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~ v A.BSTRACT 

COlIIJIIercial qualit)" loW .. carbon steel sheet, previousl)" cold 

red~ced 60\ was initialÎy recrystallized at·70SoC for times of 30 
, ~ . . 

i. 

. 
minutes and 24 'hours to prod)l'ce _terial of ~vo initial ar~in sile~ , , 

. -~ 

The recrystallized strip owas cold defol'lNd at rooa tellperature in the, · '" , 
" 1 • 

rang. 0 .. 2~\ (equivalent tensile d.forœ$tion)~and annea1ed at te~.ratures 

in the range 6l0-71SoC for 10 minutes in order to recrystallize the' 
" d ' 

_terial for a second Uae. 'lbe response of the _teri.l to the Mount 
v 

of prior deformation'as vell as ann.aling,telpe~ture vas observed b~ 
. , . 

folloving changes in )"i~ld strenath. t~nslle stren,th,'unifora elongation,. 
__ .. J".. . ' 

total elOnption, and rerllized train .be. 

if 1 It was f~ ~t vith' pri~r .4ef:~~tion. 'in the ran~. ,21-28\ 

and vith a high anne.linl teaperature, 70SOC, _terial could he produced 
l, 

vith comparable properties to very ductile .. terial obtained vith the 

present annealina .ethods. 'lbe resul tl lugaest, that by coab_ininl tvo 

recrist~llization steps, the first being necessarr to obtain an init!a~ 

fine recrystal1had grain sile, v{th an 'interaadiate controllec1 deforma-. , 
'\ \ Il 

tion step, uterial could be'continuously produced to suit a vide ranle 
"'( ~ "1 ~ 

, • .",2. 

of applications: .SUII.stions are a1.0 .. de for carrying the vort beyond 
) . . 

th~ . initial staaes clescribed in the present th"~.s • 
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1 
RESUME 

", 
\. (, 

, , 

1 . ' " 

. ' -

, '" Une fenillo 'd'acier 1 bAsse' teneur' ~e carbone de qualit" 
" 

u . 

jéommerclale, anU1'ieurem.nt ~aduite l froid, de"60\, avait' 'd 

initialemen~ recristallid. l::rOSo.C '. des temps de 30'minutes ef 24 

heures pour produire un ùt'riau dont les arains sont de cleux taUles . ' .. 
piff'rentes. La,bande recristallis'e a 6t' d'fora'. l froid l la 

temp'rature ambiante variant de 0-28' (d6formation"quivalente en 
• .., > 

tension) et recuit l des tellp'ratures variant d. 610 .. 71SoC pour la 
• 

,minutes pour faire recri!tall~s,er le -,drlau ~e d.ux~aiDe fois., ' La 

diction du madriau 1 la qua~tiU-initi.le de d'formation ainsi qu'. 

la tempErature de recuit, 'd obaen', par les chan,ements de la 

\imite d'61asticlt6. de' r~'i~tanc. l"la tracti~Î'l, d'61ongation unifom~ 
d'61onaa~ion totale ,et par la taille dts grains recristallisas, 

Il a 't6/constld qU'avec des d'forutions initiales de 

l'ordr~ d. '21 "~'8\~ avec une h~ut; te1ip'~ature d, recuit, 105°C, 

l, II&t'riau peut 'tre produit avec d.s proprUds comparables au 
, 

Jlll!,teriau tds ductile obtenu par les IItthodes actuelles de recuit. Les 

dsul taU suaa~rent qu'en c01lbinànt dwx 'tap .. de recri~i:allisation, 

. ~ .. 

, , 

la pre.Ure 't'!'.~~lair~ pour obtenir une taU l'e de ,rai~ l 
, .,. • 1 l ,{ 

recri~tal1is~, initiale.,nt pethe, avec Une 'tape int'1'Il'cliaire de 
- -

d6foraation çontrelSe, le udriau peut 8tre produit continueUeaent 
j 

pour 'tre utilis6 dans un Jar,e &ventail d' applications. Des 'Su,-
, 

aestions sont aussi faites qe ainiare l porter le travail au dell des 

liaites initiales d,érites. dans la prlsente thbe. 
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OfAPTER 1 

1. INTRODUCrION 

The importance to the steel industry ,of anneaUnl pneUces 
• ! 

in the .anufacture of cold-reduced flat-rolled products cannot ~be over-.. 
eaphasized. Except ofor th.e very suU proportion of full hard strip 

• 
anf(sheet used in the as-cold-reduCed, state, ~ome fOrll of heat' treataent 

i$ applied as a ~epara.te operation to a11 co14-reduced flat-rolled 

products in order to restore the ductility lost in cold reduction before 
~ 

further fabrication. 

Heat treatllent. of' cold-reducod sheet, 'trip and tinplate stock 

_y be divided into batc:h ~perations, sut as box anneal1n, or open-coU 1 

annealing, and continuous . .-tations that inc:1ude continuws unealing. , 
4-

strand annéaling and noraalizing. 

/ In tbe batch anneding processes, the steel is slow1y raised 
1 t 

to • tuperature level at. or be10w the lower c:ritical tuperature ....... 

(approxiately 720oe). soaked at that temperature for sev~ral heii:rs and 

then cooled very slowly to rooa t~aperature. lhe eOllpltte t.perature 

cycle taltes several days but it does result in the softast possible 

< finished produet; accordingly. batch annealing 15 the principal heat 

treataent appl1W to co1d redueed steel sinee the lar,est proportion 
, c 

of low-carbôn steel 15' destinecl for severe fabritatin, operation (e. g. 

in the ~acture of autœobiles and household appliances). 

ln tontinuous hot treataent on the other band, the steel is 

heated quiC?kly to the annealina- tuperature, held a short tiae, typically 

," a _tter of ainUtes.'and then quickly coolecl. 

. , .. 

, ' 
" 

" " 

"' 

" 

: ' 
" 

, . 
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finished steel is 'very fine·grained and thus hardif~an ~~at' produced 

by batch annealing. This fine-grained .icrostruc~re is @ceptable<.and 
, 

even highly desirable in sOlle applications. for example in the production 
" \ 

of the hard tinp-late dn~red ,by the can unufacturing comp&niès. 

Continuous atmealing' cm a150' obe, a~t/active economicaUy ,._~rtiCUlarlY 
~\ ,~~ 

,if it 15 combined with one or more additional processes; for i"n5~ce 
( . 

in continuous galvaliizing where the c01llbination ,of annealing and hot-dip 

galvanizing produces savings resulting froll the elimination of the skin 

rolling, shearing, pickl.ing, fluxing and handling steps previously carried 

out as sepante operations. 
\ 

However, the IIQst extensiv, application of annealed steel sheet 

is in the production of formed parts,particularly for automobile production, 
1 

i.e. the annealing process IIIISt yield steel sheet suitable for doep 
o 

drawing. 'Ote main obstacles to the successful ~plication of ccmtinuous 
, 1 ( • 

annealing to drawing qua li ty steel' are Iletallurgical and are a diact 

relul t of the speed of the continuous annealing process. The high • heating rates recrystallize the _tarial to a very fine grain size and 

the short tiae at recrystallbation tèllperature does not aUow grain 

growth and equilibrium- carbon precipitation fro. soUd solution in the 

ferrite. Hence continuously annealad steel bas a yield strength too 
... : 

" 
high, and a duct il it Y too low, for it to be sultable for forainl opera-

I 
tions and it would be susceptible to quench and ,strain a,in" both of 

which are detrimental to successful fomability. 
f 

Despite these drawbacks, further investigations of the 

continuous anrïealing of drawing quality ste.1s' are worth_ile due to thé 
'. 

econoaic attractiveness of the process! reduction of the tiae spent 
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hutUI ttpt)y wound (virtually soUd) eoUs of steél would result in 
'~ -.. '" " ~ 

silllificant e,nerar sa~in,s; it waul,d elillinate the lara. aount of floor 

space Incl in~P~OC.S"J~!1\~ry of s~e.1 that batch annealina antail.: it , 
, ,~ ..; " ' 

would reducé hancUinl: and allow a .ao fl~ of .terial froa hot 

roll!na to finbhed aât~ri.l. ce, the. foUorin, section coaprises . 
'a auner of literature re tina to continuous annunna ade with l' , 

1" • ~ ~ a 

vi_ to invQtigatin. the OJsibi11ty of • cont'inuOILls. proc'II to enable 

" " 

1 

, - 1 

wlna quali ty sheet. -, , 
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2. LITBRA'I1JRE suaVBY 

2.1 Heat Treataent of Fla.t .. Rolled Steel 
1 f 

In this section both .. thocls for the annealinl of flat-rolled 

low-carbon steel, i.e. batch and continuous proc •••••• are de.cribed • 
and th,ir relative .. rits ••• e •• ed. 

2.1.1 Batch Ann-.lin, P-rOcesJes 

A.. Box Annea11n, 

In box annealina a 11.1'" stationary .as of .tHl, in th, 

f011l of tiaht coUs th.t un niJh up to ten tons and IlOr.. 15 subj eeted 

to a heat treataent cycle. 'lb. coUs' are stacked four or live hl", 
, , 

(i.e. e1aht to twelv. f.et hiahl onto shallo. tr.y. of calt~iron ~.lled 

t ann.-Una balts. 'lbe1'llOCoup1es are lnserted in standard locations in 

the charle and a.n inner cov.r 11 then lowered over _eh stick of coU. 

and stttied in a sand ... 1 plac.d on th. anneaUna ba.e. A. portable 
(, . 

fumaee il lowtrecl onto the bas •• fuel Une and th.naoeoupl. cOlUltctioils 

aH .ade, the flov of teoxidhin, gal to ,puri' th. air frOil the ~c. 
under th. inn.~ covet' ta bep ancl th. bumtl" are tan1tecl. (1 .. 5) 

M box UUlulinl iftvolvu th, h~t1n, ,and coolin, of 11.1''' 

..... 1 of stMl. procelliaa tial. art llecelsarily 1an.. Fiaure 2.1, 

Ihows • typ1cal heat1ni and cooUn. c:yde; anr&le proc.nin, tiMa 

" V&rI ln. lb to tert dar', &1\ undelirable lenath of tilte froa the stalMl.. 1 

.. .. < 

point of pradvcUOft rate. A further probl. encountered iD box aJII'lnliDa " 

resultl fràatht use of Uahtly coUtcl Iteel; the OIItaicie of. c:.oil ImIt " ., 

.......... 
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FIGURE 2.1 Box ann •• Un, h .. t cycle. 

be he. tècl to a hilher teapera tul'l than the inl1d~ in order that the -

required 'te..,erature _1 be reachecl at the centre. 'lb. teaptrature 
. {V - -

profile acro •• th. coil rllult. in diflererace. ln recryataUhecl anin 

sbe anel c;'on. •• quently in final .. chanical propertie •• (2) . 

A taperature diffenntial allo exista "t"":ft the outer 

Uait' of the stack. G.erally. two theraocouple, are placecl in an, 

.!n'Je or all tiple coil ltaèlt. one in or n .. 1' the top ecla- of the upper f" 

~ 

coU and the other n_r the lower ed.e of the botta. coU; thui .lvine 
;. -

a c1_r indication of the t ..... ratUl'8 cUffeftftUal bet ... th, 'OU,. 
... ~ , " 

.­,". ' .... 
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FIGURE 2.2 Typical t .. ~tur. recordina .chart, ~2) 

6.~ 

liait. of the stack as .hown in PilUre 2.2., 'Ibis teaperature dif­

farential between coila in the .... stack .1so H.U1 t. in a variation 

of .chanical properties aèro.s the .tack. 

B. 0pen-C01~ AnneaUnl 

Open-coU anDeaUna was oripnally cleveloped to shorten t~e 

lon, ann .. Un, tù(é, nece •• arr in box ~.al1na &ncl thUI lncna'. 

procl"cti~ rate. ~ 'lb. GIllY diffe~ce bet .... the tvo P~"I'~ • 
. ' "--

-that ""11. the box anne.Una use •• tiptly ~ coll, th. opa-coll 

, , 

.. 
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f proceas us .. a 100s. coU. Conventional tilhtly"wrapp~ COU',I~ 

• \, 

r , 

rewound usina a lDetal spacer between the wraps; on MaOviftl the 
l' • 

separator, a space is' left betwe.n adjacent turns. !4ter·ann,alinl. 
k 1 i) .. 

th. coU ls r.~ound' ti,htiy for further prOcessing or shipilent, (6-10) 

The chief adv&I\t&,. of open-eoi~ ann~alinl is, that durinl~ 

annealina, th. hot ,as.s· can circullt. throù'p the spaces between th. 
'r 

coU wraps. thus i1Iprovina h.at transf.r and resu1tina in reductc:l 

ann1llUna times. An additional advlnt.ae of ·thb fr •• ,as flow 15' the 
. ~ / 

ablUty to utiliz. any desiree! annenin. ItJDosphere, permittinl such , 

ras:.. •• t.l reaeUons as decarburhina. , 
. 

As with box annlllina, fuzonaee teapenture i. controllecl by , 

thel'1locouples spaced throuah the char.e: usually in the fuma ce wall, . , . 
under the bottoll coil and in the Ilid-thickness of the top coil. 

Piaure 2.3 lllustrates .. typical teapenture, cycl,; .. teDlpera~ur, dif­

ferential cloes occur between coUs from the same stack but it is not as 

large as those observed in conventional bOltannealina • 

PIGURE 2.3 Cycle for: ana_lifta colc:l-rol1" 
.htet by _ans of open'!'coil 
technique. (g) ." \ 
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The lenrth of ehe tellperature cy'cle in open-coU anneding, 

typieally one or two days, represents a arked improvellent over box 

annea11ng but it still represents a considerable obstacle to preductivity. 

Other d:n.dvantages include increasld age hardening sensitivit~ d~e ty 
the faster coolingl rates, the hazard of coU breakage during rewindifl' 

and the incrtas.d operâtional costs of open .. coiling and the rewind.ing 
, , 

of each coU as well as l-educed furnace capa ci ty causee! by the larler 

volW1i~ of an open coU vis-a"vis • closecl coU. 

2.1.2 Continuous Anne.lin, 

2.1.2.1 Historical Develo~nt 

Wheri lIOdem cold-rtduetion aHIs had becoae cOIMn in stHl 

pla~ts (i. e. sinee about 1930) J the ooly unit in which th.re vas no 

e'ontinuity of flow was the annulina departaent. ~is lack of flow 

brought about difficu1ties in bandling the high tonnages produced by 

those mills, ,causing, d.elays, atora.e problems, etc .. even with the use' 

of 'the newest annealing technique, open-coil annealing_ 

-<' 
As a consequence of investigations earried out by Hague and 

Brace (11) and Otis (12), who explainld the possibilities for the use of 

continuous a~ealing for th. Ilnufacture of tinplate stock. the fint 
1 • 

fumaee for the production of cont1nuously annealed tinplate stock wu 

inst.lled at the .Crown Cork and S.al Coapany, Baltiaore, U.S.A., in 1936; 

it ~s a vertical two-strip unit. with an eleetric radiant-he.tint' 
f' 

fumace. operating at 7S ft. Iain. (13) ~ further lines with Speeds of 
1-

up to 300 ft • Iain • were erected 500n af'ter,wards by the s~ coapany. 

11\, product was eonsiderably atiffer and harder than the equlvalent 

\ ) 

" . 
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1 

batdt ànnealed _terial and was"looked upon with sc.ptic1n by the 

tinpla te industry ~nd was not' accepted b~, the' open-top canuleers. as 

it was not compatible with existing equipaent for fonaing can bodies. 
c ~ il 

bot t1 e caps. etc .• 

New Ittempts ,for developing continuous annel11ng processes 
, ' . 

were made in 1940, when 1 300 ft./ain. line with an electrie radiant .. 

heating lurnaceàs installed by Dominion Foundries and Steel Company, 
, ' 

Canada. Tbe product of this line. although. d1sposed of ·suceessfully, 

dld not III&ke a great i.pact on "the eanllking trade and" the' investilltions 
. 

were discontinued. However. in the tarly 1950'5 can.kers realized that , 

the high degree of uniforaity in the aeehanicil properties of ~ontinuously 
10 

Innealed tinplate had 1 beneficial effect on canaakin, speeds, once the· 
\, ~ 

lutOlll:tic foraina equipHnt bad been adjûs'ted to proeess harder sheet. 
, 

Several Idvantages 'were obseryed for both canllkers and steel producers; , 
./ . 

the strength of th, slleet prevented buckling and panelling in the finished 

eln, and the illprovecl flatness .noved steel proclucers to proces! lar,er 
~ - , 

coils vith consequent beneficia1 influence on throughputs. Inveases in 

throughput of between 25 and 50' vere quoted. (14) W1 th these proven) 
1., 

advanta,es, the developlltnt of cOlltinuous annel1ing processes rece1ved 
~ 

trea ter iapetus. 
J 

t 

2.1.2.2 Continuous Annealin.'-Line Description 

Figure 2.4(15) illustrates a typ}cal continuous anneding Une 

wh1ch, for convenience of description, lIIIy be divided into three sections; 
. 

entl')", rorn.ce and exit. In the direction -ôf sh.et trav.,1, the entl')' 

section condsts of a double payoff ree1. shears for cuttina off, and 
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FIGURE 2.4 5th_tic continuous annealinl line illustratinl 

the pat!\, of th, sheet throuah the line US) , 
desianed~o operate at 1500 ft./lùn.. Nœ to 
Icale. 

squarlna the ends of C~ilS for weld111" a ... h type weldin. unit a 
• t 11 " 

10 • 

dip tant with an 'elect~lytiC c1~er to, reaove any cont~tion frOll 

th •• Mt/' brush scrubber unit 10110 .... by • rln •• t~ ... d dryilla 

utdï,' and '&Il .nt!')' looping tower for shllt storin, and f~ which sheet 
( . 

is taken to aintlin constan~ line speed when a weld il beinl .de. 1 
The purpose of this entry sectioil il to provicle l, constant feed for 

~. fumace section that foUowl. On .ttrin, the fumace .ectlOft the 

''SIleet is heated in 1 ps-fire4 zone to approxiattly 752°C (1.3500,) in 

Q 

\ 

• 

.. 
Lri 

1 

, 1 
• ,~f 1 
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less than 30 seconds; it "then passes th~ough an electrically heated 

holding zone, fOl,lowed by an electr.ically heated slow-cooling zone 

(al5o referred to as retard cooling) in which the sheet is cooled to 

appr.oximateiy S370C (lOOOop) in less than IS seconds. Pinally, the 

sheet is water coolee! to 11SoC .(2400p) in one minute, then air cooled 
o 

t? ~bient temperature. tIn 1ts pa.ssage through the furnace section, 
l~' 0 

the s is protected ftom .Jxidation by a protective gas atJllosphere. ~. ~ \ 

, , 
Leaving the fù ace section, the sheet passes through the .exit secti'on 

111is section consists of a looping tower, a 
o 

'nie purpos~ of this section 
} 

first, to be able t~ stop the strip for aetallurgical 
"< . 

<J 

analysis; and second, to chang. over fro. one recoiler to the other by 

means of snip shearing the strip. 
'" 

A typical continuous anne.ling heating cycle is shown in 

Figure 2.5. Since its initial acceptance for the annealing of tinplate 

stock, this basic heating clele has undergone nua6rous aodifications, 

~ome of ~icb are' i1"'IUStl~ in Figure 2.6. n6) Bach aodifiCàtion is y . 

. '" 
designed to increase the production rate fra. a continuous annealing , 

, " 
installation without increuing furnace !ize. In cycle' 8, the heàting 

rate and soaJt1ng are the SIM as those ellplOY~ in the cOllVentlO1l1~l 

_thod' (cycle A) but the coolin, tiae has been reduced by water quenchin 
- 0 

, °0 .. 
the material fra- 3000 e (572 P) to roc. tnperature. 

fast heating and eUainates 'the sgakin~ period and the sheet i in 

water Quenched f~. 30ooé, th1us 'ach"leving, a tille-saving in both heattng 

and cooling stales; the 1I05t notable, application of thi! annealing 

*thoa was" in te, '!"'i ts ~ta.~l'" ."r. th. ~hleh .. ~t'el ~Y in" 

"'" 
• .'.', ;<;\ ~. , ' 

" 

o 
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13. 

/ 

1957. In cycle D the steel 15 quenched froll the annealing teaperature 
( 

to 300°C, coilecl and thei'.held for at lust' 1 hour' "OOOC. HOWlver. 

these lIOdifications, and others .ade 50lel)' dth the aia f increasing 

producttOll rate, often hadal detriaental effact on shee' quality anct 
, ~'. 

.,L 

thus were not entirely succeuful. 

2.1.3 Properties of AnD_Iell Steel 

'lbe batch anneaUn, aethods vith their Ion, proce5sina tilles 
/ ,. 

yield sheets with very dUferent characteristics fr. those produced by 

c:ontinuous &Mealina (Table 1). 

Continuously annealec1 stltls have substantially higher yield 

and tensile strengths than coaparable batch annealed steels and cémse­

~ntl)' exhibit lover ductility. 'l1lus continuously mnealecl steels are 

UD$uitable ~en a high depe 'Of f~1'IIbility is required. e.a. the 

press-forain, of utOlObile cOIIpOIlents. -111is serious li"llitation to the 

use of cOIlt1nl,lously annealed steels is discussed further in the next 
"-

~~, Il " 1 

section. 

\ 

" 
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TABLE 1 

, Trpical Nechuical Proporties of Annealed Lov-Carbon Steel 

2.2 

2.2.1 

, 
Mechanieal Bateh Continuously 
Properties Annealed 1 ADnealed 

Yield stren~h 
(psi) 28xlO3 S8xIO! , 

Tensile strength 
47xlO3 6lXI03 (Psi) 

'\ 

Elongation in 2 in. 
(t) 44 20 

The Production of Deep Drawing QUali ty Sheet...J! 
br Continuou$ ~ealin& 

, .~ 

Properties and Seloetion Criteria for, 
For..bility in Lo~Carbon SIleet 

During drawing op~t:ations, sheet steel undergoes severe 
\~ 

14. 

1 

. 

plastic" defonation; a nUllber o\est procedures have been found Usê~ul , 

in the selection of steel for deep\aW.ing , the tension test being one 

of t,he lIost useful sinee i~ relates ~iCal properties to, forability. 

For optimal fOl'1lllbilitr, tensile strength should be high and yield 

strength 1011*; the greater the spread betveen the yield and tensile 

* But low yield strength resulting froa an exceptionall)': large Il'Irin 
sb. i~desirable due to ··orange peel" (rou~.$s) fo~tion during 
f01'lÙl\r( a very large grain sbe will dso l'es.ult in 1011 values for 
elongation and tensile strength. -----. 
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,strengths. the IIOre suitable the steel i5 for severe foraing operation. (17.18) 
/ 1 

One criterion for formability is the yield-tonsfle ratio: the lower the' 

yield-tensile ratio, the higher the fOl'lllllbility. The conventional 

percent total elonption. being the lReasure of the abU1ty of the _terial . 
to undergo plastic deformation. i5 another important forability criterion 

but even more illpOrWt is uniforll elonl.tion since it éorresponds to 
1 

the' QIOUnt of plastic defonution possible before localh.ed nec1dng 

occurs and beyond which foraing operations are undesirable,' 

Cold.rolled sheet for drawing applications i~ manufactured (19.20) 
'\ 

~ thre. uin qualitiH: (~) co-.ercial qua lit Y J produced from riaed 
~ 

or capped steel with O.IS\ .-xi .. -:..c;arbOlf conten~; (H) drawing qua lit y • 

produced fr01l ri_ed steel of SM: ,fade ib06 or AS1'M A-619 for cold 

rolled sheet; and (iH) drawing qua li t Y special ldlled steel used to 

llake parts 1nvolving difficult draws or wliere ainiul aging characteristics 
1 

are r~uired. Typical .~chanical properties ue shown in Table II. (20) 

The variation in,properties is greater for co.ereial qua lit Y than for 

drawing qua lit y and is 8;t a IIlini~ fot' special ldlled steel. 

Other criteria .. y a150 be used to assess the formability of 

steel '.sheet, e.g. plastic s'tt'ain ratio "r". worle. hardening exponent, as 

well' as values obtained fl'O. various cup-drawing 'tests. such as the 

Olsen and Erichsen. H"'fI~ver. these tests are le~s ccaaanly awlild and 

specifiee! than the ones quo'ted e&rUer. Hardness and Olsen cup test \ 
_J", • 

are forubili'ty tes'ts usually aide on incOllin, st~l. These tests are 
, 

not .lways an exact .easure of fOlWability but they are cClllàOnly usee! 

because they require a IliniJara of specillens for tes ting and are _de 

quicltly on relatively inexpensive _chines. 

l ' 
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Steel 
~ality 

CQ 
DQ 

DQSIC 

TABLE II 

Typical Nechanical Properties of Cold'-Rolled 
Low-carbon Sbeet Steel for Foraing 

Hardness Yield Strength Tei1sile Strength , 
Rockwell B 1000 Psi 1000 Psi 

40/60 28/36 40/48 
38/48 25/32 40/46 
36/45 23/28 40/46 

CQ: cOIIDIercial qua 11 ty 
DQ: drawing quality 

,DQSK: drawing quality, special killed 

16. 

Total 
Elongation 
in 2" (\) 

l 

36141 
38/43 
40/45 

The Olsen cup test 15 ude on a sheet .pec_1i 3 3/4 in. wide 

held between fIat ring dies of 1 in. inside diueter. A baIl of 7/8 in. 

dWootor is _hed P~gre5S~i .. t the ~;:t to f ..... ClIp ";'11. 
the punch load and he1ght 'f cup are indicated continuously. The Olsen 

tup value.....r.ecorded is the )te1ght of th'e cup in thau~andths /of an inch 

at the instant 'yhen the punc:h load starts to drop. Sh_et thiclmess for 

thé standard Olsen cup test 15 lillited to 0.062 ih., because of the , 

clearance between the baIl ~ the ring. 

,11), ... 

2.2. 2 Metallufgy of Continuous Anne.lins 

Once its cOllposltion has heen fixed, the tensile and other 

properti~s ~f a stee,l are deteflÙned by its aicrostructure: rram sb_ 

and 'shape, carbide IlOrphology and inclusion c~tent'ï"'Tbe incluSion 

count 15 controlled by the steel_king practice but the other factors 

, 
", .., ... , ' ~ 
" -' '" 
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ar'e determined during final rec:;rystallization annealing. There are 

two metallurgical phenomena, in annealing(21! that are (if importance 

in the production of drawing qt.talit sheet: recrystallization an~ 

grain growth. and aging reactions. Ba is discussed briefly in the 

following section. 
\ 
), 

2.2.2.1 Rectystallization and Grain Growth 

, " 

17. 

In continuou~ anneaiing, the sheet is rapidly heatee! and held 

1 for a short time ~t the recrystallization tellperature. Studies (22-24) 

of the continuous annealing of low-cllrbon steel have shown that with 

heating rates in eXCtS5 of. l2Soe/sec. up to an annealing temperature 

of 700oe, recrystallization,occurs instantaneOUsly(l6), Le. within a 

matter of'seconds. However, it recrystallizes to a fine grain she 

that does JlPt then coarsen appreciably eVen after a 20-hour soak at 

this telllperilture, (Figure 2.7). This contrasts with the distinctly 

'coarser initial d'ain size obtained with the slow heating rates 
1 " , 

characteristit of batch aimealing also illustrated in Figure 2. r '(and 

presumably due to ~ifferences in the nucleation and growth rates 

obtain~,~ith siow heating rates). 'J' 

It 15 generally held that sheet steel of very fine grain, si;e 

does not have the good ductUity that is characteristic of batch." _ <. 

~ealed .heet st.eel; the finer the grain sbe, the hiper the tendle 

strtmgth and consequently the lowe~ the ductili ty. As the grain sbe 

becoaes finer the yield e10ngation incruses and this aIso' t'esults in 

a 10ss of duètUity. The 'Yie~d el~gation mst be eUminatecl by te~er 

rolling after annealin,. and henee as the grain site becOiles finer) Jore 



o 

o 

'1 • .., 
• 

• 

.: . • • ... .,. 
= 1 • • = 

•• 

......... 
Ne s..k .... ',,., Ile ...... . 

/' 
10 .... ' a .... ,.. .".2 

,fi 
"MI ..... ... 

f' 

.... Me.t 

...... 11 

ara''!'''' 
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sOI.kln, tiae, affect atm.aled train sbe of 

" killecl steel. 11115 fiaure ha. been adapted 
froa th, ori,inal. (21) . , 

.. 

18. 

teaper roBin, i5 needed to e1iainate yield elonptiOll resultin, in • 

further 10ss' of cluctill'ty. 'l11\lI, to _ke continuously aMealee! at,rial 

jucc.~aful for forain, and drawin, operations~ I.Y to Ath!ev. a p..in .. 
sbe equivalent -to tilat obtainé.d in bateh .. thods .ust he faond. 1'wo 

r J 

ways in which this objec:tiv~ aight he reached art disculled below. 

, \ 

. '. 
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(a) One of the charae"teHsUcs of recrys,talUution il that 

the· conser the train size before cold workina, "the 

coarser wilf be the grain sh. after anneal~nl' 11lus, 

~ 

) " 1 l ' ----
in order to p!oduce large-,%'ained .. terial br continuous 

annealina, the .tartina JII&urial for cold ro11ina opera­

t~OI\S should be eoarae-painecl hot rolled stock obtainable 

by finishing ucold" and coUina ''hot'' (e. g. finishina a t 

816°C and colUnl at 7040C).* Bxper,i •• nts have shown(21) 

that by followina this practice continuously annealed 

sheet Cln be procluced having a pin s~ze and softnesa 

close to that of batch annealed sheet. However. the 

carbide distribuUon 15 poor in such ut,rial: the 

coarse carbide. fonee1. as a reluit of hot collin, ar~ 

struna out durina cold rolUna and theif di.tribution 

re_i,. unaffected by subsequent annealing. 'lb.se 

carbide .trinaer. detract fro. the transverse "ductility 

of the sheet, and hence froa lu forabUitj. 

(h) Another characte!lstic of the recrystalUzation procell 

is that the recrystaUb.ed ,grain sile là stron,ly .,.. 

clependent on prior cold reclucUon, ,.bein, coarler with 
~ , , 

( ~ '?-

decreasin" prior recluetion, Plaure 2.8. tlence it il 
• .4 

possible that an appropriate cold reduction (less the' " 

that used in current practices. i.e. 60\ approxi_tely) 
,'. 

prior to a final annealin, would ,ive a desirable pain 
~ 

* Rather than the 'usually quoted teçerature. of 900°C and 550°(. 
approxiM.te~y 1 

'. 

, , , 
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sbe; furthe~."" control of arail\ Iile by prior 

recluction would not ftSul t in the undesirablt carbide 
) . ' 

struetUTtI .,soeiated with .. ~hocl Ca) abovt.,' 

1 eriticct 

1 atnQunt ri 
coId--work 

,I..J " , . 

" 

--............ ï .. 

% O.tormo;tion 

J /,~ 
, .. FlGURS 2.8 SfEect of prior"reduction CA\ the 

recry.tallbed ,rain sile. l2S) 
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2.2.2.2 Aging 

21. 

Alina, whi,ch 15 a ti.e-depend~nt chanae in the properties' of 

a material(26). takes place when solute eleaents ar. retained in l'lu­

tion after.quenehing or fast coolina. Oue to the fast coolina rates 

J usually employed in continuous annealin.~ steels annelled by this 

~ ~ethod are subj eet 't'a two ca.on aging phencaena (27) : quenth aainl 

y and strain agina. 

, 
A. Quench Agina 

Quench aaina in stedls is t~ term appliecl ta the precipitatlon 

oÊ'+ .. carbon and/or nitrOg~ ~s Clrl)'i~ nitr1des, or '·earbo-nitridej' froa 

supersaturatecl ferrite. Due to the predoainanee of carbide precipitàtion ..--. 

in carbon steels over that of nitrides, carbon is the principal' a"nt 

in quench agina. As sbown,·in Figure ,2.9, th~ solubility of carbon, 

which occupies interstitial positions in the ferrite lattice, decreases 

sbarply vith decreasina teaperature'. to vanishina1y s .. 11 values ~t rooa ' 
i 

taperature. If carbon 1s retained in soUd solution-by rapid cooling, 
~ 

al in continuous annealina. carbon can preclpitate subsequently at 

sliehtly a~e roo. te~erature as finely dispersed particl~s of iron 

carbide. lbe consequences of IUch precipitation al" unif.steel in . . 
increased hardntss, yield and tensile stren(th and d';reased ductility. 

In batcb ann~lina on the other hand, coolina fra. the 
, ( 

anneaUng teçerature is slow enoup to allow for the precipitation of 

virtually all txces. carbon thus ensurin, that quench-aaug tffects will 

~e kept fa low leve1 at ro.o. teaperature. Slow' coalin, is ~st ÙlpOrtant (28) 

in the rang. from the recrystallbation taperature down ta about 3000C 

/. 

" 
" 
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FIGURE 2.9 SOlubility of carbon in ftrrit •• (2~) 

22. 

(S72op) and th, optilua tu. in th1l critlcal teaptratU!'e rang-
~ 

15 2S seconds, 1.e. rapid cool1n, '(quenchilll) can be usecl below SOOoC 

as in cycles B and C in Figure 2.6. 

Another .. thocl suuestad (16) to all~vl.te the queach .,in, 

problea involves ctuenchinJ the steel' froj the annealina tapenture to 

300°C at an unrestricted rate) coUin, ~en holdina the steel, in 
" , 0 

coU fora, fol' at lellt one hour at 300 C. 'lbe hOldin, periocl at this 

te.pera~ure would allow carbon to precipitate aS,larae stable/carbides. 
l , 

But coUina has to he done in an {nert atllOsphere which vould have to 

be .inta.1ned until the coi~ ruches 2000C (39~Op) or lus before the 

coi 1 coule! he expostd to thé air. 

• .> 

• ! 
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r:, 
8. Strain Agina 

Strain aaina is agil'la induc:ed by cold vorkina and' results 

./ frOll the ex.ce~sive uount -of carbon that r ... ins in SOlut~on 'in the 

ferrit~ of continuously annealed steels, due to too rapid cooliJÎg and 

.retarded carbille-nucleation associated with a l~W carb~- c~tertt. (~7) , . . 
Most of 'the anifestations of strain a,ina are siJailar to those of, 

,quench aging, lmt strain agina has uother characteristic. Pollowin, 

annealing. lo'!.-carboll meet steel is liptly rolled ("teaper rolled"l' , . 
o to eli.inate the abrupt yield elongation characteristic of th!s . ' 

_terial. If aging taJce~ place after tellP,'r ro.111na, ,the yield 

elonption returns and the sh"t is then susceptible to discontinuous 

yieIdina, "flutin," and "stretcher strains" on subsequent deforation. 

H8Itce the solution ;.~ ,tl.l,e probl •• "O! strain aaina, u with quench 

.gina. lies~ the rtllOVal of aU non-ëquUibriwa carbon ...... froa soUd 
fifP=' 4 ' 

solution ~in the ferrit~. 

rJ ' 

2.3' Deve12J?!!l'!ts ,in C~tinuous AnneaUnl Prac{ce 

Sinee its adoption ., an indus~rial procesl, continuous 

amiealina bas been aoclified. any ti~s. 'lhree illpOrtant aô4if~tions 

,1 

ate discussèd in this section, two of which are relevant to the production 

of low-carbon deep drawing steels. 
\ 

a . 

2.3.1 BISRA Process 
, ' ri .... r- . 

Nethods for rtducing the sbe and capital cOst of cClftventional 
, 1 

,cOIltinUOUS ~ling units have ~n studled and developecl by the 

- British \I~ and St.el Researth Association. Gibbon(29) hu au.ly~ecI 

- .; 
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the first pilot 8ISRA compact annealing process in which electrieal 
1 

resistance heatina of'the steel was combined with preheating and 

subsequent quenching in a liquid lead-bisllUth a11oy. 'nte first compact 

annealinl line was designed to process 127 D wid~ steN strip and 

consisted of 'two aild steel tanks filled vith lead .. bismuth euteetic, 

the strlp being preheated on pauina through the first tank, then 

electrically heated to the annealing temperature betore being quenched 
" 

in the second tank (Figure 2.10)., This pilot plut wu later redesigned 

so that the preheat and quench tanks were in the fOrll of ducts (Figure 

2.11), thus reducing the allOWlt of lead-bisDith eutectic required. 

Other investigations (30,31) indicated that bisDith cou1d replace lead­

bisauth as the heat-transfer, lIedlua, thus elillin~ting a possible health 
... ,\' ..... --- -

huard, and a150 that the annealin, cycle could be appreclably shortetled 
~ r 

without affecting product qua lit Y • The use of liquid sodiua as a heat-.... 

transfer 'medium has a!so been ltudied(32); the adVlnta,es are clal-.ed 

, to he JIOre rapid heating and coolina rat~s, th ... possibUi ty of alaost . - ' 

coapl ete Ihea t recovery, and reduction in space requireents over 
1 

conventional.annealinl lines. 

In essence, the BISRA annealing process involves heating the 

cold-reduced strip as rapidly as possible to the annealing tellperature 

(700oe), quenchihg i_ediately to an interaediate tellperature (lSO-260oC) . 
anc:l 'hOldi~g at this teaperature to· overag\ the material.· Thi~ process 

ptoduces _terial comparable in properties lwith \conve.ional cQGtinuously 
• <, • 

aMuÎed Jlll.teriai of tellper uni~ersa1 specifi~tion, i~é. materlal 

suitable for tinplate but not for foraine operations, 
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FIGURE 2. 10 Schematic layout of first aISRA 0 

ca.pact annealing pilot plant. (29) 
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CAPL technology (Continuous Annealing and Processing Line) 

vas developed by Nippon Steel. Corporation and bas been in operation 

sinee 1912. (33-37) It was developed in an atteapt to produce continuously 

. annealed law-carbon cold-roUed steel sheet vith foraing c:haracteristics 

equal to those obtainable by batch mnealing. CAPL is 1 continuous 

. aDneding line which incorporates eleetrolytic cleaninl, continuous 
, . . 

annealing and overagina. tellper rolling, finishinl and inspection. 

Line specifications are given in Table III. . , 

TABLE 1I~ 
1 

Principal Spec:iUcatiOhI of COntinuous Annealin, 
. and Processing Line (CAPL). (36) 

• 

Production capacity 

Line speed 

Strip sbe. thickness 
, j 

width 
--;: ' ... 

NaxillUa coU weigbt 

Total line ,lenath 

34,000 tGlls/aoatb 

" 200 II/Ilin 

0:4-1.2 _ 

750-1240 _ .. 
4S tons 

A typical CAPL Line artangeaent 15 illustrated in Figure 2.12 
. '. 

and consists of four sections: elec:trolytic cleanin" fumace, teaper 

rolling and inspection fa~ilitie~. After cleminl, th. strip enters tbe' 

furolee section through an IIItry looping tover with a strip stong. 

w .. 
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21. 

\ 

ca.pacity of 300 • (98S ft) and after annealing i5 t9})er rolled and then 
-' 

leVèiledpr40~ to' inspection . 

• >. • 

1. No.' ..., ........ ..~ ......... 
2. .... 2~ ..... 1. ,-
2. HM ... ... 10. ...... -
4. Ne., ....... ..... 11. T.....,~ 

.. I~ .... ..... 12 • ,...... ..... 
L .... 2 ....... ' ..... Q. ..,..... 
7. HM ..... ... :r. ,or .... , ....... 2~ .... 

FIGURE 2.12 Scheatic line arrange_nt of CAPL tec:hnology. (33) 

'lbe continudus anneding fumace consists of the following 

chUlbers connected in series: a heating chuber vith ps heating 'from 

• 
a radiant tube systea, an electrically heated soaldng chalIber. a 

priary cooling chaaber vith a jet cooU.ng syst_ in which water-cooled 

air effects forced coaling. an electrically heated overaging chalIber 

and finally. a s.condary coaling chaaber again of the j et-cooling type 

wh.re the air flow 15 vater ~oled initiaUy and thon refrigeration coOled 

to provicle a final cooling of the strip before exit. If a heating cyçle 

were clrawn for the strip aSI it -pa5secl through this furnace 5ystea. it 
~ ~ 

would reseable that shown in Fipre 2.13. On introduction to the beatin, 
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'\ 

Tt: Heating .ternptrahn 1 700-C - aec t 
T2 : Ovwagng t.-nptrQh .... (3QO-C-4SCJlC J 

t, ! Hèatlng Urne 1 2 min ) 
, t2 : Soaking Hme' 2 min) 

t3 : PÎimary 'ooling time' ( N 15 SfIC 
t, : Overaging 1imt ( 5 min ) 

'....f .. 
FlGURE 2.13 Heat cycle of CAPL pracess-

chaaber strip is heated ~pidly to tellperatu~tw"D' 700°C and 900°C. 

this heating being effected vithin tltO mutes. 'lb. st .. 1 dlen pu.es 

through the soa~ina chaaber i~ which it is .intain~ at th. UIIl .. Unl 
> l ' 

tellper~ture for up to wo ainutes befon heing lecJ to the priMry 
1. . 

.éooling ch8llber where the st.,1 15 ,:&p'idly cooled to the averagtnl' 

tellperature at cooling rates of approxiately 5-SOoC/sec.. The OVe!'­

aging tÏlle 1s' S-8 'Ilinutes at 300-4Sd\C. The steel thus overa.éd u 
,) 

cooled below soDe v1thin tvo ~es in the seconclary cool1ng c:habeJ'. 
, " 

\ ... , , 
, , 

'1 
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OIlè iaportant restriction on _terial destined. for <:APL 

processine~is that it mst have a low,UIlJ8nese ,content sinee excess 

unpn.se wu found to be detriaenUI to the procluctiœ of dravilla 

qua lit Y sheet by eontinuaus unealina. (34)' 1bus. MIlpnese .ast OI\ly 

be present in stoiehiCllletric aaounts for coabination with sulphur and 

oxy,en. It was established that th" followina relatlonship alSt he 

adhered to: 

o < ~ \} _ Atoaic ltei$t of Mn x {O '} 
- AtOâie wei t of 0 

Atoaic wei 
Atœie wei 

or: o < 1 < 0.15 - -
It vas fotmd that this "K-value" could be calculated usina the . ' 

fOllowing e.pirical equatioas: 

For rbaéd and cappecl steels: 

For Al-killed steels: 

K - {Mn. U .. ~ (8 ,} 

. ' 

, " 
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A further restriction'plaCed on steel for CAPL proc.s5ing is 

that folloving hot roUing it IIIlSt be coiled at te.ratures in the 

range 67S-S00oC. As explained in Section 2.2. hot coUing f1'Oll the 

hot mi11 gives a large hot-l'oUed grain size 'and, consequently, a large 

annealed grain 5ize after cold-rolling. 

2.3.5 NKI Process 

The continuous annealinl line modifications developed br 

Nippon KoKan tc.K. of Japah (3~-43) also aa to produce drawinl quality . , 
shoet br close control of both steel grade and iu processing. One 

advantage of the NKK line 1s that it is 50 arranged that by a sillple 

switching of strip feed patterns, e1ther tinplate can be produced br a 

conventional anneaUng cycle or drawing qua lit Y sheet by the Na 

lIOdified cycle. The principal line specifications are given in Table IV. 
', .. 

Strip feed into an NU -lIOdlfied furnace pRsses first through 

a nor.al etltry tone incorporaiing cleaning facUiti... lbe annealina 

furnace iuelf consists of three regions: heatilll, .cceleratecl aging 

and cooling. The distinctive feature 15 tut the OVel'llina 15 preceded 

br .. ter q~ellchinl; th!s 15 don. in a water ,pray cooUn, syst.. located 
, -

beneath th~ furnace. 11'e heat cycle pattern of th1s proces5 15 shown 

i:R Figure 2.14. 
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TABLE IV 

Outline of thè Cont1nuous Annea1ill' ) 
Egu,ient &t NUIS FukpY .. Works.l 3 

No.1 CAL 

31. 

No.2 CAL 

~ominal. capac1ty 
~ 

tons/month 32,000 tons/lIOnth, 43,000 
p 

L1ne speed 572 a/m1n 

Strip s1ze 
thickness 0.15-0.6 _ 

• 
width 457-1067 _ 

lNaiiala coil "Weight 32 tons 

trotl1 line 1encth 131.56'. 

." 

- .:il 

T, 

~ 

• .. 
:::J , -0 .. • Q, 

e 
• t-

Tl m • . 
Tl : Heotlng .tmptnlNtt (&eo'C'" 7SO·C , 
T2 : Quen:hing ttmperClhttl ( 4!Ott -100'C' , 
T, ,: Ov~ t.mperaturt ( 3DOte - soo-c J 

250 Ja/min 

0.4-1.2 _ 

610-1300 .. 

32 tons 

156.5 • 

t, ! = and lOCIking time (10 - 300 sec: ) 
t2 ; "" ttme , 0 -150 ste ) 

• 
FIGURE 2.14 Pattern oftbe heat eycle. 'N"' S contbm~. allDealina. (41) : 

.. 

/ 

• 
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As with the CAPL furnaee, the NKK preeess has been des1ped 

to give optiaua resul ts with sheet steel of elosely controlled ch_ical 

composition. Thus a sp~cial degass1ng method wu developecl (42) which 

, eriabled steels with less than 0.01\ C to be produced. 1bese ultra-Iow 

carbon steels are then hot rolled w~th the ful'ther requir_nt that 

coiling after hot rolling &lst be done at tellperatures OY8r 6S0oC. It 

. "' wu &150 found that best results were obtained with steels that had been 

alUlÙnUII killed. With these prerequisites, eleaent,s in solid solution, 

such as C, N, Mn, Al, are iainillized 50 that grain growth after hot 

coiling Is enhanced and the aging susceptibiÙty of the steel 15 . 
ainiaized. 'l'hus, the NKK eould be described as a method for manufacturing 

cold drawing qua lit Y steel which coabines a specifie degassing method, 
t 

hot rollin, conditions and continuous anneaUng. 

.' 
2.3.4 Comparison of CAPL and NKK Nodifi?t~s wit~ ConvèntionallY 

Processed Steels 

Proponents of the CAPL and ND: processes elalm that low-carbon 

sheet steel produced by their .thods has properties cOIlp&rable to that 
r 

'i-
pl'oduced br batch anneliling: thes. elaias are supportec1-by ,the data 

presented in Table V. 

{) ,,\ 
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TABLE V 

Mechanical Proporties CO!l!rison of <:APL and N~K Proc.sses 

• 

Batch1 Continuous2 Cotltinuous Anne.lina 
f1echanical 

CAPL3 NU· Properties Ann_Iing Annealing 
~ \ 

-
-

Yield strength 
2a.2~lo3 S8.2xlO3• 27.9x103 31.3xlO3 (Psi) 

~ensile strenath 3 60.Sxl03• 46.6xl03 46'.SXI03 (Psi} 46.9x1O 

Elongation in 2 in. " 
(') 44 20 44.2 45 

1 Nippon Steel Corp. (~3) 

- 2 Steel Coapany of Wales (Tinplate biv.) (13) 

3 Nippon Steel Corp. (33) .. 

4 Nippon Kokan Kabushiki Kaisha (43) 

• Originally expressed in ton./in2 (assUllin,: 1 ton : 2240 lb) 

\, 
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. 
2.4 Summary and Conclusions 

Batch operations (i. e: box annealing and open-coiI annealing) 

involve many consecutive processes such as coUing, after cold-rolling, 

uncoiling for electrolytic cleaning, coiling for heat treatllent, un-

coiling for temper rolling and final coiling for shipaent ~ Each 

separate process requires heavy lllachinery for coU handling and floor 

space for coU storage. The necessity for these separate operations 

and the long times involved in the batch annealing process itself. 

often up to a week, makes lor long processing tilles from steel_king 

to shipaent 50 that batch annelling 15 a' low-productivity operation. 

In continuous processing, although essen~ially the SDe 

operations are involved. i. e. electrolytic deaninl, teçer roUmg, \ 

etc., a11 coUing and recoUing have been elillinated and with th_ 

probleu of handHng, storap, ete.. As a resuIt, continuous opera­

tions involve short processing times. Continuous annllling cycles are 

of the order of two minutes 50 that con~1nuous annealing is a higb 

productivity operation. Abo, other probleas such as ~idps, huâles, 

stickers, sand spots, localhed ovemutinl, poor flatness, etc. ta 

which 'batch annealed materials are prone, are elillinated or reduced in 

continuœs annealing operations. 

As a resul t of the large Msses of st"1 involved ~ bat1' 

anne.ling. the heatinl rates are' very slow allowinl the _terial to 

recrystallbe to a largt grain sbe and the slow cooling rates aployed 

give long tiaes at high teaperatures favoring carbide precipitation. 

_ 'lbese chaneterbdcs of batch anneaUng allow the prod~ction pf steel 

vith excellent f0t-bility such Il that required by the autoaobUe 

\' 
~ 

',~ 
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ind\l$try. In contrast, the heating rates in eontinuous annealing are 

extraely high causing the ~teel to rlcrystàllhe to a fine grain si~e, 

which results in a steel tbat is stiffer anp 'harder than lu bateh 

annealed equivalent. Due to the rapid cooling rates in eontinuous 

annealing, suffiei.nt carbon always re.ins in soUd solution to give 

a product with a high aging suseeptib111ty. Thus t the use of continuous 

annellling has be.n limited to the production of tinplat,' stock. and 

sheet for galvanizing and al~bing. 

Table VI s~r1zes the effect of the proces5 characteristics 

on the .terial properties and hence on their suitability for foraing 

operations. Fro. this Table i t .y be seen that there are tHO_in 

obstacles to the suceessful application of continuous annea'ling to the 

-production of drawing q~lity steel: 

. l ' 

'I1le PNblea of obtaining a coarse enouah grain she; and 
~ , 

the proble. of precipitating enough carbon frOll solution 

in the ferrite to eli1linate or reduce .ging effects. -, 

TABLE VI 

Olaracteristics of Conventional Batch and Continuous AnDeaUne 

Batell Annea 1 in,o Continuous Anneal1ng 
~, 

1 ,. 
~low heatin,: anin size - la1."l Fast huting: grain si%.e - fine 

yield streDath - la. yi.ld strength - hiJh 
tensUe Itrength - low tensile strlllgth - hiJh 

elonption • large . elonption - s.U 

Slow cooliJl,: Fast coollng: 
.,in, susceptibility - low 19in, susceptibility - hiJh 

, . , 
~ . 

PORMt\8ILm: GOOD ' PORMAaILITY: POOR 
~ . 

.. 
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Continuing efforts to içrove continuous annealing linès have 
c' 

resulted in the develop~ent of several patentee! proces!es. The4W~RA 
\,. 

method attempts only to improve continuous annealing for the produc\i:.0n 

of tinplate stock but the CAPL and NKK processes represent atteapts to 

prociuce drawing qua li t y steel by continuous annealing practices. 1ow-
,.. 

ever, both the latter aethods rely on close control of chenul coaposi-
y 

.' 
tion and hot-roUing praeUee. Hot coiling after hot-rollinl has the 

undesirable effeet of producing eoarse earbides that. cannot be evenly 

dispersed by subsequent eold rolling and the close controll neeessary 

of chencal coaposition. partiçUlarly in Nn pro'cess. are definite 

drawbacks. 

AU the suuesteel JaOdificatlons. with the exception o~ the 
01 

reduct10n of carbon to ultra 10" level in NU. are aiJlecl at achieving 

a large grain size despite the fast heating rates USM in contlnuous , 

annealing. However, there ,is yet another uthod for aehieving a large 

grain size on annealinl and one which ls independent of both cheaicai 

CDIIpOSitiOll and hot coUing t~ture. ylz. the degree of .t~in prior 

to annealin&. Although this strong influence of prior defor.tion on 

finished grain siu 1$ weIl known. atteapts have not been ude seriou.ly 

,to investigate the integration and fel'liation of prior strain lnto the 

continuous annealin& cycle. One objection that can he ude Is that it 

would he costly to anneal a sheet, roll it to a cont'rolleel degree and 

thon reanneal but this ob; ection mit he weiahed a,ainst the cost of , 
close cheaical control of aanganese. 0%1'. and .Iulphur in CAPL' process, 

or the cost of installing cOllplex do,assln, equip.ent. as in the Nn 

proeess. Hence, the follow1na uperi..atal.worlt rtpresents an initial 

1 

'\ . 
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. ' 

step in the foraalation of. eontinuous anne.linl cycle in which prior 
o 

. reductiOll will he the critiCal factor d!..~eraininl final grain sbe and 

thus final .echanical properties. 
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CHAPTER 3 

3. EXPERIMENTAL PROCEDURE 

3.1 .Introduction 
. 

- . 
-~. -- --,.~.:.:. ~: .. ~~.:.. ~--:... ...... _~~-. 
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As a result of the survey. of literature relating to cQntinuous 

~nneali~g outlin~~ Section '2, it vis concluded that t~re WBS a ,ood 

poss!bil1ty of producing steel sheet with good for.ability br in.troducing 

an intenedi~e defo~tion step prior to final annealing. The, ~eri­

entaI procedure used ~o investi~te this possibility 15 outlined below . , 

The starting IIIterial for the investigation ns mild steel 
Q 

sheet cold ro.lled 60'. As a first step, t;h·is a.terial was annealed 50 

that two sets of fully reci'ystallized sallples, one with a grain sbe 

approx'iDately. twice tha~ of the other, were produced. !pecillens of 

thesè t.o kinds of _terial vere th'en defonaed in tension at Incrementa! 
• 

s~râins up to the onset of plastic inst~biiity .. TensiÎe deformation was 

eaployed to pz:.çduce this int;et'IIediate strain since it was found to be 

aore controllable (at l~st for s~l1 strains) the roUing to a given 

"pecilleR thiclcness. 
1 

The deforaed speciaens were d'len given a final .' 
annealing t:reatJIen~ in order to recrystallize the. cOlipletely. Pollowinl 

the final hea~ treat_nt, the slIIples vere exaained utallbgraphically 

and their aechanical' propert1es de"te1'lÙned . using standard procedures. 

An appraisal of th~se results s~ that higher levels of pre­

strain than had been ~nitially planned vould be necessary to obtain a 

vide ranae of reery~tall~zeci grain sizes: Sinee the higher strains were 

greater t,han ~ose ~hich 1t vou Id be possible to' produce using sillple 
\ 

) 

tension, defor.ation by rolling had to be resorted to. A~thouRh. as pointed 
\ ., 
""- ~. . ,"" 

out earlier •. rbirin, reduction vas less controUable than stralnlng in 
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, . 

tension, ~ollin~ only beC8llle necess!!y at the higher strain levaIs 

where precision is less important (vb. at ~tion$ greater than 
, > 

22'" approximately), Rolled specimens were anneàled, testéd ancl 
" , ~ , 

v 

eXùined metallogTaphic4l1y in the same way as spe~êns deforaed 

in tension. 

3.2 Material' 

The starting,material for the experi.Jlents was ,riDaRed steel 
, ~ 

sheet* supplied in coU fotm frOll the ncmaal production Unes of 

'~Dominion Foundries and Steel Co., (DOFASCO), 1faJli1ton, Ontario. 'l11e 

steel was iJ t~e cold-rolleà condition; havin, been cold-reduced 60\ 

to a thiclcness ~f 0.035 in. after co Id roliin, and ws typical of 

_t~rial intended for the IIIlnUfacture of Co .. reiai Qua lit Y Drawing 

Steel. This steel is covered by SAE 1008 specificati~. (44~ 

. . 

Olemical analysis of the steel VIS p~rfonaed br Dofasco, 

'lhe res\ilts are ,iven in Table VU, which also lists' the 'Cbeaical 

analysis for SAE 1008 steel. r , ,. 0 

, -' 0" 
* ,Hot rolled fiD1shing teJlP!l'&turt6 16000p (871 C): 

", 

CoUin, tftp8J'&tu,re, l~OOOp, (~SO Cl. 

~ ... 
• 0 
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TABLE VII 

Cheaical Coapositièm of Startin, Material 
) 

f' 

l, , ' . 
, Dofasco SAE 1008 .. 

, . 
< 

• wt. , El_ent wt. , 
0 

, 
-

0.07 C 0.1 JI8.X ~ 

0.25 Mn. 0.3-0.5 
·0.005 P , 0.040 JUX 
0.011 S· 0.050 BaX 

, 0.002 Si '" ... · 
0.02 Q1 -
0.01 Ni · 
0.03 CT · , 

. 0.11 Sn · , Balanee Fe Balance i 
0 

3.3 Ma teria;! Preparati~n 

3.3.1 Preparation of SpeciMns, for RecprstallhatiOll 1 _ealinl 
,'" " 1 

1 '. " 
Rectanaular speeblens (2 in. x 1 in.) lIere cut froa the coU, 

th. lODg dt.Dsion of th. speciMns hein, panlle! to the roUin, 

direction. Thes. saple. lIere usees for hardnesi tests ~ -ta1191f1phi;~ , 

stuclies of annealin, bellaviaur. 

Speçlllen,s' for tensU. t.stini"were AlaO èut fra. the shoet in 

c such a vay that the rolling directiOn vas panlle! to the lenJth of the 
w ~ "1 ]., 

suple·, the finishe6 tusUe specillens bein, shapeel on A "l'en.silJwt" 

. , " , 
* 1he cluctility of sheet' steel u ....ured by ~ot;al elOD .. tiOn~ or ûnifon . 
elongation, 15 generally s1iFt~y sntater iD the direction of rollin, 
than ln the transverse direction. ~17 J ' 

.. ' 

" , -, 

., 
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shaping .il1 in accordance wi~ASTM specification E8-61T. (45) Figure 

3.1 illustrates the standa,rd tension test specimen and lis~ts the dimen-
, 

sions specified for the 2 in. gauge 1ength test pieces which were used 
, , 

in this investigation. In calculating specimen cross sectional area at 

least thr~e 'width and thiclmess measurements were taken from the 

reduco"d> section of the suple (Section A in Figure 3.1) and each value 
;" 

WBS the average of two readings. 

3.4 Mateda1 Proce'ss-ing 

3.4.1 Recrystallization 1 

~e ailll of the first recryS1;.allbation trea~nt (Recrystal­

lization I) was to produce fully recrystallized _terial of two particular 

standard grain sizes. Initially. Jt was necessary to establish the 

range 06 temperatures over which the cold-rolled I5teel would be cOllpletely 
, 

recrystallized 50 th~t a suitable recrystallization temperature could 
,..l 

be chosen. Annealing ~xperiments were .therefore carried out \Ising 

rectangular specimens in a lead bath. A steel j ig was constructed which 

allowed the sÎD11 taneous annealing of up to five saçles; s8.llples were 

hung vertica.lly from the jig at a spacing of 0.8 CIl 50 that the la.d 

could circu1ate freeJy thus ensuring a _xiauI he!t, transfer rate. Mien 

the jig,. loaded vith speciaens, vas lowered ..tnto the lead bath, there 
, 

vas an initial teaperature drop of 3_S
o

C due to the introduced MSS of 

cold metal but the set tnperature wu quickly regainecl. SpeciJlens vere 

" he Id for periods of tille ranging froa 10 to 60 mutes at teaporatures 
. 0 

in "the range 4S0-70Q C. At the end o.f 'the desired tille interv.l the Jig 
1 

vas reaoved froa the lead bath and cooled in. air. After thi~ annealing 

. . 
o . , 

,,' 
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G: Gage length 

W: Width 

T: ThickneSS 

R: Radius 0 f filtel _ 

L: OVeratl length 

L 1 

A: L.ength of reduced sedion 

B': Len~h of g .. ip section 

C : Wi c:lth of gri p sectiol'l 

.' 
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2.000 ! QOOS in 

nsoo:!: 0.010 in 

thickness of 
materlat 

0.5,in., min 

8.0 in., min 

225 in .. , min 

2.0 in, min 
Q15 'In., min 

.' 

FIGURE 3.1 Standard reetllDJUlar tension un 
speeaen vith 2 in. pa. lenJth. \45) 
~. 
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treatment, specimens were tested for hardness (seè Section 3.5.1) and 

.the values obtained from three specimens after each reerystallhation 

annealing treatment: averaged for an overall harciness value for each 

annealing temperature. 111e recrystallization" temperatures were then 

established ~b:Y plotting the harciness measurements against the annealing 

temperatures. 
/ 

Having determined the annealing temperature range over which 

a recrystaliized material eould' be produeed it ·was necessary ~o establish 

the minimum tilIIe to produee a recrystallized material. A series of 

.annealing treatments were carried out in the range 600-700
o
C and for 

annealing times of 2 ta 8 minutes. As before, annealing was followed 

using harciness measurements. 

It was observed following these reerystallization-annealing 

treatments t\fi some ~ead aiways reaained on the specUaens hintiering 

hardness measureaents. 'Ibus, in order to obtain clean specimens it 

was decided that they would b" enelQsed in steel envelopes for all 

subsequent heat treataents. An içortant advantage of "!sing steel 

enve~opes vas that they not only provided a proteetive sheath for the 

samples but aIso, liben properly sealed, neutralized the entrapped 

atJlosphere and hence lIin:imi.zod speciaen-surface oxidation. To ascertain 

the optÙIUII tiae for reerYstallization at 700°C lising these envelopes, 
. 

a series of isothera1 heat treatllents vas carrJ.J~~Lout. Steel envelopes 
, 

were loaded ~th reetangular sRllp~es, sesle«! by folùing the open enel a~ 

least three tilles to ensure air-ti~tness and th. plaeed into the 

Lindberg Hevy-Duty electric resistance furDace. "ftle envelopes and 

enclosecl saaples r.cJiecl furnace ~rature, after two lIiDu~es ,~ 
,. ) , 

" ' 

, 
" 
~" 
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which point annealing tilDes of 60 seconds to 24 hours wete measur.,d. 
,-

On removal from the furnace th.e steel envelo~es were ~llowed to air 
, . 

cool, and the samples were tested for hardness (Section 3.5.1). ( 

• i 

3.4.2 Pre-Strain - Retrysta 11 izat ion sil 
'lbe à1:m---o{ the recrystallization 1 treat~nt was the production 

of specimens with a particular recrystàllized grain size. : Saaples were 

then given a pre-strain prior to the fipal anneal, RecrystalÙzation II. 

In order to investigate the effect of different aacunts of pre-strain, 

tensile specimens were strained by alllounts ranlting frOil 1 to 241\. using' . . 
an Instron 'IT-D Universal Testing Machine at a crosshead speed of 0.05 in./ 

.inute. The strain vas measured usin, a 2 in. sU'.in ,auge extensoae~er 

aftd the values were read direcUy frma the autographie chart rec:ordling. 

Once the desired value of pre-strain vas attaineel the Instron WIlS stoppee! 

and the specimens, removed. 

The pre-strained spect.ens vere sealed in steel envelopes 

and placed in the Lindberg Hevy-Duty electric resistance furnace for 

the final annealing treataent. This proee5s J recrystallization II J liaS 
1 

càrried out at temperatures in, the range 610-71SoC for a constant 

annealing ti.Dle (10 JÛJl.), after which tiJle. specillens were air cooled 
1 ~ 

and their I18chanical properties dete1'llined~ 

f' . , 
• 
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3.5 Material Testins 

3.5.1 Hardness Testins 

4S. 

• 
Hardness was llleasured with a Rockwell Superficial Hardness 

Testins Machin'e on the R30-T scale. An average of ten readings pero 

speciJén was recorded as the hardness of the specimen. 

3.5.2· Tensile Testins 

AU tensile tests were carried out at- raom temperature on an 

Instran TT-D Universal Testing Machine, using wedge-a.ctioD grips and a 

crosshead speedt.-of 0.5 in./llin.. The loads were measured wi th a 

standard Instron GR 20,000 lb. load Cèll, while the extensions were 

aeasured with Il strain gauge extensometer designed for 1 or 2 in. gauge 

len~ The Instron cr ... hoad lIlIV ..... t. ""ich vas equipped vith a ' 

control ·lial that could be adjusted and read to ± 0.002 inches, was 

used ta calibrate the extensOIMtter. 'Ibis" gave an extensoaeter error 

of ± 0.2\ (in the case of l,in .. puge ~peciaen) ad ± 0.1\ (in the ,case 

of 2 in. gauge speciaen) to all calculatians of percentage elangatian, 
'« ' 

i.e. eltmgations quoted as 1.0\ or 10.0\ should he nad as (1.0 ± 0.2 

or 1.0 ± 0.1)' or (10.0 ± 0.2 or 10.0 ± 0.1)\ respectively, in order 

to include exten~oaeter error. An autographie ch"," recording of load 

versus extension wu obtainec:1 fro. each test, using an X-y chart drive . 
'yste. at the greatest sensitivity consistent with chart s;t.ze liaitation: 

'l1le extensOlieter recorded the entire test, up to and including fracture. 

'nle total and unifora elonptions were read dir.ctly frDll the chart 

. recqrding. "Mle yield loacl (taten .~ 0.2\ offset), and the maxi .. loâd. 

vere each divided by the ori,inal cross-sectional area of the specilleti 
1 

1 

• 
d" 

, .. 
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to obtain yield strength and tensile strength. The load cell had been 

calibrat'ed with a standard 500 lb. load. Since the loads involved in 

testing were generally of the order of 1,000 lb., the load values read 

off the chart had a maximum error of ± 1.0 lb. J or ± 60 Psi. 

The yield strengths and tensile strengths" total and uniform 

elongations of two tensile specimens from each pre-strain and annealing 
, 

temperature combination were averaged ta yield the final results for 
e 
each condition. 

t 3.5.3 Metallographr 1 ~ 
Longitudinal cross-sections of selected specimens were IDOUDted 

" 
in Quiclcmount (a cold settin~ resin) and then successively ground on , 

220, 320, 400 and 600 grit silicon carbide papers. This "as followed 
, . 

by polishing on Microcloth, init~ally with S micron diaaond paste and 

finally with l micron diamond paste. The speeimens were etched for 

JÛcroexamination with 2\ nitric acid in alcohol and phot'è.icroaraphed 

using standard procedures. 

3.5.4 Quantitative Metallography 
" 

To estimate the grain size of the' final annealed aterial, a 

quantitative Jletallographic exa.mination ",,"S carried out on .. tal1~graphic 

saaples prepared fro. the tensile specimens. The lineal intercept 

aethocl was eçloyed for this purpose. The test line 1enrt!t 'was 100 _ 

and ~e .gnification for each suple was selected 50 that a single 
... 

test line length mald yi~ld at least 10 intercepts. For each suple, 

five fields were rand_Ir selected and five t8$t lines were used in . ~. . 
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eadl field employing the same line test arrangement in order to obtain 

an average va.lue for each specimen. 

No determinaticm of grain size can he an exact aeasureaent. 

Thus, no estimatÏ;on ls complete without a deteraination of the pre­

cision wi th which the determined grain size represents the actual 

average ;rain size of the specimen exaained. 11lus, in accordance 

vith cOJaOn engineering practice, 95' confidence limits vere established 

for each arain size measureme,nt. 

3.6 Pre-Strainin, by Ro11ins 
\ 

Analysis of the preceding results revea1ed that laraer .. 
defonations, beyond the plastic instabUity liait, nee4ed to he 

1 

inv:estigated. Consequently, one set of recrystallized samples vith 

GS-I as starting &rain size vas reduced in a rolling 8111. 'lbese 

~peéi_ns (initially 8.5 in. x 0.5 in.) vere passed through a Stanat 

4-high 11111 until thlckness recluctions in the range 24-32' " re achieveel. 

This 4-high a111 had 0.7S in. diaaeter work rolls and 4' in. 
t' 

back-up rolls. 

Following cold reduction, the speciaens vere reCrystal. 

at 705°C for 10 ainutes and, then al1ow.ed to air-cool. Speciaens vere 

then tension tested and euainecl .. tallographically acco'l'clin, to the 

prpeedures outlined in Sectlcm 3.S~ 

" 

.' >. -

; 
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• OIAPTER 4 • 
'~. EXPERIMENTAL RESULTS 

IntrOduc·tion 
'. 

111e experimental results have been oldered in a .. nner 

tQ that us!'d to describe the experi.en~al proc~re. Firstly, 
. 

the results obtained from the Recrystallization 1 treatJlents that were 

used to establish the annealing parneters ,re presented. These are 

followed by the results obtain~m the pre-strain t Recrystallbation 

II treatments. The tensUe lst, resul~s that show the effect o~ pre-

strain, apnealing tnperature and $tarting grain sbe on the .. chanical 

properties of the material after Recrystallbaiion II are pres.ented in 

sets of graphs, each set corrësponding to one specifie aechanical 

property. The effect of pre-strain and starting grain sizo on the final 

recrystallized grain slze is then plotted. Then follows a series Rf 

photomicrographs that has a tvo-fold ai.: to docwaent the recrystall1zed 
p 

microstructures ancl to relate the final grain, size to the oblerved 

.. chanical properties. Finally, the result.s of the roUin, aUI experi­

IIleIlts are presented with relevant graphs and photomcrographs. 

4.2 RecrrSU.lHzation 1 

Hardness results from the rolled reetangular sUlplts annealed 

for lO .. ainut~s in the lead bath are prlsented in Fiaurè 4.1 where they 
.... 

are plotted .against annealmg tnpenture. 

Froa Figure 4.1 ït .Y be sien that the hardness of tJ;le steet' ' 

in" cold roUed condition wu about 78 RlO ... T and this hanmes. vas rttahed 
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with no apprecillbie change after' annealing af 4S00 C; on increasing' 

thtl annealing -tOperature by 1000 C (i.e. up to 550°C') the hardness 

dropped about 30 hardness points. Further incre.ent~ in tellp8rature 

hacl no dramatic influence on the hardness which c~tinuod to decrease 

smoothly and gradually. Increasing annealing tilles up to 60 ainutes 

h'd no significant effect on the haremess results. 

'lhe drastic decrease in hardness that took 'place between 

450 and 550°C vas directIy related to the change in .Icrostructure 

where the higbly distorted cold .. worked grains vere replaced by new 

defol'Jlllltion-free grains. Tbe sligbt decrease of harduess at higber 

toperatures was due to the growth of these nev &rains. 111erefore. it 

_y be said that recrystallization tooJc place between '450 and 550°C. 

50 that recrystallhed _t;erial vas 0 definitely -coçlete ,when the cold 

o 
rolled _terial was heated·above 550 C for ten minutes. 

Figu;. 4.2 shows the haremess nsul ts obtained ~ rolled . 
saaples which were annealed at the tellperatures indicated for periods 

of tiae ranging from 2 to 8 ainutes. From this figure it _y be sea 

that for a11 the tellperatures investipted the annealed hardness values 

were about 45-50 'R30 .. T which corresponds tci a recrystallizecl _terial 

(see iâgure 4.1) • 

'lherefore, it _y he stated that using the 'lN.d bath, the 

annealing teraperature ranle for producing recrystalli.zed _terial for 
~. . 

annealing tilles as little as tvo Ili.nUtes wu 600,OC to aboYe 700°C (but 

less than 723°C, at whicb tellPerature the ferrite .. austenite transfoza-
\ , . . 

tion ~akes place). 
1 

. ' 

o 

• 
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( . 
As these e~erimental restilts vere detenûned with bare 

specimens treated in a lead bath. the experiments 'fere repeated 
- . 

usina the steel envelopes that were to he used in all furthe~ experi~ 

ment'S. Figure 4.3 shows the hardness results for samples isothenally 

. ° " annealed at 700 C for various times. each plotted point heing .. rked 

ffith iu equivaÏent in either llinutes or hours to facilitate inter~ 

pretation. From this figure it .. y"be seen that annoaUna at' 700°C 

for Sho~t period~f tille, i.e. "less than ~"lÛnutes, had ,nei affect Gn 

hardness, when ~ _t&l foU container ftS eçloyed. With increasing 

annealing tiaes up to 3.S ainutes a drop of about 30 ~udness' points 

vith respect to ,the cold rolled hardness took place;', longer tiaes 

further deereased, the hardness due to grain growth. 1bus, fully 

'l'eerystallized' alterial ns produeed using steel envolopes when holding 
\ " ' 

, 0 1 

tiaes at 700 C were 4 mnutes or .ore. M expeeted, tho tilles required 
1 

to produce a recrystallized alterial vere lœger whep steel envelopes 

wlre eaployed (see Figure 4.2 which shows that at aO teaperature of 

7ô6°c, rectystallbation i5 ccmplete in 2 llinutes). 

naese prelillinary experiaents were ,necessary in order to 

beeo.e faailiar vith the annealing characteristics of the ttold, rolled' 

aterial. As a result of theso tests, it vas decided (b recrystallite 

cold rollecl suples in st.el_.~velopes, using a tup~ture of 705°C. 

"Two tilles were chosen: (a)' 30 IlÜIUtes and (b) 24 hours. These two , 

treataents vere neeessary to provide tvo ditferent starting grain sizes~. 
1 

a fine one (GS~I) and a coarsef one (GS-Il); in orier to investigate 

the effect of othis variable on subsequent behaviour. 
Il 

1 

.. 
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~ 
05-1 was l!Ieasured to be 10.1 ± 0.21 ASTM grain size n~er 

0(- 0.0096 _); GS-II was' measured as 8.28 ± 0.215 ASTN grain sbe , 

'nuilbeu{- 0.018S _); i. e. grain size ratio was approxiDatély 2: 1. 

4'. J Pre-Strain - Rec6:t;Uization II 

The steel suples, in the fora of tensile speciaens, aod 

having either GS-I or GS-II as a result. ~f the recrystallization 1 

trea~en't, were then given a pre-strtin followed br a final recrystal­

lization anneal. The annèaling temperatures used vere in the range 

600-7230C, the annealini tille being kept constant at 10 1IÙ.nutes. 

At the ~qlllpletion of final recrystallization, the sup1es 
1 

vere al101t~ to ait cool in the steel enve1ope. The cooling rate vas 

estiutec1 ta be lSoC/IÙ.J1. and 1t vas established (see Appendix A) that 

this alloved suffÛient tae for equilibr1ua urbon pretipi tation. 

The 'tensile properties of the speeiaens vere then deterained. , . 
, 

The results are presented in the folloving sections. 

4.3.1 Yield Strength 
; '-

Fro. 'the tensile test resul ts the yield strength of speda.! 

annealed at a particular tellperature hàs been plotte6 ,ap1nst the 

, deare. of pre-strain and. 15 shown in Pigures ~.4 &Del 4.5 for GS-I and . 
GS-1ilDa.81'ain .i .... respectiVely. Each plott'" point topN' .... 

the Df two yield strength de~erai.nations. " 

In bath figures the yi.ld -Stress value plottecl for Ifto pre-
_ ' 0 

, , 
strain va. the yield stl'ength of the ateriai illllediately aiter t'eCt'Ystal-. , ' 

IbatlO1l 1. As expectec1J1 the Mterial with the lar,er ,ratn d,eJl GS-Il,' 

, had a lover stress valuë. 

) , . 
,,0 
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57. , ' 

The variation of the yield s'tress ri 'th the amoWlt of pre-
! , 

s'train was similar regardl~ss of the annealing temperature or the 

initial grain size. As the pre-strain increased, the yield stress 
f 

initially increased until, over a very narrow pre-strain increment. 

the yield stress dropped to a lov value. Once this ha4"occurred, the 

yield stress resumed its steady increase vith increa&i.ng pre-strain. 
, ' 

The œjor effect of increasing annealing temperature from 

a 0 r 
610 C to l1S C vas to lower the pre-strain value at which the drop in 

L ""-
yield stress ,occurredj additionally, as th annealing temperature ~ 

increased the JIIIlxiJIUIII value of the yield stress before the drop in 

yield stress occurred also decreased as did the ainÎJa1Jll value lifter 

the yield stress drop. The behaviour of the yield stress vas sWIar /. 

fl for bath GS-,I and âs-u s~arting grain sbes, except .. that for the 
• 

larger grain she starting materill, th-."yie1d strength .xi .. vere 

s .. 11er and the pre-strain at which the drop in yield stresi occurred 

wu displaced ta higher pre-strain values. ' 

Yield strength results are given in Table B-1 and B-II 

(Appendix B) for both GS-l and GS-Il starting grain sbes, respect,ively. 

4.3.2 Crftical Strain 

It is c1ear frOli PiJUres 4.4 and ,4.5 that the yield drops 
- ~ . 

occurred at fairly s~arply defiBed levels of pre-strain, depencling on 

the annealing teaperature and the initial grain sbe. In Figun 4.6 
1 

• these strain levels, or cri~ical strains, have ben correlated vith 

l.DDëalin, t~tur. and initial erain size. As would be expected, 
l ' 
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the critical strain decreased as the annealing temperature was raised. 

AdditionaUy. at the same fannealing temperature, the m:aterial with the 

largest grain sbe required a higher degree of pre-strain to reach the 

critical level. 

4.3.3 Tensile Stren,th 

Figure 4.7 and 4.8 show the effect of pre-strain and annealing 

.1 

temperature on the tensile strength. These figures suaarize the result~ .. ""'-. , 

:-

for the five annealing temperatures employed in the experi_nts and the 

two starting grain sizes. GS-I and GS-II, reSpeetively. Each plotted 

point i5 the average of tvo tensile strength determinations (see Tables 

B-III and B-IV. Appendix B). 

From Figure 4.7 and 4.8 i t Illy be seen that for both starUng 

grain sites. tensile strength bellaviour was siJdlar to that observee! for 

the yield strength. The positiqn of the curves ns dependent on the 

starting grain s1ze of the _terial; for the suller starting grain 
, 

sbe, the tensile Stl'tmgth values wel'e higher than t;hose of the 

larger grain s1ze. As before, there was tI. JIOnotonic inerease of J 

tU5ile strength with incrrsing pre-strain until a eritical value 

vas reached. Further pre-Iraining beyond this value lad to a drop . 
in the t~n,sile stren,th of the annea1!d specillens. The pre-strain 

at which 'this drop toolc place vas again tellperature dependent, 50 that 

as the' annealing telipOrature vas lowered the, drdp ~ tensile strength , 

oceurred at higher percentages of predtrain. 

As" ~tore. the tensile ,strength coritlnued to inerease /vith 

ina-easing pre-strain after this critical regioJl,. was pa.ss~. 

. ' 
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In contrast with the yield strength results the magnitude 

of the drop of tensil~ strength was of the order of '\, lOXI0
3 

psi 

coçared wt th '" lOx.l03 PS:i drop 1'f' Yield, 'stre~gth. , Thus the effect of 

annealing teçerature and pre-st~ on tensile strength was DUch less 

urkecl. 

4: 3.4 Unifol'll EIQJlPtion 

As the Wlifora elongation can be correlated. directly vith 

the uount of defol1llltion that Can occur' befon tbe onseUf plastic 
""!,. 1 

instability, beyond which forainl operations are iIlpracticable, it' 

was deeided ta present the ductility results in teras of the unifora ~ 
t~ 

elonfation only. (HoWever, total elonption results are presented in 

Appendix B, graphically in Figures B-IV(a) Jnd B-IY(b) and in ubulated 

fora in Tables B- IX and 8-X). 

Fiaures 4.9 and 4.10 show the effect of annealing tellperature l' 

and pre-s,nin on the unifom elongation of spec~s with GS-I and ( 
, l' 

GS-ll as startin. arein sizes, respectively. Each plotted point is 
\ 

the a~erale. of two uniforll elangation results . (~pppndix B, Tables B-V " 

and B-YI). " 

Fl'OII Fieures 4.9 and 4.10, it _1 be seen that the depencl_ce 
\ 

of unlfora elonp:ticm on the de,", of pre-strain ~s different fra. 

that observed for the yield and tensile stt'ekleth. 'At the hipst 

o ' 
ann_lilll teaperature, 715 C, the unifoJ."ll elongation ~ined constant 

',," 

UDtil a critical reaion of strain ftS reached. in this re,ion the unifoft 

elO1l .. ~ion dropped to a llinbua levei before return~, abruptly. to just 

abcwe itsl~p~ious level. lI1en lower annN.ling teaperatUros, 65o-105oC. () 

, , 
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vere used, the unifora. elonp~ion deereased 510wly ~o a Ilini.a1a value 

with inereasin, pre-strain, the aini_ occ~rring a~ higher pre-strains 

with lover anneâling teaperatures, and abruptly re'tUmed at.Dst to 
1 "f?~ 

their initial values when a eritical value of strain
r 

was reached. With 
. 

the lowest annealing tellperature, 610°C. the unifora elongati'on ,.deereased 
0'" 

steadily up ~o 'a _Xi.'. pre-strain. 22'-24'. ·This rtHationship was 

observed for bath GS-I and GS-II saples. As lIigh~ be expeettid, the 
III " , 

aini_ are closely related to the aaount of pre-strain at which a drastic 
, 

drop in yield strength occurred, i.e. to the eritieal strain. 

4.3.5 Yield-Tenslle Ratio 
" ' 

1be yield-tensile ra~io 15 an iaportant crite,rion for the 

selection of _~erial inttndecl for severe foraing' operations. 1b.e lower 
, ~ 

this value, the gteater 15 ,spread between yield strengt:h and ~en~i1e 

strength. and eonsequen'tly, the ~able the o_~erial is tor the cr 
, 

seVere de{oz:-tions encountered. fGr eDaple. in pressing operations. 

Figure 4.11 and 4.12 show. the yi.ld-tensile ratio for the two 

lTJLin 5izes. respectively, at dle five annea.lin, teaperatures nployed 

(the yield-tensl1e ratio resul~s are fully ~abulàtecl in Tablos B-VII 

and I-VIII. Apptmdix 1). 

4.4 Gl'ain Sb. V.ria~iOD" D 
QW ~4 

" 'lbe effect of' pre-stuin CIIl the final recry5tallized graiD 

size 15 sho. iD Figures 4.13-17 for both .~rtln, p-ain 51zes. Each 

araph corresponds to one ann.ealina te.perature and ua annea.u.~g tille 
• 

, qf 10 ainutes. 
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Grain size measurements were made only on fully recrystallized 

sBlDples, i. e. those which J:1ad been pre-str(lined by more than the 

critical strain. AU saaples, in any particular series, which had 

'been pre-strained beyond the critical val~e were used for sueh grain 

size esUJIIltions. ) 

The grain ~ze is expressed as the aean intercept d~stance 

(i) in millimeters calculated to 95\ confidence limits (see Section 

3.5.4) and it is a1so plotted in terms of ASTN grain size nwabers . 
• 

Liait bars on each plotted point indicate the spread of ~in size 

IIeIlsurelients. The two starting grain sizes (GS-t and GS-II) eaployed 

in the experiments are shown on the graphs, as weIl as the grain sizes 

corresponding to ba~ch annealed (BA) material, and to two Japanese 

steels (DDQ and EDDQ). * This additional infomation was included on 
,-

the gnphs to enable cdmparisons to he made' between the final J'8cry!ta1-, , 
lJ ~ r>J 

lized erain sizes obtained br strain-annealing and those ~~~lly 

procluced in the industry. / -- , 

As expected, I18.terial that had bee~ ~refs'trainecl Just beyond 

the critical strain ha~ a caarse. recrystallbod grain sbe and as t,he 
~" 

dowlt of pre-strain increas~, the ara~ sbe decre&sed. This behaviour 

wu observed for the annealing tellplratures 7lS, 705 and 675°C and for" 
• r \.., . . " 

_~erials of ~th startinJ grain she!. 'Ihe'coarser ,rain" starting 

_terial yi6lded the largest final grain sbes, and in aIl cases the 
, " 

final grain sh. was considerably coarser than that" C?f c~rc1al aterials. 

* DDQ.- ~e.p drawing qua lit Y 
JIDDQ - extra deep 'drawing qualit)' 

. . 
, , 

1 ,_ 



-,~." 

. ' cr 

, 
74 . 

Nhen an annealing ,emperature of 6S0oC J'as eaployed (Figut'e 

4.16), _terial with GS-I, the smaU initial grain size,'exhibited the grain 

size - pre-5train relaUonship observed ai the higher annealing teÎllpera­

ture5. For the larger-grained GS-II material previous graphs (e.g. 

"-

4.5, 4.6) h:ve shown· that critical ,strain at 6S0oC was appraximately 

17\ 50 that the grain sbe value plotted at 16~ pre-strain vas an 

unrecrystaUized grain size. 

It has been shown previously (FigUre 4.4 and 4.5) that for 

the annealing temperature 610°C. tM critical a.ount of strain WBS 
, 

never exceeded but fell œtside the liaitations of the experiltental 

method. Recrystallized grains vere not obtained at this bealing 

temperature and lIOasuraen't of the pre-recrystallhation grain sbe . , 

showed it to vary little fro. th~ starting grain sbes. 

4. S Metall0l1'aè'!Y 

4.5.1 Photoaicromphy: Criterion for the Selection of SpeciMns 0, 

8e<:ause of the verY large nuaber 'f ~Ulples that would be 
, 

required, it ns iIlpractical to produce a photographie record of all 

sa.ples, 50 the' following selection criteriop wu ~d?pted., It bas been 

st .. ~ed (Section 2.2.'1) that two iIIportlnf characseristics in forabllity 

selection are high \D1ifol'll elongation and low yieli-tensile taiio. 'l1lus 

for eâch initial grain sue and for each anDealing ieaperature ûSeci, 
" 0 

.. fi.. ~ 

. uiltfora elOngâtian and yieid-tensiJ-e ratio verer plotted as' a funct~on 
.,') 1 

of pre ... strain. Using each of"thes. gtaplls, Figures 4.18-27, a speci.an 

". :"'was selected as indicated by th,. dashed line joining optilma unifon 
, \, 

elongation and yie~d:tensile ratio values at a particular level of 

pre-strain. 
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The characteristica of .p~l.en. which werl .Ileettcl u.ina 

,,' 

this criterion are aiven-below: - , ' 

Annea1tnl 
·l'empera ure 

• , (oC) 

115 
70S . 615 . 
650 
610 

() 

" 

, , . 
\ 

' ~, Pre .. Strain 

GS-I GS-II - -
12 " 

12 
10 16 
16 18 
20 20 , 

''; 

1.1 ,!ould be expictecl, the , prt-stnln of the .e1ectecl 
, 

sample. w~~ a.1wayi 'l'liter then the cr1tical atrain. ND .etalloaraphic·' 

'P'~ nre selectect from sample. annealed at 610°C; no specimen 

> "f!bitedo' ·d.s1"b~. COllb~nauon of prop.ru~.: 'lhich va. prodiCt~:I. 
_ D • 

Il the critical strain wu never exeee4td for thil ennuUn, tI"Perawr 

.' 
4. S', 2 Microstructures 

. 
Pigures 4.28 and 4.29 .how the startina anin .i ... , GS-l and 

o 

GS,-n, np,loyed in th. experillenta. Thl .. and aU lub.equent photo-
- f. 

aicrG,raphs were' t~ken At' a _pitieation of X 100. 
, ~ 

The next let of figure., 4.30 .. 37 il1~atrate the fi~al re­

,cry.taUhecf rrain si,le of the seleetecl pre-strained and annealecl . 
~açles •. To enable the correlation of properUes with .ierostructure • . 
IIch photolDicroaraph la aceompanied by the followinl data: inittJt.l 

. ~ •• 1& •• ~t 'of p ..... ni ....... :.11~' .. ~~~. ~. ,:"11 a. 

final _chaniea! properUea and recryltalU,ed ara!n 1\1.. Tbe 

" 
, / ", . 

. 
" 

.' 

, 
.. ., . 
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PIGURS 4.28 aS-J,. as recryltallbaU,on J 
anneal.cI. 100 ~' \ 

,., PIGURE 4.' 20 as- Il>> as r.cry.tallhat1on J 
amealecl. 100 X \ 

- , 

• 

... 

"" 86. 

G~·I 1 ,,' , 

YS - 40. 'xI0" Pli 

UTS - 5S,.9xl03 Pd 

US -25.4\ 

11! - 29. ,\ ,"" . 

l' - O. 0096 Iiuft 

ASTM No. -10.1 i 0,.208 
(95\ C. L.) 

~' 

GS-II 

\'S - 36. 9xl03 Psi' 

UTS . .f 44.SX10
3 

Pli 

US - 2'.6\ 

TE - 39.6' 

\ 

~ i- 0.018S"mm ' 

AS1'HJl.o- - 8.28 : 0.215 
(95' C~L.) 

l ' 

0. ,-

'" 

,;'''' 

, 
, , 
. , 
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PIGURS 4.30 Pre-Itrained 12'. 
~. tenperature: 71SoC 
100'X 

c 

PIGURE 4.31 Pre-straineCi 12\. 
Ann. t •• perature: 715°C. 
100 X" 

j 

87 • 

GS-I 

YS - 18. 2xl03 Psi 

UTS :- 37. 4x103 Pli 

US - 28.5\ 

TB - J7. 8\ 

r - 0.096 nun 

AS1l.f.No. - 3.35 :t 0.,183 
(95\ C.L.) 

GS-II 

YS - IS. Oxl03 P.i 

UTS - 3S. Oxl03 Pli 

US - 31.1\ 

TB - 37.9' 
0, 

r - 0.096 II1II 

ASTN No. - 4S,:t O~426 
, C95,' C. L. ) 

\' 
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FIGURE 4.32 Pre-strained 19'~ 

PIGURa 4. 33 

Ann. t.mperl~ur.: ?OSoC. 
100 X 

.. 
Pre-ltrallled 16". 
Ann. tt.p.ratur.: 
100 X 

/ 

88 • 

GS-I , 

YS _16.2xl03 Pd~, 
UTS - 36. 3xl03 Pal ~ 
us - 26.3\ 

TB - 36.5\ 

i':' 0.135 .. 

AS1M No. - 2.7 :t 0.67 
(DS' C.L.) 

GS-II 
3 . 

YS - Ig. 2xl0 P,l 

UTS - 36 .?Xl03 Pli 

US - 32.0" 

TB - 40.0' l' 

i - O. 0" II1II 

ASTM No. - 3.48 :t 0.5 
(PS' C.L.) 

( 

" 
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PIGURE 4.34 Pre-atrained 16\. 
Ann. temperature: 67S'C. 
100 X 

.. 

, 
r 

PIGURS 4. 3S Pre-a traintcl 18\. 
'Ann. teaperatul": 67S.°C. 

~ 100 X 0 

ag. 

aS-I 

YS ... 1'9. ?x10l Psi 

UTS'·. 38.4xl0l Psi 

ua .,28.9\ 

TE - 38.5\ 

. r - 0.081 I11III 

M'FM No. .., 3. 9S i O. 468 
(95\ C. L.) • 

GS-II-

, YS - 20 .1x10~ Pli 

UtS - 36.axlO
l 

Pd 

UB • 29.,2' 

TB - 38.0' 

i - 0.072 _ 

ASTM No. - 4.28 t 0.19 
(95\ C.L.) 
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PIGURE 4.36 
( 

Pre-strained 20\. 
Ann. temperature: 0 650°C. 
100 X • 

PlGURE 4,31 P.re-strained 20\. 
~ Ann. teJap.rature: 650°C. 

100 X 

: 
~ , 

o , 

( 

,f 

GS-I 

YS - 25. 1XIO' Psi 

UTS - 39.Sxio' Psi 

us - 23.8\ , 

TB !'la %8. 3\ 

- "" .. .:. o. 041 lIIJIl 

AS'llt--No • - S. 41 :t o.. 2 
(95\ C.L.) 
\ 

GS-U • 

'YS - 22. 8xI0
3 Psi 

, UTS - 38.6x103 P;i 
1 

US - 21.8\ 

TB ,- ".5\ 
i- 0"'53_ 

AS+ No.- 5.25 :t 0.18 
(95' C.L.) 

• It-

. . 
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; me chan 1 cil properties lhttd are yield strtn,th (YS). ult1_te tenaile 
~ G 

strength (UTS) i uniform elon,ation (OB) and totil elon,atïon (TE). 

11lJf. WB' ~ striking diff.ience .between the grain size of' 

suples following roeryltallhation land that obtained aft.lr the pre- .-
• /1J ; 

stra~5tallhation II cyclo. 'Very large graintd uteria~ WBI . ,; . 
produced br tbe latter treataent, wen at the lowest anneal~hg temp.ra-

ture of 6500C. It wu intere,tilll to note that GS-I SImples did not 
t 

fully reeryst.llbe 'At 650°(; (see Pigu~e 4.36) while in mater!.l With 
,~ ~ 

J • 

the lar,er .tartina grain liz. GS-II, recrystallbation wu eompl.te 

at this annealina ~'IIIP.rature. 

Rollinj Mill Defonation Results 

1 Be cau se it wu not possible to d.fon tbe ten.Ue samples 

beyond the onlet of. plastic inltabUity without creatins regions of 

bighly distorted IIterial, it ns d.cided to use rollinR deformation 

to produce high.r pr.,.,trains. 

. ~ 

So •• probl.1IS wet. '!lcountered durins th. tol1ing experi.enu. 

It wu found that hand fetding of the IIIterial did not pr~ide sufflcient 

back-tension to prevent ripple formation in the cold reduced matarial. 

'!hUI, when th. material wu testtd in tension following tbe recrystal-

'.. ' . lization lMeal, n.cking ciccurrtd preferentiaUy at sitt. that "ere 

charly related to these ripples. H~ce" the ten.Ue test d.ta included 

with the photomicrographs Dlst be vlewed in the liRht 0' thi. U.aitation. 

) 

" 
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• 

"nt, overal1 relult. of It'ain. Ih, .... lPr •• ~ ar.' pr •• ented 
• 'fi ! 

in P1aure 4.38 and pl~tted apinst t.nlile pre-strain or, (ln the clt.e 

of ~d.foraatlon 'by rollinl). !9uivalent ten.U. pre-straln.· AI 

expeeted, the Kr.-1n .he· continued to' d.cr •••• with increasing deforma-
, -

. tion but th. r.te of decr, ... tapered' off with lnereaslns d.formation. 
, . 

Photomicro,ra"'. of the r~.ultin, recrystallized arfll~ ,h. 

are shown ln Pigur •• 4.39-43 con.sponcUng to 24.6, 25.9, '28.3, 30.4 and 

32.1\ cold reduction, r •• pective1)' (1.e. 21.3. 22.4" 24.5, 26.3 and' 

27.8" ten.U •• train). Th. grain Ib.e refinement il e .. U)' seen when 

the figures are viewed in sequene •• 

,.' 

1 

, 0 

\ 

/ j 

, 
'-

* EqUiv.lent tell.h. p" .. 'tnin wàà o.lculattcl' troll th. follinl 
reductlon' by aaltiplylq roUia, ,-train bY 1 3/~. (46) 

. ,1 

.. 
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24.6\ cold~reduction. 
21.3\ tensile atlain. 
Ann. tenaperature: 705°C. 
100 X 

~PlGURE 4.40 '25.9' cold-reductlon. 
~2.4' tenail, str<a1n. 
Ann. te1aperatuH: 7OSoC. 
100 X 

\ 

t 

84. 
1 

,GS.I \ r 

. YS - ~8.4XIO! Pli 

UTS - 42-:oxtO'! ,Hi 
TB - .n.6\ 

op 

, i - 0. .. 022 _ 

,0 

AS'Dt No. - 7.15 t 0.327 _ 
\ 
\ 

(95\ C. L.) , . 
tJ~ 

,-

" 

r,s.I \ , 

YS - 21.8X10! Psl 

uTS - 42.8xÎo3 "1 
G 

TI .. -44.4\ /J 
-~--

"/ ! - 0.018_ 

- ASTM No. - 8.3 t 0.12 
(tS\ C.L.) 
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PlGURB 4.41 28.3' cold-rtduction. 
24.5' tensile .train • 

• j~ Atm. t8llperatun: 705°C. 
; ,100 X 

1fJ#-

FIGURe 4.42 ,30.4' cold-reductlon. 
26.3' ten.i1. ~train. 0 
Ann. tütptrattare: 70S C. 

, 100 X 

1 ... " 

DS. 

GS .. I 

'YS - 29. Oxl03 ;rti 
UTS -42.8xl03 Psi 

TB ;;. 33.0' 

i' - 0.014 -

J 

Asn.t No. - 8.9 :t .0.183 
(9S' C. L.) 

GS-I , . 

YS - 2D.62X10~Pll·· 
Urs - .2.bIOl 'ai 

11! - 24.6' 

r ··O.OlSS _ 

ASTM No. - 8.1 :t 0.12 
(95\ C.L.) 
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FIGURE 4.43 32.1\ cold-reduction. 
27.8\ tensi1e strain. 0 
Ann. temperature: 70S C. 
100 X 

\ 
96. 

GS-I 

YS - 31. Sx103 
Psi 

UTS - 43.1xl03 Psi 

TE - 40.0\ 

i' - 0".'ll14 _ 

Asni No. - 9.0 ± 0.10S 
{9S\ C. L. ) 
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A discussion of th, results outlined in the previous Chapters 

tan be approached fro. two directions. Firltly. the l't.ults the_Ilves 

tan be auesaed and! sècondly. they can be related to the p1"OperUes of 

co.ereiaUy annealec! materials so that th. applieabUity of th. results 

. to, the cOlllllercial production of deep drawing qua 11 ty ~.et un be 

evaluated. 

5.1 Discussion of Results 

5.1.1 Recrystallizatlon 1 
{ 

'I1te taechanis.. by which .. tals and aUoYI rtpair the 

structural d __ ge caused by _chantcal d.foraation (tension. roUing, 

torsion, compression. etc.) are theraally activatec!. Henee, the 

deforaed _terial has to be he.ted befon. the recrystaU1&ation can 

occur. ReerystalUzation if chat:aet.erbtcl ,by the r.plac~t of the 

defor.6d grains Mbich are charaeteristic of the cold-worked 'tate. i ••• 
~ ,. \." , 

hiah strain energy stat" by nev equlued deforatlon-free arains vith 

a consequent chang. in physitcal and Mchan!,cal propertie.. A population 
. , 

of nev deforaat!on-free grains il nuete.tel! and ptOWI at the expen.e of' 
• 

the defol'lllC!' structure until it ris aU' c»nsUMd. 'J'bereaf'ter. l1'&in 

bounclarles continue to algrate as the recrystaUbed grains grow, 

leadi~1 to grain growth whlch il an illpOl'tJ&n'l*t of batch annealina 

(but not of "eontinuous anneaUng). " 
"-

\' ' 
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The temperatuTe at which recrystal1bation occurs il known 

as the recrystallization temperature which Jll&y he deflned aà the 

a particular ~terial with., specifie IaOUnt of 

cold deformation will completely reerystaillze in a specified period 
... -

of tille., The !ecrystaUisation teaperature depends updn maUrial . 

characteri)stics "such as the uount of prior deformation. grain size 
-, 

before deformation and purity. 

Whetl (60' cold reduced) a!ld Iteel (0.07\ C) sheet waa 
1 

ann~aled for 10" minutes in a leld bath a softening 1!elated to thé 
, 

recrystallization proceS! occuned at anneal1fta te.pentures peater 

than .. pproximately 600oCi. ,the only difference observed bttween .. ~erial 

•. annea.led at 600°C and 700PC 'ftS tl),. final ,rain- ahe. "l'hus, a' t611perature 
Of:" • , .. 

. ~nge of 600-7230 C was eltablished in which the utarial would recrYstal-. ' 
~ 

lin, and a temperature approxiately 700°C wa., silact" on ,th~s ba:s!s 

"' as a suitable annealing tellperature for Recrystall1zation l treatlIIents. , 

When the uterial .s isothenal~ ann,ded at ,100
oe i~ 

Mta! foU container. the softeninl oeemed ~ between 2 and 4 ainutes 

and &ftar four _inutes 'at 100°C the _terial wa~ co.pl.tely recrystal­

Ibld (Figure 4.3). A:n. inere ••• in annealing ti .. s beyond faur .mutes 

vas reflected in an inereasl ln the final grain size and hene. 'UMS of , , 
Q '- ~ 

30 ainut..es and 24 hourI at taperature 70S C vel'l selected fol' th. 
, 

annealing of the c:old-rolled aild steel to produce the starting aterial 

L vith reeryst~llized erain slses GS-I and GS-II. r.apectlvely. 

5 .. 1.2 Pre-Stralll - Rect;Ystallilltion II 

It should he eaphast&ed that "pre-strain" referl "only ,to} the 

deforut.ion. produced .ither by tension or rollina. of the ahlet Mtvtell 
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Recrystâl1b~tlon ,1 and ltecrYltallbation II ann •• Una trlllt_nt.. The ' 

,-: main ~im of th~8 lnveatiption was to utllhe thll lntermediate defoma-. . 
'. tion to control grain aile, 1.e. ta prodUce 1 .pecifi~ final grain aiae 

, ' 
" . 

on recrystall.h.tton. annea11ng (recryatÀ1,lbatlon II). 
,. " , 

~ ~ 

lt ~s known that the rate of rec»Y8tall,hltioJ', '1. de tet1llined , 
, ~~ ..'" , 

by the rate at which nu~le1 fOR, N, and the ra~e at which ..they srow_; 

G. and that 
f '" • 

the sreater 
(f 

it is greater .the highe't the anneal1ns'.'temper&ture
o
.,lnd 

the deg-ree of prior ..def~rmat1on. (47,48) The tat .. of" t 

nuele,aUon and g~owth alao influence the arain ',ile of a .recryatallized 

material. (49) ~ . .soth N and G incr.a •• wit.h temp.e.rature at III cI.gree. of 

deformaUon and they alsS) increee. with the degre~ of cie Eormation ',at ' 
, 

all temperatures. The nature~of thiB variation ia ,of e1ngular ~mporta~ce 

" ta thia investigation: N increase. with cSeformation Ilore rapidly than 

/ Gand slnce the final grain slze aCter the completlon of recry.talliz.tion , 
, 

variea inversely with the ratio N:G, th.n the final aratn 8iz. deer.aaGa 

with i~creasing deformation. For amall d.formationl .~oint will be reach­

ed where very fev nucle! afe fo~d and ainc. the rate of v.ria~n of N 

" with deformation i8 low at,amall defo~tion_ the probability of one 
e 

nucleus formin$ in the material becomes tnfinlte1y .aaa~l. !'hua t t~ere 

will be a minimum deformation at vhich reerY8tal~t.ti~n will commenc.; 

this deformation y1e1d8, ... coneequenee, larle recryatallized aralna: 

th1a i8 the cr~~~c8~~eformation. a180 known as the critical amount of 

colcl work. The existence of thie relationBhip allowa, the control of 

recry.talltzed araln sile throuah manlpulatlon of the dearee of prior 

deformation and hance of N and G. 

The critical defora&tion .hould deer .... vith i~cr ... in. 

annealtbl times. I~nce increaslnl tlme ~ncre .. el th. ~robability of 

the appéarance of a nucleua. (49) Nevertbel ••• , th, IUlneal1na ti .. ln 
t ,. .. 

, . 

" 
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Recrystallbation II treatménu wu kept constant at 10 minutes since 
\ -. 

,~&mples that were deformed; at lmall (less th an 8\) deformations end 

annealed for ~ônaer times. rec~atal1hed unevenly aa nucleaUon 

ofigin. ted ln .Lùde~'. blndl" ~el!On. ri lUI tlng '!n a nOnlun if 0111 r.crystal­

Ibid grain s hei 1,0 minùves was employed as it ~s found ~hat for this t 

period 0'1 Ume, recl')Ï'staUhation WBS unifom' in char.cter. , .' 

1f 'lbese trellted samples. 1. e. pr'rstralned and anne~l~ salllples. 
. ' 

werl tben tensUe tested to- fa Hure and mierostnieturally examined • 

Observations on the varioui _chan'ical properties an ,diseussed bel~., ___ , 

Yield Strength 

Yield str.ngt~b very sipificant in assessing fOrlDlbility; 
, 

a lov value is desirable if other properties. such as tms Ue 1 trenath 

and elon,ation, are favorable. 

It 15 clear frolll the yield strength resul~s (Section 4.3.1) 
, " 

tha,t the alllO'unt of pre"'strain and the annealing tellPerature strcmgly 
1 

~ inf1uen-ce the yield strength behavlour: Three diiferent relions of . -..... ' 

" beha~·:J:our 'were"observed ln each yie~ stfenlth curt.. Pirltly. su11 
, • _ tf ~ 

~ 'uowits of defo1'1llltion, i.e. less than the c-ritical strain, did not 
.. ;" ~ , ~ 

, ." / '\. 
< i.rt ~uffici.nt strain enerl)' to tbe _t.t:i'~ to ereate appropriate 

, 

. ~,i~n. fo~ nucièus fonation and growth, H,ardle.s of the ~ .. Una 
l '"' a Il , , , 

" tnplrature. and hene. the yield Itrl" iner •• sN vith inerlls1na 
\ " < 

deforu.tion as a consequence of work hardenini. However, a 1111iting 
- , 

pre-stra1n existed b_yond which increales in pre-.train incr •• sed the 
.- • 1 fi 

" strain en.ray of th, _terial sufficiently to allow the formation of 

,0 ' r.crrst".l~bation nuclei and their arowthj" 

. '-,' .... cIo •• to th. <rit!cal st .. !n and f1lI-fy • 
At this point the strain 

few nuclei fonecl re.ultinR 
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in a coarse araineci mièrostrieture. Beyond the criïlc'l .train, further 
- ~ 

increases in pre-Itraln relulted ln hilher nueleaHon rate. alul the 

resultins microstructure became in~reasin,ly fine·,rained, with 1 

relultant increasi ,in yield .trèH. -

The dependenee of yield stres. on arain .ize i. weil e.tabli.hed 
, .,. 1 

(50-52) and is given by the Hall-Petch relaUonship: 

r:J - a +. lCd- i 
Y' 0 

wue 0ys' i..s the yield stH"; O'o\and K are constant.; Ind d is the 
, , 

average arain diameter. '"'il dependene. allow. the sudden drop in the 

yield stress (Pigures 4.4 and 4.5) to be related to a drauUc increase 

in ,rain sizè vith a small inerem.nt of strain. i.e. it perait. a 
, J • 

distinction ~.twetn reery.tal1ized and unr.ery.tallized .. terial. 
o • 

( f, 

With increaslna temperatur., the aMount of pre-.train that 

imparted the lufficient strain enerlY to the .. terial to allow nuelei 
; 

formation decreased appredably. This wu observed for both .tartina 
1 

grain sizes, but the amount of pr,-straln n.e •••• ry·for pro.otina 

rec-rstallization was found to be le.. for th' fine .tartina ,rain ,l.t 

(GS-I) than for the coarser .tartin,' arain Il,. (GS-II) ( •• e F1IUre 4.6). 

Ten.iie Strenlth 

Si.Uar b,havi~r to that obltrvecl vith H,pect ,to yi.lcl 

str.nath wal 11so followed by th, tenaU. It'Halt" .• 

.. 

" .. 

" • f 
" 

.. \ 

. , 

, ; 



() 

\ 
_I __ ~ 

1 

1 
1 
l , , 

o. 

- .' 

** puqt4 

; , . ) . 

'102. 

Unlform Elongation 

Elongation 11 one accepted .. a,ure of ductility and there-
\ 

fore, if other properties are favourabl~' the steel with the hipest 

elongation is the most foruble. Unlfol'lll elongation can be clolely 

and directly correlated with the llIIount of deformation that a .. terial 

can undergo before locaUzed n.cUna occurs. be)'ond which fom1na 

operations beeome impossible. 

As wfth other meebanicll properties, the ductillty il dependent 

upon the l1'ain size of the material. (53) Fine-arained materials have 
. ' 

Ifigh )'ield and tensile strenaths but low duetillties whUe v.ry coarse 

ITained _terial. exhiblt a silllilar lact of ductUity. as shown in' 

Pigure S.1. 

Reference to Figures 4. 9 and ... 10 shows tha t th. unifo1'l\ 

elonption, curvf.> .xhibit· a minilllllll when th. critical strain value has 

just been exceaded, 1. a. 'when -the recrystallized grains are at their 
If. 

axiDlUIII sbe. POl' GS·I starting .ara~n size the.e mlniam unifoJ'1l 

elonption values were approxi_tely 14, 21, 12 aner 11\ for anneaUn, 

t.mperatures of 715, 70S, 67~ an.d 650°C, ~p.CtiVelY. At 610Dc a 

ÏIlinimum value of 6\ wu registered ~t 22' pre-strain. With startinl 

crain size Gs~~i, these m~niDl1l1 uniforll eUmeation valut. a~e lenll'1l11)' 
f 

hlgher ln comparison ta tho .. of GS .. I .. 

'nt. increase in unif01'll elongation beyond the II1ni .. values 

of critical .train, which WII observed at all teaperature. except 
~---

610°C, and for both startina It'ain shes'. was attributable to th, 

d.cr .... in the recrystalUzed grain she Ils tbe pre .. strains beeue 

'crener. Uniform elongation value. continued incr •• sin. with inCl'llasin, 

. \ 
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J. fIGURE S.l aUect of pin d.e on ductllity 
of annealed aterial. (23) 
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103 .. 

pre·.train up to approxiately the value found in aterial not pre.. .. 

atrain.cl at .f1. Wh.n this v.lue 11 reached, unifo .... 1onptlOn elther 

r-ined connant or exhibit.cl a .Jlooth d.creue. 
" One characteriltic of the experiaental aethod .y have had a 

• • '1 
, # ......... 

sianif'icant influence on the valulS r.eportecl for total ~ mifora \-. 

elontaUon. R~ryst.lliJed tenaUe .peClllllll. aU ~ th, ..... orlaiD&l 
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\ ~ 

thiekness, were pre-strained, annealee! and tested in tension; s&aple. 
0< 

that had been st.rained to a lTeater delTee were eonsequen1hy thinnèr 
o , 

than those pre..lstrained at lowerr levels. This difference in thickness 

undoubtodly affected the unifo1'll and total elongation resulta: elonga-
~ • • 0 

tion decreas.s with decreasing sheet thiekness, the elongation decroase 

btc:a.ing more evident as the thiekriess becomes saller as shown in 

J Figure 5.2. 'lb. startina shoot, thickness in- the present work was 0....035 in. t , . 

PIGURE 5.2 Effect of thlckne .. on 'elonaation values. (53) 

.1ch places th, th1eknes, ranae of th, reduced .. urial ln the IlOSt ' 

ste.plY Il!JPina portion of th. tlonption versus ,he.t thlckness curve 

(Plaure 5.2). But th, ,ff.ct is Dot larae as even th • ..xi_ thickness 

" recluctions used ln th. experi.llental won. i ••. approxl_tely $0\. will 

ruult in a decuas. in dUCtl11ty of 1 .. , than S,. 

li, 

'0' 
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YielQ-Tens ile?! Ratio 
"< 

'. 

The rield-tensile ratio is a commoh parlUllete,r for appraidn, 

the formabUity of sheet st'eel. The lower the value of this ratio the 

lIlOre suitable is the steel for severe forming operations, i.e. there 15 

a large stress range ln whieh the plastic deforma,i*''on of the form.ing 

operations can be carried out. The yiéld-tensilr ratio values de ter­

mined for all recrystalUzecl sheets in the present worK lay in the range 

0.43-0.68 for, both starting grain SlZ'8, 1. e. they are comparable with 
~ 1) 

-mose of bateh annealed s~et. 

Grain Sh. Variation 

Previous investigators (54) have shown that the recrystallized 

grain she depends upon the amount of deformation given to the material 

before annealing. Deformation slightly gruter than the eritic:àl strain 

:lntrocluces ,only a relatively 10w level of strain lnto t e material wn1& 
creates few sites at which a nucleus can fOrtll and grow This results 

in a large grain she whe,n the laterial is annealed. 

tion allows progressively IlOre nucle~ to fom resultinB i amaUer grain 

sizes. The grain size of the material prior to defol'llltion also 

influences the grain she after annealing and the coarler the starting 

grain siu, the 'coarser the recrystaUited grain sin. (25,54) 

In the deformation range ~veStigated (0-24\> the results 

"reed well with this theory. When the pre-strain vas only slightly 

ereater than the critical strain, the rec~stalÜzed grain sbe Was f' ~ 

very larae; increasing. pre-strain resulteà in a steady decreast in 

reerystallized lf'Iin siu. The resulta a150 indieate tha\. at 115°C the 

\ . 
) 

) 

,.. 
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effect of prior grain 5 he had negligtb1e effect on the annealee! arain 

siu but the influence--of starting grain Ibe beeue measurable at 

lower temperatures: a coarser starting grain s'ize resulted in a coarskr 

recrystallizep grain she at constant deformation, tempe'râtl1re and 
\ 

'annealing Ume. For the coarse 5tarting grain sbe, GS-II, recrystal-

.lization did not talte place a~ the lowest annealing temperature, 610°C, 

! even with large deformations. 
b 

S.2 Evaluation of Resul ts 

) 

Continuou5 annealing has been highly successful for the 

production of tinp'late stoek but if it is to bec:olIIe an accepted .thod 
c.., ,," • • 

Efor the production of drawing quality sheet, methods will have to be . 
found ta ensure that, continuously anneal" iheet develops a proper grain 

, sbe and i5 not susceptible to aging. The two Japanese processes already 

in,..-d5e. i.e. CAPL and NKK ens~re suffic1ent grain growth during continuous 
, 

,annealing through close eontrol of composition and prior history of the 

_terial while aging is m'inimiz~ by incorporating an overaging section 

into the' annealing Une. By the!e methods'\t has been reported(33,43} 
) 

that steel with éomparable properties to batch annealed material can be 
f~ 

produced. 

HoWèver, the present experim,ntal prograIIIIIe has concerned 

itself vi,th heat treating a mild steel froll a norul ,cold-rolling 

production run, i.e. with no close control 01) chellieal cOilposition (see 

strain-heat cycle illustrated in Figure S.3). An initial recrystal-
7 ' 

lization t~eatiaent is followed by deforation at 1'00. teçeratUl'e anel 

then a second reerystaUization treataent. AccorcUl'l1 ta the reluIts of 

,. 

l 

'. 
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this investigation th. initial recrystallhed grain sbe should be as 

fine as possible to ensure th. amount -of pre-strain i5 minimal. TIlus 

the first' recrystallization treatment can be performed at the Eximim 
, i ... ;..}~. 

strip speed compatible with obtaining a fully recrysta:llized material 

and cooling rates CUI be high. 'Ib. r~cVStallhation. temperature in 

the second heat treatment should also he as high as possible, but leu 
~ 

) 

than 123°C, to minimize furnace sb ••. 'Ml. influence of _ coaling rate . 

from tb. final recry.t&lîi~ tr •• taent ~n she.t .. clIanlcal properti .. 

.i 
'~. 

• '" ::t -ct ... 
:: 
E • ... 

., -1 \: 
t1 l '\ 

1 1 \ 
\ 
\ , 

\ 
\ 

aIow ...." 
~ , 

T, : '''nnRllng, t.mptrah.l" ! 6S0ec·70S'Ç ) 
T2: Int.rmtdlate .traln t.mperatu ... Iroo", t.mp.) 

t, : Hlatlng and IOCIklng tl",,-part 1-
t2 : Hetlng and soaklng tlme -partII-

\ 
\ 

FIGURE 5.3 Strain-anneal c~le proposed. 

• 

\ 

$.AI5t eXUlined but it is clear ~t ei ther slow cooling or cooling 

with an incorparated overaling step ~ in CAPL ~d NU processes would 
~ > 1 

he necessar)' to allow carbide precipitation and thus to entUre the 

IlOst desirable sheet propel'ties. 1 • 

.' 

.. 

., 

1;" ' . 
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The Ulount of pre-strain 15 the critical factor detendning 

the final reçrystallhed grain size and it could be altered. to suit , 

the specification 'of the end product, Le.' relaUvely fine-grained. steel' 

could he produced using °a large pre-strain (say 21-28\) while the c.oarse-
, \ 

arained steels necessary for deep drawing could be pre-stt:ained by a 
, 

S.,l~ DOunt. ,. 

~ ~ Table VIII enables a co.pariSon ta be made between the 
\ " \ , 

properties of low-carbon sheet steel annealeo by this technique and 
o 

tho!~eal~ by other methods. It is clear that the strain-anneal 

àethcf compares very favourably with other production mtthods and~ it 
, , 

would a1so appear ta have 10118 advantages over the other processes: 

(1) close chemical control 15 not <essential to obtaining a specified 

anneaied. grain size, and (2) a wide range of annealed grain sizes, and 

consequently Ça wide range of mechanical propertles, cm be p~oduced. 

from the saJIII _Urial soIlly by varyins the aIIOunt of pre-strain. 

!J 
The s\lggested process doIS have SOM drawbacks, noticeably 

the Increment in,c9s~ over conventional continuous annealing neces-
. . . 

, , 
litatad by the intermediate d&fol'llllt1on and seegnd anneal steps but 

" 

th.,. may be offset by the increued throughput of the large tonnages 
(' Il 

of' sheet destined for fomine operations. AdditionaUy, a close control 

~l'd have to' be ltept on the amount o~ interaediate eforaation and in' 

order to ensureo a unitora preduct it 1Iight . to he adjusted 'to 

accOIIIIOClate variations in the initial re 
~ ...,~ ... tallized grain sbe. Hew-

1 If:r t1 

ever, it was""found' that pre-stra:Lns in the range 21-28\ gave fillal 

ree%1st.Ubed grain si,es cOIIpArable with those obtained frOll batch . ~ 

~li~, and th. ,,\eriMn~l resUlt~ . (II' ~i .... 4.ll} _ that 

.. 1 . . 
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control in th!. re&ion Vou Id be lesi crltic:al than wou,ld.be neeessary 

wlth lower pre .. strains. 

1 T~LE VIn 

eollpll.rison of Mechanieal Propenie. of NateTial 
Annealecl br Different Method. 

. , 

, CantinuClUs Ann ... l 
Mechanical Bat ch Present·· 
Properties Anrleal l'PL. 0 

NU~ . Investigation ' . 
-

~ield stren~h 
, 

28.2xlQ3 ax 3 
:51.3ltl03 (P.l) 27.9xlO 

r---

rrenslle' strRgth 
46.-9X103 46.6xlO" .6.8xl03 (Psi) 

~otal - . . 
. lelonption. in 2 in. '-\io, 

(') ... «.2 45 

~ield .. tens~le ratio 0.60 0.60 0.67 . 
~ 

Gr.1n sizé 
(-) \ - - 0.019 

" 

* Tested with JIS speciaens. 1 
, . 

** Testeel with 8 in. lonl. 0.6 in. wUe' .trip .peel"', 
26\ cOld-redQced. 

\. 

-------
" J.~ , 

27.bI0" 

42.9xi03 

r 

44 •• 

0.64 

0.018 1 

o 

0' 
c • 

J ,'. ~ ... '-' 

'~ 

, , 

'- 0 
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110. , 
6. C<»lCLUSI~S 

For the .1008 steel used in this work, and within the Uaiu 

of pre-strain and annealing tias and teapentures nployed, the 

following conclusions can be drawn ~roll the present work: 
\ 

1. There va. a substantial difft!rence in l't.ponse to final 
, f1 

annealing of _terial with diffeient starting grain 

"'Sizes. particularly as 1 evidenced by the .. chanical 

properties. In particular, for a, given annealing 
, 

teape~ture. the aaount of pre .. strain a~ whieh the yield 
. 

and tensile strengths sharply decrea~ed va. saUer ,the 

finer the inititl ~in she. 

2. Ahnealing teaperature had a strong influence on critical 

strain which deereasad as the annd'11ng tellp8rature 
o 

increased. 
D 

3. Pre-strains at or slightly higher than the crltical .train 

r.,u11lld.. inavel')' coarse annealed grain sb., litich 
1 . 

decreased rapidly as the aaount of pre-strain inc:reased. 
~ 

~ifora and total elcnption values had their lowest 

values when the' grain size vae at i ts ux~. 

4. lbe yield-to-tansn, ratio for strain-tInneal4Kl rec:rystal­

Ibecl .. terial was always in the rani' 0.430-0.68 for both 
1 • 

starting grain sizes investipted and va. lowest near the 
'- '-, '\. . . , ,.ft 

criti~l strain. ,na. ratio 1ncreas~, as th, ~ .. \inl '. ' 

t~ture decreased. 

:;:", ."~' :.:~:(:;.'-

) 

\ 



1 .. 
~ 

o 
Ill. 

s. Br ensurina an appropriate annealed grain sbe it vas 

found possible to Pl"oduce sheet steel conforaing to 

fonaing operation specifications by usine stra~-ann"Uag •. 

6. The alÎount of pre-straln which had to be appliecl to the 

_terial to produce' an appropriate annealed train sbe 

was in the 21-28\ ran,e. 

7. In the proposed strain-IMeal cycle it na not necessarr 

to have close control of chemcal cOllposition to ensure . . 
the develop.ent of the desired annealed grain sbe. 

\ ~ 

8. By control lin, the &1IOWlt of pre-strain, it vas posslbl~ 

, Il 

to, produc, ,a vide range of final grain sbes and conse­

quently. a vide ran,. of _Chanical propertles. without 
'6 , , 

any chang. in annealina tae. and t...,.ra~ •• 
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, 7. SUGGESTIONS FOR' FURTHBR WORK 

'lb. Usefulness of the strain-anneaUnl ethod for the 

continuous production of drawlng qualit)' $heet is clear. Neverthel,ss, 

it il felt that more conclusive results could be obtained and the 
" . 

aethod further Inv.stiaated using the following sUlaestionS. 

~ 1. Foraina operations usin, metal sheet require the sheet 

to stretch plastically and unifol'llly to tak,e a desired 

• J 

"- . 
shape and thUS .. ' aeuul'e of anbotropy of the material ' 

/ 

is of l1'eat illportance. ~~oth the planaI' and 

nonal anis,otropies of stra.-anne~led law-carbon sheet 

steel'should be investigatecl by usina (for exaBple) the 

Olseu cup test and evaluatin, the strain ratio value "rit 

(Lank!ord ~efficient) • 

2. Purther strain-anneal experiJleÏlts ahoule! be cardee! out 
\ 

on other grades of steel which are noran, batch annealed. , 

Addidohal 'experiaents abould abo be deaigned to e ........ I...,~1IJ 

one illPortant source of error Inherent in the present work 

cSett n 5.1) whi~ was du. ta all startina _te~lal bein, 

of, • s ... thicJcness and in the sbe ran,. where 5_11 

changes in thickness exerted a large influence on .asured. 

duetility nuaber. 

3. ,",e effect of heatin, rate aodifyina the final tecrystal .. 

Hution treatMnt !hou Id be investigated, sinee it is 

possible that thb paraatter cou~d have an affect upon 

the aJIOUI\t of pra .. strain n.cesury to develop a suitably 
! 

am.lecl pin sbe_ 
, 1 

• j 
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APPBHDIX A 

AGING dt: nœ ANNBALED STssL ' 0 

. Introduction 0 ( 

Agin. (quench arinl or &r' ha~) in plain c.r~ .• t'~ls 
is thé result of precipitation of the intersUtial solute carbot:' and 

nitro,en fro. supersatMration. in ferrite. Agin, il readily obsened -

~'throuJh' t~. chan,. in .echanieal properties and occurs in steels if 
) 

the coolinl rate fra. the annealing t'lIperature has been sufficiently 

fast so that equiUbrium carbide preeipi tation has not occurred. 

BxperUitntal Procedure 

It was found that a' steel env.lope and its enelosed spècimens 
, 

required approd_tely 20-3i), IÙnutes tQ cool ta roo. t • ..,erature fro. 
, 

700-70SoC. i ••. the cOOUllg rate was approximately'23-3SoC/ain. 

ln ·ord.r to IIcertain whether thb cooling rate wu sufficiently 

" .low~ to allow equUtbriua carbide preciPita~ion, tensUe tests (see ' 

Section 3.S.2) wre perfol'lled on annealed SllIples which had been held 

It 1'00II taper.ture ("" 24°C) for varying periods of Ume up to a 

IQIU of 30 dl)'s. ln Iddi~ion, one bateh of sallples was placed in 
o 

a frH"r (- 10 C) .ft~r annealin, and these suples were alla' testeel 

&fter 30 uys. 

!!Periaenta1 Results 
• 1 

nte Illn, rt.ults"are shawn in the fora of graphs. Piaure 

r. ~ • A..l shows .the variation of the stren8th p~~ri e. (i.e y:ield anel unsUe 

" 

" , ' 
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strength) with respect to agina time at room temperature of .upl.s 
. 0 ' 

anneated at 700 C for a period of time of 30 min~tes fol~ by air 

cooUnS (at a e .. l~ns rate of 3So
C/1Iin.). 'I1lo ~ottecl.for 

~ero aging Ume correspond ta as-ann~al ed samples. Prom . this fllUre 

i t llAy be seen that the yield strength increased after '24 hours Iling 

reaehina a maxima after one week then decreas ing to the value of the 

as-annealed maUrial after appr~xi.tely one IIOJlth aginJ. The yield 

strength lIIaxi. represented an incre.ent of about 4XIOl'\si. The' . 

tensUe strength did not appeat to vary with agin, ti ... · Figure A.2 

shows the variation in the, total e1onption and as eXpected it . ' 

decreased slightly ,as the agina ti •• increased to reaeh a minimlll of 

42\. i.e. a decre.se of about 8\,th~ increased to a value approximately 
o 

equal to that of the as-annealed aterial. 

The reluits obtained fro. the annealed and air cooled. saçle' 

and kept in a freeur ('1/. lOoe) for periods of Uae of 30 days showed 

no signifieant difference frOll those r~sults obtained !rOlll the' sap les 
o 

.,ed. for the same period of ti .. at 24 C. 

Conclus ions 

Pro. these exPeri.nt resul ts the following conc~usion could 

il 0 0 
b. drawn: the cooling r~te o~ ',35 C/ll1n., 1.e. air-cooling frOli 700 C 

. :---. 
was observed to he sufficiently slow to permit IDOlt of the carbon to 

't~ ,& 

. precipitate as only minor aging effects vere note. 
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FIGUIœ A.2 Total elonption variation of saaples aged at- 24°C for the times ,sbown. 
Approxiate eooling rate: 3SoC/IIin. Meat treatilent: beaUDg to 700°C; 
heating and holding tu.es: 30 1Iin.-; air cooling • 
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TABLE 8-1 

Y!eld StrenJth of Pre-Strained and ~ealed'Material 
\ 

Starting grain size: GS-l 
ASTMNo.: 10.1:0.21 

, 

YIELD STRBNGTHo.2 (Psi) . 
" 

a 

(OC) ,AnDealmg Temperature 
" . 

Pre-StRin 
(\) 715 70S 675 650 

t'-. 
1 - 41,186 44,737 ~A 44,768 
2 40,693 43,945 47,660 49,134 

·4 45,871 43,401 45,113 42,949 
6 44,392 50,379 .. -
8 17,016 15,994 -

'- 50:639 10 16,387 16,166 50,522 
12 18,179 17,533 22,439 55,014 
14 - - .. 44,934 

21,7'04 
1 

16 21,841 19,651 23,621 
18 - - - ... 
20 23,539 25,161 26,945 2S,714 
22 1 - ... .. -

) 

117. 

610 

-
43,571 
45,029 
47,990 

... 
53,026 

... 
57,.871 
58,313 
57,935 
36,083 
47,391 



--------------------.......... ........... 
118. 

o " '} 

TABLE 8-ir 

Yield Strength of Pre-Strained and Annealecl Matenal 

> StaÏ't!ng grain she: GS-II 
ASTN No.: 8.28:t O.2lS 

\ . 

YIELD STREN~O.2 (Psi) 

Annealing Temperature (oC) 

• 
e .. S~rain 

, u 

. (') 715 70S t75 650 610 

1 
2 41,593 38,916 45,262 , 35,268 38,324 
4 44,124 

Cl 6 45,285 44,41t 4S ,017 42,980 45,410 
J 8 42~6 44,99 

10 16,484 42,078 48
e

, 942 47,2S3 46,S~8 

1 
12 14,948 22,130 41,051 41,914 ... 
14 .. 17,251 

.".1 29,649 4'3~048 49,213 
16 "i9,671 19,176 18,584 39,112 52,036 " 

18 ~ 20,127 22,441 51,670 'f, ... ' 

20 23,657 22,003 2~,4S7 22,814 S3~S72 't:-~ 

~ 22, 23,712 • (23:587 51,860 
24 24,569 50,344 
26 ..--

~ , 

; ~ 'l, 

E 
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\ o TABLE B-III 

Ultimate Tensile St;rength of Pre-Str~ined and Annelle<! Mater!al 

Starting grain siu: GS-I 
ASTM No.: 10.1 ± 0.21 

À(/ 

" j 

!ENSILE STRENGTH (Psi) , , 

,Annelling Temperat\Jre (oC) 

re-Strain 
(\) 715 , 105 675 650 . 610 

.1 . . 45,491 45,595 44,597 
46,377 ., 
47,210 " 

49,670 " 

53,220 

55,631 

2 44,545 46,485 45,491, 45,628 
4 46,543 45,806 47,038 45,992 

() 6 46,908 49,097 
( 

8 36,227 36,132 j 

10 35,043 36,278 51,146 52,304 
12 37,347 37 J 797 40,701 52,974 
14 52,164 

56,631 
58,422 .. 16 37,856 38,669 38,441 39,248 

18 
47,O2l 
52,128 

20 37,855 ./ 38,548 39,285 39,465 
22 

' 1 

24 
. 

, . 

\ 
) 

• 1 

l J 

. ..... 
\ 
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TABLE, B:IV 

Ultlmate Tenslle Strensth of Pre-Strained and Annealed Mlterlal 
j P 

Starting grain she: 

"i' 

re-Strain 
(') 71S 

1 
2 44,Q4S 
4 44,993 
6 46,152 
8 46;237 

10 35,874 
12 35,005 
14 \ 

16 "V, 36,926 
18 J 20 37,674 
22 " r 
24 

• > 

. ~ 
. f 

" 

GS-II 
ASTM-No.: 8.28 ± 0.215 

TENSI LE SnœNGTH (Psi) 

Annealing Te.perature (oC) 

70S" , 675 ., 650 610 

43,488 43,731 42,082 43,141 .. 
46,699 46,301 45,845' 46,518 
46,289 .. 
46,132 49,752 47,656 48,58 
3&,SSS it8, ISO 48,693 ~ .. 
36,001 ,306 48,537 
36,696 3 ,40,2 47,440 

6,768' 37,403 
36.929 36,903 38,553 

31,,172 39,424 
37,683 

, \ .-J . 
.' 

'\ 
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e 
TABLE 8-V ,'.- ... ~ 

~ :'~~ 
Unifora Blonl&tion of Pre~St,.ined and Annealed Material 

'-r,I, , 
'v _ ~1I l' 

• ,> 

'" .. Starting grain ahe: GS-l 
ASTM No.: 10.1 t 0.21 

. 
, 
" ,0' 

r UNIPORM ELŒGATION (\) i 
t , . 
If 

Anne.lina Ta.perature (oC) 

<., "-Strain 
(\) 7lS 70S 675 650 610 

, ' 

:1 27.0 27.2 27.0 
2 26.4 27.4 ' 27.5 26.S 26.4 
4 23.0 .26.6 24.3 23.25 " 25.1 

() 6 26.0 21.8 ... • 22.4 
8 

, 
l4~S 21.0 'Ù6: 2 

• ... 
10 24.3 26.3 14.3 ".0 . 1:2 28.5 ~6.25 2.2 1l.8 t . ' 0 

1 
14 .. 7.S 13.8, 
16 27.3 27.0 28.9 11.8 12.7 

", 
18 .. 11.7 

1" 20 24.8 27,,0 27.7 2~.8 7.1 
22 . 6.1 

t 24 

1 .,p " 

. \ ' 

, . 
, , 

0, ' 
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TABLE a-VI 

Unifol'll E1onption of Pr.-Strained and Annealed Material 

('" ' 
~ \ . 

St.~tlnl rrain siz.: GS-II 

. 

1 
'-

Pre-Strain 
(') 

, 
US , 

1 -
2 30.1 .. . 1" 28.9 
6 ( '- 26.,2 
8 16.2 

10 2t.l 
12 31.1 
14 .. 

.16 31.0 
la .. . . 
20 30.3 
22 .. 
24 .. . 

. .. 

AS'DC No.: 8.28 t:21S 

UNlPORM .E~(N;ATJ(w (') 

Annea1ing Taperature (oC) , ' ~ 

105 

. 
, .. 

28.7 -
21.1 
18.2 
17.2 
17.9 
29.7 
32.0 .. 
28.4 .. 
2S.4 

~S_ 
.'-. 

-
25.6 
-

24.2 .. 
19.1 
18.2 
11.3 
29.2 
29.2 
29.0 
27.S .. 

650 

- -
26 •• .. 
25.5 .. 
19.6 
18.1 
14:5 
8.2 

20.S 
27.8 
29.5 .. 

- . 
'. 

" 

610 

-
28.1 .. 
20.0 .. 
17.9 .. 
16.4 - '15.25 
1 •• 2 
12.7 
12.4 
10.2 

'- , -~ ~ ,­
L j~ , 

. . 

. , 
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TABLE B-VII 

Yi.ld-Tans!l. Ratio of Pre-Strained and Annealed Material 
. i 

Starting grain size: GS-I 

, 

. 
IPre-Strain 

(') 

I 
2 

, 4 
6 
8 

10 
12 
14 
16 
18 
20 

'~_. 22 
24 -

* YSfUl"S 

ASTM No.: 10.1:1: 0.21 

" 
\ 

YIELD·TENSILE RAnO (YTRn (YS/UTS) * , 

'" / 
.,/ 

AMealinl Teaperature (oC) . 
~t 

"'\15 70S 675 650 

, r-~ . 0.905 0.982 1.004 
0.914 0.945 1.04.7, 1.077 
0.986 0.948 p.9S9 0.934 
0.946 ~ 

1.026 - -
0.471 0.443 - -
0.467 0.445 0.988 0.968 
0.487 \ 0.464 0.552 1.0385 - - - 0.861 
0.577 0.5613 0.511 Q.602 - - - -
0.622 0.653 0.686 ' 1.'0.652 
- - - -- - - -

- yield strength/ultt.lte tensil. stren,th. 
'--) 

! 

l': • 

.. 1 

610 

1 -
0.939 
0.953 
0.966 
-

0.966 
-1 

1.040 
1.029 

,0.991 
' ., 0.768 0 

0.903 -

'~"~ • ~_' \l''k k, ~ 

..... t 

,) 

1- ...,.., 

/, 
, .... ; 

. 

' .. '.' J 
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0 
TABLE a-VIII 

.. 
Yi.ld .. Tenslle Ratio of Pre-Strained and AM_led Material 

1 

"-

Starting grain sl:o: GS-II 
1: 

M'lM No.: 8.28 :t 0.215 
'-

.'1$ 
~ 
~ 
i 
f 
~ 

'. 

YIELo-T!NSI~ RATIO (YTR); (YS/trrS) * l " t , 

l ' ADnealina Teaperature (oC) 

e-Strain 
" (\) 715 70S 675 650 610 

',,1 

1 
2 0.944 Q.89S 1.035 0.838 " 

4 0.994 'L .';,1 
~ J 

0 6 0.981 0.951 0.974 0.937 
8 0.916 0.972 

10 0.459 0.910 0.984 0.991 
12 0.427 0.568 0.977 0.984 ,~, 

14 0.479 0.685 0.886 ' . 
16 0.532 0'.523 0.511 0.829 
18 0.547 0.600 
20 0.628 0.596 0 .. 581 0.592 
22 0.6S4 0.5" 
24 0.652 

f 
* YS/trl'S - yield strenath/ultiate tensile strellath. _ 

\ . 
" 

.. 

.,' , " 
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TABLE B-IX 

Total !lonption of. Pre-Strainecl and Arm,al" Materi.l 

, Startin, gHin size: CS-I 
ASTN No.: 10.1 ~ 0.21 

...J 

TOTAL ELOH~TJœ C\) . 

Annealin, Top.rature (oC) 

IPre-Strain 
C') 715 10S 675 650 , 

1 .. 36.0 56.7 36.0 
2 , 33.9 S8.3 31.0 "36.5 
4 30.2 S8.3 35.2 33.0 
6 , 36.1 29.0 .. .. 

• a 19.9 28.0 
.-.. .. 

10 32.1 36.5 23.7 21.6 
12 37.8 37.2 17.9 22.0 
14 • 10.9 .. .. .. 
16 36.6 1 37.3 • 38.S .25.0 
18 .. .. .. , .. "-

20 31.8 33.1 35.0 28.3 
22 - .. .. .. .. 
24 .. .. .. .. -

1 

, \ 
\ . 

125. 

, 

610 

• 0 .. 
33.7 
32.7 
29.8 

'-17.5 
~ 

21.6 
19.6 
18.1 
11.3. 

8.12" .. 

\ 

. , 

, i 
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o 
.TABLE B-X .. 

Total Elonption of Pre-Strained and Annealed Material 

StaTtina arain size: GS-Il 
ASTM No. : 8.28 ± 0.215 

-

TOTAL BLONGATION (') 
1 

Annealing Teaperature (oC) 
, '. Pre-Strain • 

(\l 715 0 705 675 "650 610 

1 '--- - - - -
2 38.2 . 38.4 32.7 1) 33.7 35.6 

c) 4 37.9 & - - - -
6 36.4 32.4 31.9 30.1 32.0 
8 18.8 22.7 . . 

; -
10 26.5 23.3 . .25.2 26.7 27.7 
12 37.9 24.3 26.8 25.8 -
14 - 40.5 17.7 22.1 23.5 
16 41.37 40.0 . 37.7 10.0 22.7 
18 . , 

58 ... 0 28.8 21.0 -
20 '" 36.65 . 36.9 38.7 37.5 18".9 
22 - - 55.0 36.0 18.1 
24 - . 32.5 - - 15.8 

"-
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