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                         I. Introduction

   Conceming the stress restored in alioys varlously heat-treated, a num-

ber of interesting papers have been hitherto ptiblishedi. The present
writers have carried out a series oÅí similar experiments on some iron
alloys and stoels, Emd the results which are somexvhat different from
thQse previoms, ly pablished, are briefiy described in the present pa:per.

                   II. Experimental Procedure
   In the present experiments, a small prismatic specimen (4 Å~ 9 Å~ 1OOmm3)

prepared Åírom 3kg ot' forged ingot, was chiefiy msed to eliminate Åíhe

mass effect as mucli as possible. Measurement of the $tress restored
in the specimen after heat-treatment
was perfotmed by Prof. T. Nishihara's
etching method2 ; as shown in IFig. 1,

two needles were attached to both ends

of the specimen and the apartures of
these neeclles at thek' upper and lower

points were measured with a compara-
tor wit}] 1/100mm preeision aÅíter each

removal of O..lmm of the speeimen in
its thickness by etehing off one sic]e
                         -)of tl}e surÅíace of 9Å~100mm- xviSh an
       'adequate retxgent. ' The thiclmess was
meapured by means of a rnicrorneter wlth

1/100rnmprecision. Thestresswh.ich
bad been restored in eac}} removed part

of the speeimen is caiculated asfollows.

   1.

-
2

Needfc Specimtn

POel ef;.erchios rtogenS

                               ".e o
                                 •o
                                          Fig. 1.

I-l. Blihler : Archiv. f. Eisenhattenrcves., 6 (1932) 247, 277, 283, 413 ,; 7 (1933) 315, 359.

T.•Kawaguchi: Jap. goc. f. Met., 8 (1944) 578;9 (1945) 20.
T. Sugeno: J. Iron & Steel Inst. Jap., 3g (1944) 19, 52.
r. Nishihara & S. Tahira: Trans. Jap. Soc. Mech. Eng., 14, No. 49, (1948) 2.
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 rl"he rttdius oÅí curtiature p cl,l,h be obtlLinecl A'rom Åíhe reacliiigs ot' the

 apttrtu}'es of" the needles by the formula: •

           g nd- -(-l-i-id I2)'g, with A ==r (.l' - (2) nd (-l'e rm (?e) ,

ivbere. gi, l2: lengths o.[' the tiv6 neeclle,s,

           g: Iength of the part to be etehed (50mm in thi$ case),
       J'o, J' ; aptu'tures betwecn the upper points oii the needles bet"ore

              ttn(l. alfter etcl)ing respeetively,

       qv, e : apEtrtTires between the iower points oÅí the needles before

              and af:'ter etehing respectively.

"rrhen tl}e bcn<ling nion)ent ".f. is ealculated froin g above obtained as

foiiows :

                           zaT a
                     fiIn == tw.'irt(2b ww 7zAh),

where a: wic!tl] of t' he specimen (9mrn iii this Åëase),

         2b: thiekness oi' the specimen (4 rnni iii tl)i,g case)',

         Ah:dept}i removecl at one time (O.1mm in this ca$e),
         "ln : benclinsr momen't tvt"ter mp times retnovtyl ot dh,

          IJ,': Youn.rr's modulus.

'1ihe sbress a. restored in n-tl) removed part is comieetcd with 'the bei}d-

ins,E mon)ent} a$ i"oilows :

                        n       io-in -ww aI(7?i + i,b il=li'`"?`il"MwwiAih) Ahl S,fi.;1.,,,(2"l<i-/=2 ndie - t)cit

Therefore l'                          // •,•                          '  Alf. l= -a[a,ab -l- (">- 1)AhAh '.

                                                                '
             +(if2 + ib 2' dl, dh) `OJb -I-ww[}n ww 3) Ah +............ , ,

             + (a?,} + ai2Iii gL'(,+,, 'iili' li) S//:-i dh] 2b ÅÄ {n -- (/g•m - 1)} .zth Ah

             -y (an -t- th`sHffF ttYf}-(IIiliii'rTr-Y--ttz•:-----! Ahl' Å~ 2b um• (z," ww i) Ah Ah] , '

                                      '                                                      '                                     tt          t ttt        'w}}ere t: thicki}e$s of' the remaining part ot' the specimen after n-th

             remo"ai ott its surfa. ce. 1

.
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[i]hus the mean vaine of the longitucl iriai stress whieh liu{l becn re,gtored

in eacl] removed part .ot] the specirnen is obtainecl ancl may bc plotted

as,ainsk tl]e thicl<ness ot' the speeimen and thus tl]e $tres$ distributio)]

curve is obtaine(l.

   Sorne iren alloys wav'e usecl a$ $pecimeRs, whicl) u)}cle}'go no cl)ange

of p}m$e duri)}g the heat-treatment, in order to l<now the nttbure oÅí the
merely cooiin.c.r stx'es$. [L"he e'ffeets oÅí' the eooling rate txncl oS' the plasti-

c/' ty oE #he alloy have been s'tudied ki this series ofi experiments. In
the next place, $ome iron-niel<el alloys as well as steels were u$ea as

speeirnens in orcler to know the effects of the p}]ase cl}tmge upon the
rosidual stress. Tl}ere are 'found many interesting :pape}'s about the resi-

dual stress in the case ot! iron nickel alloys3, but to tl]e px'esent writers

it seems very diffieul't to analyse the results without soiving the nature

oÅí the h'reversibility of" the a-r transfoi'mation in tliis ailoy, about
which a tl]orough stucly l}as been recently n]ade in the seiiior writer's
labQratory in Sen(lai't'.

   Aceordingly, t}ie expltuiation of tke res"lts obta' iiied are ma<le very

elear as will be seen laVer. '
   When steel$ are heat-treated, various struetures are obtained accox'cling

to the condition,y, and l)ence in the present study the $tress restorecl in steel$

variously hettt-treatecl was measured. and finally in those of the specimens

carbuiized or deearbulized.

                            III. Results

   (1) ev or r phase iron alloys undergoing no phase change during
cooling: Sorne IIi'e-V tmcl Il]'e-Cr alloys were use{} as cv alloys and
36 O/6 Nti-Fe t}lloyt asi r. "Lll'he specimens wei'c coole{l .ffrom 300'"-v1200Q C

by cliflflerent eooling rate$, and the ela,gtie st;ress restored in the $peci-

it)en was mea,sllred. ]i'i$,s. 2 an(l 3 f.hoi,v g, ome og/' t}}ie restilt]s obtaine('l for

exampic. In the ease of;' {'tirna(;e co'olirit.r (d"O() per min.), i}o stre$s x'e-

mained in all case$, but wl}en She cooling i$ {xccelert}ted, tho stress
a}?peare(l. "Ll]hc stress clistribution c'urves (half oS them are drawn) sl}own

in these figtix'es a}'e ffiniple iii their type, no n)inin)um poin't bein.g Åíoun(l

on tliern. [Irhe stress is highe$t on the sur'Åíace ancl is compresg.ive anCl
.crra(lual' ly decror}: es towax'ds the interior oS`' the $pe(:imen ancl at iast it

changes into tension. "1"he hisrhe$t tensional stre,ss ln thG inSerior is

alwt}ys less than bhe compressive one on the s-rface. As the cooling
veloeity or the temperature from w}}ieh the speeiinen is ceoled increases

   3. H. Bh'hler: Arehiv. f. Eisenhtittenwes., 6 (1932), 283.
   4. K• Iwase & S. Takeuehi; Jap. Soc. f. Met,, 6 (1942), 361.
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Jwase ancl Ta(lao Sctno.

            the stress beeomes greater ancl
            w}}en these cooling conditions
            are tl}e same, the stress becomes

            .crreater as t!}e stsrength ot! tl}e

            alloy increases (The alplm alioy

            is $tronger than the .rramma al-

            ioy and 6O/6 V-alloy tl]an the
            3% one). As the size o.f the
            specimen in the present stucly
            is very sn]all, t!}e resicluai stress

            is not g,o great.
               (2> r phase iron alloys
            undergoing the lattice trans-
            formation during cooling : In
            the i`oregoing section, the stress

            x'e$tored .in the specimen was
           merely the cooling stres$. In
           the present $eetion, tl]e quen-
 '•b `g ?•t)MM ching ol• the tl'anSS]Ol'n]t"tiOn
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ancl is completed only by passing

intervai of the lat,tice transformation
the alloy inereftses. It htxs been al$o
ing is suff"'ient to prevent tihe diff'uEion

through

     mereases
   ascertained
     in

stress wili be explained. [Ii'or

this pin'pos.e•3'vca. 30 O/6 Ni

alloys 1}ave been used ", s speci-

n]ens. Aecording to the resi]it

oi' the inve,stigation reeently
niad.e by one ot" the writers'{',

in these alloys, as the rate ol'

difYusion is very feeble, the or-

dinary A3 transf'ormation har(i{-

ly tttkes plaee ancl in place'of

it the lattice transl'ormation

comn}ences on passing bhe curve

GA on cooling and GB on heat-

ing wibbout any ehtmge of the
composition (in. Fig. 4). [l]hi$

lattice change continues Åíor a

certain range of temperature
this rtmge. rLI]his temperature

       as tl)e Ni content in
       that the Åíuriiace cool-

 these a!loys•whose Ni eoittent
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ttre not less thti,n c'a. 5 O/ij, an(l that

it resulgs only in the iattice tra}}s-
f'Ol•ll]atiOll.

   A.ccording to the re,vtilts of in-

veg.tigations found in literatni'e, the

x'esidua! stress ot' the qaer}ched lltle-

Ni alloy is comlprossive on the ${n'-

face ancl the expaRsion camsed by tl}e

SransÅíormation acts as additive to the

cooling stress which h.ftd been restorecl

in tl}e specimen beÅío}'e the trant forma-

tion, and tl}e stress distribution' curve

l)ILVe EL nli}}in]Ulll Ol' rl]EtXirllUIM POillt

in .(.rener.ftl. [l]he$e re$ults secni to

the present writers to be att}'ibuted'
to tl}e m.ft,ss of'fcct oif the speeirnen so

large as s6(o"O.v70) Å~ 350nm]'S. As
the lattiee cl]ansre above $aid is

the tran.gfe]'mation ftress may be

ol" thetpecimen, beeause the mereiy
E})oiV)i in the pre(;edin,.(r section. "1"he

writers have jus, tified this view a.g the

   (a) 29.8--31.5 % Ni-Be tilloys.
   In the fir,st piace, it ha,s been '
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   thotigl}t tts tensioi}al on t}}e $t'iri'ace

     Åëooling ,$t}'e,ss was comvrc•s,sive a$

       re,sulij,s obtai'rie{.i by the presen't

        l"olloiving sections ,gboxv.
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  intende(1 to iiiake clear tlie e{f'e<:t oÅí'

       tl]e la'ttiee tr:tk'is,.S'ormtLtio]i ul)oii

      the reg, i{ltial therrnal styess o{'" the

      alioy. ts"or thig, pu}'}?osc 29, .8 9'6 Ni

       alloy xvas used. as tL specknen,
       bec{tus, e it i'eiiuti}is ii) the Es,"itii]ii]a

       $Si}te IVt t}le l'OOIII tCil}})er'tLt,l'll'e

      }vl]en i't is coole{'i S'ron) a l}is"her

      ten]perature tLs $l}oxvn in IIIi'ii[fr. 4.

      By <:ooNi'ig the alloy in 'tke li<pii(l

      tLh` it ti'2m,sf()i'ms ii}to t}lphtL com-

      pletel>r. rL["herefore, t]he alloy xva$

      eooled. in the .fu}'nace on the one

      hEtnd and. qzienche(l in ice xvater
20M" oi) the other, a,nd the cooling gL.treES

      has been measux'e(i resvec'tively



latitice chan,.(}'e, $eenis to htxve

been re}ca,ged by the latticc
(thttns,'e. As t,his f'act is very

innporta.iit it "ra,t eonfi]'i[]ed. "Lvith

tlie s pecinie}i eontaining 31.5 f'7o

Ni at ,sh()wn in Fig. 7. This
!'acii as xxrell at, t}}e /l'aet that

tl}e st!'e,gs oii the ,gur/t'ace is

tensional do not eohieic'l.e wit}.}

the resultg, obttiined b>r previ-

oii$ iiivestisgator$ probitbly be-

beettttse the mass effect pre-
    edominates in the cases on very
lax'ge s}?ecin]en,g.

   As tke ltLttice
happens on the E{n'f'ace layer ok'

xvkh!n that Iayer inay be
exi,stiBg- within the remaining

 16i2 Keizo Jwase and 7'aclao Sano.
xvitlj tl}e resiilt that scarcely no stress ren]ah}ecl in the f'urnace eooled

$peeinien "rhile no'ij srriall aniounti of' the $tre: s (llt"iig. 5) .rcn]ained in

tjl}e qtiel}ehe<l sx)ecimen. By cooling these t"ro $orts ol' g,.lpeeimci)s,.$in)ilt}r-

                                        ly l)eat-treate{l as btt`ore, to the
 N,/stto " li?,:illii,IXec,I,li?,ili'1'X:l•2,Wglll.kKSIIS

      --H-+-.-- Mm -.- -- •- .-r=-..:. tt '- 'sc•""/"-:. froii) ga!t]tii]a ii}to alplm xvas
 t'o eompteted. The stress re$torecl

g.' {xs!-::::g:::sita-.-..fiee.Rfiigf..i---s.ix,.g}i,g.?e,zee:,l'ge,e.:.s.il`gs.pte,p.e

 ctt
  l-'coo ai a4 a6 o.s tfo-,,2 t4 tb ,.s aornm Xi•g'te,libS,tSi.S.h,O,iil[ll',,ill•.IIIi'i,g,'l,,Si,'.t,i2,,e

            -Depth1iig• 6• a• lx Slow eooled tm --.2ssefron, 23ec ai'e alffO simlple ancl are near

           after slow cooled in fttrrittce. to each otker i'egardless oÅí their
      b• Å~ Quenehed into -185et'rom 23eC                                        heat-trefttmentg.. The st}'ess on
      ,. o 4'l'.t?,r,S.i.Olt'dC(:,O•iiieLi lis'sfUfr,n.`LIP,e'23oc the surÅíace az•et6ng.ipnal in all

      d•@liliig,iel:,/hdlli'l,:tttL"aie,l/Xe?,i.\:iii23ee:l'lg'e?'i,IR•]iillgeite,\],20,S.i(-ll•ee•,Y-

                                        s uit}ing in slit,,riilily tvreat;er stre$s

thougk the eooling.- rate pvior to the iattiee cl}ai}s,e had little effect i'ipon

the re,gidual ,stress. [IL"hus t}he large eooli}}g ,$k'e$s ot' the quenc}}ed speci'

me)i, whieh existecl bof"ore the
                                 l.O ,l•111iE
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O glow coole(3 till -185" ,from 23"C
  a'fler ie•e "Tater quenching.
ew QuenelLe(l into -185" from 23"C
  after ice ivater guenchinto(T.
Å~ Quenehed into -185e f'rom 23"C

  after slow eooledi in furnace.

transi'o}'mation is a l<incl oÅí reerystal{ization, if it

            the specimen, tke cooli]3g stress existing

       released by the tran$formation and. the stres$

            part oÅí the speeimen will be infiueneed



l'`ace itrgc the uxte}'ior inci'eEv$es

as tl}e obttLined i'csultss in IH'ig.

8' sl]oiv. "L(]l}e ,sl}ecin]cn i'n tl}i$

ease c(}n'tains, 23 96 N,i and tlie

iaStice elaansre (ton]n]ences at

about 160-b-,1"r'OOC an{l. is eom-

pleted bef'oye tlic ten]verature

reacl)cs {1)OC. I[ix t;his fig{n'e

the c-rve: a and c ,sh<)w that

the coolinL,r, stress e.xi,sted be-

tr'Ol'e t}he tl•ttllS{'Ol'll]llSiO}1 iS l'e-

leELted, a'tid so the restore{l

,gti'ess ;hown in thesc I'o{ii'

cm'ves mtvy be t}aken as they
i'epi'ese)it the ti'a]if l'o].'niiitio)i

stresJ, not inlluenee(l by the
cooling $tress which existed
bef'orehtxncl..

   (c) [I]he resto}'e(l ,stress in

           .        var!eu.s pereenkttge.

   As' the Ni contei}t oÅí the

gradnaHy (lecre.a.q.ed as showit

guenehecl ft-on] 1050eC to

alioy at the temperatui'e of
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thereby and the distribtitio•n crirve of tl}at part wiil be somewhat alterecl

whilc the f'ree expan,sion foilowed by the tranf Åíormation may be re,yt}'icted.

by tl)e rigidity of the remaining pa,rt and th-s alg.o the clistribution cu}'v

of tl}at part may be again altered. In this meaning the transl"oi'mation
,gb}'ess may be additive to the cooling ,stress which existecl befomehand.

If the size ot' the speein)en is small, the time lag oÅí tbe oecurrence of

the ti'an,gfo]'n]ation in the eentre as eomparecl to that on the ,sux'I"aee is

very sma}i ancl as the coo}ing stre$s is $mall, ancl $o ail tlie cooling

stress which exi,gted before})ancl in the whole specinien may be reieased
by the iatkice change as the regultf g.hoxvft in IE]"igs. 6 tmcl 7 represent.

   (b) Tl]e effect ot" tl]e transformation velocity.

   As shown in tbe preÅëecl ing section, tl]e eoolin.{.r stress becomes greater

as the cooling veioeit>r- increases. "LVhe trtmsformation stre$s also bc-

comes greater as the veloeity xvith which the transÅío}'mation proeee(1$

in tl]e spccinien fron] the sui'-
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 the tran$formation as well as the interval

.
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of. the temperattire after t}}e trant forrntLtion, th}'ougl} "'hiÅë}) tlie altoy is

quiekly eeoled, {}eerease. rChese f'actg, n]ay naturttlly l'i}'flnenee She t tress

restored in tl}e quenelie('1 tpecimen. "J]he y, .peein]er}s, co]}t{di}illsr ;)'vLt5 O/6

Ni havc been c{uenched. in i(te wate}' or i"tirnaee eoole{l. (ore () pey mi'R.)

iirom I0500C an(1 t}ie stress ire.gtored in then] as well as their l]a•r<ilne,s's

have been me{t,sured and t}}e resyiks obtaine(/l are f }}own in Bigs. 9 an(i
10, the tenf lonal f tre,gs ancl the Viclcez'g. hax'dnef s o]i t}}e g, rirl'a(te i'e,spec-

tively are representecl 'in tl]e figure,y. Oii the eurve$ (h'awn in theffe
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ef the tran.gformation, as the Ni content oE tk' e allo>r inereatecl, may
cause the inerease of the residital stre$s while the in(treaf e of the tem-

perature rantte of the tran,g.formation, as the Ni content of the i.lloy
increasecl, may c.guse the d.ecrease of the stre,gs, ancl the quicker eookn.cr

mfty weal<en the effect oÅí the inereftse of the rtn.cre. [l]he exi.gtenee of

the ma,nf,,y,.e of thg- temperakux'e- oÅí #he lattice transformation may }'e.gu!e

in the oecm'rence oÅí the tvansfoi'mation at the g.ame time in the diffrerent

pfi,rts oÅí the speeimen wbo,ge teiinperatures are diEIrerent and thig. may

dimi'nifh the gtres,g. It it to be noticed that the hai'clltess curve oÅí the

fnrnace eoole(l alloys is closeiy sitllated to tl]at of tl)e quenehed ones

as shown in III'ig. 10 w})iie the two corresponcling $tress curves are re-

markably different as $hown in Fig. 9. '
   In ail oE these specimens, no traee of the garnma phase remained .ftt
the room temperature, being completely transÅíormed into aipha phase.
rrhe in'fi"enee of ishe exiskenee of the gamma phk. se in the partly tran$-

i'ormefl g..peeime}} hat been g,tu(liecl i'n the next experiments.

   (d) "LI]}}e restored t tre,gs in the spec:imen parti>r tran,yformed.

   The Iattice transformation point ot' the 29.8 9o Ni alloy is below
the room ten}pQ.rature aiid the a,SIoy if eompleteiy Sranf {"ormed into ttlpha

by in]inerfin..<T. it] in liqidd air, an('l $o ivhen this R,llo>r is eooied t,o:oine

points between t}tese temperat,ure,g, the alloy mft, y eo}isist o{' alpht} and

g. anmia phaf'es, vai'ying the amount off eaeh phases aeeording to tl}e im-

niersed ten]pei'ft,tm'e. rLI]he residtial stress on the surfaee of tJhe ailoy in

t;hese speein]eng,. txre as :hoxvn in Fil,r,. 12, in xvhi(:h a niaxirnun] point

is .ft1$o .Åíotin(l on the eurve.
                             NAIso in this fif.rilre i't is ,sl)oNxrn ES ' 3eo
that tl}e har(.li}ess e-rvc and. =as '
the stress em've have aspects rvr4 ?6o
difl7erent lr.rom each other. "
                                'c,,,et,h,9,f,1",t,llf?',Sp,,iji;'Xlii?.:/'i,OJ,} ./is/'3 rl,,,,ess no/.•

?,.,:"vellllllli';,)E/ee•.g,;';),i•i.',}Sgll"lz g•2                                                             ,go l

11i/l#[;.,,ftL,,"ill:',2.,iiS,fi,:i)`ef`itii.Z,ellg Ii """-.. i4o

to tlie presci}t xvrite]'s t}]at

the exLgteii(te ol' thci niiiiinRin] Oo ?o 4o eo se ioo'%OO
point n]a>x be closely relat,e(l -----.-Ammountef Transformar,on
to tho heterof.reneity of tl]e 1[?ig. l2. 29.8.o.- NTi-l?e.
structiire of' t]he alloy thus treated.



IC)8

   In the fioHowings
unifol'li] strlle,tul'e has

tion curve is g.impie or

                   t.e,
                   ,,•?D

                   l/. ,.oQ

                   `)'t;o

                   tr

                   l 'Lo

     'e          .-                   E                   E                  eK- t a,O                  :
                   s
                   t ,,o
                   ;
                   ts                   bO                   -N
                   :. ct:-t.o                   lo

                  ",s,EE'tD.o t

                  "                   E ioY

                   .- el-                   ,ri -                       "e-                   -- o,                   ") o
                   .lj                   tt'"`'-LO

                   io

Keieo lwase and Taclcto Sano.

the stret f re,gtored in tl}e speeimen

 been meast'n'ed to see whether tl]e

llOt.

 cn} a q,fi •lot.barh
c c.'       -lsr   e.- -?2t! f:: .;•,}
.'"Y's-

     "R:--..

from ?Yt

   :

otrer ;Ce

-Et,Gil5ii:kl -lr=f•

t1di

--,l

   ..ni-.v--•-t-S-s-
n. P'"`--.---"--r.tV--

s

Å~• -l'x;,.2;

 O.? o,- e.b o,g t.o L2 ,s ,,b -l ?Omm
       -m-- bepth

  U') b S-C. i" te't berfi trem ?3T atter ,tP at"IP,

a a.. fSt "    f" -22tr t -    hv 7el " "    3. -Jx57 ' "
' :  'g'r-""vh........"mm...-. Y7n::fffff--•-di-••l

        ."i>R.erE. . -:Af-.--"-,

 o," o.s so i?
 -- n"p"h

Q- tn -to"c euth
     l7i;V,

S-C, riti :;Sg?Yt

 t..;-

 ,.ij 16 1.e ?."mm

ffom pjt otrer fuen.C

   4"  ."----4-f
xX    Jmu --. M     ---:pt;g

having a non-
t ti-e$s di$trib{i-

o,? v."

tC)q
  t
  m  /t
  a

3iE

    X. vK,---- -;>('"-' - r" =-

Residual
lle,gi(1,uial

  3%N; O.3'AC

fn NaCl-solur,bn at o't
    (Morte"stte}

  tn aii ar 2e'C
    { Mar tensite + rteestite >

          ceol     Furnace       '{ Fe rrite + Perl;te}

         pm/Affc/;;i'z"."itt'OOEseepf$as>

                          -      e.? e,4 oh v,s t.o t.2 t,- i.b t,e t.ompt
    Fig. 13. gtress-depth eurves of
       29.8% Ni-Fe.

stress in steels variously heat-treated.

stress in steels quenched or t'urnace eooled.

                       . Tl}e steel eontaining                         3 /O!o -
Ni ai}<l O.3 O/6 C }ms been vari-

ouf ly hea,t-breftted (qRen(tlied

Åíirom 9500C) and the strtietnre

obtainecl was observed ancl. the

x'esrkored. stresg, xva$ nieftq.ured.

Fig. 14 .ghows the re,guits ob-

taikied. [I]l]e s'trt'ietux'es ofJ'

the spec';in]ens we]'e uniliorm
thl"ou,<.,'}lou!t t})eil' Ee()tio]1 except

tha;ti ot` the speeimen quenehecl

in wt}tey at 100"-C, thoug'h t}}ey
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are $in,cr,ie phag.ed or two phased. XVhile that of the specimen qiienehecl

in water at 1000C was not imiform i, ncl was troostic in itt periphery

or exkernat•park ancl serbitic in the eentral part,.fex'rite being mixe{1
in both p.xrts, and the strests di'strib"tion emu've ,ghowed E mininxm] p. oint

onl>r in this s}i)eeimen. In the other

three curves no minimum point is
founcl ancl the stre$s is greatei' as

the cooling rate is inereased. From

tl)e re,gult above explaine(] it seems

that the minimum point on the di,g-

tribution eurve is eioseiy relatecl to

the non-uniform struetures of the
$peclmen which is also proved by
the upper curve shown in Iff'ig. 15.

   The similai' minimum point en
the distribution eurve was also
obtailtecl when the $tructi]re of' the

speeirnen was made non-uniform
by the carburization or the de-
carburization as the following
Ihies $how.

:.
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o,4 ab e.s to
 ny Depth
Residual stress
steel quenehed
9500O to 1000

s? tg

and
 in
e.

 tb t,x Aempt

structure of
water from

   (b) In tl}e ease of carburized and deearburized steels, fur.nace

        eooled. or quenehecl.

   The speeimens eontaining 3 O/6 Ni and e.i % C were cat'burized a,t

their two surfaees correspokdiiig to 9 Å~ 100mm2 under various eondi-

tioRg., and the cat'bon conten't depth curves obtained. being shown in

IFig. I6-(a). [I)l]e ca. rbon content ancl conse(2{riently the structure of sueh

$peeimen is hetero.creneous throltghotGt it$ seetion and sueh hetero.ffeneity

oi' the ,gtructti}'e })as eai]sed the oeer]rrence oÅí tl)e minimmn point on tiie

stre,gs di,gtribution curve of eftch specimen s!owly cooled or qiienc}}ed,

as ,ghown in ]li'ig,g. I6 and 17. The minimum poi'tit is near tlie point of

t}}e euteetoid earbon conteiit iii the ease of sloxv coolinfg a,nd n)oves

to the right in the eftse off qtie'n(:l}ing. It is tQ be notic:c(l tliat the

distribuition eurves of' t,he qi]enc}}e{l t pe(timeng, .are far steeper th,ft,n t,hose

of the slow cooled. In the qi.ienehed. speciime?i,g tjhe .gtrrietm'e$ are tili

mart,en,gitic (thot].c,ghS l}e ca}'boi.i ()ontent of t}}e- ,gpeeimen ig not anifoi'rn

in its seetio]l) ft.,llcl. irl thi,g n]eR,llin.(.v theil' stl'lletlll'e,g al'e 31ot }}etel'o/..re.l]eou,g,

,
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but the tempeya.ixn'eg.

in every pointf alon.og

taken as the eause QÅí

]/lreieo .Z2vcese and ZTctdao ASIano. •

at whieh tl}e Ar" ch,ft,n.,c.re t,akes. piaee are'diflrerent

 the depth oC" the speeimen, an(l thi,s {'a,et m.ay be

t,,.li,,e o.(tctu'ren(te ol' the n]inimLun point.
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                               Fig. 16.

   Simila,r sef vilts }iave 1)een obtahiecl in the eaf e of the deearbm'ization

witl} tke steet containing I.3 "/ti C .ks-,ghown in Fig. 18. It is weti-

known fact tl}at "Then the steel is c]ecarburize(l on aceount of itg. bacl

treatn]ent, g,ueh steel if apt to bi'ing ciuenehin.c.r cracks an{.l thig, if eon-

eeivttble t'rom the resu'ilt shown in Fig. It9.

   "VVhen a iar{;.se ,gpeeimen 'is hei]Lt-in'e,ft,ted, the skrrieture xvill beeome

1}e!]erogv.eneou,g owing to the ma,gf efYect; a,nd tl}e oc:ctllrrenee oli the mifti-

mum point on the distribution em've mR,>r move to tlie lef't or ri,ght by

itf eooling con{litio]i,g. '
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qrienching ancl of the aug, tempering.

    The steel containing 3 9ia Ni and

 O.5 O/6 C ean be qtiei}che(I in lead

 bmbh at the temperature between
 450" and 7500C from 9orOOC with
            ,

4oe bOO

Fig.

no change of the phase and $o this
steei was quenchecl in the lead. b.ftth

at these tetnperatt]res and tl}en
qTiickly in oil or salt sokition at
200C anci tke stress i•e,gtored in

the specin)en xvag, n)eat -recl xrgitl]

the reguks as s})own l'n Fig. i9.
rll]he eurves in tl)is figure g.ho'sv that

the ,gteppecl quenchin.cr shoulcl be

clone in leacl bath having the tem-
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                            g 3S
this may diminish the stress ",
while the heating process ). 30

may aiso aet sirnilarly. In .O i ?5

orc]er to make eletftr the bwo dv 2o
effeets above explainecl,age- Zt ,s

able silver alloy eontfinin.g e
6.3 % Cu and non-ageable g' 'O
                            xsilver alloy eontaining 6 9io t 5

Mg havebeenquenel)edfurom l oo
770eC ancl agecl at various s
temperatmres and t})e stress

reskored in them were mea:
surecl. rLI]l)e result obtained. is

presg, ive.Etref g, o}i the f ur.iiaee is

    o ca a4 o.b ag t.o r.2 t.4 Lo t.e aomm
              " Pepth
Fig. 20. Residual stress of e.6%e after austen}pering
   treatlJlent.
   Å~ Air cooling after holding 20'at 7000 C Pb-bath
      (Ferrite-t-Pearlite)
   ee Air cooling after holding 12" at 6200 e Pb-bath

      (Sorbite) ,   O Air coo]ing after holding 7" at 480" C iPb-bath
      (Mroostite)

   (d) .In the ease of tempering o6 steel an{]. oÅí the agin.cr of alley,g.

   By the temperin.cr off tl]e quenehe(1 steels the g,t}'ets is decx'ea,3e(.l as

the tempering temlperature is elevated as. shoxvn in 'Fi.g. 21. In tl}is

treaSment the g.eparation of'
                             rtg/.,,Rthecementitetakesplaceand :

,X     x

Ses7tO.

 perature lower than that

 correspoveding to the maxi-

 mmn point in these cm'ves

 in ordex' to avoid the greak-

 er stress. In the austem-

 pering treatrnent oniy a

 veryfaintftresf is restorecl

 hi the specimen as t}ie re-

 sult .ghown in Fig. 20 re-

 preg, entf.

3elc, N,

't

  o6YeC
i' n NoCt-:lotur;en
 br ?o'c

 os"foC
,e oit ar ?O"4

a

N.         :=M•-..
                                    .heL.in--.-"                                     foo ?oe jen 4eo soe 'C
                                   pt remper,ng remperarure
                                             Fig. 21.

                              .ghown in Fig. 9-2---a, in which t}ie com-
                                plotted a,f.rainft t}Iie aging tiine. rThe

precipitation of" the copper rieh phftyie li{if." ioKvered the ,gin'e,$E iii the

altoys.

   "rhe eurves in Fig. .9,2-b represent the i'efults obtai}ie{] by a•gin.g

aluminlmn -4% copper alloy que}}che(l ft'om 5COOC. T}ie aginf.r at
20aC {'or 24 hrs. dioes not s, ubf t,an(tially dimini,gh ti)e ttrest while t]hat
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at lt50"C increag.es the sbress at first an(l the]a clecreases ,iu$t as the
1}ardne,ss of the allo>r ineretxses (Fig. "93). rLIrl}e agin.cr at 1500 C f'or 24 h]'s.,

it is said, in the ,geparation of so-ealled e'-CtiAl., pha,ge a,n{l after this

period the e-CuAIL, pha,q.•e a,ppears, biit this appearanee of the e'-CuAl2

phase has no e{I7eet {ipon the stress curve ancl tl]e s, treg.f decreaf es steadi-

Iy from ftboi]t 2'v3}}r,g. tempering whieh is qt'ii'te dilTereRt in the ca,ge

of tl}e cl)ange of tl]e hardkxe.s',s. CIrl}is rel.retion is also seen at 2000C

aging. IBirorn these regnlts it may be suppose(1 •tha,t the g.tres$ de-

creases when the atomic groubi is ,forme('l within the mother folution
even if it is not separated fx'om the soiution. It is very 'i'fltereg,ting

to eompi,re this xvit,h the hardness curves in Fi.cr. 23.
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              IF'igL 23. Age-harclenlng at var2ous temperatures.

                          IV. Summary

   [I]he eooling as well as tratasforn)at]ion ,gtrefs have been mea,gurec]

Kvith son]e Fe-Ni ancl other Ii]"e ailoys and sorne steels usin,(,v. snitltll

$pecimeRf, ancl $ome Rew j]acts have beei} ob{iained, an]on.o.' whieh the
release ivit}} tl)e traBsforn]ation oÅí'` the cooll])g stre,gg, xvl}icl} had been

re$t,ored iii thc speeinie]i }>e,forcha,nd, inay ba t},pplie,,},1)Ie ln prt},et;iee.


