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Changes　in　the　Density　ef　Silver　with　AnRealing

　　　　　　　　　　　　　　　　　　and　Cold　Working

By　Atuomi　lgata

（Received　Sept．　r8，　ig36）

　　　　　　　　　　　　　　　　　　　　　　　　　Absも窒act

　　　With　ptzre　silvey　bar　the　’changes　of　its　density　with　the　hea＃　treatment　and　wlth

the　cold　work｛ng　were　measured，　and　their　re！ations　were　made　clear　in　a　systematic

manner．　The　presen¢e　o£　minute　cavities　in　the　metal　is　discussed　on　the　basis　of

the　experiments．　Finally，　the　process　of　obtqining　the　ct’iterion　value　of　the　density

of　silvey　is　proposed．

　　　　　With　respect　to　the　density　of　inetals　and　aUoys　sever’al　invetiga－

t｛ons　have　be．en　made　in　Various　ways．　ln　the　present　experiment

silver，　more　than　g　g．gs　a／o　pure，　was　used　’as　a　specihien，　and　its

density　was　measured　after　several　annealings　and　cold　rollings．　The

specimens　which　the　writer　examined　were　prepared　by　rolling　（to

about　so9／0．　reduction　in　th｛ckness）．　cast　silver　bays，　into　IQng　bars，

the　cross　section　of　which　was　4　mm　x　i　o　nim．　For　annealing　’an

electric　resistance　furnace　was　used，　ks　tenipeyature　being　measured

by　a　thermo－junctioR．　The　porcelain　pipe　of　the　fuvnace　which

co’獅狽≠奄獅?ｄ　the　specimens　could　be　evac｝iated　to　a　pressure　lower　than

o．i　mm　Hg，　or　be　filled　with　nitrogen　or　other　gasgs　6f　the　same

atinospheric　presisure．　The　temperature　of　tl｝e　furnace　was　raiseCl　to

a　given　value　in　about　30　or　40　minutes，　and　was　1〈ept　there　for

about　3　1｝ours；　then　the　specimens　were　left　to　coo4　in　the　furBace．

A　chemical　balance　was　usied　fer　the　den＄ity　measurements．　Before

weighing　in　water，　first　the　metal　piece　was　sealed　in　a　gla＄s　tube

after　the　evacuation　to　a　pressUre　lower　than　o．　x　mm．　Hg．，’　then　the

thin　neck　o£　the　sealed　gtass　tube　and　the　glass　tube　itself　were

brol〈en　in　the　pure　water　previously　boiled．　This　process　was　to　get

rid　of　the　effect　of　the　gas　adhering　to　the　surf4ce　o£　the　test　piece．

In　detenniRing　the　density　of　the　specimen　necessary　corrections　due．

to・the　buoyancy　of　the　air　and　the　change　of　the　ciensities　o£　water

and　silver　with　temperature　were　always　made．　lii　the　present　ex一

．per．iment　the　values　of　the　densities　of　ali　the　specimens　were　re－

calculated　to　those　at’　i　7℃・



’216 Atuomi　lgata

　　　　　The・changes　of’　dqnsity’Qf　the　specimens　caused　by　succe．sSi’ve

annealings　wete　seen　to．be’rePresented　by　similar　curves　obtained　by

anneallng　in　any　furnace・：　air，　nitroge’ 氏@or　vacuum，　as　seen　in　Fig，s．

i，　2，　3．　ln　these　durves　we　can　see　clearly　that　there　is　a　maximum

density・at　the　annealing　temperature　o£　about　2000C－300“C，　anCt　a

　minimu．m　density　at　about　6000C－800“C．　ln　the　following　the　writer
”’翌奄撃戟@consider　the　＄lgnificance　of　the　parts，　A，　B，　C，　D　in　the　above

　curves．　，
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　　　　It　is　natural　that　tbe　density　at　the　part　A’is　different　according

to　the　previotis　history　o£　the　specimen　such　as　casting，　forging，’　Cold

worldng　and　heat　treatment．　The　difference　between．’狽?ｅ　densities　at

the　points　A　and　B，　as　is　seen　in　Figs．　i，　2，　3’and　i　o，　is　approxi－

mately　of　the　order　of　s／io‘　of　the　ldei｝sity．　This　increasel　seems　to

be　due　to　the　recovery　’from　the　density　decrease　caused　by　the

presence　of　the　intqrnal　stress　．at　the　beginning．　That　this　decrease

is　caused　by　the　rolling　to　about　soO／5－700／oi　reduction　in　thicl〈ness，　is，

shown　in　Fig．　4：　that　is，　when　the　specimen　in　the　B　state　is　sub－

jected　to　tke　’roll’ 奄獅〟@to　60．0／o，　lts　density　decreases　by　s／io‘，　and　after

the　annealing　at　2　i　oOC　it　increases　agaih　by　the　same　amount．
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　　　　When　the　degree　of　rolling　increases　more　than　a　certain　degree，

the　annealin．cr　ternperature　to　recover　the　density　becomes　gradually

higher．　For　the　specimens　rolled　to　about　800／o－goe／o，　the　recovering．

temperature　is　about　6000C，　as　seen　in　［Figs．　i・i，　i　2．　［For　the　less

rolled　specimen，　the　recovering　temperature　becomes　lower　as　is　seen

in　Fig．　．！o．　lt　seems，　therefore，　that　the　greater　the　amount　of　cold

working　the　more　diracu／t　it　is　to　get　rid　ef　the　internal　stress　com－

pletely　by　the　annealing．

　　　　Next，　the　increase　of　the　density　between　the　states　C　and　D　is，

according　to　the　writer’s・　view，　due　mostly　to　the　vanishing　of　the

mintite　cavities　present　in　the　metal　at．　the　C　state，　．　thQugh　a　small

part　・of　the　increa＄e　may　be　caused　by　the　complete　removal　of　tlie

internal　stress．　・Therefore，　the　decrease　o£　the　density・　be．tween　the

states　B　’and　C　is　due　mostly　to　the　prodRction　of　the　minute　cavities．

The一　fact　that　the　vaiue　of　density　returns　alrnost　to　the　val“e　at　the

state　B　bY　anne．allng　at　gooOC　or　more　seems　to　be　in　accord　w1日目

the　above　vlew．　As　seen　in　Fig．　s，　bY　the　cold　rolling　to　about　600／o．

the　dens1ty　of　the　specimens　（m）　and　（n），　both　at　the　state　C．initi’ally，
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approaches　the　B　value，　but　does　not　coincide　with　that　value．　This

seems　to　be　caused　by　a　snaall　decrease　of　the　density　due　to．the

increased　internal　stress　produced　’by　the　・colcl　roliing　；　and　the　value

of　the　density　thus　obtained　nearly　coincides　with　the　value　at　the

state　A．　Similarly，　as　is　seen　in　Fig．　6，　．the　densities　of　the　specirnens

（o）　and’（p）　apptoach　and　come　to　the　value　of　the　state　A　by　the

process　of　successilve　cold　rollings．　li？roin　these　facts　it　seems　rather

evident　tllat　nearly　all　the　n3inute　cavities　can　be　van；shed’by　cold

rolling　to　about　600／o．　This　fact　can　also　be　ascertained　by　the

auxi1iary　experitnents．　mentioned・　later．　Still　more，　the　necessity　of

about　600／o　cold　rolling　to　vanish　alnaost　all　the　minute　cavitles　seems

to　be　i　nferable　from　Figs．　7　and・　8．

　　　　ltuText　let　ps　consider　again　the　state　D．　According　to　U．　Yoshida

and　K．　1〈oyana，　gi，i　meltal　crystals　havin．cr　some　dlstortion　melt　at　their

boundaries　even　at　the　temperatures　below　the　melting　poipt　o£　the

metal．　This　was　confirmed　by　the　writer　from　the’　fact　that　when

two　silver　plates　held　tightly　together　were　annealed　at　about　7　doOC

for　a　lon．cr　tOne　they　adhered　together　so　．strongly’that．it　was　a　little

1．　．　These　Memoirs，　18　（ig3S＞・
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di伍cult　to　separate　them　wi癒the　hands．　When　the　Ini正｝ute　cavities

possessed　by　the　speci　mens　at　the　state　C　were　heated　at　a　higher

temperature，　tbey　were　filled　gradually　xvith　the　melted　metal；　and

thus　when　the．　specirnen　cooled　and　contracted　as　a　whole，　its　denSity

became　greater　than　in　the　state　C．　Therefore　the　・rise　between　the

points　C　and　D　in　an　ideal　case　is　to　recover　or　to　exceed　the　value

at　the　state　B，　as　is　seen　iR　the．　specimens　（d）　and　（e）．　in　II］ig．　2，

which　were　annealed　in　a　vacuum　furnace．

　　　　X；vThen　the　specimens　devoX　of　the　cavities　at　the　D　state　are

subjected　to　successive　cold．　rollings，　they　shoNv　’successive　decreases
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seem　to　have　some　remaining　cavities　at　the　state　D，　are　subjected

to　successive　cold　rollings，　their　densities　increase　gradually　at　first，

depending　olt　the　amount　o£　the　cold　rollings．　A＄　is　seen　from　the

curves　corresponding　to　the　speciinens　（b）　in　IFig’．　7　and　（f）　in　Fig．

8，　the　maximum　densities　of　the　specirnens　approach　that　at　the　B

state．

　　　　The　results　obtained　by　giving　successive　annealings　to　the　several
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・ゐ．xρ藏・糠・娩榊，’
i勧．■，rP5たね㎡訪‘　5加碑諏5ρ削‘

♂　　　　．　　　　．

ｦ。！側ρ，帰‘4

@　　，

¢2伊，漁5」 N2 　　　　帖Dんrnoce

5Pにi断●”　く

5PGdmon
TP㏄置飢¢n

TF。ﾁ話貌窺一二笛掌担”7
@　　　　　つ．Arp 9ナy励　繭

卿・3α”ノ

`謬v． n　　⑤

，　　　　99 　
…
」

串

x

●

£
《×

o
o

’・儀　　“

0　　　　　葡　　　　　20　　　　　三強　　　　　40　　　　　50　　　　　60　　　　　7G　　　　　80　　　　　90　　　　　io



220 Ataomi　igata

X旧，520
蚤
・g　le．515・

遭
　　田ぶ。

　　協．505

　　1g，495

　　1e．490

　　1e．485

　　　　　・o

三脚
§鵬

　　16謝

　　脳95

　　鵬go

　　iaass

　　I〔陶
　　　　　o

　　10ぶ5
弁
．遺lo・51＠

　　18．5島5

　　1a．5gG

　　IC．49S

　　le．4go

　　l瞬85

，

6POGi出。ハ。の・o・㈹〃帽ノ心％ゆ声プゐξつ轟嫉㎡諏　論〃り． N2　角rnαce
5海dm‘h〔eつ・ム・‘㎎魚4ノβ％σ画伽P面亀♂海　3σノ　　　　　　　　　　　　　　　　　　　　　　　脚5P㏄imon　f曾，・叉・‘圃』420％9砕唱酬rP噛浄4融　響角がノ

垂
・ o

．嘗

s　　　　一

too 200 3eo・ 4eo see

Fis．9

6G臼 709　　　　800　　　　90S．てン

　　temperafure　eF　annealxns’

畠　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　而

3幽m・Pヴう・α圃屏⑳％罐’伽P勲。’痂蜘め

T隅i旧6轟r僧画圃屡惚鶉ρ偽猶¢P繭た♂糎蜘め

N2　fし伽oce

5F㏄lmεn‘母，， xrm’偏4％漁批z），軸㎡勃｝8蜘”，

．

7

P

敦

IOO 2eo 300 4ee sce

Fis．　to

600 700 　sfio　goa’℃
’femperuture　eSenneahhs

卵。。置柵nξ～メ，r倒〃賜・餓・伽

@　　　監T朗…‘8り，α伽〃》伽％轟あ・P論た4糎

P轟た9戸伽伽つ σrルmρce

5Pψ旧白【‘ り，●べm’履タ笛9伽掬P 緑幽・殉め
δ　　2

@　，．
x

メ

×

「

●

P

f
i

loo 2的 300 4ee

1

C自5

囚
！
3F

6gg 7as　soe　gee　’c
　　f・・n岬伽げ〃〃・唖汐

t

蜜
警

IO．5e5

1o5B臼

沿、495

1e．ago

IO．oss

IO，480

1O，475

N，漁rnαce．串dm。。ψ，，α麟ノ・・％義謙力・嫌・醜・励 o

s噸m・醐’｝論．‘蕨♂嫉唖兼D勲rチ 熊．蜘ぬ
一

き
「

△
い

△ o §
i

《

…
｝

ら 1
｛
i
きo IOO 2ge 3fig 400 500

臼ヨ・12

6eo 7eg　soo　geo　’c
　　ten，pe，vfunt　ef’　anhealXns

，



o勧智θ3短ゐθDθπ吻Of　Silver　eeiih　Aitnealing　etc． 221

shown　in　FigS．　g．，　Io，ロandエg。　Wth　the． 唐垂?ｃｉｍｅｎｓ　s両ec亡ed　to

the　rollings　below・　309・！a　the　rise　of　the　density　caused　by　the　release

of　the．stress　could　not　be　detected　and　the　decrease　of　the　density

causecl　by　the　producti6n　of　the’　cavities　was　not　remarkable．　With

the　specimens　which　were　rolled　within　tlde　range　of’　about　400／o－709／o，

the　release　of　thel　stress　occurred　at　about　400eC，　and　the　differerlce

betWeen　the　A　and　B’values　was　abo’ut　s／io‘　of　the　density．　XVith

the　specimens　which　were　rolled　very　strongly　to　about　800／o　or　goO／o，

the　release’ @Qf　the　stress　took　place．　at　the　annealing　temperature　o£

about　sooOC－600eC，　and　the　deerease　of　the　density　at　the　C　state　was

about　i／io3　of　the　derisity，　as　is　seen　in　iFig．　i　2．

　　　　According　to　Fig．　i　2，　where　strongly　worked　specimens　were．

annealdd，　the　．recovery　to　the　B　value　by　annealing　was　almost　perfect．

Judging　from　this，　it　seems　almost　certain　that　the　cavities　were　not

formed　by　’the　process　of　rolling．　The．　amount　of　．the　decrease　in　the

density　which　was　caused　by　the　production　of　the’　cavities　differed

according　to’　the　ternperature　at　the　B　state　and　the　history，　especially

the　degree　of　c61d　working　before　the　recrystallization．

　　　　From　the　experiments　described　above　the　manner　of　the　change

of一　the　density　of　silver　with　the　annealing　ancl　the　cold　rolling　has

now　become　very　clear．　As　a4　example，　the　behavior　of　the・　clensity　“

of　the　specimen　（f），　wheh　it　is　subjected　to　the　process　of　an　neal；lng

and　cold　rolllfig　alternately，　is　represented　by　the　upper　curve　in　Fig．

i3・　This　curve　s’eems　to　clarify　the　way　eo　get　the　standard　value

of　the　density　of　a　specirnen　of　silver．　Let　the　specimen　arrive　at
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the　state’　．D　by　passing　through　the　path．ABCD　by　sudcessive　an－

nealings．　This　D　state　is　not　necessarily　entirely　dev．　Q．id，of　minute

cavities　and　a　subsequent　cold　roliing　to　about　60e／o一　is・’to　be　done　to

destroy　all　the　remaining　cavities．・　The　resulting　internal　Stress　is

next　to　be　released　by一　the　annealing’　at　about　・2b－o”C，　without　foriining

any　new　minute　cavities．　’Three　ctirves　drawn　in’the’lower　half　of

Fig．　i　3　show　the　values　of　the　denslties・of　three　different　specimens

at　various　stages　of　such　procedtwe　of　obtaining　the　standard　value

of　the　densky．　Among　these　three　speeimens，　the　oile　corresponding

to　the　curve　（i）　seeins　to　have　had　some　cavities　at’　first，　as　is　reveal－

ed　by　a　somewhat　lower　value　df　its’denslty　at　the　state　B，　aricl　the

other　two　corresponding　to　the　curves　（2）　and　（3）　seem　to　have　had

almost　n　o　cavities　at　first，　as　is　shown　by　the　higher　value　of　their

densities・　at　the　B　state　which　is　almosit　the　same　as　that　ae．　the　’state

F．　．Irre＄pective　of　such　differences．in　the　porosity　at　the　start　their

denslties　become　the　＄ame　ic　t　and　after　the　state　E，　by　the　vanishing

of　the　remaining　cavities　in　the’process　o£　rolling　；　and　by　the　subse－

quent　annealin．cr　at　about　2　so℃　the　density　of　aii　the　specimeBs．

arrives　at　the　standard　value　at’@the　state　F．　Tlae　value　pf　the　density

thtis　obtained　with　these　three　specimens　at　the　standard　state　F　is

IO．502　at　170C．

・　一The　present　research　has　explalned　systeniatically　the　rather

irregular　changes　in　the　density　o£　a　metal　by　the　ptocess　of　an　neal－

ing　and　cold　worl〈ing．

　　　　Iin　conclusion　the　writer　expresses　his　sjncere　thanks　to，　Professor

U．　Yoshida　of　the　1〈yoto　lmperial　University　by　一whose　kind　sugges－

tions　and　eRcourqgement　the　prese．nt　research　was　carried　out．




