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ln automotive industry, one of the most important demands is the availability of high strength and deep
lra,wing quality steel sheets with excellent formability and good anti-agtng pîo[ertiés. Foràability is re-
ruired when the sheet is-shaped into an automobile body pinel, and hig"h tiràngtl is required after'assem-
úy. Recently, such steel sheets have been required to satisfy the need /or car tieight reàuction"and eanrrgy
aving in the sheet coating process, i.e. lower coating temperature anà shorter clating time, which contii-
utes also to resolving global environmental issues. The application of Continuous Ainealíng Technology
ws-allowed tlte prodyyction of DDQ steel sheets with bake:iardening é6rrt, which offer a goíd compromf-
e between drawability and-strength., Nevertheless, these steel slleàis have poor"anti-lging properties,
thich could be overcomed by-controlling the solute carbon content. The moit important'foàtór, irltrrn-
'ing-the properties of the produced steel sheets by CAL are: carbon contenî, ornrolirg temperaturi, slow
oo-ling temperatures, rapid cooling and overaging conditions. The key point in the càntinious annealing
zchnique is to decrease the solute carbon content up to a certain ttmti. Thts could be achieved by p,ro*o-
îng the.cementite precipitation and growth in the oieraging stage. There is a big dilemma on the" cbmenti-
r precipitation site regarding the mechanical properties fròm one side and theànti-aging properties from
he othe-r side. Precipitating cementite in theferuiie matrix enhances the anti-agtng própe:rti", horrrr, ,r-tuces sheet formability. The optimum carbide-precipitation necessary to strike"a Uito"b" between ductitity
nd strain aging property is still a matter of discusiion.
r study was made on a new continuous annealing cycte (CAL) aims at improving the aging resistance and
ruint ainin g t he c o mp romi s e w ith fo rmab ility c har aLc t e r i s t i c s.
hre-e different ELC steels with different carbon contents (0.02, 0.03, 0.05Vo) were industrially hot rolled,
old rolled then continuously annealed on lqb_2yalory simuhator The continous annealing involíed soaking,
uenching from 625"C and overcooled to-?10'C, retaining at the quenching temperatire for 4.25 s, thàn
ither rehe-ating to 350"C, 

2vera,ging for 180s, and coolelto 150'C, or rehàting to 450"ó, hot dip galva-
izing and final cooling. The effect of carbon content and two-stage cooling oi the aging charàcàristic
nd mechanical properties of the steel sheets was studied.
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utomotive industry are recently required to conform to the
:w global requirements regarding vehicle weight, energy
lnsumption and emission control. The new challenge to thè
eel makers for automotive industry, is to develop alternati-
: deep drawing steel products using advanced iechnology
offer weight reduction, high mechanical properties and

rrosion resistance. ( 1,2,3)
eep Drawing Quality steel sheets (DDO must have excel-
nt lrmability, good dent resistance and anti-aging proper-
:s. Formability is required when the steel sheet ii ìhaped
to automobile body panel, and high strength is required af-
r assembly.
re development of new and existing steels has led to new
rmulations of bake hardening (BH) steels which can be
oduced with formability comparable to that of the traditio-
Ll Interstitial Free (IF) grades, along with the ability to in-

crease in strength once the parte has been formed and baked
in a standard paint curing cycle. This combination of attribu-
tes allows thinner material to be used witout compromising
strength. BH steels benefits initially from a relatively low
dislocation density and a controlled level of carbon in solu-
tion. The strength achieved in BH steels is attributed to the
interstitial carbon atoms migrating to and pinning disloca-
tions. Once pinning has occured, an increàsed stress is re-
quired for further deformation.
Continuous evolution of steel producing technologies, spe-
cially the introduction of vaccum degassing technologies,
paved the way to the production of extra-low carbon (ELC)
steels, which is more resistant to aging at room temperature.
The technology of Continuous Annealing has long been
used for the production of a variety of cold rolled steel
sheets having the same quality as batch annealed products;
such as hot-dip-galvanized sheets, tinplates, stainless-steel
sheets, and nonoriented steel sheets.
The prime advantage of continuous annealing is the consi-
derable increase in product uniformity, flatness, and surface
cleanliness along the length of the given coil. This is very
important as tolerences and allowable property variance arè
reduced as a result of the increasing automation of forming
processes. Continuous annealing results also very economi-
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Sample C

0,007 0.039 33

0,010 0.035 39

0,019 0.042 38

Thble 1. Detailed chemical composition (ín weight percent) of the
three Alloys

Tabella 1: Composizione chimica (wt%o) delle tre leghe

Fig. 3: Lttboratoty simulation anealing cycles:
a) Continuous annealing, b) hot dip galvanízing

Fig.3: Cicli di simulazione delle ricotture in laboratorio
a) Ricottura continua, b) zincatura a caldo

des are precipitated inside the grains. Consequently, we get
good strain aging property and less detrioration ofthe ducti-
lity. Therefore, a certain compromise should be attained
using a moderate cooling rate to satisfy both characteristics.
In automotive industries, the Aging Index is a very impor-
tant measuring parameter to determine the soundness of
steel type. Steels with aging index less than 2OMPa are ab-
solutely non-aging, and highly acceptable in all applica-
tions. Steels with A.I. between 20 and 40 MPa suffer some
degree on aging and are suitable for limited applications. ff
the aging index is higher than 40MPa, steel is not acceptable
for automotive industries.
A study was made on a new continuous annealing cycle
(CAL) aims at improving the aging properties while main-
taing the compromise with formability characteristics. A
further improve in the absolute value of both strain aging
and ductility, was thought to be obtained by increasing the
driving force for carbide precipitation in the overaging sta-
ge. A high degree of supercooling is introduced in the CA
cycle to further enhance the supersaturation of solute carbon
before overaging.
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Three different ELC steels with the chemical composition
indicated in table 1., were industrially hot rolled at 650"C
and cold rclled at67Vo.
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Fig. 1. Sequences ofprocesses included in continuous annealing
process line.

Fig. 1: Sequenza dei processi nella linea di ricottura continua

Fig. 2: Schematic íllustration ofcontinuous annealing cycle

Fig.2: Illustrazione schematica del ciclo di ricottura continua

cally attractive as it requires shorter processing time, low la-
bor and handling costs, and improved yield resulting from
the combination of several operations; electrolytical clea-
ning, annealing and temper rolling, as shown in Fig.l.(3,4)
Modern heat cycles of continuous annealing are divided into
the following steps
. 

$gqi{ heating to a high temperature above A, (6i5.C -
850'C)

. Soaking for an annealing time on the order of 1 min.. 9l9y cooling to below A, using a gas jet cooling (-
10'C/s),

. Rapid cooling at rates 10-100'C/s. Overaging at - 4OO'C for 1-5 minutes.

. Final cooling to room temperature.
Stages from rapid cooling to final cooling are particularly
important as they determine the mechanical properties of thè
product. Texture and solute carbon content change in stages
up to rapid cooling. During the overaging stage, the grain si-
ze and texture do not change at all, while a decrease in the
solute carbon occurs. The key point in continuous annealing
technique, for the production of DDQ steel sheets, is to re-
duce the solute carbon to a certain limit (< 10 ppm) by pro-
moting the carbon precipitation as cementite and growth at
the overaging step. Carbides are better recipitated at the
grain boundaries than within the grains. The solute carbon is
precipitated to improve the strain aging of the product, and
the cementite growth is to secure the ductility.
Fig. 2 schematically shows the continuous annealing cycle
along with the structural changes
Rapid cooling after soaking results in precipitation of very fi-
ne carbids inside the grains. In this case, strain aging pro-
perty deteriorates, and high ductility is achieved. On the
other hand, slow cooling gives the chance for coarse carbides
precipitation on the grain boundaries and very few fine carbi-
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Samples were underwent two different laboratory heating
regimes in Gleeble 3800. The first heating cycle simulabs í
continuous annealing line (Fig :.a.1, whictr involves rapid
heating to 810"C, soaking for 60s, slow cooling to 675"C in
30s, then quenched to 250.C at a rcte of 100.Ò/s, reheating
and overaging between 350"C and 150"C in 1g0s. then fina'Í
cooling.

F" ::gol{ heat regime.represents the hot dip galvanizing
line (Fig 3.b), and is similar to the first program except tha-t

lgaking is at 850"C for 60s, and galvanizing at 450óC for
30s.

Flicrcscopy
The-microstru:ture, grain size and cementite precipitation
profile were observed with a Reichert MeF2 Opticaf micro_
scope.

ltechx nieal Frop*rtics Measurerments
The.work hardening exponent (n-value) has generally been
used for the estimation of the uniform elongati-on. It ij deter_
mined by the dependaace of the yield streis on the level of
strain using the true stress-strain curve, according to the fol_
lowing equation:

Where k is a constant known as strength coefficient. The va_
lue of n was cafculated in the deforÀation field of l0-20To
elongation.
Plastic strain ratio ( r ) relates the drawability, and is known
as the anisotropy factor. It is defined as the iatio of the true
width strain to the true thickness strain in the uniform elon_
gation region of a tensile test.

Aping IndeN {,&,L}
Aging Index is the measure of the aging properties. It is cal-
culated by the difference betweenlhJ flow stress at IOVo
sr3in,. gd 1he loryq yield srrengrh after l\Vo straining and
artificial aging (100"C, 60 min).

tF,'rL{Jgt{eg 0r fARs0t{ e0${?ge'T 8,{ &&AIN SXer
AN n M ge,{&&trc&r_ pR$ prRTxss

It is well knows that grain diameter is greatly influenced by
carbon content.(5) As seen in Fig. 4, the grain diameter be_

0.0? ú.025 0.03 0.035 0.04 0.045 n.05 0.rlss

Fig.4: Effect ofVo carbon on the grain size

Fig. 4: Effetto del carbonio sulla dimensione del g,rano
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Fig.. 5: SEM micrograghs for both CAL and HDG samples showing the effect
of increasing carbon content of grain size and carbidi precipitatiin site"ànd dimension.(x500)

(2)
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Fig. 5: Micrografie al SEM per il cíclo CAL e HDG; i campioni mostrano l'effetto dell'incremento
del tenore di carbonio sui siti di precipitazione e le dimeniiont dei carburi (íi001
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Fig. 6. Mechanical properties
of both CAL and HDG

F ig. 6 : P roprietà me c caniche
dei cicli CAL e HDG

content value, yield strength and tensile strength increases
steadily. The aging index reaches its minimum when carbon
content is around 0.037o. Elongation becomes more sensiú-
vely to the increase of carbon content after 0.037o.
The influence of carbon content on the yield strength can be
expressed in terms of grain size using the Hall-Petch corre-
laLion:

o, = 6i + k, da/2 (3)

Where ou is the lower yield point (MPay, o, is the yield
strength ih a monocrystal, k, is a measure for the activation
of a dislocation source, fot' ElC-steels is typically 15-20
MPa/mm2.
This equation points out that a decrease of the grain size
leads to an increase in the yield strength.
The value of n depends greatly on the grain size, which in
terns is influenced by the carbon content; the coarser the
grains, the higher the n-value. Further decrease of n-value
could be caused by the morphological and quantitative
change in carbides. These phenomena are the product of the
change in the precipitation site and the inter-carbide mean
free path of fine carbides.

comes larger as carbon decreases from 0.05 to O.02Vo. Con-
sequently, the grain size influences the precipitation site and
size of carbides. SEM micrographs presented in Fig.5 show
that many cementite paficles were found in the inierior of
the larger grains; while, in small grains, the larger fraction of
cementite particles was found on the grain boundaries. This
may be explained as the smaller the grain, the shorter the
diffusion distance for carbon atoms to reach the grain boun-
daries - being lower energy sites where solute carbon can
store at low temperature.
As mentioned before, the carbides' precipitation sites play
very significant role in controlling the yield strength àfter
baking (BH effect). During heating to the paint baking tem-
perature, solute carbon migrates to the grain boundaries re-
sulting in an increase of the yield strength through disloca-
tion pinning. In coarse grains, solute carbon would migrate
to both carbides precipitated insides the grains as well as to
the dislolaction, resulting less effective pinning. It was also
find that coarser cementite is more effective than fine ones
in dislocation pinning, as disclocations may cut the small
particles.
Fig.6 shows the mechanical poperties of both CAL and
HDG samples. It is found that with the increase of carbon
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cal expression of carbide precipitation at the overaging step
can be expressed as follows:

dC/dt = -k D(T) IC(T) - S(T)l e)
Where k is a constant depends on the precipitation site and
density.
To maximize the carbon precipitation at the overaging stage,
a certain balance between the overaging temperature and ti-
me should be reached to maximize tÉe érm rcG) _ S(T)1.
As presented in the time-temperature pr"cipìtítion cúive
(Fig.8) for cementire in ferrite òontaining 0.0458"C calcula_
ted by Koseschnik and Burchmayr(7), thé highest precipita_
tion yield can be achieved ar aroúnà 350_450;C.
At low temperatures (90-250.C), very fine carbides will
precipitate, which deteriorate the agingand bake hardenin!
properties of the material. From àtt itre above mentioneé
aspects, th" qott appropriate temperature for overaging was
chosen to be 350"C in CAL and the supercooling is"no"t less
than 250"C to avoid the formation of fine precipitates. A hi_
gh cooling rate is applied to avoid carbide precìpitation du_
ring cooling procedure, while rapid reheating ii applied to
increase the difusion rate of solutè carbon.
It was also found that the inclined temperature profile dur_
ing overaging increase the (CAL) drivùg force for carbide
precipitalijrn by further decrease of ceme"ntite solubility. In
fact, in HDG cyle, where the galvanization is made at con_
stant temperature of 450"C, th_e aging index resulted higher
due to the higher percentage of cartoi remained in solutlon.

e*i\{{r_{J$t*$$$

The laboratory_ testing of a new continuous annealing cycle
with the introduction of a quenching-reheating rt"p'*iit u
high degree of supercooling has led ó the foiloíing conclu_
slons:
. The use of the new annealing cycle for the production of

cold rolled steel sheets of ELt iteel results very effective
specially in low carbon content steels. The ,"ruíting uging
properties are acceptable for limited application.. In case of hot dip galvanizing cycle, ihe aging properties
ge not acceptable, and it is still recommenOeé io úse the
interstitial free steel.. Mechanical properties are strictly dependant on the car_
bon content; the lower the carbon coìtent the better the
mechanical properties.

New heat cycles will be tested to further study the time_tem_
perature effect for eventual industrial applicaiion.
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Fig. 8: Calculated time-temperature-precipitation diagram forccmentite precípitatíon infenite coniainiig 0.045EaC:( 7 )"
Fig. 8. Diagramma calcolato tempo-temperatura_precipitazione
&lla Cementite ínfenite contenente to tl.T4SEo aí cartonii.l Z ;

pitation of filmy carbides at the grain boundaries cau_
decrease in the ferrite-cementile matrix interfacial'r !!v rwrrrru_uuuretlllLri tllalllx rntertaclal

; as if enhances the generation of micro_cracks at theIth; as- rt enhances the generation of micro_cracks at the
ace-off'errite and grain boundary ceinentite, and conse_
ly dereriorates duótility. t6)

ongation and n-value decrease slightly with the reduction
cementite diameter.

aging index is related to the amount of solute carbon af_
annealing, which in turn,depends on the precipitation

ior of solute carbon at the 
-over-aging 

step. Ge'neralty,
ide precipitation in overaging stef is"gouè-"0 ty tií"

of supersaturation of solutà carbon O"urlngrapiJ coo_
(AC). From the solubility curve of carbon r-eCZj.lii,r that under extremely high cooling rate 1iCj, tne
nt of supersaturated carbon at tempé"rature i_ ìs esti_
by:

=C(T")-C(T.)*
a functiorr of the quenching temperature (T^), minimum
enching Temperarure (T"t anO thé cooline rale.hing Temperature (\) and thó cooling iatoe.

carbiàe preóipitation'siÉ ìs ; ilil;;;? ii,i'"ornp"trng
lrs; diffusion rate of carbon atoms (D), and the solubi_
of cementite (S). They can be determined by the fol_

(T) =2.9 exp (10100/RT)
{T) = 9.65 exp (-12100/RT)

key point is to minimize the solubility of carbon and
mize the diffusion rate during overaging. The kinemati_
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Ilfenomeno dell'invecchiamento degli acciai a basso carbo-
nio da profondo stampaggio (Deep Drawing Quality) è par-
ticolarmente importante per la produzione di questi mate-
riali nelle linee di ricottura continua e di zincatura. La pre-
cipitazione del carbonio durante le fasi di overaging dipen-
de dalla composizione chimica dell'acciaio e dai parametri
di ricottura e di raffreddamento. Il fenomeno viene partico-
larmente influenzato dalla sovrassaturazione di carbonio
nella matrice ferritica all'inizio della fase di overaging.
Proprio per aumentare il grado di sovrassaturazione, sono

stati sperimentati cicli termici che prevedono il prolunga-
mento del raffreddamento successivo al soaking fino a tem-
perature inferiori a quelle di overaging, con successivo ra-
pido riscaldo alla temperatura stesso di overaging. Con
questi cicli sono stati ottenuti risultati interessanti per quan-
to riguarda soprqttutto la simulazione della ricottura conti-
nua, dove gli acciai con più basso carbonio hanno mostrato
accettabili valori di invecchiamento e buone caraîteristiche
meccaniche. Nel ciclo di zincatura invece, accanto a buoni
valori di caratteristiche di stampabilità, non si sono asso-
ciati valori accettabili dell'indice di invecchiamento a di-
mostrazione della presenza in questo ciclo di elevati valori
del carbonio soluîo nellaferrite.
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