal

crystals　were　easier　to　me1t，　and　that　the　boundaries　of　metal　crystals

were　more　easilY　melted　than　their　interior；　and　the　independence

of　the　orientation　of　the　new　crystals　from　those　of　the　crystallites・

before　recrystallization　viras　considered　to　be　due　’ 狽潤@the・spontaneous

forn3at｛on　of　nexv　crystal　nuclei　in　the　melt　at　the　crystal　boundaries．

Though　the　results　obtainecl　in　the　present　experiment　as　stated　above

＄eeiA　to　contradict　to　soine　extent　this　consideration，　actual］y　they・do

not．　．　The　resu1ts　may　・be　made　clear　by　a　detailed　explanation　of　the

theory．　“Then　the　elongation　of　the　single　crystal　piate　is　little，　we

can　・expect　the　persistenee　of　a　few　uRdlstorted　small　crystal　fragnients

among　an　immense　number　of　distorted　fra．crments．　lf　such　is　the

ca＄e，　it　seems　na’tural　to　suppose　that　some　of　the　cryseal　fragments

iying　just　in　the　iinmediate　nelghbourhood　of　such　undistorted　frag一，

i．　1〈．　Tanaka：These）’lemoirs，　l　l，　22g　（ig28）；and　15，　p7　（ig30）．

2．　U．　Yoshida　and　K．　1〈oyanagi’：These　Memoirs，　18，　g，　（1g35）．
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　　ments　are　pretty　severely　distorted．　lf　the　temperature　of　such　specimen

　　is　gradually　’raised　to　jts　recrystalJization　temperattire，　the　severely

　．distorted　crystal　fragihents　will　meit　ancl　immediately　adhere　’to　・the

　　neighbOuring　undistorted　fragments，　resulting　in　tlae　growth　of　the

　　undistorted　crystal　fragment　w至thou七　the　formation　of　any　new　crysta正

　　nucleus　，in　the　melt．　Consequently　the　tmdistorted　crystal　fragment

　　itself　becomes　the　recrystaUization　nucleus　in　this　case　and　the　proeess　・

　　of　recrystallizatlon　proceeds　from　this　nucleus．　The　recovery　of　crystal

　　orientation　by　recrystallization　wieh　a　little　elongation　is　understood

＃o　take　place　in　such　a　naanner．　When　the　elongation　is　much　greater

　the　persistence　o£　such　undistortect　crystal　£ragments　is’　not　conceivable，

　　and・　the　recrystallization　nucleus　ought　to　be　’formed　spontaneously

　in’the　meit　at　the　crys．tal　botmdarie＄　in　the　process　o£　recrystallizac　tion；’

　and　thus　the　orientation　of．the　ne“r　crystals　’becomes　independent　o．f　“

　those　o£　the　crystailites　before　recrystalllzation．

　　　　　　A　simi1ar　experiment　on　tlie　ortentation　o£　the　crystals　formed

　by　recrystalllzing　elon．crated．aluminium　single　cry＄tal　plates　was　also

　’per’formed　by　．s．　uddenly　subjecting　the　specimens　tb　the　recrystallizatlon

　teiinperature　of　6　i　o”C．　But　sd　far　aS　the　pgesent　experiinent　is　con－

　cerned，　the　writers　could　not　observe　that　the　recrystallized　crys£als

　recovered　the　orientatlon　of　the　old　crysta11ites　even　with　the　elonga－

　tions　less　than　・2　percent．　Moreover　the　mmiber　of　the　¢rystals　formed

　by　recrYsta！lization　was　generally　larg　er　than　in　the　case　of　gradual

　heatlng，　・as　was　expected　by　the　former　experimentZ　．　on　the　effect　oE

　sudden　heating　upon　the　grain　size．　In　the　case　of　sudden　heating，

　the　localities　in　the　specinien，　where　the　distorted　crystallites　melt　and

　turn　out　to　the　recrystallizatlon・　nuclei，．　become　immense，　as　was　stated

　in　the　former．　paper；　and　the　recrystallization　nuclei　are　fornked

spontaneously　at　the　localities　other　than　the　immediate　neighbourhood

　of　undistorted　crystal　fragment＄．　This　seeMs　to　be　the　reason　for

　the　diMeulty　of　the　recrystal！izecl　crystals　to　recover　orlentation　when

　the　specimen　is　heat’ed　suddenly　to　its　germination　temperature．　ln

the　paperU　c’ited　a．recrystallization　experiment　wcrts　described　in　whiCh

aco工d　worl〈ed　aluminium　plate　was丘rst　subjected　suddenly　to　a　lower

　recrystalliz．　ation　temperature　for　some　hours，　after　wli2ch　the　tempera－

ture　was　raised　gradually　up　to　a　second　higher　recrystallization

i　temperature　belongilng　to　the　germinative　terr｝perature　range．　From

　　　　r．　U．　．Yosliida，　S．　Nagata　and．　Cla．　Mitsuki　：　These　’Memoirs，　19，　i6g，　（rg36）．

　　　　2鱒　　．1わid．
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the　number　of　the　crystals　thus　formed　per　unit　area　on　the　surfa6e

of　the　specimen，　it　was　considered　that　the　healthy　perfect　．crystal

nuelei　which　had　the　ability　’ 狽潤@grow　further　and　further　in　the

germinative　te．mperattire　range，　or　the　localities　where　such，　nuclei

were　to．be　formed　were　already　seeded　in　the　first　stage　of　lower

recrystallizatlon　ternperature；　andL　that　the　geriTnlnation　was　nothlng

but　the　growth　of　such　hea！thy　crystal　nuclei．　This　rather　ainbiguous

idea’ 窒?ｇａｒｄｉｎｇ　the　seeding　of　the　crystal　nuclei　seenis　much　clearer

now　in　the　present　experiment　on　tlae　recovery　of　the　orientation　of

the　recrystalHzed　crystals，　and　it　seems　more　’ 窒?ａｓｏｎａＣ撃?　to　consider

that　the　seeding　is　nothin．g　but　the　formation　o£　some　updistorted

crystal　nuclei　in　the　lower　recrystallization　temperature，　which　have

the　ability’tg　gro“r　further　ancl　further　in　the　germinative　temperature

range．　’

．

　　　　In　concltision，　the　writers’　sincere　thanks　are　due’

1｛oko　Kai　for　their　grant　given　to　one　of　che　writers

the　aid　of　which　this　research　was　accomplished．

to　the　’Hattori
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　　　　　　　　　　　　Plate　I

　　　　　　　　　　　　Fig．　i
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　　　　　　　　　　　　Plate　II

　　　　　　［Fig．　3　〈Elongation　2％）
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Fig．．　s　（EJongation　2．7％）
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