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" Commercial quality low-carbon steel sheet, previously \c.(old
reduced 60% was initialiy recrystallized nt»705°C for times of 30
minutes and 24 hours to produce material of two initial gra:ln size’s\

. . The recrystallized strip.was cold deformed at room temperature in the ™

’range 0-28% (equivalent tensile deformation) and annealed at temperatures

in the range 610-715°C for 10 minutes in order to recrystalnze the’

material for a secénd time. The response of the material to the ueunt
of prior defomticn as well as annealing .temperature was observed by

T fonowing changes in yield strongth. tensile strength, -uniform elonntion.,

total elongation, and recry llizod rgrain size.

’ It was found at with prior ‘defpmtions‘in the runugg 21-28%

0 and with a high annéaling temperature, 705°(£. material could be produced

with comparable properties to very ductile material obtained with the (‘\

present annealing'iotho‘ds. The results suggest that by combining two

recryitnllization sfops, the £irst being necessary to obtain an :I.niti’nl
fine recrystnnizod grain size, with an internodhte controlled defom-
t:lon step, uterinl could be’continuously producod to suit a wide range
of nppncntions. Suggostionsé are also sade for cnrryinz the work beyonfl

5 the :I.n:lt:lal suges describod in the prosent thuis. ‘ =
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\ ‘ . Une fenillo- d'acier a basse teneur de carbons de quam:s«
- | ﬂomerciale, antérieurenent r!duite l froid de"60%, avait’ 8té
g . 1n1tinlement recristallisse 4 705°C l des temps de 30 minutes et 24 ' -
‘ ) ) heures pour produire un mtérhu dont les grains sont de deux tulles ‘
th . .
r différentes. La bande recrtstalnsée 2 6t6 déformse A froid X 1a ‘
% ’ tempSrature ambiante variant de 0-28% (d8formation §quivalente en
o F tension) et recuit & des températures variant de 610-715°C pour 10

.minutes pour faire recristalliser le n%térilu une deuxidme fois. . La

réaction du matériau 2 la quantit8-initiale de 'dsfomtion ainsi qu'd

| ¢ - la température de recuit 1 §t8 observée pir les changements de la '
g &'limite d'&last}cit&, de'i:SsaiSunee ‘.1‘ traction, d'Slongation unifome\,\’
'i‘ ' o d'§longation totale et par la taille d;s grains recristallisés,

% . I1 a 6t€ constaté qu‘uveg des déformations initiales de

f‘; , 1'ordre 30“21 l“?/st, ot avec une haute température de recuit, 705°,

2 ) le matérisu peut 8tre produit avec des propriftés coninrubies au
materiau tréds ductile obtonu per les methodes actuelles de recuit. Les
‘ résultats sugg!rent qu'en conbinmt deux Stapes de rocristuniution,

la premidre &tant nécessaire pour obtenir une taille de gruin . /

X,

recristtnnis&__‘ in{tialement petite, avec une §tape in}:odeinire de
déformation contrdlée, le patériau peut 8tre produit continuellement |
pour 8tre utilisé dans un large Sventail d'applic:tions. pes ‘sug-
gestions sont n\;ssi faites de winidre i porter le travail au deld des

T limites initiales décrites dans la présente thdse.
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" of low-carbon steal is destined for severe fabr:lcating operation (e.g.

. a matter of minutes and then quickly cooled. Asa (:cmsecquemiI ,zhe

st e T b Byt w;‘ A ! . = ,“-;gq"" YRt e T J‘w "'H :‘, o
-
, QAPTER 1 ° . €1
1. INTRODUCTION - o ) .
The importance to the steel industry of annealing practices ‘ o
in the manufacture of cold-reduced flat-rolled products cannot be over-

emphasized. Except for the very small proportion of full hard strip
an‘/sheet u;ed in the as-cold-reduced state, some form of heat treatment
is?ﬁapplied as a separate operation to, all cold-reduced flat-rolle&
products il:l\ order to restore the ductility lost in cold reduction before
further fabiication.

Heat treatment of cold-reduced sheet, strip and tinplate stock
may be divided into _lll_E_c_h_ ;perations, S\le as box annealing or open-coil’
annnling, and continuous -operations that include continuous nnnuling,
strand umealing and nomlizing.

(( In the batch annealing processes, the steel is slowly raised
to a temperature level at or below the lower critn!:al tnperatuﬁ‘e ~
(approximately 720°C), soa;;ed at that temperature for several hours and
then cooled irei'y slowly to room temperature. The complete temperature
cycle takes several days but it does result in the softest possible
finished product; accordingly, Mtgh annealing is the principal heat

treatment applibd to cold reduced steel since the largest proportion

in the umflcture of automobiles and household appliances)
In continuous heat treatnent on the other hand, the stqel is

heated quickly to the annoaling temperature, held a short time, typically
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finished steel is very fine-grai;ted and thus hard¥<'than that produced

by batch annealing. This fine-grained nicrostrucIre is ;‘i:ceptable«md

even highly ‘desirable in some applications, for example in the production .

of the hard tinplate de'sjred by the can nanufacturing companias

Continuous aﬁealing can also be- attx/active econen:lcall)’»particularly

‘if it is combined with one or more additional processes; for instance

in continuous galvahizing where the combination .of annealing and hot-dip

galvanizing produces savings resulting from the elimination of the skin

rolling, shearing, pickling, fluxing and handling steps previously carried

out as separate operations. ;
However, the most extensivg application of annealed steel sheet

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

i.e. the annealing process must yield steel sheet suitable for deep

drawing. The main obstacles to the successful xaplication of continuous

annealing to drawing quality steel are metallurgical and are a diz@ct

result of the speed of the continuous gmealing process. The high /

heating rates recrystallize the material to a very fine graim size and

the short time at recrystallizn;ion temperature does not allow grain

growth and equilibrium carbon precipitation from solid solution in the {

ferrite. Hence continuously annealed steel has a yield sérmgth too

\
¢ S

high, and a ductility too low, for it to be suitable for forming opera- "’

l
tions and it would be susceptible to quench and strain aging, both of

which are detrimental to successful formability.

Ly

Despite these drawbacks, further investigations of the
continuous annealing of drawing quality steels are worth\lhile due to the

economic attractiveness of the process: reduction of the time spont

Lk 20

——
-

g;:




" ‘ﬂh"uting tightly wound (virtually solid) coils of steél would result in

significant energy savings; it would eliminate the large amount of floor

space and in-‘-procas%{ invmgpry of steel that batch annealing entails; it

would reducé handling; and allow a smopth flow of material from hot

rolling to finished ut&riul. ce, the following section comprises

"u survey of litor:turo relating to continuous mnunng made with s,

a

view to invostigating the ossibility of = continuous process to enable

the production of wing quu.itx shut.
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I
2. LITERATURE SURVEY . > /J
v 2.1 Heat Treatment of Flat-Rolled Steel
In this section bdoth methods for the annealing of flat-rolled
low-carbon steel, i.e. b'-tch and continuous processss, ars described

and their relative merits assessed.

—

2.1.1 Batch Annealing Processes o : /

A. Box Annesling
In box annealing & large stationary mass of stesl, in the
form of tight coils th‘at can weigh up to ten tons and mors, is subjected
to & heat treatment cycle. The coils are stacksed four or five high
(i.e. eight to twelve feet high) onto shallow truysl of cast iron tslled
" annealing bases. Thermocouples are inserted in standard locationms in
the charge a'nd an inner cover is then lowered over sach stack of coils
and settled in a sand seal pho‘:iﬁ on the snnealing base. A portable
furnace is lowsred onto the base, fuel line and thermocouple comnectiofis
are made, the flow of ?eoxidizing gas to purgs the air frol the space
under the imm cover is begun and the burners are ignited. (1-5)

As box annesling 1'nvolvu the heating and cooling of large
msses of steel, processing times are necessarily long. Figure 2.1:

; ‘ shows a typical heating and cvoling cycle; average processing times
5y , - vary from six to tenm days, an undesirable length of tin: froa the stand- ‘/
', _ point of production rate. A further prol;ln encountersd in box a‘mnlini -
X @ , results from the use ofgtightly coliled steel; t.l‘xe outside of 3 coil mst .

| ,
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* Temperature
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Time

T : Heating temperature ( 680°C )

ty {Heating time (2 days |
t3 i Cooling time - ( 4 days)

i

' ¢
FIGURE 2.1 Box annealing heat cycle.

|
be heatéd to a higher temperature than the inside in order that the -

Tequired temperature may be reached at the centre. The tempsrature

. @ -
profile across the coil results 1nydiffemus in recrystallized grain

size and consequently in final mechanical properties.(?)

| A temperature differential also exists between the outer
u-n; of the stack. Generally, two thermocouples are placed in any
single or multiple coil stack, one in or near the top sdge of the upper
coil and the other neaxr the lower edge of the bottom coil,’a thus giving
2 clear indicat'ion of the twcntm\diffmthl betwesn the vuter

1 [
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&
. FIGURE 2.2 Typical temperature recording chart, 52) '
limits of the stack as shom in Figure 2.2. This temperature dif-
g ferential between coils in the same stack also results in a variation

of mechanical properties across the stack.

B. Open-Coi} Annealing

Open-coil annealing m\t originally developed to shorten the
long annealing timés nccesnry in box annealing and tims increase .
production rates. The only diffemco between the two proeusex\u

‘that while the box annuung uses a tightly wound coil, the opcn-coil

S
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.

% process uses a loose coil, Conventionsl tightly'wrapped coils.are

rewound uslqg_ a metal splc;r between the \;rnps; on femoving the

L

separator, a space iy’ left between adjacent turms. :Aftorhnqgaung.
¥ i N

°  the coil is rewound tightiy for further processing or s!\ipnmt.(s'm) ]

The chief advantage of opm-coi; snnealing is_ that during_ { :
annealing, the hot guos-cnn‘circuhte through the spaces bctwogﬁ the
coil wraps, thus improving heat transfer and resulting in roduce;!
annealing times. An additional advantage of -this free gas flow is the
ability to utilize any desired anneiling atnospl/\are. pernitting such p
gas-metal rm.:tio“nslas decarburizing. =~ - |

As with box annealing, furnace temperature :1; controlled by
thermocouples spaced th:rou'gh the charge: usually in the fum;ce vgall.
under the bottom coil and in the mid-thickness of the top coil.

Figure 2.3 illustrates a typical temperature cycle; ke tampern&ure dif-
ferential does occur between coils from the same stack but it is not as
large s «those observed in conventional box annealing.

ﬁ? ‘

: Heatirg  Forced cooling with sir JForcad 7,
\ with weter "

" TEMPERATURE, ¥

™Y
-
8
=
g
&
o

PIGURE 2.3 Cycle for snnealing cold-rolled
| sheot by means of open-coil
technique. (9) I
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° The length of the temperature cycle in open-coil annealing,
typically one or two days, represents a marked improvement over box
annealing but it still represents a considerable obstacle to productivity. .
Other disadvantages include increased age hardening sensitivity due to

the faszer coolingirates, the hazard of coil breakage during rewindipg

and the increased operigionu; costs of open-coiling and the rewinding
of each coil as well as reduced furnace capacity caused by the lirzer

volume¢ of an open coill vis-a-vis a closed coil.

2.1.2 (Continuous Annealing . " ,

2,1.2.1 Historical Development ' ,
When modern cold-reduction mills had become common in steel

plants (i.e. since about 1930), the only unit in which there was no

continuity of flow was the annealing department. ‘n}is lack of flow
broughf: about difficulties in handling ‘l;he high tonnages produced by
those nills, .causing delays, storage problems, etc., even with the use’
of the newest annealiné technique, ;pen-coil annealing.

. As a consequence of inv;étigatims carried. out by Hague and
srace 1) and otis (12) , who explained the possibilities for the use of
continuous annealing for the manufacture of tinplate stock, the first

{

furnace for the production of continucusly annealed tinplate stock was

installed at the Crown Cork and Seal Company, Baltimore, U.S.A., in 1936;
it wds a vertical two-strip unit, with an electric radiant-heating ;

i 'furnnce. operating at 75 ft./min. (13) 7o further lines with spesds of
up to 300 ft./nin. :era erected soon afterwvards by the same company.

The product was considerably stiffer and harder than the squivalent

b : oY,
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batch annealed material and vas.looked upon with scepticism by the
tinplate industry ind was not'accepted b)l the open-top canmakers, as
it was not compatible with existing equipment for forming can bodies,

bottle caps, etc.. . '

New attempts for developing continucus amnealing processes

T

vere made in 1940, when a 300 ft./min. line wiih an electric radiant-

WX

:heating furnace #ss installed by Dominion Foundries and Steel Company,

Canada. The product of this liﬁe. although disposed of -successfully,
;ﬁd not make a great impact on the canmaking trade and- the investigations
vere discontinied. Hovever, in the early 1950's canmkers reaiizad that
the high degree of unifomity in the lechanicll properties of tontinuously | |
anneued tinplate had 2 beneficiu effect on canmaking speeds, once the’

Mgr

automatic foming equipment had been adjusted to process harder sheet,

Several advantages were obseryed for both canmakers and steel producers; °

the strength of the sﬁ/eét prevented buckling and panelling in the finished
can, and the improved flatness allowed steel producers to process larger

coils with consequent beneficial influence on thrwghputs, Insreases in

throughput of between 25 and 50% were quoted.(“) With these provenJ
advantages, the development of continuous annealing processes received s -
# |
* greater impetus. ;

#

—

2.1.2.2 Continuous Annealing-Line Description )

« Figure 2.4 3%) i11ustrates a typical continuous annealing line K
which, for convenience of description, may be divided into three sections; z‘;{;
entry, furnace and exit. In the direction Of sheet travel, the entry ;“,

section consists of a double payoff reel, shears for cutting off and

B

1]
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FIGURE 2.4 Schematic continuous annealing li;u illustrating
= the path of the sheet through the 1ine(15),
designed“to operate at 1500 ft./min.. Not to
scale. '
‘ . o
squaring the ends of coiﬁ}s for welding, a mash type welding uni’@, a °
dip tank with an-elect lytic cleaner to remove any contamination from b

the sheet, a brush scrubber unit followed by a rinse t‘q?: l;ld drying
urdt, and"an entry looping tower fer shest storing and f&p\' which sheet x
is taken to maintain constant. 1line speed when a weld is boix:z made. /

The purpose of this entry section is to provide a. constant feed for ‘

the furnace section that follows. On entering the furnace section the )

“Sheet is heated in a gas-fired zone to approximately 732°C (1350%F) 4n

. %
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less than 30 seconds; it then passes through an electrically hgated
holding zone, followed by an electrica;lly heated slow-cooling zone
(also referred to as retard cooling) in which Fhe sheet is cooled to
approximately 537°c—(10000°l=) in less than 15 seconds. Finally, the
sheot is water cooled to 115°C (240°F) in one minute, then air cooled

to ambient temperature. ,In its passage through the furnace section, A

the s is protected from d;xidation‘ by a protective gas atnospherg.

wh?i:: it is Zc;il . This section consists of a looping tower, a ’
bridie-roll@mi » & shear apd tvo coilers. The purposé of this section

is two-fold: first, to be able to stol; the strfb for metallurgical

amalysis; and second, to chnn(;a over from one recoiler to the other by

O means of snip shearing the strip. ’ - .

A typical continuous annealing heating éycle is shown in

[
3

Figure 2.5. Since its initial acceptance for the annealing of tinplate
“, ~{ stock, this basic heoating ;:?/'ﬂcle has undergone numérous modifications,
\sgme of which are illustrated in Figure 2.6. (16) Each modification is
dvesigne‘d to increase the production rate from : continuous annealing .
i;lstall(ation without increasing i-'urnace size. In cycle B, the heating . l

<, rate and soaking are the same as those employed in the conventional

method: (cycle A) but the coolinx tiqe has been reduced by water quenchin
o ' the material fron 300°C (57;°F) to room tel;erature. Cycle C invo
fast heating and eliminates the sgaking period and the sheet i
water quenched fron 300 C thus ach“ieving a time-saving in both heating
N and cooling stages, the most notable application of this annealing

@ o Awthod was in £ur units installed by the Tthlehem Steel Company in _

'
5, b} » ) ’ »o
. . ~
f
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FIGURE 2.6 Deviations from the conventional
continuous annealing cycle, (16

1957. In cycle D the steel is quenched from the amealing temperature

P

to 300°C, coiled and thex held for at least 1 hour-at-300°C. Howsver,

these modifications, and others made solely with the aim bf incressing

production rate, often had.a detrimental effect on sheet/quality and —

.

thus were not entirely successful.

A

2.1.3 Properties of Annealed Steel

The batch amnealing methods with their long processing ti?s
yield sheets with very different characteristics from those produced by
continuous annealing (Table I). .

Continuously u;nealed stesls have substantially higher yield !
an‘d tensile strengtl;‘s than comparable batch annealed steels and conse-
quently exhibit lower ductility. Thus ;mtinuwsly annealed ;teels are ’
unsuitable when a high degree of fqmbilityv is required, ¢.g. the !
press-fornin/g of automobile components. This serious Limitation to the
use of continuwsiy annealed steels is discussed further in the next

-~z n

section, o . - ' y




TABLE 1
, Typical Mechanical Properties of Annealed Low-Carbon Steel

Mechanical ' Batch Continuously

Properties Annealed , Annealed
Yield strength
(Psi) i 28x10° ~ s8x10°
Tensile strength 3 3
(Psi) 47x10 61x10

hY

Elongation in 2 in.
™) 44 20

2.2 The Production of Deep Drawing Quality Sheet\*ﬁ) ,

by Continuous \Annealinj

‘ N
2.2.1 Properties and Selection Criteria for
Formability in Low-Carbon Sheet

o

During drawing opé:a};ions, sheet steel undergoes severe
plastic deformation; a number \of\test procedures have been found useful
in the selection of steel for deep.drawing, the tension test being o;ne
of the most useful since it relates ical properties to formsbility.
For optimal formability, tensile strength should be high and yield
strength low*; the greater the spread between the yield and tensile

I’ - “ 1
* But low yield strength resulting from an exceptionally, large grain
size is yindesirable due to "orange peel" (roughness) forsation during
formingy a very laxrge grain size will also result in low values for
elongation and tensile strength. T

1

‘
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! . I
'strengthi, the more suitable the steel is for severe forming operation. (17,18)
- !

One criterion for formability is the yield-tensile ratio: the lower the

yield-tensile ratio, the higher the formability. The conventional

percent total elongation, being the measure of the ability of the material

to undergo plastic deformation, is another important formability criterion

but even more important is uniform elongation since it corresponds to

the amount of plastic deformation possible before localized necking
occurs and beyond which forming operations are undesirable. -
Cold-rolled sheet for drawing applications is manufactured (19520

“
in three main qualities: (i) commercial quality, produced from rimmed

@
or capped steel with 0.15% wmaximum carbog content; (ii) drawing quality,
" produced from rimmed steel of SAE ginde {006 or ASTM A-619 for cold -
rolled sheet; and (iii) drawing quality special killed steel used to

g} . ‘ make pai-ts involving difficult draws or where ninim‘tl aging characteristics
are regﬁuired. Typical n&echanical properties are shown in Table II.(ZO)

The variation in properties is greater for comercial quality than for

drawing quality ahd is at a minimum for special killed steel.

; " Other criteri-a may also be used to assess the formability of

steel csheet, e.g. pldstic strain ratio "r", work hardening exponent,as

S ——
S ’:‘i'f‘A""I'
VAN

o
e

well as values obtained from various cup-drawing tests, such as the #

= I
3

Olsen and Erichsen. Howsver, these tests are less commontly aﬁplied and

are formability tests usually made on incnning steel. These tests are
not always an exact measure of fombilify but they ars commonly used

because they require a minimum of specimens for testing and are made

»

quickly on relativ;ly inexpensive machines.

4

“ ’ specified than the ones quoted earlier. Hardness and Olsen cup test .
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TABLE 11 ‘
Typical Mechanicsl Properties of Cold-Rolled
Low-Carbon Sheet Steel for Forming
iy
Total
Steel Hardness = Yield Strength Tensile Strength. Elongation
Quality Rockwell B 1000 Psi < 1000 Psi in 2" (%)
b
- (
cQ 40/60 28/36 40/48 36/41
DQ 38/48 25/32 . 40/46 38/43
DQSK 36/45 23/28 ’ 40/46 40/45
CQ: commercial quality
DQ: drawing quality
_ DQSK: drawing quality, special killed

The Olsen cup test is made on a sheet spaci;eﬁ 3 3/4 in. wide
held between flat ring dies of 1 in. inside diameter. A ball of 7/8 in.

P

diameter is pushed proueszeé;‘aaimt the sheet to form a cup while
the punch load and height lof cup are indicated continuousfy. The Olsen

tup value recorded is the height of the cup in thousandths -of an inch

at the instant when the punch load starts to drop. Sheet thickness for

the standard Olsen cup test is limited to 0.062 in., because of the

clearance between the ball and the ring.

!l

‘ o~
2.2.2 Metgllurgy of Continuous Annealing

Once its conposition has been fixed, the tensile and other

v

properties of a steel are determined by its microstructure: graim size
and shape, carbide morphology and inclusion conten®T™ ‘The inclusion

count is controlled by the steelmaking practice but the other factors

¥

S
LY
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are determined during final recrystallization annealing. There are

two metallurgical phenomena in annealing(n} that are of importance

grain growth, and aging reactions. Each is discussed briefly in the

N

following section.
v

2.2.2.1 Recrystallization 'and Grain Growth

In continuougd annealing, the sheet is rapidly heated and held
for a short time at the recrystallization temperature. Studies (22-24)
of the continuous annealing of low-carbon steel have shown that ?:ith
heating rates in excess of 125°C/sec. up to an annealing temperature
of 700°C, recrystallization occurs 1nstantaneously(16). i.e. within a
matter of 'seconds. However, it recrystallizes to a f£ine grain size
that does not then conxisen appreciably even after a 20-hour soak at

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

‘coarser initial grain size obtained with the slow heating rates

=

characteristic of batch annealing also illustrated in Figure 2.7 (and
presumably due to differences in the nucleation and growth rates
obtain&‘ with s’iow heating rates). ‘

) It is generally held that sheet steel of very finé grain size
does not have the gOo'd ductility that is characteristic of batch- h
annealed sheet steel; the finer the grain size, the higher the tensile '
strength and consequently 'the lower the ductili_.ty. As the grain size
becomes finer the yield elongation increases and this also results in
& loss of duttility. The yield elongation mst be eliminated by teﬁ:r

rolling after a'nnealing. and hence as the grain size becomes finer, gore

!
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/ FIGURE 2.7 Illustration of how heating rates, rather than >
’ soaking time, affect ahnealed grain siie of
.killed steel. This figure has been adapted
from the original. (21 ‘
- . : ’ .

temper rollipg is needed to eliminate yield elongation resulting in a
further loss of ductility. Thus, to make continucusly annealed material
successful for forming and drawing operations, s way to achieve a grain
size equi’(ralont ‘to that obtained in batch methods must be found. Two
ways in which this objactivg might be rnchini are discussed below.

°
¢
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, ‘docrusing, prior reduction, Eigure 2.8. Hence it is

19.

[}

One of the characteristics of recrystallization is that
" the. coarser the grain size before cold working, the
coarser will be the grain size after annealing. Thus, N

in order to 1“:\::‘0(1\1::0i large-grained mtetlial by continuous '

annealing, the starting material for cold rolling opera-
tions should be coarsq-gu:lnod hot rolled stock obtainable - §
by finishing “cold" and coiling "hot" (e.g. finishing at

816°C and coiling at 704°C).* Experiments have shown (21)
that by following this practice comtinuou;ly annealed
sheet can be produced having ; grain size and softness
close to that of bafch annealed sheet, However, the
carbide distribution is poor in such utex:ial: the
coarse carbides formed as & result of hot coiling ars
strung out during cold rolling and their distribution
remaigs unaffected by subsequent annesling. These
carbide stringers detract from the transverse ductility
of the sheet, and hence from its formbility.

Another characteristic of the recrystallization process

is that the recrystallized ixnin size is strongly

dependent on prior cold reduction, .being coarser with

possible that an appropriate cold reduction (le:s than’ %
that used in current practices, i.e. 60% approximately)

prior to a final annealing would give a desirable grain

* Rather than the lusuauy quoted temperatures of 900°C and 550°C,

approximately.
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size; furthoLglo.,‘control of grain size by prior ‘
* reduction would not result in the undesirable carbide ‘
structures associated with method (a) above.. ‘ T
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2.2.2.2 Aging .
Aging, which is a tine-dependrent change in the propertiés'of
a8 mteria1(26), takes place wvhen solute elements ara reitined in gelu-
tion after quenching or fast cooling. Due to the fast cooling rates
usually employsd in continuous annealing, steels annealed by this

@@n, quench aging O

method are subj ect ' to two common aging phenoaena

and strain u‘ing. «

A. Quench Aging
Quench aging in steels i:)é tern applied to the precipitation

i

of _carbon a.nd/org nitrogen as carbides, nitrides, or carbo-nitrides from
__supersaturated ferrite. Due to the predominance of carbide precipitation
in carbon steels over that of nitrides, carbon is the princ:l]\:al‘tgent
in quench aging. As shown.in Figure 2.9, the solubility of carbonm,
which occupies intex:z;titinl positions in the ferrite lattice, decreases
sharply with decreasing temperature, to vanishingly small vnlu?s at roou-'

temperature. If carbon is retained in solid solution-by rapid cooling,

" as in continuous annealing, carbon can precipitate subse&uantly at

slightly abgve room temperature as finely dispersed particles of iron
carbide. The consequences of such precipitation are nq\ifested in
increased liardnas's, yield and t'ensila strength and decreased ductility.

In batch annealing on the other hand, cooling from the
annealing faperature is slow enoﬁgh to a.llow for the precipitation of
virtually all excess carbon thus ensuring that quench-aging effects will
be kep; at-a low level at room temperature. Slow cooling is 'nost hpomnt(zs)

in the range from the recrystallization temperature down to about 300°C

s - ' ——“tm,-—‘ -

).
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PERRITE + AUSTENITE

FIGURE 2.9 Solubility of carbom in ferrite.(21)

(572°F) and the optimum time in this critical temperature range
is 25 seconds, i.e. rapid) cooling ‘(quenching) can be used below 500°C
as in cycles B and C in Figure 2.6. I
Another nethoci suuested(16) to alleviate the quench aging
problem involves quenching the steel froi the annealing temperature to
300°{: at an unrestricted rate, coiling J)raJthen holding the steel, in
coil forn,“ for at least ono‘ hour at 300°C. The holfling i)eriod at this i

temperature would allow carbon to precipitate as large stable/carbides.

l 9
But coiling has to be done in an inert atmosphere which would have to

be maintained until the coil reaches 200°% (39;°P] or less before the b

coil could be expossd to the air. )

-
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B. Strain Aging ’ ._// .

;  Strain aging is aging induced by cold working and results
from the excessive a_nounf of cnrb.t;n tl:ut remains in solution in the
ferrite of continuously annesled steels, due to too rapid cooling and
retarded carbids nucleation associated with a 16w carbc;m— ct;ntem:'. (27
Nost of the manifestations of strain aging are sizilar to tho.st; of
',quench aging, ﬁbut strain aging has another characteristic. Following -
annealing, loy-carbon sheet steel is lightly rolled ("temper rolled") .
" to eliminate thae’ abrupt yield elongstion characteristic of this
material. If aging takeg place after temper rolling, the yield
olpnptioﬁ returns and the sheet is then susceptible to discontinuous
yielding, "fluting" and "stretcher strains" on subsequent defont‘tion.
Hesice the solution to the problen of strain aging, as with que;lch
sging, lies in the remcval of all non-gquilibrinn carbon_from solid
solution.in the ferrite.

g

2.3 Developments in Continuous Anneal_igg_?ncq(co
A\

Since its adoi;tion as an industrial process, contimuous . ©

annealing has been modified many times. Three important lbdifi}ltions
are discussed in this section, two of which are relevant to the production

. \
of low-carbon deep drawing steels.

2.3.1 BISRA Process

N i
f

Methods for roduéing the size and capital cost”of conventional
(continutlms anngaling units hnve[tgaen studied and developed by the
British \I@ and Steel Research Association. Gibbonug) has analysed

¢
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the first pilot BISRA compact annealing process in which electrical
/

resistance heating of the steel was combined with preheating and

subsequent _que'nching in a liquid lead-bismuth alloy. The first compact o

annealing line was designed to process 127 mm wide steel strip and

consisted of two mild steel tanks filled with lead-bismuth eutectic, ’ . e
the strip being pz:ehuted on passing through the first tank, then ) . 4 , ‘1
electrically heated to the annealing temperature befors being quenched %\ «
in the second tank (Figure 2.10). This pilot plamt was later redesigned “‘ J
so that the pfeheat ;nd quench tanks were in the forn of ducts ‘(Figure \

2.11), thus reducing the amount of lead-bismuth eutectic required.
Other investigations (30,31) indicated that bismuth could replace lead-
bismuth as the heat-transfer mecfiun, thus eliminating a possible health -

hazard, and also that the annealing ¢ycle could be appreciably shortened

without affecting product quality. The use of liquid sodiumas a heat-

transfer medium has also been studicd(sz); the a;ivantages are claimed
' to'be more rapid heating and goolipg rates, the possibility of almost '
completeheat recovery, and reduction in space requirements over

conventional .annealing livnes.

In essence, the BISRA annealing process involves heating the

cold-reduced strip as rapidly as possible to the :nnealing t;nperature

(_700°C), quenching immediately ‘to an internediatevfenperature (150-2§0°C)

and holding at this temperature to-overage the material. This process

produces material comparable in properties ’with\conveg}:ioml continuously
annealed material of temper unilersal specifi(;ation, iie. material

suitable for tinplate but not for forming operations.

!
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2.3.2 CAPL Process
CAPL technology (Continuous Annealing and Processing Line)
was developed by Nippon Steel. Corporation and has been in operation
since 1972. (33-37) 1t was developed in an attempt to produce continuously

~annealed low-carbon cold-rolled steel sheet with forming characteristics

equal to those obtainable by batch annealing. CAPL i; a continuous

’ anneal;ng‘ line which incorporates electrolytic cleaning, continuous

annealing and overaging, temper rolling, finishing and inspection.

Line specilecations are given in Table I1I.

H

TABLE III

Prmcipal Specifiutions of Continuous Annuling
and Processing Line (CAPL).(36)

. e 1

> Production capacity - 34,000 tons/month
Line speed : 200 m/min
Strip size: thickness 0.4-1.2 mm
- ) width ‘&’ 750-1240 mm
Ihxiiin =’coi.l weight 45 tons
Total line length 291 metres
f

¢

A typical CAPL Line arrangement is illustrated in Figure 2.12

A \
and consists of four sections: elsctrolytic cleaning, furnace, temper

rolling and inspection facilities. After cleaning, the strip enters the

* furnace section throughu an entry looping tower with a strip storage
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capacity of 300 m (985 ft) and after annéaling is temper rolled and then

leveiled prior to inspection. .

¥
{
%@
2
?g
i
¢

Elactrolysic clasning Furnace Tomper solting ioepucting
* section sectien ection mction
1. No. 1 peyeff mel 8. Eowry srand leeper
2. Mo. 2 pay-elf resl 9. Formen
3.  Het cmstic tank 10, Exit lecp cor
4. Ne. ) brush scrubleer ° . Tomper mil
§. Electolyric clesning tank i 12. Tewion leweier
‘ 6. Na. 2 brush’ sorubber 13, Side vimmer

7. Heot rime senk ",
' . Mo. | sl No. 2 wwion sesh

- FIGURE 2.12 Schematic line arrangement of CAPL technology. (33)

The continucus annealing furnace consists of the following

chambers connected in series: a heating dxa;ber with gas heating from
. a rgdiant tube system, an electrically heated soa'king chagber, a
primary cooling chamber with a jot tooling system in which water-cooled
air effects forced coc;ling. an electrically he;ltod overaging ch§nb0r
and finally, a secondary cooling chamber again of the jet-cooling type
where the air flow is water cpoled initially and then refrigeration cooled
to provide a fiml cooling of the strip before exit. If & heating cycle

were drawn for the strip as/ it passed through this furnace system, it

N

¢

~
would resemble that shown in Figure 2.13. On introduction to the heating

: .
.
.
. )
> .
1 * ‘
. .
@ .
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Temperature
[

[y

Time  ~ . 4‘7

. Ty : Heating temperature {700°C-800°C } - .
T, : Overaging temperature {300°C~450°C |

4 2 Heating time | 2 min )

"ty : Saaking time ( 2 min | : ,
t3 : Primary cooling time { ~ 15 sec l ’
t; : Overaging time { S min ) ) “

N

FIGURE 2.13 Heat cycle of CAPL procéss-

chamber strip is heated rapidly to ten];eratuias’bftueon‘700°c and 900°C,
this heating being effected within two minutes. The steel then passes
through the soa\&ing chamber i;x which it is uintain;d at the annealing
tenpel;éture for upl to two n?.nutes’ before b‘cing led t;a the primary
cooling chamber vhere the steel is rapidly cooled to the overaging
temperature at cooling rates of approximstely 5-30°C/sec. The over-
gging time is 5-8 minutes at soo-isd{’c. The steel thus werlgid is

v
cooled below 50°C within two minutes in the secondary cooling chamber.
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One important restriction on material destined for CAPL i
- processing is that it must have a low mangsnese conten since excess
manganese was found to be detrimental to the production of drawing B
quality sheet by continuous annealing. (34 Thus, manganese must only

be present in stoichiometric amounts for combination with sulphur and

oxygen. It was established that the following relationship must be

o

)..

adhered to:
_ Atomic nigt of Mn
0:%*} Atomic weight o x (0%}
_ Atomic ueigt of Mn f
Atomic weight of S x {S %} <0.15

or: 0 <K<0.15
It was found that this "K-value" could be calculated using the

following empirical equations:

For rimmed and capped steels: .

' N
- 1y . 55 _ 55 )
K {Mn 4} R{“} 37{5 s} ‘ .

1

f'or Al-killed steels: . .

S | AN
K {Nn %} g(st} o o,

a2 .
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A further restriction’placed on steel for CAPL processing is '
that following hot rolling it must be coiled at temperatures in the
range 675-800°C. As explained in Section 2.2, hot coiling from the
hot mill gives a large hot-rolled grain size 'and, consequently, a large

annealed grain size after cold-rolling.

[

2.3.3 NKK Process

The continuous annealing line modifications developed by

(3?-43)

Nippon KoKan K.K. of Japah also aim to produce drawing quality '

sheet by close control t;f both steel grade and its processing. One

advantage of the NKK line is that it is so arranged that by a simple

switching of strip feed patterns, ;ither tinplate can be produced by a

conventional annealing cycle or drawing quality sheet by the NKK

xodified cycle. The princlpal line specifications are given in Table IV.
Strip feed into an NKK nodified furnace passes first through

a normal entry zone incorporating clenning facilities. The annealing

furnace itself consists of three regions: heating, accelerated aging

and cooling. The distinctive feature is that the overaging is preceded
by water quenching; this is done in a water spray cooling system located -
" beneath the furnace. The heat cycle pattern of this process is shown .

i:n Fiﬂur& 2-1“ - ’ b
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{
, TABLE IV . .
Outline of the Continuous Annealirts
Bquipment at NKK's Fukuyama Works, 3)
No.l CAL No.2 CAL
N S
\—\ .
$Nonina1_ capacity 32,000 tons/month 43,000 tons/month
f
Line speed 572 n/min 250 m/min /
Strip size .
thickness 0.15-0.6 m , 0.4-1.2 mm »
width 457-1067 mm 610-1300 mm
hhiim- coil ‘weight 32 tons 32 tons
Total line length - 131.56'm 156.5 m
Lt —d
T1 e
w H T o
.n
P ot
- |
- Eab N
o A
§ water N /
€ [ spray)
:- spray

Time
Ty : Heating teémperature (680°C - 760°C)

Ts : Querching temperature { 450°C - 700°C) g
13 : Overaging temperature { 300°C- S00°C)

te : Heating and soaking time (10 - 300 sec |
t; :Omowng time ing(0-1!»3“\':3

L]

1

FIGURE 2.14 Pattern of the heat cycle. NXX's continuous annesling. (Al)i ‘ s

I
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As with the CAPL fumace,- the NKK process has been designed

to give optimum results with sheet steel of closely controlled chemical

composition. Thus a special degassing method was developed (42) \hien

enabled steels with less than 0.01% C to be produced. These ultra-low
carbon stesls are then hot rolled with the further requiren.ent that
coiling after hot rolling must bg done at texperatures over 650°C. It

was also found that best results were obtained with steels that had been
aluminum killed. NWith these prerequisites, elements in solid solutiom,
such as C, N, Mn, Al, are minimized so that grain growth after hot

coiling is enhanced and the aging susceptibillty of the steel i’s
minimized. Thus, the NKK could be described as a method for l;nnufacturing
cold drawing quality steel which combines a specific degassing method,

[
hot rolling conditions and continuous annealing.

2.3.4 Comparison of CAPL and NKK Modificati is with Conventionally
Processed Steels i

Proponents of the CAPL and NKK processes claim that low-carbon
sheet steel produced by their methods has properties comparable to that
% .
produced by batch annedling: these claims are supported -by -the data

¢

presented in Table V.

ra
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TABLE V

33.

-

Mechanical Properties Comparison of CAPL and NKK Processes

8 Nippon Steel Corp.

(33)

LN

4 Nippon Kokan Kabushiki Kaisha 4%

N

\

* Originally expressed in tons/in? (assuming: 1 tom : 2240 1b)

1 2 Continuous Annuligg’
Mechanical Batch Continuous 3 4
Properties Annealing Annealing CAPL NKK
- 0
Yield strength -3 3
(Psi) 28.2x10 58.2x103+ 27.9x10° | 31.3x10%
s[Tensile strength 3 s 3
(Psi) 46.9x10 60.5x105+ 46.6x10° | 46.8x107
Elongation in 2 in. ’
L)) ‘ 44 20 44.2 45
1 Nippon Steel Corp. (33)
2 steel Company of Wales (Tinplate biv.)us)
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2.4 Summary and ‘Conclusions

Batch operations (i.e. box anmealing and open-coil annealing)

weEs

involve many consecutive processes' such as coiling. after cold-rolling,
uncoiling for electrollytic cleaning, coiling for heat treatment, un-
" coiling for temper rolling and final coiling for shipaent. Each @

“ separate process requires heavy machinery for coil handling and floor !

—

o7
Bl Lt -

space for coil storage. The necessity for these separate operations

Seam

and the long times involved in the batch annealing process itself,
often up to a week, makes for long processing times from steelmaking

to shipment so that batch annealing is a' low-productivity operétion.

PP PR DR Lt

In continuous processing, although essentially the same
operations are involved, i.e. electrolytic cleaning, temper rolling, \
etc., all coiling and recoiling have been eliminated and with them
problems of handling, storage, etc.. As a result, continuous opera-
tions involve short processing times. Continuous annealing cycles are -
of the order of two minutes so that continuous annealing is a high .
productivity operation. Also, other problems such as ridges, buckles,
stickers, sand spots, localized overheating, poor flatness, etc. to
which batch annealed materials are prone, are eliminated or reduced in LT
continuous annealing operations.

As a result of the large masses of steel involved in batﬂ\ ’

annealing, the heating rates are very slow allowing the material to

recrystallize to a large grain size and the slow cooling rates employed
give long times at high temperatures favoring carbide precipitation.
_ These characteristics of batch annealing allow the production of steel

with excellent formability such as that required by the automobile

T
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industry. In contrast, the peating rates iln continuous annealing are
extremely high causing the steel to recrystallize to a fine grain size,
which results in a steel that is stiffer and harder than its batch
annealed equivalent. _Due to the rapid cooling rates in continuous
annealing, sufficient carbon always remains in solid solution to give
a product with a high aging susceptibility. Thus, the use of contiﬁubus
annealing has been limited to the production of tinplate stock, and
sheet for galvanizing and aluminizing. .
Table VI summarizes the effect c;f the process characteristics
on the material properties and hence on their suitability for forming

operations. From this Table it may be seen that there are two main

obstacles to the successful application of continuous annealing to the

-production of/drawing quality steel:

1)| The probles of obtaining a coarse enough grain size; and .
1
2)/ the problem of precipitating enough carbon from solution

in the ferrite to eliminate or reduce aging effects. -

N

t

TABLE VI
Characteristics of Conventional Batch and Continuous Annealing

1
b

Batch Annealing Continuous Annealing
FBlovw heating: grain size - large | Fast heating: grain size - fine
yield strength - low yield strength - high
tensile strength - low tensile strength - high
olongation - large * elongation -~ small

ISlow cooling: Fast cooling: :

aging susceptibility - low aging susceptibility - high

PORMABILITY: GOOD - FORMABILITY: POOR

v

S Rl




Continuing efforts to improve continuous annulingb lines have
resg}lted in the development of several patentoli p;ocesses. The gy SRA
method attempts only to imp;‘ove continuous annealing for the produy:;wi’c;n
of tinplate stock but the CAPL ;nd NKK processes represent attempts to
produce drawing quality_ steel by continuous annealing practices. f}ow-
ever, both thef latter methods rel): on close control of chemical composi-
tion and hotirolling practice. Hot coiling after hot-rolling has th;
undesirable effect of producing coarse carbides that cannot be evenly
dispersed by subsequent cold rolling and the close controlsnecessary
of chemical composition, particularly in NKK process, are definite
drawbacks. N y

All the suggested modifications, with the exception of the
reduction of carbon to ultra low level in NKK, ar: aimed at achieving
a large grain size despite the fast heating rates us;d in continuous .

annealing. However, there is yet another method for achieving a large

grain size on annealing and one which is independent of both chemical

composition and hot coiling t ature, viz. the degree of strgin prior
to anmnealing. Although this strong influence of prior deformation on
finished grain size is well known, attempts have not been made seriously
to investigate the integration and regulation of prior strain into the
continuous annealing cycle. One objection that can be made is that it
would be costly to anneal a sheet, roll it to a controlled degree and
then reanneal but this objection must be weighed against the cost of
close chen:‘ical control of langan‘ese, oxygen and sulphur in CAPL process,
or the cost of installing complex degassing equipment, as in t:ha NKK

process. Hence, the following experimental:work represents an initial
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s£0p in the formulation of a continuous annealing cycle in which prior
f; t
. reduction will be the critical factor determining final grain size and
thus final nechanical properties.
\; -
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3. EXPERIMENTAL PROCEDURE y
3.1 -Introduction — C o

As a result of the su;'vey,of literature relating to continuous
gonealing outlined %h Section 2, it was concluded that tf\"e're was a good

possibility of producing steel sheet with good formability by introducing °

an intermediate deformation step prior to final annealing. The experi-
mental procedure used ?? investigofte this possibility is outlined below.
The s’tarting material for the investigation was mild steel
sheet cold rolled 60%. “As a first step, this material ;ms annealed so
that two sets of fully recrystallized samples, one with a grain size
approximately.twice that of the other‘, were produced. Specimens of
tl;ese two kinds o; material wers then deformed in tension at incremental
strains up to the onset of plastic inst;biiity. " Tensile deformation was
employed to produce this intermediate strain since it was fouhd to be
more controllable (at least for small strains) than rolling to a given
. Specimen thicknes'sd. The deformed specinens were then given a final
annealing treatment in ordpr to recrystallize them completely. Following
5

the £inal heat treatment, the samples were examined metallographically

and their mechanical prbpert“ies deternined _using standard procedures.

d that highe} levels of pre-

o

An appraisal of these results sh
strain than had been initinl-l?r planned vo;xld be necessary to obtain a
vide range of recrystallized grain sizes.” Since the higher strains were
greater than those yhicﬁ it would be possible to produce using simple
tension, dc\efax?ation by rolling had to ba» resorted to. Al,tho\ugh, as pointed

out earlier;\.rﬁl"ing reduction was less controllable thén strainiﬁg in > -

L
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tensio;n, rollinf ~onl_y became necessary at the higher strain levels

where precision is less important (viz. at Wtions greater than

. 22%, approximately). Rolled specimens were mnéaled, tested and

exanined metallographically in the same way as specinens deformed

-

in tension.

-

3.2 Material o
The startin'glmaterial for the experinents; was rimmed steel

sheet* supplied in coil forn from the normal prod\:ction lines of

’,D?minion Foundries and Steel Co., (DOFASCO), i-!auilton, Ontario. The
steel was :51 the cold-rolled condition, having been cold-reduced 60%
t~o a thickness of 0.035 in. after cold rolling and was typical of
mtgriarl intended for the manufacture of Commercial Quality Drawing
Steel. This steel is covered by SAE 1008 wecification.(“)

‘ : Chemical anslysis of the steel was performed by Dofasco.
The results are giver; in T:ble VII, which also lists’ the kchanical
analysis“ for SAE 100,’80 steel. ) ] )

'
)
Y
©
- -
» -
P
g

- »\\/;/

*  Hot rolled finishing teqimtureb 1600% (871°C). .
Coiling temperaturs, 1@00°FA (650°C). .
. d { {
S \ : \




-such @ way that the rolling direction was parallel to the length of the
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TABLE VII o
- Chemical Composition of Starting Material e
\ ~'::n
- ﬂ—' k:,“l‘
L t:( g ‘,
- L b3 E~:.
e, R H ,4‘5 ;
Dofasco SAE 1008 Z‘,g«»-
' S wt. % Element wt. % ol
0.07 c 0.1 max - >
0.25 Mn 0.3-0.5 -
-0.005 P 0.040 max
0.011 S 0.050 max a
0.002 §i PO
0.02 Qu
0.01 Ni -
0.03 Cr : - .
- 0; 11 Sn - . g
Balance Fe Balance i ,\
¢
3.3 Material Preparation v H
3.3.1 Preparation of Specimens for Recrystallization 1 Annealing ;
Rectangular specimens '(2 in. x1 ‘in:) wers cut from the coil, -

the long dimension of the specimens being perallel to the rolling
direction. These samples were used for hardness tests and ntillbmphi_g .
studies of annealing behaviour. S . - E

v

Specinmens for tensile testing'were also cut from the sheet in

sample®, the finishqg teﬁsile specimens being shaped on a "Tensilkut"

ol

' - ' ”
A

* The ductility of sheet steel as -euured by total elong;tion or uniform '
elongation, is generally slightly {rgater in the direction of rou:lng
than in the transverse direction. {

-
e
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shaping mill in accordance witixﬁAS'IM spéf.ification E8-61T. (45) Figure
3.1 illustrates the standard tension test specimen and lists the dimen-
sions specified for the 2 in. gauge length test pieces which were used .

in this investigation. In calculating specimen cross sectional area at

least three width and thickness measurements were taken from the

reduced- section of the sample (Section A in Figure 3.1) and each value
. o)

was the average of two readings.

'

3.4 Material Processing

3.4.1 Recrystallization I

' The aim of the first recrystallization treatment (Recrystal-

lization I) was to produce fully recrystallized material of two particular
standard grain sizes. Initially, it was necessary to establish the

range of temperatures over which the cold-rolled steel would be completely

recrystallized so that a suitable recrystallization temperature could

-~

Rl

be chosen. Annealing :xperimts were therefore carried out using
rectangular specimens in a lead bath. A steel jig was constructed which
allowed the simultaneous annealing of up to five samples; samples were
hung vertical'ly from the jig at a spacing of 0.8 cam so that the lead ¥

could circulate freely thus ensuring a maximum heat transfer rate. When

the jig, loaded' with specimens, was lowered into the lead bath, there
was an initial tel‘perature drop of 3-5°C due to the introduced mass of
colél metal but the set téqaernture was quickly regpained. Specimens were
held for periods of time ranging from 10 to 60 minutes at teuperature;

T in~the range 450-700°C. At the end of the desired time interval the jig
@ was removed from the lead bath and cooled in mir. After this annealing
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_—

£ , ’
G: Gage length : 2.000 £ Q005 in
W: Width ' 0S00+ 000 in
T: Thickness ’ thickness of
materiatl
R: Radius of fillet. 05in., mn - X
L: Overall length , 8.0 in., min
A: Length of reduced section 2.25 in., min ‘
B: Lengh of grip section ) 2.0 in, min
C: Width of grip section 075 In.,min
FIGURE 3.1 Standard nct@lu tension tashs g
. specimen with 2 in. gage length. )
T
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tr'eatment, specimens were t.est'ed for hardness (seeé Section 3.5.1) and
the values obtained from three specimens after each recrystallization
annealing treatment averaged for a.n overall hardness value for each
annealing temperature. The recrystallization temperatures were then
established ‘'by plotting the hardness measurements against the annealing
temperatures.

Havin/g determined the annealing temperature range over which
a recry.stall'ized matgrial could be produced it.was necessary to establish
the minimum time to produce a recrystallized material. A series of
snnealing trestments were carried out in the range 600-700°C and for
annealing times of 2 to 8 minutes. As before, annealing was followed
using hardness measurements.

It was observed following these recrystallizati;n-:mnealing
treatments tlgf some l'ead always remained on the specimens hindering
hardness measurements. Thus, in order to obtain clean specimens it
was decided that they would be enclosed in steel envelopes for all
subsgquent heat treatments. An important advantage of using steel
envelopes was tl'xat they not only provided a protective sheath for the
samples but also, when properly sealed, neutralized the entrapped
atmosphere and hence minimized sgecim-suﬁace oxidation. To ascertain
the optimum time for reérjrstallization at 700°C \isi.ng these envelopes,

a series of isothermal heat treatments was carried out. Steel envelopes
were loaded with rectangular samples, sealed by foldi'ng the open end at
least three times to ensure air-tig?lmess and then placed into the
Lindberg Hevy-Duty électric resistance furnace. The envelopes and

enclosed samples reached furnace fp;pomture\ after two minutes from

) .
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which point annealing times of 60 seconds to 24 hours wefe measured. \ -
On removal from the furnace the steel enveloges were allowed to air
cool, and the samples were tested for hardness (Section 3.5.1). f( -

[}

3.4.2 Pre-Strain - Regrystallization ﬁ

.

The aim-of the recrystallization I treatment was the production

1
¥

of specimens with a particular recrystallized grain size. - Samples were
then given a pre-strain prior to the final anneal, Recrystallization II.
In order to investigate the effect of different amounts of pre-strain,
tensile §pec:'unens were strained by amounts ranging from 1 to 24"., using-
an Instron TT-D Universal Testing Machine at a crosshead speed of 0.05 in./
minute. The strain was measured using a 2 in. strain gauge extensometer
ahd the values were read directly from the autographic chart recording.
Once the desired value of pre-strain was attained the Instron was stopped
and the specimens removed. .

’l'he’pre-strained specimens were sealed in steel envelopes
and placed in the Lindberg Hevy-Duty electric resistance furnace for
the final annealing treatment. This process, recrystallization I{I, was

. ca‘n"ied out at temperatures in the range 610-715°C for a constant

annealing time (10 mipn.), afterc which time specimens were air cooled

"and their mechanical properties determined.
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3.5 Material Testing

3.5.1 Hardness Testing .

-4

Hardness was measured with a Rockwell Superficial Hardness
Testing Machine on the R30-T scale. An average of ten readings per,

, specimen was recorded as the hardness of the specimen.

3.5.2" Tensile Testing

All ténsile tests were carried out gt- room temperature on an V
Instron TT:-D Universal Testing Machine, using wedge-action grips and a
crosshead speed.of 0.5 in./min.. The loads were measured with a
standard Instron GR 20,000 1b. load cell, while the extensions were
measured with 8 strain gauge extensometer designed for 1 or 2 in. gauge
length.' The Instron crosshead movement, which was equipped with a

control ‘dial that could be adjusted and read to + 0.002 inches, was

used to calibrate the extensometer. This, gave an extensometer error
of £ 0.2% (in the case of 1 in..gauge specimen) and t 0.1% (in the case
of 2 in. gauge specimen) ,to all calculations of percentage elong?tion,
i.e. el%ngations quoted as 1.0% or 10.0% should be read as (1.0 £ 0.2
or 1.0 £ 0.1)% or (10.0 ¢ O.é or 10.0 + 0.1)% respectively, in order
to include extensometer error. An autographic chart recording of load

versus extension was obtained from each test, using an X-Y chart drive

;yste- at the greatest sensitivity consistent with chart size limitation. v
'l?le extensometer recorded the entire test, up to and including fracture.
The total and uniform elongations were read directly from the chart
. recording. The yield load (taken st 0.2% offset), and the maximum losd,
were each divided by the original cross-sectional area of the specimen

\ !
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;o obtain yield strength and tensile strength. The load cell had been
calibrated with a standard 500 1b. load. 'Since ttxe loads involved in
testing were generally of the order o.i" 1,000 1b., the load values read
off the chart had a maximum error of * 1.6 1b., or + 60 Psi.

The yield strengths and tensile strengths, total and unifom\

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

S temperature combination were averaged to yield the final results for

£
each condition.

i

r 3.5.3 Metallography ]

Longitudinal cross-sections of selected specimens were mounted
8
in Quickmount (2 cold setting resin) and then successively ground on N
220, 320, 400 and 600 grit silicon carbide papers. This was followed

s R ‘
by polishing on Microcloth, initially with 5 micron diamond paste and

finally with ] micron diamond paste. The specimens were etched for
microexamination with 2% nitric acid in alcohol and phot&nicromphed

using standard procedures.

3.5.4 Quantitative Metallography

To estimate the grain size of the final annealed material, a
éuantitntive metallographic examination was carried out on metallographic
samples prepared from the tensile specimens. The lineal intercept'
method was elpioyod for this yurpos;. The test line lenztgl ‘was 100 mm
.and the n}nification for each sample was selected so that a single
test line length ;vould yie.ldmat lelast 10 intercepts. For each sample,

five fields were randomly selected and five test lines "?f' usedhin

*
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each field employing the same line test arrangement in order to obtain

an gverage value for each specimen. — ‘
No determination of grain size can be an exact measurement.

Thus, no estimation is complete without a determination of the pre- °

cision with which the deternined grain size represents the actual

average grain size of the specimen examined. Thus, in accordance

with common engineering practice, 95% c?nfidence limits were established

for each grain size measurement.

3.6 Pre-Straining by Rolling . [

) Analysis of the precedgélg results revealed that larger
deformations, beyond the plastic instability limit, needed to be
investigated. Consequently, one set of recrysuilizad snﬁples with
GS-1 as starting grain size was reduced in a rolling mill. These
specimens (initially 8.5 in. x 0.5 in.) were passed through a Stanat ’
4-high nili until thickness reductions in the range 24-32% were achieved.
This 4-high mill had 0.75 in. dismeter work rolls and 4 in. diameter
back-up rolls.

Following cold reduction, the specimens were recrystllw
at 705°C for 10 minutes and then allowed to air-cool. Specimens were
then tension tested and examined metallographically according ,to tﬂe

procedures outlined in Section 3.5.
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CHAPTER 4 d

‘4.  EXPERIMENTAL RESULTS

) ‘ 3
Introduction

'I'ﬁe experimental results have been o‘rdeibd in a manner o J .
analogous to that used to describe the experimental procedurs. Firstly, %
the results obtained .from the Recrystallization I treatments that were :

used to establish the annealing parameters are presented. These are
followed by the results obtained from the pre-strain + Recrystallization
IT treatments. The tensile test results that show the effect of pre-

' strain, annealing temperature and starting grain size on th.e mechanical
properties of the material after Recrystalli,zaiion II are presented in
sets of graphs, oacﬁ set corrésponding to one specvific mechanical

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

recrystallized grain size is then plotted. Then follows a series ot

Photomicrographs that has a two-fold aim: to document the recrystallized
microstructures and Dto relate the final grain size to the observed
mechanical properties. Finally, the results of the rolling mill experi-

ments are presented with relevant graphs and photomicrographs.

4.2 Recrystallization I

Hardness results from the rolled rectangular ;alplos annealed

for 10 minutes in the lead bath are presented in Figure 4.1 where they
are plotted against anneulﬁfg tnper;tura. , ‘

'From Figure 4.1 it my be seen that the hardness of the steel
in cold rolled condition was about 78 R30~T and this hardness was retained
, \ , |
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FIGURE 4.1 Effect of annealing temperature on superficial
hardness of 60% cold-rolled rimmed steel sheet.
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. tion takes place).

50.

with no apprecigble change after annealing a*’ 450°C; on increasing'
the annealing temperature by 100°C (i.e. up to 5500(.:) the hardness
dropped about 30 l:ardness points. Further increments in temperature
had no dramatic influence on the hardness which continued to decrease
;moothly and gradually. Increasing annealing times up to 60 minutes
had no significant effect on the hardness results.

The drastic decrease iq hardness that took’p1|ace between
450 and 550°C was directly related to the change in microstructure
where the highly distorted cold-worked grains were replaced by new
defomuon—free grains. The slfight decrease of hardness at higher
temperatures was due to the growth of these new grains. Therefore, it
may be said that recrystallization took place between 450 and 550°C,
so that recrystallized material was. definitely complete when the cold
rolled material was heated. above 550°C for ten minutes.

Figure 4.2 shows the hardness results obtained Bd rolled
sanples which were annealed at the temperatures indicated for periods
of time ranging from 2 to 8 minutes. From this figure it may be seen
that for all the temperatures investigated the annealed hardness values
were about 45-50 'R30-T which corresponds to a recrystallized material
(see ﬁigure 4.1). . ‘

Therefore, it may be stated that using the lead bath, the
anneal}ng temperature rt}nge for producing recrystallized material for
annealing ti.-es as littlelas two minutes was 600?(‘. to above 700°C (but

less than 723°C, at which temperature the ferrite-austenite transforma-

!

*
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FIGURE 4.2° Comparative graph showing the effect of snneslihg

temperature and time on superficial hardness of
cold-rolled material.
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As these experimental results were determined with bare . -

W T e T R S e
TN T

specimens treated in a lead bath; the experiments were repeated

vl DL W R

G

using the steel envelopes that were to be used in all further experi-

i

>

mentS. Figure 4.3 shows the hardness results for samples isothermally

[

, . &
annealed at 700°C for various times, each plotted point being marked

»

s m;’f}"; -

.%ith its equivaient in either minutes or hours to facilitate inter-

pretation. From this figure it may be seen that annealing at: 700°¢
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.
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hardness , when

-
.

/ﬁ for short periol?;of time, 1.e.-less than 2 minutes, had no effect On

metal foil container was eiployed. With increasing

Rt <2

annealing times up to 3.5 minutes a drop of about 30 hardness points

with respect to the cold rolled hardness took place; longer times

€ e s e g e £ VPt AR e R SR ST S BB I A D O T

further decreased the hardness due to grain growth. Thus, fully

-

'r\ecrystallizad' material was produced using steel envelopes when holding
O times st 700°C were 4 minutes or mors. As expected, the ti['hes required
to produce a recrysulliz;d material were longer when steel envelopes

L)

i were employed (see Figure 4.2 which shows that at & temperature of

760°C, recrystallization is complete in 2 minutes).

These preliminary experiments were necessary in order to

ook 5

become familiar with the annealing characteristics of the %old rolled’

f ’ material. As a result of these tests, it was decided to recrystglliza

cold rollo:i samples in steel envelopes, using a tonpu;tun of 705°.
“Two times were chosen: (a) 30 minutes and (b) 24 hours. These two
treatments were necessary to provide two di\ffermt starting grain sizes,

a fine one (GS-I) and a coarser one (GS-1I1), in order to investigate v

the effect of -this vari'tl?le on subsequent behaviour.
[ i

v
®

B e e Uit
_ }
. ;
- .
o " N
.
v - .
,
L]
.
e



H

. HARDNESS,R30-T)

’

s

°

T \ ° T o j
) - r) ~ : o !
80 . ‘ . \
) ;- o 3"0 ) .. . 8 # -
f\as ~ ﬂ ;. o—Qq700°C
70 cod-rolied i B ' s
! N . ) - g :
P c , ' ’ .
e ‘ E :§ 'ED -{' “ i
60 9 o Lo
J \ +
50 = - o i‘ c o i ¢ ' '
. = 00 . > ‘ . ‘
L N © 2 *O?-—Q ———————
l‘oh ctle’ . l ‘ - ° f
) (3 £ . )
C - E ~ £ £
: - £ ¥s) ~ ~ - s
- 30L v .En . "-;.« ﬂ M g ¢ § d
™ ! G
. g . N . a/ o
f . ";
s ‘ c / - / i o -
1L i) L 1 -
2 5 E— B
\ LOG  TIME, sec:
-FIGURE 4.3 Effect of isoi’hemlrann:ealing treatment ) B
’ on hardness of cold-rolled steel using. )
wetal foil envelopes. .
I e 2 i _;b - P - N [N
\l I's ; .

.
0<




YT W .

(= 0.0096 mm); GS-II was measured as 8.28 ¢ 0,215 ASTM grain size

'number., (= 0.0185 mm); i.e. grain size ratio was appi'ox{mté;y 2:1.

. degree of pre-strain and is shown in Pigures 4.4 and 4.5 for GS-I and et

‘the of two yield strength determinmations. . <

"’ had a lower stress value.

54.

o |
b o
GS-1 was measured to be 10.1 + 0.21 ASTM grain size number ) Lo

- -

4.3 Pre-Strain - Recrystallization II Lt

The steel samples, in the form of tensile specimens, and
having either GS-1 or é;S-II as & resu‘itﬁfof the recrystallization I
treatpent, were then given a pre-strain followed by a final recrystal-
lization anneal. The anne‘iliﬁg temperatures used were in the range

®

600-723°C, the annealing time being kept constant at 10 minutes.

At the completion of final recrystallization, the samples
were allowed to air cool in the steel emvelope. The cooling rate was

estimated to be 35°C/nin. and it was established (see Appendix A) that

this allowed sufficient time for equilibrium barbon precipitation. : ;j‘, '
" The ‘tensile properties of the specimens were then determined. i.;;,:
ey

The results are presented in the following sections. ‘ ¥

4.3.1 Yield Strength - &

From the tensile test results the yield strength of specimens

annealed at a particular temperature has been plotted sgainst the

GS-11 tarting" grain sizes, respectively. Each plotted point represents

LY

In both figures the yiéld stress value plotted for zéro pre-

L 4

strain was the yield strength of the material imedistely after recrystal-
lization 1. As expected, the material with the larger grain size, GS-II,
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The variation of the yield stress with the amount of pre-

strain was similar regardless of t;xe anhealing temperature or the

< initial greain size. As the pre-strain increased, the ):ield stress
initially iqcreased until, over a very narrow pre-stra’in increment,

the yield stress dropped to a low value. Once this had,occurred, the

yield stress resumed its steady increase with increasing pre-strain.
. The major effect of increasing annealing temperature from

610°C to 715°C was to lower the 'pre—strain value at which the drop in
-

yield stress occurred; additionally, as thﬁe~ annealing temperature ®
3

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

*

yield stress occurred also decr_eased as did the minimum value after
the yield stress drop. The behaviour of the yield stress was similar /
“ for both GS-I and ds-11 starting grain sizes, except.that for the

larger grain size starting material, th#yyield strength maxima were

smaller and the pre-strain at which the drop in yield stres§ occurred

p

was displaced to higher pre-strain values. *
3

Yield strength results are given in Table B-I and B-II
(Appendix B) for both GS-I and GS-II starting grain sizes, respectively.

P

4.3.2 Critical Strain !

It is clear from Figures 4.4 and 4.5 that the yield dTops
occurred at fairly sharply defined levels of p\re-stra‘in,‘ 'dependingi on
the annealing temperature and the initival grain size. In Figure 4.6
these strain levels, or critical strains, have been correlited with

anneéaling tﬂlpmture and initial grain size. As would be expected,

£

4
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the critical strain decreased as the annealing temperature was raised.
Additionally, at the same/annealing temperature, the mpterial with the
largest grain size required a higher degree of pre-strain to reach the

critical level.

4.3.3 Tensile Strength

Figure 4.7 and 4.8 show the effect of pre-strain and annealing
temgerature on the tensile strength. These figures summarize the results
for the five annealing temperatures employed in the experiments and the
two starting grain sizes, GS-I and GS-II, respectively. Each plotted
point is the average of two tensile strength determinations (see Tables
B-III and B-IV, Appendix B).

+  From Figure 4.7 and 4.8 it may be seen that for both starting
grain sizes, tensile strength behaviour Pwas similar to that observed for
the yield strength. The position of the curves was dependent on the
star}:ing grain size of the matet:ial; for the smaller starting grain
size, the tensile strength values were higher than those of t};e
larger grain size. As before, there wasr d monotonic increase of J
tensile strength with incrsasing pre-strain until a c¢ritical value
was reached. Further pre-iraining beyon(} this value led to a drop
in the te_n(siie strength of the annealed specinens. The pre-strain

at which this drop took place was again temperature dependent, so that

as the’ annqaling temperature was lowered the drop in tensile strength ' -

occurred at higher percentages of pre-strain. ’ -

As. l;éforc, the tensile strength continued to increase with

increasing pre-strain after this critical region was pissed.
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'
In contrast with the yield strength results the magnitude
of the drop of tensilg‘ strength was of the order of ~ 10x103 psi
compared with ~ 30x103 ps‘i drop Iﬁyield strength. Thus the effect of

annesling temperature and pre-st on tensile strength was mich less

‘

L 4 4.3.4 Unifom Elongation

As the uniform elongation can be cortelnted directly with

. the amount of deformation that can occur before the onse Jf plasnc

4

mstability, beyond wh:.ch forming operations sre impracticable, it

was decided to present the ductility results in terms of the uniform’

. 3
elongation only. (However, total elongation results are presented in
Appendix B, graphically in Figures B-IV(a) and B-1V(b) and in tabulated

form in Tables B-1IX and B-X).

Figures 4.9 and 4.10 show the effect of annealing temperature
and pre—s&niu on the unifora elongation of specimens t{ith GS-T and {
s GS-1I as starting grain sizes, respectively. Each plotted point is °
the average of two uniform elongation results (Appendix B, Tables B-V .
and x;-vx). : . - : .
From Figures 4.9 and 4.10, it may be seen that the dependence
of uniform elongation on the degree of pre-st\i-a:ln wvas different from
that observed for the yield and temsile strength. At the highest
annealing temperature, 715°C, the uniform elongation remained comstant
until a critical region of strain was rbeachsdza in this region the unifors

elongation dropped to a minimm level before returning abruptly to just

9

¥

sbove 1tsz@ previous level. When lower mul:ing teninnt&res, 650-70$°C.

*
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were used, the uniform elongation decreased slowly to a minimum value

with increasing pre-strain, the minima occurring at higher pre-strains j"“ ~

LR

with lower annealing temperatures, and abruptly returned almost to - \ ’%
their initial values%when a critical value of strain was reached. With

the lowest anne;ling temperature, 610°C, the uniform elongation decreased

steadily up to ‘2 maximum pre-strain, 22%-24%. “~'l11is relationship was

observed for both GS-I and GS-II s::ples. As might be expected, the

minima are closely related to the amount o;:' pre-strain at which a drastic
4 B [

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

o

4.3.5 Yield-Tensile Ratio -

The yield-tensile ratio is ‘an inportint criterion for the

2 *

selection of material inténded for severe foningj operations. The lowet
. this value, the greater is %wm yield strength and tensile
) strength, and consequently, the suitable the material is for the &

severe defomtiorfs encountered, for example, in pressing opcrhti;ms.

Figure 4.11 and 4.12 show the yield-tensile ratio for the two
grain size;s, respectively, at the five annealing temperatures émploysd
(the yield-tensile ratio results are fully tabulated in Tables B-VII
and B-VIII, Appendix B). ' . \

4.4 Grain Size Variation' - '

The effect of prg-stmin on the final recrystallized grain
size is shéwn in figures 4.13-17 for both starting grain sizes. Each °
graph corresponds to one annesling t—npmture and an annealing time
of 10 minutes. - ,

o
a
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Grain size measurements were made only on fully recrystallized
samples, i.e. those wh1ch had been pre-strained by more than the
critical strain. All samples, in any par?icular series, which had .
‘been pre-strained beyond the critical value were used for such grain

: size estimations.

The grain :(ize is expressed as the mean intercept distance
(E) in millimeters calculated to 95% confidence lil'nits {see Secti;:n
" 3.5.4) and it is also plotted in tern;s of ASTM grain size in{nbers.
Limit bars on each plotted point indicate the spread of grain size
measurenents. The two starting grain sizes (GS-I and GS-1I) employed
in the experiments are shown on the graphs, as well as the grain sizes
corresponding to ba'q:ch annealed (BA) material, and to two Japanese
steels (DDQ and EDDQ).* This additional information was included on

¢

the graphs to enable cﬁmpar@sons to be m&e‘ between the final recrystal-

lized grain sizes obtained by stram-annealmg and those nomlly
produced in the mdustry

As expected, material that had been l;r strained just beyond
the cntical strain had a coarse. recryStallized grain size and as the
sfiount of pre-strain increased, the grain size decreased. This behaviour )
was observed for thé annealiné temperatures 715, 705 and 675 °C and for .
materials of poth st.arting grain sizes. The coarser grained s;arfing
mterial yiélded the largest final grain sizes, and in 211 cases the

final grain size was considerably coa'rser' than that of cp-ercial materials. ) @

£

* DDQ = deep drawing quality -! - “
;EDDQ = extra deep drawing quality » . . a

°
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‘ When an annealing ?emperature of 650°C was employed (Figure
4.16), material with GS-I, the small initisl grain size,'exhibited the grain
size - pre-strain relationship observed at the higher annealing tempera-
tures. For the larger-grained GS-1I material previous graphs (e.g. |
4.5, 4.6) ha“ve sl;ovm that critical strain at 650°C was approximately
17% so that the grain size value plotted at 16% pre-strain was an

unrecrystaihzed grain size. .

It has been shown previously (Figure 4.4 and 4.5) that for
the annealing temperature 610°C, thé critical amount of strain was
never eiceeded but feil outside the lilifatior}s; of the experimental
method. Recrystallized grains were not obtained at this Ytu{nealing
temperature ll:ld measurement. of the pre-recrystal}iution grain si;e

showed it to vary little from the siarting grain sizes.

4.5 Metallography . - . o .
4.5.1 Photomicrogriphy: Criterion for the Selection of Specimens .

Because of the very‘ large number Lf samples that would be o
required, it was i-énctical to produce a photographic record of all |
siamples, so the’ following selection criterion was adopted.. It has been <
stated (Section 2.2.1) that two important characteristics in formability
selection are high unuifor- elongation and low yj.eld'-tansile nﬁig. Thus

for edch initial grain size and for each amiealing temperature used, .

- ¥

- uhifora elongation and yieid-tensi\le ratio were plotted as'a function -

of prc-strnin. Hsing each of.these graphs, figures 4.18-27, a spicinan
+-was selected as mdicated by the dashed line joining optimm un1fon
elongation and yield-tens:.le ratio values at a particular level of

pre-strain. 5 - ' o .
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FIGURE 4.19 Snecimen selection for metallographic examination.
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The churactoristics of specimens which were selected using

this criterion are given-below:

14 \
-

\ v

P
e S T g

~ i
Annealing ' .4 Pre-Strain _ “
-Temperature
. (% GS-1 GS-II
/
718 12 12
: - 705 10 .- 16
, . 675 16 18
“ 650 20 20 . ) N
. 610 - - ¢ '
As would be expectcd. thc s pro-stnin of the selected ) .

samples was ulwuys gruter than tho critical strain. No metnllographic\’
speci were selegte& from samples annulod\ut 610°C. no :pecimg

. ey;/t;::l a desirable combination of propu"ties:yhich was predictable
as the cr}tic;i strain was never exceeded for this annealing temperature .-
(see Figures 4.22 and 4.52,‘;) & (’é

K

R ~
4.5.2 Microstructures Ce '
Figures 4.28 and 4’.29 show tho‘st‘rti.ng grain sizes, GS-I and
GS-II, employed in thé experiments. These and all :ubaaquont photo- h
i micrographs were' taken at'a mignification of X 100. - ‘
The next set of figures, 4.30-37 111ustn:e the ﬂnal re- ~.

,crystunhed grain size of the selected pre- strained and annealed
. swmples. To enable the correlation of proportios with microstructure,

each photomicrograph is nc;:ompnﬁied by the following data: initfal

N
]

' gr;,in size, amount of pre~strain, annealifig temperature, as well as
. : L% @

final mechanical properties and recrystallized ’m:ln size. The
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UE = 25.4%
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T = 0.0096
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FIGURB 4.28 GS-1, as recrystallizationl *
annealed. 100 X - v .

GS-11
¥S = 36.9x10° Psi
UTS = 44.5x10° Psi
7
UE = 29. 6%
TE = 39.6%
% =0,0185-mm °

¢FIGURE 4.20 GS-1I, as recrystallization I . '
snnealed. 100 X




GS-1
YS = 18.2x10° Psi
UTS = 37.4x10° Psi

UE = 28,5% !
TE = 37.8% .

‘ 2 = 0.096 mn
AST™M No, = 3.35 + 0,183
(95% C.L.)

FIGURE 4.30 Pre-strained 12%. o , , /\
- Ann. temperature: 715C . j ‘
100" X . .

GS-I1
YS = 15.0x10° Ps4
UTS = 35.0x10° Pst
UE = 31.1%
TE = 37.9%
= 0.096 m

ASTM No. = 3.45 * 0v426 *

FIGURE 4.31 Pre-strained 12%. - 95% C.L.)
Ann. temperature: 715°C. ' \
‘ 1 100X ~° :
o ) ‘



Gs-1
YS = 16.2x10° Psi

UTS = 36.3x105 Psi
UB = 26.3%

TE = 36.54
T=0.135 nm

ASTM No. = 2.7 % 0.67
\ (95% C.L.)

) ' FIGURE 4.32 Pre-strained 10%.
Ann. temperature: 705°C.
100 x * Vi 12

GS-11

YS = 19.2x10° Psi

UTS = 36.7x10° Psi

UE = 32.0%'
TE = 40.0% X
F1. §"&.‘. AT NG A - . - s N ASTM No, = 3048 F 4 0.5
. ) © (95% C.L.)
FIGURE 4.33 Pre-strained 16%, 0 - .
Ann. temperature: 705°C, g
. 100 X
@. | |
~ .
’ ’ ¥y .



o

il

TR S e A T

e

Ta, AN

il g

'

o7 N - ‘ , ’&
N ’ . 890
S S .
! _ -
YS = 19.7x10° Pai N
UTS = 38.4x10° Psi L

UE = 28.9% .
TE = 38.5%
- .7 = 0,081 mm

ASTM No. = 3,95 + 0,468
(95~ C-Lu)"‘

-

FIGURE 4,34 Pro-strained 16%. . )
Ann. temperature: 675 Ca : <
. 100 X ‘
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. GseIr

S = 20.1x20% Psi

UTS = 36.8x10° psi -
UB = 20,23

1 = 0,072 mn

ASTM No, = 4.28 + 0.19
(s5% C.L.)

FIGURE 4,35 Pre-strained 18%. ~
- Ann, temperature:
100 X °
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GS-1
YS = 25.7x10% Psi
UTS = 39.5x103 Pst "
) UVB - 2308" b
TE = 28,3%
[ ki)
’: - 0. 047 m * "
ASTM-No. = 5.47 2 0.2
(95% C.L.) _
. B -
/
( N '
FIGURE 4.36 Pre-strained 20%. .
Ann. temperature:- 650°cC. . '
100 X - _
o
., GS-II
'YS = 22.8x10° Psi
" UTS = 38.6x10% Psi
UE = 27.6%
TE = 37.5% -
LT =053 mm s
{ ASTN No.= 5.25 %0.18
(958 C.L.) .
PIGURE 4,37 Pre-strained 20%. ’ ‘ ,
* Ann, temperature: 650°cC.
100 X %
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mechanicil prope:;ties listed are yield strength (YS), ultimate tensile
strength (UTS), uniform elongation (UE) and total eloﬂg&t‘ion (TE),

i 'moxx?e was & striking difference between the grain size of ‘k
stm};las following recrystallization I and that obtained after th; pre-';
strwstnl{iuﬁoﬁ IL cycle. ' Very large grained material was
produced by the latter trm:;nnt, éven at the lowest mneal%‘nﬁ tempers-

i
ture of 650°C. It was interesting to note that GS-I samples did not ’ ‘

fully rectystallize at 650°C (see Figure 4.36) while in material with
the larger stayting grain size GS-II, recrystallization was complete

- at this annealing temperature.
\ 3
e . 4 . .
' > ( '

o

R Rolling Mill Deformation Results
' ‘Because it was not possible to deform the tensile samples
beyond the onset of plastic instability without croatlng‘ regions of
highly distorted material, it was decided to use rolling deformation

to produce higher prevystrains.

' Some pi‘oblem wete epco\intarod during the rolling experiments.
It was found that hand feeding of the material did not i:rqvide sufficient
back-tension to prevent ripple formation in the cold reduced materisl.

'l‘hixs, when the material was tested in tension following the recrystal- 4

*

" -

T . :
1ization anneal, necking occurred preferentially at sites that were

clearly related to thess ripples. Hence, the tensile test data included

o

with the photomicrographs must be viewed in the light of this limitation.

2 ‘ ’ ¢
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The overall results of grain size honsmenm; are presented

in Figure 4.38 and plottod against tensile pre-strain or, (in the case

of ‘deformation 'by roning). squivalent tensile pre-strain.* As
cxpectcd the grain size- continuod to- decrease with increasing defom-
tion but the rate of decrease tlpered ‘off with increasing deformation.
Photomicrographs of tho resulting recrystallized grain size
are shown in Figures 4, 39-43 corrosponding to 24.6, 25.9, 28.3, 30.4 and
32.1% cold reduction, rnpectively (1.e. 21.3, 22.4, 24:5, 26.3 and’
27.8% tensile strain). The grain size refinement is easily seen vhen

the figures are viewed in sequencs. -

” &

* Bqulvghnt tensile pre~strain wu cneulltod tfou the rolling
reduction-by mltiplyiu rolling strain by 3/2
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FIGURE 4.39 24.6% cold-reduction. .
21,3% tensile strain.

Ann. temperature: 705°C.

100 X

‘PIGURE 4.40 25,9V cold-reduction.
22.4% tensile strain.
Ann. temperature: 708°C.
100 X

Gs-I -
- Y§ = 28.4x10° Psi
uTs = 42.0x10° P4
R N
T 0,022 mm

ASTM No. = 7.75 % 0.327
(958 C.L.) -
u"“""’?”'&

Y

¥

651 \
. Y8 = 27.8x10% Psi
UTS = 42.9x10° Psi
TB *“u“ - -
- o
% = 0,018 mm

. AS™M No. = 8.8 ¢ 0,12 .
(95% C.L.)

T \.
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< GS-1 '“/ L - i:
Y8 = 29.0x10% PA b
UTS = 42.8x10% Psi
fr,,% TE = 33.0%
Sl L . RS
R 2 = 0,014 nm -
9 AST™ No. = 8,9 ¢+ 0,183
3 (958 C.L.)
v
7 L
i FIGURE 4.41 28.3% cold-reduction. .
4 ] 24,5% tensile strain. . ‘
' S Ann. temperature: 705°C.
. 100 X . ¢

68-1
%, Ys = 29.62x10% Pat - o
. UTS = 42.4x105 Pai
TE = 24.6% '
¢ 1 =0.0155 mn
Ao
AST™ No. = 8.9 & 0,12
(95% C.L.)
[ ’ , . (’* 4
® . FIGURE 4.42 30.4% colid-reduction. o7
: 26.3% tensile *trun. o
\- Ann. temperature: 705°C. .
100 X . \ o
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‘ GS-1
YS = 31.5x105 Psi

UTS = 43.1x10° Psi

TE = 40.0%
T = 0914 mm
\ : ASTM No. = 9.0 + 0.105
":g"";f‘, _ {95% C.L.)
- IS '~’T‘wt“1ﬁ5;$ o

FIGURE 4.43 32.1% cold-reduction.
27.8% tensile strain. o -
Ann. temperature: 705 C.

100 X
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CHAPTER 5 -
e e
5. DISCUSSION :
A discussion of the results outlined in the previous chapters
can be approached from two directions. Firstly, the results themselves

can be ussessed'und, secondly, they can be related to the properties of
commercially annealed materials so that the applicability of the results
_to the commercial production of deep drawing quality sheet can be

svaluated. .

5.1 Discussion of Results

X
1
i
;
{
i
!
{
!
!

5.1.1 Recrystallization I .

The mechanisms by which nt;ls and ;lloys'repair the
structural damage caused bsv mechanical defo'rntion (tension, rolling,
torsion, compression, etc.) are th?mlly activated. Hence, the

® deformed material h;s to be heated before. the recrystallization can

occur. Recrystallization i}( characterized by the rophcenint of the

deformed grains which are characteristic oé the cold-worked state, i.e.
high strain energy state, by new equiaxed deformation-free grains ;dth
a consequent change in physical and mechanical properties. A population

~ of new deformation-free grains is nucleated and mwslnt tin expense of °
the deformed  structure until it is all consumed. Thereafter, grain
boundaries continue to migrate as thg roc’rwystlﬂizod grains grow,
leading to grain growth shich is an important spect of batch umuﬁng

(but not of continuous annealing).
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The temperaturo‘a_t vhich{recz"ystuliution occurs is known
as th‘e recrystallization temperature which may be defined as the ™
temperature at a particulsr material with.a specific smount of
cold deformation will)completely recrystallize in a specified pefiod
of t?;e. The recrystallization tonperatu;'e depends updn materisl
chaucteri)stics “such as the amount of prior deformation, grain size
before defomtion and purity. —

When' (60% cold reduced) mild steel (0.07% C) sheet vas
annealad for 10 minutes in a lead bath a softening related t? the
recrystallization process occurred at mn&tling temperatures grontgr
than approximately 600°C; the only difference obgerved between material

mnuled at 600°C and 700°C was the fiml grain size. 'mus, a témperature

.range of 600-723 C was established in which the material would recrystu-

lize, and a tempenturo approximtely 700°C s sélected on- this basis
as a suitable annealing temperature for Recrystallization I treatmentg.
¥hen the material was isothermally annealed at ,700°C in &
metal foil container, tho)softaning occurred &t between 2 and 4 minutes
and after four minutes at 700°C the material was completely recrystal-
lized (Figure 4.3). An increns; in annealing times beyond four minutes ‘
was reflected in an increass in the f:ln,l grain size and hence times ;f
30 minutes and 24 hours at temperature 705°C were selected for the
nmnling\ of the cold-rolled mild steel to produce the starting material

with récrystallized grain sizes GS-1 and GS-II, réspectively.

&
|

5.1.2 Pre-Strain - Recrystallization II -
It should be emphasized that "pre-stuln" refers onily to‘ the

deformation, produced either by tension or roll:lng. of the sheet between

-
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all tnmpex"a:urea .

varies inversely with the ratio N:G,

."l
\ i?’,\r , N l

Recrystallization I and Recrystallization 11 nnnulmg triatments, The *
"main ‘iim of this lnvestign"tion vas to utilite this intermediate deforma-

. tion to control grain size, l.e. to produce a specific final grain size

on recrystallization annealing (recryltt‘l‘iulation 11). \

-

It is known that the rate of recvyatallintion h detemined

by the rate at which nuclei form, N, and the rate at which they grow,,

G, and that it is greater the higher the nrmealing tempenr.ure,“ and
¢ .
the greater the degree of prior defomation. (47,48) The rates of

Ke ) .
nucleation and growth also influence the grain size of a recrystallized

(49) )

7

material, _Both N and G increase with temperature at all degrees of

ot

deformation and they also increase with the degteq of deformation «‘at"

The nature.of this variation ig of 81\’\3\:!1;!‘ %mportagce
to this investigation: N increases with dafémtion more rapidly than

G and since the final grain size af'ter th; completion of tccfy'auuiution‘

then the final grain size dec‘r‘euea.

with iqcreasing' deformation. For small deformations a point will be reach- .

ed where very few nuclei are formed and since the rate of variatfon of N
with deformation is lov at ensll defogmation, the probability of one
nucleus fomingo:ln the material becomes infiniteiy small. Thus, there
will be a minimum deformation a£ which recryatal?\ntion will commence;
this deformation yilelds, as a consequence, large rec:ys'tnniud grainst
this is the critical deformation, also known as the critical amount of
cold work. The e;tis;ence of this relationship allows the control of g
recrystallized grain size through manipulation of the degree of prior
deformation and hence of N and G.

’ The critical deformation should decrease with increasing
Ax;nealing time;. since increasing time increases the probability of

the appearance of a nucleua.“” Nevertheless, the annealing time in

"

&
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_samples that were deformed at small (less ti\an 8%) deformations and

. behaviour ‘were_observed in each yield strength cur'va. Firstly, small
:nounts of defomtion, i.e. less than the critiul strain, did not
bilp‘rt suffieicnt strain energy to the mtgriil tb create appropriate
,usions for nucleus formation and growth rogudleu of the umunng
tonpornture. and hence the yield stress incrolaod with increasing

_deformation as a consequence of work hardening. However, a limiting

Jracryst;'nintion nuclei and their gro‘ly“ At this point the strain
4

- was close to the critical strain and on

voox oo W . o
N 3
Mhipr & mr a3 . B i o L e s VU R P

100,

7
Recrystallization II treatménts was kept constant at 10 minutes since
v '

ahnealed for ;imger times, recrystallized unevenly as nucleation
originated in Luder's bnnds\’rogions résulting in & noniuniform recrystal-

[

lized grain size; 10 minutes was employed as i was found that for this

period of time, recrystallizatioh was uniform’ in character.
¥ These treated samples, i.e, preastruined and annealed samples,
vere then tensile tested to- failure and nicrostr\icturauy exanined.

Observations on the var:lous mechanical properties are discussed belou.

Yield Strength ]

¢

Yield strength\is very significant in assessing formability;
& low value is desirable if other properties, such as tensile strength

and elongation, are favorable.

~.

It is clear from the yield strength results (Section 4.3.1)
thui the amount o‘:r‘ pre'-strnin and the amieuling teupeutur; strongly

influance the yield strength behnviour: Three different regions of

pre-strain existed bqyond which increases in pre-strain increased the

stnin energy of the mterial sufficiently to allow the formation of

a few nuclei formed resulting

A
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in grain size with 8 small increment of strain, i.e. it permits :

" Tensile Strength

SN

- ’ o101
~

in a coarse grained mi‘crostru"ctucga. Beyond the critieal strain, further
increases in pre-strain resulted in higher nucleation rates and the
resulting microstructure became 1n9reuingly fine-grained, wiith .
resultant increase in yield stress. - '

* The dependence of yield stress on grain size is /well established
(50-52) anq 4s given by the Hall-Petch relationship: ’ |

»

- - ya~i
°ys % + Kd

where s’ is the yield stnui % and K are constants; and d is the

o
b4
average grain diameter. This dependence allows the sudden drop in the

yleld stress (Figures 4.4 and 4.5) to be related to a dramatic increase

I

'distninctioh between recrystallized and unrecrystallized mtori;l.

+

With increasing temperature, the amount of pre-strain (thlt
imparted the sufficient strain energy to the material tonnuow nuclei
formation decreased appreciably. mis was observed for both starting
grain Qizes. but the amount of pre-strain necessary for promoting
recaystallization was found to be less for the fine starting grain size

(GS-I) than for the coarser starting grain size (GS-1I) (see Figure 4.6).

Similar behaviour to that observed with respsct \td yield

\

strength was also followed by the tensile strength.

-

¥
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i Oniform Elongation - "
# . Elongation is one accepted measurs of ductility and there- o
\ ' ‘ v
E fore, if other properties are favourable, the steel with the highest «
] C elongation is the most formable. Uniform elongation can be closely

and di‘rectly correlated with the amount of deformation that a material
can under‘go before localized necking occurs, beyond whiﬁ forming
operations bgcome -mpossiblo. .

| As with other mechanical properties, the ductility is dependent
upon the grain size of the mterial.cs"’_) Fine-grninod materials have
Kigh yield and tensile strengths but low ductilities wi\ile very coarse
grained materials exhibit a similar lack of ductility, as shown in
Figure 5.1.

Reference to Figures 4.9 and #.10 shows that the uniform
elongation, curv ; exhibit a minimum when the critical strain value has
just been exceabdad, i.e. ‘when ‘the recrystallized grains are at their
maximum size. For GS-I starting grain size these minimum unifom
elongation values were approximately 14, 21, 12 and" 11% for annealing
temperatures of 715, 705, 675 and 650°C, xkapectively. At 610°% a
minimum value of 6% was registered at 228 pre-strain. With starting

grain size GS-QI, these minimum uniform elongation values n&o goncrnuy

LY

higher in comparison to those of GS-I.
The incredse in uniform elongation beyond the minimum values
of critical strain, which was observed at all temperatures except

610°C, and for both starting grain sizes, was attributable to the or

decrease in the recrystallized grain size is the pre-strains became

b

3

9 . ‘greater. Uniform elongation values continued incressing with increasing
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* PIGURE 5.1 Effect of grain size on ductility
of annealed material. (23) . .

2

pre-strain up to approximately the value found in material not pre- N
strained at JI. When this value is reached, uniform -lonptibn either

rfemsined constant or exhibited a smooth decrease.

[y

‘ One characteristic of the exporilmt;,l rethod may have had a
Al

L

significant influence on the values reported for total and unifora N

elonpation. Rogrysuui:od tensile specimens, all of the same original

\
<
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" thickness, were pre-strained, xlnnoa.lod and tested in tension; samples
that had been strained to a greater degree were coh;equafnély thinner
than those pre-strained at lowers lgevels. This di;sferenge in thickness
\;ndoubf;‘edly uffocged the unifozjm o.;d total elonga-tion results: elonga-
tion decreases with decreasing sheet thickness, the elongation decrease

becoming more evident as the thickness becomes smaller as shown in -

* Pigure 5.2, The starting sheet.thickness in the present work was 0,035 in.,

Y
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. FIGURE 5.2 Effect of thickness on elongation values.(53) -
vhich places the thickness range of the reduced material in the most -
s’tnply sloping portion of the slongation versus shest thickness curve
(Figure 5.2). But the effect is not large as even the maximum thickness

,reductions used in the experimental work, i.e. approxlutofy 30%, will

result in a decrease in ductility of less than 5%.
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Yield-Tensila\l}atio *

The ):ield-tensile ratio is a commoh parameter for appraising
the formability of sheet steel. The lower the value of this ratio the
more suitable is the steel for severe forming operations, i.e. there is .
8 large stress range in which the plastic defoma?ﬁon of the forming
operations can be carried out. The yiéld-tensil(é ratio values deter-
mined for all recrystallized sheets in the present work lay in the range
0.43-0.68 for. both starting grain s.izgs’, i.e. they are comparable with

.
fﬁ'usa of batch annealed sihet. ~

b4

Grain Size Variation

Praviqus investigators (54) have shown thn.t the recrystallized
grain size depends upon the amount of deformation given to the material
before annealing. Deformation slightly greater than the critical strain
introduces only & \relatively low level of strain into the material which
creates few sites at which a nucleus can form and grow| This results
in a large grain size thqn the material is annealed. Increasing deforma-

tion allows progressively more nuclei to form resulting iy smaller grain

sizes. The grain size of the material prior to deformation)also
influences the grain size after annealing and the coarser the starting
grain size, the ‘coarser the recrystalliied grain size. (25,54)

In the deformation nngegﬁvestigated (0-24%) the results

‘agreed well with this theory. Mhen the pre-strain was only slightly

greater than the critical strain, the recx;ystallized grain size was
very large; increasing pre-strain resulted in a steady decreass in

recrystallized grain size. The results also indicate that at 715°C the

Y

ks
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. that steel vith Comparable properties to batch annealed material can be

effect of pri«;r grain sizeﬁ had negligible effect on the annealed grain
s.‘ize but the influence of starting grain size became measurable at

lower temperatures: a coarser@startiﬁg grain size resulted in a coarsér
recrystallized grain size at constant deformation, temperiture and
‘annealing time. For the coarse starting grain size, GS-II, recrystalf
.lization did not take place at the I;west annealing temperature, 610°c,

even with large deformations, }

5.2 Evaluation of Results ' ‘ e
Conii;\uous annealing has been highly succgssful for the

production of tinplate stock but if it is to become an accepted ‘mtthod

z:f;r the production of drawir;g quality sheet; pethods will hav; to be

found to ensure thaé, continuously annealed sheet develops a proper grain

,size and is not susceptible to aging. The two Japanese processes already

3

in use, i.e. CAPL and NKK ensure sufficient grain growth during continuous

,arméuling through close control of composition and prior history of the

material while aging is minimized by incorporating an overaging section

. ; - (33,43)
into the annealing line. By these methods it hai been reported‘ "’

produced. '
However, the present experim;ﬁtal programme has concerned
itself with heat treating a mild steel from a normal cold-rolling
production run, i.e. with no close control on chenical composition (see
stx;ai{n—heat cy;:le illustrated in Figure 5.3). An initial recrystal-
lization treatient is fovllowad by deformation at room telperat;xre and

then @ second recrystallization treatment, According to the results of

a
-

1

Tpa"t
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this investigation the initiel recrystallized grain size should be as
fine &s posgible to ensure the amount 'of pre-strain is minimal. Thus
the first recrystallization treatment can be p;rfomed‘:{t the maximum '
strip speed compatible with obtaining a fully recryst&ﬁized material
ar;d cooling rates can be high. The recgﬁtallization‘temperature in
the second heat treatment should also .be as high as possible, but less

than 723°C, to minimize furnace size. . The influence of cooling rate

from the f£inal recrystalli}lﬂg\n treatment on sheet mechanical properties

e \"\
— 4 =N
n 1 SN
o . \ )
\
. \\
g
E \
X - 2 slow 7\ ‘
- & cooling '\ -
E - \
- \
) . \
»
T2
Time .
Ty : "Annbaling . tempsmature ( 650°C-705°C )
T2 ¢ Intermediate strain temperature (room temp)
S\, % : Heating and soking time-part I- ’ . 7
t3 : Heating and soaking tire -partIl- )
“ FIGURE 5.3 Strain-anneal c)%le proposed.
'y . -
{. :
s A6t examined but it is clear thet either slow cooling or cooling
with an incorporated overaging step \{Q in CAPL x;nd NKK processes would
' 4 . .
be necessary to allow carbide precipitation and thus to ensure the .
nmost desirable sheet properties. . -
B
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) ’ The amount of pre-strain is the0 critical factor determining
. the final recrystallized grain size and it counld be altered to suit

the specification of the end produet” , i.e.'relatively fine-grained steel ’

| could be produced using -a large pre-strain (s‘ay 21-28%) whﬁe the coarse- \

grained steels necessary fpr deep drawing couid be pre-strained by a

[

. smaller amount. )

' ‘Z/?i Table VIII enables a comparison to be made between the
properii.es of low-carbon sheet steel annealed by this techniqu.e and
thoie/annenleg by other methods. It is clear that the strain-anneal

g liethog compares very favourably with other production methods and it

ey

would also appear to have some advantages over the other processes:
b 1) cloZe chemical control is not “essential to obtaining a specif:'led
annealed grain size, and (2) a wide range of annealed grain sizes, and
consequently.a wide range of mechanical properties, can be produced
from the sau;e material solely by varying the amount of pre-strain.
] - I The suggested pr;cess does have some drawbacks, noticeably
7 the increment in cost- over conventional continucus annealing neces-
sitated by the intermediate deformation and seégnd anneal steps but/ﬁ
these may be offset by the increased throughput ot: /.the large tonnages
of sheet destined for forming ;wperations. Additionally, a c¢lose control
\

would have to be kept on the amount of intermediate deformation and in .

¢ oxder to ensure“ a unifom’ preduct it might . to be adjusted to '

accommodate variations in the initial re¢ryStallized grain size. How-

s ~ it
ever, it was™found that pre-strains in the range 21-28% gave finsl

recrystallized grain sizes comparable with those ohtaineq from batch

A C annealing and the er;trhentn results (ses Fi@i‘e 4.38) showed that
’ - ¥ . N

B




control in this region would be less critical than would be necessary

with lower pre-strains.

)

.1 TABLE VIII ‘
L Comparison of NMechanical Properties of Material /
Annealed by Different Methods .
¢
E < o
) . Continuous Anneal ‘
Nechanical Batch Present**
Properties Anneasl ) g&PL' NRK* - | Investigution.
Yield strength g
§ (Psi) g 28.2x10° max | 27.9x10%| 31.3203 |  27.8x10°
| Tensile strength s s s -y
(Psi) 46 .9x10 46.6x107 | 46.8x10 42.9x10
C) Total . .
elongation, in 2 in. ; : C v f
(%) 44 44.2 45 44 .4
Yield-tensile ratio 0.60 0.60 0.67 0.64 ,L{
Grain size
(_) \‘ ‘ . - - 00019 0.018 ! -
N - 7 . \
B Tested with JIS specimens. /
** Tested with 8 in. long, 0.6 in. vide'strip specimens. .
26% cold-reduced.
r \# ‘\
KY .
J
L - - h -
f : o )
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CHAPTER 6
! . B
6. CONCLUSIONé )
For the 1008 steel used in this work, and within the limits g
of pre-strain and annealing times and temperatures enﬁloyed, the

following conclusions can be drawn from the present work:

1.

3.

~sizes, particularly as'evidenced by the mechanical

-

There wasa substantial difference in response to final
T 4

annealing of material with dif%e;em starting grain

properties. In particular, for a given annealing
temperature, tlhe amount of pre-strain»atf which the yield
and tensile strengths sharply decreasa was suner‘ihe
finer the initial grain size.

Annealing temperature had a strong influence.b on critical
strain which ?ecrusod as the annexling temperature “
increased. N |
Pre-strains at or sli:ghtly higher than the critical strain
resulud..inavery coarse annealed gr;in size, wh’ieh
decreased rapidly as the amount %of pre-strain increased,
Uniform and total elongation values had their lowest
values when the grain size wasat its maximum.

The yield-to-tensile ratio for strain-snnealed recrystal-
lized material was always in the range 0.43-0.68 for both
surting grain sizes investigmd and was lwoslt near the
critical strain. The utio uu:rusod as the umu{in”ﬁ

tenperature decrgased‘ .
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5. By ensuring an appi-of:rhte annealed grain size it was
found possible to produce sheet steel conforming to
forming operation specifications by using strain-annealing. °
6. The amount of pre-strain which had to be applied to the
material to produce an appropriate annealed grain size
was in the 21-28% rmga.\ ‘ - | .
7. In the proposed strain-anneal cycle it was not necessary
to have close control of chemical composition to ensure
the development of the desired annealed grain size.
° 8. By controlling the amount of pre-strain, it was pos;iblp
to producs a wide range of final grain sizes and conse-
quently, a wide range of mechanical properties, without
6any change in annealing times and toqnﬁtu;na. R

.l .
4
/\ . (
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CHAPTER 7 ' N
'--—i-'——-—

A

"7. SUGGESTIONS FOR FURTHER WORK

The usefulness of the strain-ann-uung method for the
continuous production of drawing quality sheet is clear. Noverthel;ss,
it is felt that more conclusive results could be obtained and the o
method further investigated using the following suggestions.

1. Forming operations using metal sheet require the sheet
to stretch plastiully and uniforaly to take a desired
Shlpa and thus & neasure of anisotropy of the material
is of great importance. W@oth the planar and
hormsl anisotropies of straj -annealed low-carbon sheet
steel should be investigated by using (for example) the
Olsen cup test and evaluating the strain ratio value "r"
(Lankford cpefficient).

2. l:‘urthar strain-anneal experilﬂi\t!: should be carried out
on other grades of steel which are normally batch annealed.
Additional experiments should also be designed to elimi
one important source of error inherent in the present work
(Se::jnn §.1) which was due to all starting material being
of tife Same thickness and in the size range where small
changes in thickness exerted a large influence on measured
ductility nuaber. ‘

3. The effect of heating Tate nodifying the final recrystnl-
lization treatment should be investigated, since it is
Possible that this parameter could have an effect upon
the asount of pre-strain necessary to develop a suitably
lnpu}Od gtain si,ze.lZ

v
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APPENDIX A .

b

AGING OF THE ANNEALED STEEL - . T e

" Introduction

Aging (quench aging or age ha nir\g) in plain clrbon Stesls
13 the result of precipitation of the interstitial solute carbon and
‘nitrogen from supersaturation in ferrite. Aging is readily observed -
Vthrough the change in mechanical properties and occurs in steels if
the cooling rate from the annealing temperature has been sufficiently

fast so that equilibrium carbide precipitation has not occurred.

Experimental Procedure

It was found that a steel envelope and its enclosed specimens

C) required api)roxintoly 20-30 ninutes to cool to room temperature from
| 7oo-7os°c. i.0. the cooling rate was approximately' “23-35°C/llin. N
In ‘order to ascertain whether th:lsh cooling rate was sufficiently
) " slow_to allow oquilébriun carbide precipitation, tensile tests (see
Section 3.5.2) were performed on annealed samples which had been held
at room temperature (n 24°C) for varying periods of time up to a
\\ " maximum of 30 da)"s. In addition, one batch of samples was placed in
a freezer (- 100(:) after uumung\ and these samples were also ‘tested

 after 30 days.

L , ’ Experimental Results
| The aging results*are shown in the form of graphs. Figure

r A.1 shows the variation of the strength px‘-opﬁ;?u ‘1.e yield and tensile

.T ’

’ / ' <
|

i
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{ FIGURE A:l Strmgéh properties variation of samples aged at 2 OC for the shows: times.

Approximate cooling rate:  35°C/min.
Heat treatment: heating to 700°C; heating and hdlding time: 30 min.; air

cooling.
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‘ precipitate as only minor aging effects were noted®},

115,

strength) with respect to aging time at room temperature of samples
annealed at 700°C for a period of time of 30 minutes followed by air
cooling (at a cooling rate of 35°C/min.). The values plotted for

zero aging time correspond to as-snnealed samples. From this figure

it may be seen that the yield strength increased after 24 hours aging
reaching a maxima after one w;ek then decreasing to the value of the
as-annealed material after approximately one month aging. The yield
strength maxima represented an increment of about 4:103\:51 The
tensile strength did not appear to vary with aging time. Figure A.2
shows the variation in the total elongation and as expected it .
decreased slightly ;'s the aging time increased to reach a minimm ‘of
42y, i.e. a decrease of about 8% then increased to & value approximately
equal to that of the as-annealed uterial. -
The results obtained from the annealed and air cooled samples
and kept in a freezer (n - 10°C) for periods of time o{ 30 days showed
no significant difference from those rgsults obtained from the samples

aged for the same period of time at 24°c,

Conclusions

From these experiment results the following conclusion could
be drawn: the cooling rate ot v|35°C/nin.. i.e. air-cooling from 700°%€

- >
was observed to be sufficlently slow to permit most of the carbon to

¥
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FIGURE A.2 Totsl elongation variation of samples aged at-24°C for the times shown.

Approximate cooling rate: 35°C/min. Heat treatment: heating to 700°C;
heating and holding times: 30 min.; air cooling. .
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TABLE B-I

Yield Strength of Pre-Strained and Annealed Material

Starting grain size: GS-I
ASTM Né.: 10.1 1 0.21

9

\

'3
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YIELD STRENGTH, , (Psi)
.Annealing Temperature (°C)
*’re-Stmin
(8) 715 705 675 650 610
:)“u
1 - 41,186 44,737 T 44,768 . -
2 40,693 43,945 47,660 49,134 43,571
. 4 45,877 . 43,401 45,113 42,949 45,029
6 44,392 50,379 - - 47,990
8 17,076 15,994 - - -
10 16, 387 16, 166 50, 522 50,639 53,026
12 18,179 17,533 22,439 55,014 -
14 - . - 44,934 57,871
16 21, 841 21,704 19,651 23,621 58,313
18 - . - - 57,935
20 23,539 25,161 26, 945 25,714 36,083
22 - - - - 47,391

4

R4 3
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TABLE B-1I

Yield Strength of Pre-Strained and Annealed Materisl -

) "

/Starting grain Size: GS-II -
- j ASTN No.: 8.28 & 0,215

YIELD STRENGTH,, , (Psi)
Annealing Temperature (°C)
Pre-Strain , — y
RO I 715 705 %75 650 610 \
1 - - - - -
2 41,593 38,916 45,262 . 35,268 38,324
4 44,724 - - - - ;
6 45,285 44,413 45,077 42,980 45,410
8 42,366 44,99 - - . - -
10 16,484 42,078 48,942 47,233 46,588
12 14,948 22,130 47,051 47,914 -
14 - 17,281 , 29,649 43,048 49,213
16 ‘1 -19,67F 19,176 18,584 39,172 52,036
18 , . 20,127 22,441 51,670
20 23,657 22,008 2¥, 457 22,814 53,572
22, - . 23,712 -+ , 23,587 51,860
24 - . 24,568 - ( - 50,344
26 - .. - - -
d b}
| —-
. §
A
% R
3




TABLE B-III

119,

Ultimate Tensile Strength of Pre-Strained and Annealed Material

Starting grain size:

GS-1

ASTM No.: 10.1 % 0.21

TENSILE STRENGTH (Psi)
- Annealing Temperatuyre (°C)
[Pre-Strain )
™) 75 . 705 675 650 610
%
: 1 - 45,491 45,595 44,597 -
2 44,545 46,485 45,497 45,628 46, 37|
P 4 46,543 45,806 47,038 45,992 47,210
i ( z 6 46,908 49,097 .- L. 49,670
8 36,227 36,132 - po. -
10 35,043 36,278 . 51,146 52,304 53,220
12 37,347 37,797 40,701 52,974 -
14 - - - 52,164 55,631
16 37,856 38,669 38,441 39,248 56,631
' 18 - - . - - 58,422
20, | sss < sass T w285 s 47,00
gz - - - - 52,128
4 L4 - - - -
i
”.
\ e
' | P >~
1 L 5
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\ . TABLE- B-1V

Ultimate Tensile Strength of Pre-Strained and Annealed Material
! . G

Pt /
Starting grain size: GS-II
. ASTM-No.: 8.28 % 0.215 ‘
§ N '
E [}
1 , , TENSILE STRENGTH (Psi) -
' , Annealing Temperature o)
| re-Strain R )
N ™ - 715 705 - .. 675 650 610
1 - - - - -
. 2 44,045 43,488 42,082 ' 43,141
Py . - 4 44,993 - - R -
( ) 6 46,152 46,699 45,845 46,518
8 465237 46,289 - -
10 35,874 46,132 47,656 48,580
12 35,005 38,585 48,693 . ™~ -
v . 14, - 36,007 48,537 51,027
. 16 ] 36,926 36,696 47,440 $1,909
~ : 18 - - 37,408 $2,474
] 20 37,674 36,929 38,553 54,10
2 - - 39,424 52,586
‘ 4 24 . - 37,683 - - 52,818} .
N \ k b A
? J . !
/o |
. ’7 N ’ ‘
. 7 °
) - .




' T s ' b5 ’ XYL = + Lyo 3 R ey Y
[ . . N s N Ly L ity T T e . . ]
. TRy - at + LSS \’1{‘.‘":,‘_"?’;,\?~ e }U‘ s e sty _;ﬁ ﬁ;ﬁ [T P

. '
¢ o

; ‘ ' TABLE B-V \ -
L ' .- miform Elongation of #repslgamd and Annealed Material ,

\

e Starting grain size: GS-1 :
° Asm NO.: 10.1 b 0.21

¢ - . N
: “ ‘ UNIFORM ELONGATION (%)
¥ , o

: Annealing Tesperature (°C)

¢ . Pre-Strain - .
’ ~ 4)] 715 705 675

a

- 27.0 27.2
26.4 27.4 - 27.5

: - 23.0 26.6 24.3

O 26,0 21.8 -
: 8 7S 21.0 -

LN 26.3 16.2

28.5 26.25 2.2

o e e

: 16 . 27.3 27.0 28.9
20 4.8 27.0 27.7

-
N o .
.
»
;
- \ 1
'
L .
' N M
P
%
'
1
» ~
N .
v
4
'
. -
¢ %
L) ¢ - R
P ) _ l
<
o 4
' .
*! s ! ——
b . -
R | ' o -
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TABLE B-VI |
Uniform Elongation of Pre-Strained and Annealed Materiil

" f""i

4 \ » \
Starting grain size: GS-II

ASTM No.: 8.28 iC.’llS

UNIFORM \E\L(NGATIGI %)
h Annesling Temperaturs (°C) ’ ;
%Pre-Stnin ’ ]
®) 715 705 \\{s ) 650 610
3 1 - ’ - - W -
2 30.1 28.7 25.6 26.4 28.1
.1 4 kd /\ 28;9 - - - -
C 6 . 26.2 21.1 24.2 255 20.0
® 8 16u2 1802 , - - -
10 21.1 17.2 19.1 19.6 17.9
; 12 3.1 17.9 18.2 18.1 -
‘: 14 - 29,7 11.3 14.5 16.4
.16 31.0 32.0 29.2 8,2 ~  °15.25
18 - - 2902 2005 1"2
20 30.3 28.4 29.0 27.8 12.7 .
22 - - 27.5 2905 12.‘
24 . 25.4 - - 10.2
.
\ 4
A i !
ST |
. ~
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TABLE B-VII
Yield-Tensile Ratio qf Pre-Strained and Annealed Material
k 1
Starting grain size: GS-I _ p
ASTM No.: 10.1 3 0.21
[ 4
i
. YIELD-TENSILE RATIO (YTR)} (YS/UTS)*
o - Annealing Temperature (°C)
[Pre-Strain Yi z
(%) 15 705 675 650 610
1 - 0.905 ! 0.982 1.004 ! -
2 0.914 0,945 1.047, 1.077 0.93
4 0.986 . 0,948 0.959 0.934 0.95
6 0.946 1.026 - - 0.966
8 0.471 0.443 - - -
12 0.487 ! 0.464 0.552 1.0385 ‘ -
14 - - - 0.861 1.04
16 0.577 0.5613 0.511 0.602 1.02
18 - - - o 0,991
20 0.622 0.653 0.686 - “0.652 ' - 0.76
22 - - - - 0.90
24 - - ‘- - - -

]

7/

/

* YS/UTS = yield strength/ultimate tensile strength.
)
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_ TABLE B-VIII &
i Yield-Tensile Ratio of Pre-Strained and Annesled Materisl
N .
: .
: Starting grain size: GS-II ' '% .
:;L Asm NO.: 8-28 1 03215 IR
g I .
§ > 3
%‘ YIELD-TENSIKE RATIO (YTR); (YS/UTS)* %
‘é b
' Annealing Temperature (°C) F:
H pre-strain .
(L) I s 705 675 650 610
/ - - - - 3
2 0.944 0.895 . 1.038 0.838 0.88 3
4 ) 0.994 - N L 8 - o ) \}
O 6 0.981 0.951 0.974 0.937 0.976 e
8 0.916 0.972 - - -
] 10 0.459 0.910 0.984 0.991 ' 0.95 .
12 0.427 0.568 0.977 0.984 - &
14 - 0.479 0.685 0.886 0.96
16 0.532 ° 0.523 0.511 0.829 1.002 ‘ :
. 18 - - 0.547 0.600 0.985]
20 0.628 0.59 0.581 0.592 0.9 W
22 - - 0.634 . 0.599 0.9 N
24 - 0.652 - - 0.95

1]

* YS/UTS = yield strength/ultimate tensile stremgth. .

i ~
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TABLE B-IX o
Total Elongation of Pre-Strained and Annesled Material
Starting grain size: GS-1
ASTN No.: 10.1 2 0.21
— - ~ TOTAL ELONGATION (%) ‘ .
¥
Vs Annealing Temperature (°C)
| i [Pre-Strain
%) 715 ?05 675 650 - 610
1 - 36.0 36.7 36.0 -
2 33.9 348.3 37.0 36,5 33.7
4 30.2 38.3 35.2 33.0 32.7
6 ”c7 29-0 -, - 29.8 (
'8 19.9 28.0 - - -
10 52.1 36.5 23.7 21.8 17.5
12 . 37.8 37.2 17.9 22.0 - ‘
1‘ - - - 10\9 21\6
16 36.6 . 37.3 38.5 25.0 19.6
18 - - - - 18\1
20 31.8 33.1 35‘0 2803 11‘3.
22 - - - - - 8.7
%
/ R N w
4 - , '
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TABLE B-X
Total Elongation of Pre-Strained and Annealed Material

Starting grain size: GS-II .
ASTM No.: 8.28 % 0.215

wt
Y
TOTAL ELONGATION (%)
Annealing Temperature (°C)
: X
[Pre-Strain MG
) 715 « 708 675 . '650 610

3 1 hd - - - - -
' 2 38.2 38.4 52.7 n  33.7 35.6

; - 4 3.9 ¢ - - - -
O 6 36.4 32.4 31.9 30.1 32.0|

8 18.8 2207 - - D
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 T 37.7 10.0 22.7
# 18 - - ) 38.0 - 28.8 21,0
20 * 36.65 - 36.9 38.7 37.5 18.9
‘ 22 - - 35'0 3600 18;1

24 - 32.5 - - ls'

1 =
o \
~ ’ .
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TOTAL  ELONSATION , %

7% °C
a705°C
A 675°C
X 650 °C
=610 °C

[ 1 [N ] 1 L ] 1 1 L { ]

.2 4 6 8 10 12 L0 16

B 20 22 X
PRE-STRAIN, %

¢

Ty oz .

FIGURE B-IV(a) Effect of pre-strain and annealing te‘q)erature on total elongatiom.

Starting grain size: GS-I; annéaling time: 10 minutes.
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FIGURE B-1IV(b) Effect of pre-strain and annealing temperature on total elongation.
’ Starting grain size: GS-1I; annealing time: 10 minutes.
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