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ABSTRACT

The effeet of ehemieal composition and eooling rate on the statie strain

aging (SSA) and dynamic strain aging (OSA) behaviors of four IF steels was

investigated after reheating to different temperatures and eooling to room

temperature at various rates. In the case of OSA, tensile tests were canied out

over the range from room temperature ta 450 oC and at strain rates of 10-4 to

10-1 s-l. The DSA behavior was aIso studied in torsion in the austenite and

ferrite regions. Aging index (AI) tests were canied out ta evaluate the response

ta SSA and to estimate the amount of carbon in solution after employing

various cooling rates. In aIl cases, although the atomie TilC ratio was greater

than one, even still air eooling (3 °C/s) led to a supersaturated/unstabilized

material and ta the occurrence of both OSA and SSA. Dy contrast, there were

no signs ofSSA and OSA after fumace cooling (0.05 °C/s).

The three Ti and the Ti-Nb IF grades studied displayed selTated flow

behavior al ail strain rates in the blue brittleness temperature range (100 to 300

OC). A simple model is described that predicts whether or not OSA will oecur

at the strain rates and temperatures involved in the processing of IF steels. It

was found that the higher the TifS ratio, the higher the solute C. Steels with

different chemistries but equal TiiS ratios displayed the same aging behavior.

Internal friction measurements were executed ta establish a calibration between

the AI values and solute C levels. Two Dovel techniques for the strengthening

of IF steels by dynamic bake hardening (BH) are presented. These techniques

lead ta much higher BH values compared to tbose produced by conventionaI

BH methods. The observations also show that when C supersaturation results

from cooling after coiling, lower annealing temperatures after cold roUing lead

to bigher solute C levels.
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Resume

L'influence de la composition chimique (trois aciers au titane et un

aCIer au titane-niobium) et de la vitesse de refroidissement sur le

vieillissement statique par écrouissage et sur le vieillissement dynamique

par écrouissage des aciers sans interstitiels a été étudiée après réchauffage à

différentes températures et refroidissement à différentes vitesses jusqu'à la

tempénture ambiante. Le vieillissement dynamique par écrouissage a été

caractérisé par des essais de traction dans un domaine de température

compris entre la température ambiante et 450°C pour des vitesses de

défonnation comprises entre 10-4 et 10-1 S-I. Le vieillissement dynamique

par écrouissage a aussi été étudié en torsion dans les domaines austénitique

et ferritique. Des mesures de l'indice de vieillissement ont été effectuées

pour évaluer la réponse au vieillissement statique par écrouissage et pour

estimer la quantité de carbone en solution solide après refroidissement à

différentes vitesses. Dans tous les cas, si le rapport Ti/C est supérieur à 1,

des vitesses de refroidissement plus rapide qu'un refroidissement à l'air

(3°C/s) conduisent à une solution solide sursaturée et instable et à

l'apparition de vieillissement statique et dynamique par écrouissage. Par

opposition, aucun signe de vieillissement n'a été observé après

refroidissement au four (O.OS °C/s).

Quelque soit la vitesse de défonnation, les courbes de défonnation

des quatre nuances d'acier sans interstitiels présentent un aspect dentelé

dans le domaine de tempénture de fragilité au bleu (100 à 300°C). On

présente un modèle simple prédisant l'apparition ou non du vieillissement

dynamique par écrouissage en fonction des vitesses de déformation et des

températures utilisées lors de la mise en forme des aciers sans interstitiels.
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On constate que plus le rapport TifS est élevé, plus la concentration de

carbone en solution est élevée. Pour un rapport TifS donné, le

comportement au vieillissement des aciers ne dépend pas de leur

composition chimique. Une corrélation entre l'indice de vieillissement et la

teneur en carbone en solution a été obtenue par des mesures de frottement

intérieur. Deux nouvelles techniques pour durcir les aciers sans interstitiels

par durcissement dynamique sont présentées. Ces techniques pennettent

d'obtenir des durcissements supérieurs à ceux obtenus par les méthodes

conventionnelles de durcissement sous recuit. Les observations montrent

aussi que quand la sursaturation en carbone résulte du refroidissement après

bobinage, des températures de recuit inférieures après le laminage à froid

conduisent à des niveaux plus élevés de carbone en solution.
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CHAPTERI

Introduction

Producing steels with high fonnability is the main objective of steel

companies providing sheet for the automotive industry. To realize this

requirement, resistance to aging is of major concem, particularly for produets with

high ductility. Aging is a weil known phenomenon in low carbon steels and is

caused by the presence of interstitial elements such as C and N in solution. The

ductility and/or fonnability ofthese steels is much deteriorated when aging occurs.

The elimination of interstitial elements in solution is therefore a vital key to

the production of interstitial-free (IF) steels with deep drawability. In IF steels, the

C and N are tied up by strong carbide aDd nitride formers such as Ti and/or Nb.

This yields a steel with bigh fmmability provided it is stabilized and there is no

solute C or N in the steel. The stabilization of IF steels depends on the conditions

involved in their proœssing, e.g. the cooling rate after hot rolling.

Since TiN bas a low solubility product in austenite and its precipitation

temperature is relatively bigh, the N content is general1y of subordinate importance

in tbese steels. Thus, the concentration ofC is one ofthe Most important concems

during and after the proœssing ofIF steels. The amomlt ofTi required to fix the C

aIso increases as the C content is incœased, as does the cost ofalloying.

It is aetuaI1y easier to suppress strain aging in plain carbon tban in IF steels,

because the bigber C levels permit cernentite precipitation to talœ place, wbich cm
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then remove the carbon front solution during CODtinUOUS annealing. As a result of

the much lower C levels, this route is not available in the proœssing of IF steels.

An alternative is therefore ta suppress strain aging by controlling the cooling rate

during processing. For tbis approach ta sucœed, the Ti concentration must he

much greater 1han the stoichiometric amO\Dlt neœssary to tie up the C, and even at

these levels, the complete removal ofcarbon may not he posSIble in practice.

Sïnce the first Ti IF steel was produced around 1970 and the first Ti-Nb IF

steel around 1973, many investigations have been canied out on the steelmaking,

rolling, and annealing technologies as weil as on the fonnability of these steels. In

ail cases, the aim bas been to produce a real IF steel (i.e. one that is resistant to

aging) with the least Tile or Nb/C (atomic) ratio. This, along widl the steelmaking

techniques required to reduce the C level as much as poSSIble, make these steels

veJY expensive in tenns ofproduction oost

ln order to produce a real IF steeL it is neœssary to study the effects of the

two most important parameters mentioned above: cooling rate and chemical

composition. This is because tbese two factors detennine the concentrations of C

available in solution and available to cause aging phenomena snch as SSA (statie

strain aging) and OSA (dynamic strain aging). Carbon can he in solution when

there is insufticient Ti to fix titis interstitial, or when the cooling rate througb the

precipitation tcmperature range is tao rapid for full carbide precipitation to occur

(even thougb there is exœss Ti).

The cooling rate influenœs the 8IIlOUDt ofC in solution by detennining the

amount ofcarbonitride tbat can precipitate. For example, the cooling rate after hot

rolliDg will determine whether or not intetstitial effects can he expected to arise

duriDg WIIDl rolling. This, in tom, affects the solute C levd present duriDg coiliDg
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and process annealing, which are furtber modified by the cooling history after

annealing.

The chemical composition is aIso important because the solubility products

of the various precipitates are modified by the presence ofalloying elements. In IF

steels, for example, elements such as S, P, and Mn can affect the amotDlt of C in

soluti~ regardless ofthe cooling rate.

In addition ta studying the effects of reheat temperature, cooling rate and

chemical composition on the aging bebaviour of IF steels, the other aims of this

workwere:

i) ta find a liDk between dynamic strain aging and the bake hardenability of IF

steels. Based on this link, two novel methods, referred to as dynamic bake

hardening (DBR) and aYmmic-static bake hardening (DSBH), are introduced here.

These have significant advantages compared to conventional bake hardening.

ii) ta establish a calibration between aging indices and the amomt of solute carbon

in the case of IF steels. Because this calibration can he used to predict the aging

behaviour ofthese steels, it can he ofinterest ta steelmakers.

üi) ta suggest a simple model that predicts whether or not dynamic strain aging will

occur al the strain rates and temperatures involved in the processing ofIF steels.

In chapter IWO, the mechanisms of dyDamic and static strain agiog are

reviewed briefly. Bake bardenable steels and tbeir characteristics are pointed out

Then, the kinds of IF steel and 1beir meIhods of stabilizatiœ are described,

fonowed by a critical review ofthe use ofTi in steels, includiDg its role ta prevent
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aging. This cbapter closes by addressing the methods used to measure and/or

estimate the amomt ofsolute C.

Chapter three deals with the experimental materials and techniques used to

cany out the present worl<. After applying various reheating temperatures and

cooling rates to different IF steels, mechanical tests (tension, torsion, and internai

fiiction) were carried out ta study the aging behaviour of these steels. Dynamic

strain aging tests were conducted at higb temperatures using tension and torsion

machines, while aging index tests were perfonned 10 investigate the statie strain

aging phenomena Theo, two new techniques for studying bake hardening are

introduced followed by the medtods used to simulate coiling, continuous annealing,

and fIattening.

Because of the Iink between the phenomena (static and dynamic strain

aging and bake hardening), all the results of these tests are presented in chapter

jôur. This chapter also includes the results of the internai mction measurements

and the above mentioned simulations.

In chapter jive, the effects of cooling rate and chemical composition are

discussed, as weB as the s1abilization that can result Theo, sorne possible

appücations ofDSA ta mill processing, c.g. wannlfenite rolling and t1attening, are

pointed out. This chapter then discusses the potential industrial applications of the

nove! teduùques introduced here for bake hardenîng.

The general conclusions of tbis research are coDeded in chapter 6. FiDally,

following 1bis cbaptcr, theœ is a statement of origiDality and contnbution ta

knowledge.



CHAPTER2

Literature Review

2.1. Introduction

Interstitial-ftee steels are generally considered ta he non-aging

because they not only contain low levels of the interstitial elements C and N

but the compositions also include strong carbide and nitride fonners [1-3].

Most applications of IF steels are based on this property. Nevertheless,

significant strain aging can take place at interstitial levels as low as 1 ppm [4,

5]; this increases the strength and decreases the ductility. The tenn "interstitial­

free" steel is therefore a misoomer because even ultra high purity iron contains

at least a few atomic parts per million of carbon and nitrogen in solution.

Consequendy, the presence of interstitial carbon and/or nitrogen atoms in

solution in the so-called IF steels is deleterious ta the fonnability of deep­

drawing sheets through the mechanism of strain &ging [4, 6, 7]. This will he

the case when there is insufficient Nb or Ti present in the steel to "fix" the C

and N or, in the presence ofsufficient Nb and T~ when the cooling rate through

the precipitation temperature range is too rapid ta pennit full precipitation of

the particles.

2.2. Carbon and NitrOien Alina EfI'eets

The main differences between the strain &ging effects of carbon and

nitrogen arise from their widely differing solubilities in iron [8]. The

equilibrium solubilities of carbon and nitrogen in iron decrease sharply

between about 730 oC (for carbon) and S8S oC (for nittogen) and room
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temperature. The solubility of C decreases from approximately 200 ppm at

720 oC ta less than 0.001 ppm at room temperature, while that of nitrogen

drops from 1000 ppm at SSS oC to about 0.1 ppm at room temperature [9]. The

solubility limits for nitrogen and carbon in iron are shown in Fig. 2.1.
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Figure 2.1. (a) Fe-<:, and (b) Fe-N equihbrium diagramin the near-Fe region [9].
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Low temperature aging, at temperatures below 100 oC, in slowly

cooled steels is believed to he largely due to nitrogen [5, 9). Therefore, if the

nitrogen is removed from solution, the steel will show negligible aging below

100°C [8] and a " Don-strain aging" steel can he made provided that the aging

temperature is not much above ambient [9].

As little as 1 ppm earbonlnitrogen produces detectable aging at

room temperature, while quicldy cooled iron-carbon alloys show appreciable

strain aging below 100 oC [5].

As for dynamic strain agins, less than 10 ppm of interstitial solutes

are required in order to pennit this mechanism to take place [9, 10).

2.3. Statie Strain Aging (SSA)

Statie strain aging is defined as the change in properties of a Metal

that occurs as a result of interactions between interstitial atoms and dislocations

after plastie defonnation [8, 9, 11-15]. The stress-strain curve of a mild steel

takes the fonn of CU1Ve (a) in Fig. 2.2. If the specimen is strained to point A,

unloaded and then immediately restrained, the stress-strain curve follows the

same curve (a). If the specimens is unloaded at A and then allowed to age at

room temperature or above, the discontinuous yielding behavior retums and the

stress-strain curve follows a eurve sueh as (b) [5, 8].

The etTects indicated on the figure are [9]:

1. an increase in yield strengtb, ~y

2. a retmn ofthe yield drop,

3. an increase in the ultimate tensile stress, 4U, and

4. a decrease in total e1onptioD, âE.
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It is weU known that the aging phenomenon in iron is produced by the

migration of intemitial carbon and nitrogen ta the dislocations created by prior

plastic deformation [4, 8, 16-19]. This leads to the locking of dislocations and

to the retum of the yield point Therefore, if solute carbon and nitrogen are

removed from the steel, both strain aging and the initial discontinuous yielding

are e1iminated [5, 8].

Figure 2.2. Stress-straïn curve ofa low carbon steel strained to point A, unloaded,

and then restrained immediately (curve a) and after aging (curve b) [8].

In Sellerai, tbree distinct mecbanisms, (a) atmosphere fonnation, (b)

precipitation hardcning, and (c) overaging contribute ta changes in the tensile

properties [S, 8]. These changes are summarized in FiS. 2.3 for a low carbon

steel subjected to teDsile prestrainjng, aging at 60 oC and re-straining. Straïn

aging undcr these conditions occurs in fOlD' stages. In stage 1, the yield stress

and the Luders strain increase but the other properties remain constant In stage
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n, the yield silas œntinues tg lise, and the Luders strain muains rougbly

œDdPd Slip mis sinri1ar ta stap II exccpt 1bat the lITS increascs aud the

elon_CIl decreucs. A fiIl in the yielcl stras in stap IV siva rUe to the

obscned iDcrase iD e1onption to fracture [5, 8].

The secoDd ad dUrd stases Ile atlributed to the formation of

precipitates on tbe ctislocatiODS. Sïace the cIislocatiODS are fùIly locked at the

encI of tbe l1mOspbcre stap, the lockiD8 CODll'ibuûon is DOt increased, and the

Ludas strain does DOt iDcrease sbarply.
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1850 [8].
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However, precipitation raises the general level of the basic curve,

and 50 raises the lower yield stress and the UTS. In the last stage, there are

signs of slight overaging, probably due ta coarsening of the precipitates on the

dislocations [8. 13].

Figure 2.4 shows one of the worst defects, stretcher strains, which

accur dming press fonning. They result from statie strain &gins, which causes

the retum ofthe yield point and the Luders strain [20].

Figure. 2.4. Stretcher strains on a steel sheet [20].

2.4. Dynamic Strain AliDa (DSA)

At slighdy elevated temperatures, the stress vs. strain curves of low

carbon steels display semtions in the wade bardeDing region when teDsile



Chapter 1 Literature Review Il

tested [21-26]. Since this phenomenon occurs during defonnatio~ it is known

as dynamic strain aging. This seJTated behavior is accompanied by increased

rates ofwork hardening, negative strain rate dependence of the flow stress, and

a reduction in ductility known as "blue brittleness". This phenomenon is due to

interactions between dislocations and solute nitrogen and/or carbon during

defonnation and is referred to as the Portevin-Le Chatelier effect [27-31]. The

significant inerease in flow stress, which is displayed in the blue brittleness

temperature range, is the most important practical phenomenon produced by

dynamic strain aging, as it leads to a considerable decrease in ductility [21, 22,

28, 32-34].

Dynamic strain aging bas four distinct charaeteristics [9]:

1. high rates ofwork hardening

2. negative strain rate dependences of the flow stress

3. serrated stress-strain curves

4. the ultimate tensile stress goes through a maximum as a function

of temperature.

Figure 2.5 illustrates a typical range of dynamic strain agiog behaviors

[8], and the temperature-strain rate regime in which the serrations appear is

shown in Fig. 2.6 [9]. The most important variables affecting dynamic strain

agiog are the temperature and strain rate [35].

1.4.1. The Characteristics of Dynamie Strain Aginl

In the absence of interstitials, the motion of dislocations is retarded

by lattice friction. This retarding force increases widl the velocity of the

dislocations, line 1 in Fig. 2.7. When tbis velocity is approximately equal to
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that of solute diffusivity, solute atmospheres will he fonned around the

dislocations. The force required ta drag the atmospheres increases very quickly
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Figure 2.5. Stress-strain curves ofa low carbon steel showing the range ofblue­

brittleness effects [8].
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with the dislocation velocity, as represented by curve 2 in Fig. 2.7. Beyond a

critical velocity, Vffb the atmosphere can no longer keep pace with the moving

dislocations. The drag force then decreases with velocity; this is accompanied

by a drop in solute concentration, as shown by curve 3 in Fig. 2.7. When a

dislocation is suddenly freed ftom its atmosphere, it will encounter obstacles

which will slow its speed 50 that the solute atmosphere can once again keep up

with the dislocation. This cycle continues [36-38], as shown by curve 4 in Fig.

2.7.
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Fig. 2.7. Force-velocity diagram for a mobile dislocation [37].

2.4.2. Effect of Dynamic Strain Aging on the Subsequent Mechanical

Properties at Room Temperature

One of the MOst important applications of dynamic strain &ging is

strengthening the material [22, 39]. It bas bem reported [9, 22, 39, 40] tbat the

strengtbeniDg obtained !rom dynamic strain &ging is much more effective titan

the one procluced by static strain &ging; fuI1hennore, the amOlDlt of straining

required al elevated temperatures is leu 1hm at room temperature. The
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amounts of strengtheniug obtainecl at room temperature after applyins these

two methods are compared iD Fig. 2.8. The former teelmique CID be of interest

because it cloes not depencl on the presence ofalloying elements and their high

costs [22]. This strengtheDiDg bas two sources: dynamic strain agir~ wbich

involves straining at elevated temperatures, and static strain aging during

cooling ta room temperature [22, 39].
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Figure 2.8. <a) OSA vs. (b) SSA at 200 oC in a O.03o/oC steel [40].

2.!. Bau Bardeaable (BB) Steels

Two important objectives beiDg pursued by the automobile industty

are a decrease in car weight lDd improvements in safdy. To realize tbese

requiremads, recluctiODS in sheet thickDess, bisber streD&tb, and improvemeuts

in press fOlllUlbility Ile pnenIly demauded for automobile body panels [41­

46]. Bab hardalable bish stœDgth steeIs are ID iDterestiDa solution tbat CID

satisfy all dlese œqujremads. 'Ibis propaty provides a CIpICity for a yie1d

streaath iDcœase of Ippioximatety 20-" [47] ta 300" [48] of the iDitial yield

straIgth. ie. 30-60 MPa [49]. Fipre 2.9 shows die measariag med10d for bake
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hardening by means of tensile testing. The target bake hardening value of

about 40 to 60 MPa requires solute carbon levels between about 10 and 20 ppm

[SOl·

The procedure is as follows:

- the specimen is prestrained 2%

- the sample is aged at 170 oC for 20 minutes

- the specimen is tensile tested at room temperature

-..... ~
t

BH

- \---r \\?Ji
!

YS

BH : Sake haraenability
WH : \\York haraenability

J
170·C-ZOmin

Serain

Figure 2.9. Measuring method for assessment ofbake hardenability in a tensile

test [41].

The amount of bake-hardening is determined by subtraeting the flow

stress after the 2% initial strain ftom the lower yield strength &fier baking.

Although a 2% prestrain and aging at 170 oC for 20 min are typical values

employed ta cause bake bardenability in steels, same worken have investigated

the etTects OfpœsbaïD, temperature,. and âme on tbis process [~l, S2].
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A typical outer panel after press fonning is illustrated in Fig. 2.10.

Fig. 2.10. An outer panel after press fonning [53].

2.5.1. EfJect of the Amount ofCarbon in Solution

Sake hardenable steels must contain significant amo\Ults of solute

carbon. These interstitial elements are responsible for the strength increment

[49], as bake hardening occurs by statie strain aging as a result of interstitial

atom segregation to dislocations. In the initial stages of strain aging,

strengthening is accomplished solely by the fonnation of solute atmospheres

[49, 52, 54]. During atmosphere foonation, carbon segregates to dislocations

and strengthening arises from the additional force needed to separate the

dislocations from their atrnospheres [49, 50, 52].

2.5.1.1 Batch Annealina

Bake hardenable steels can be produc:ed by both c:onventional batch

IDDealing and CODtinuOUS aDIlealing processes, as shown in Fig. 2.11. In the

case ofbateh lDD.ealing, in which very low carbon, <0.01o/Ot steel is normally

used, the precipitation of Fe3e is suppressed because of the sparscness of
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nucleation sites. This results in some amount of carbon remaining in solution,

even after the use ofrelatively slow cooling rates [49, 50,52, 54].

(a)Batch. annealing

"L..,. C

@..~.... ".L.
:(~S ..~:~ CM\LlII@-'(.~5.~.~/)"., ....; & ::: :::: 'oLII,. C.. ' ..." : ....

(b)Continucus annealing

Figure 2.11. The principles for producing bake hardening steels by a) batch

annealing b) continuous annealing [54].

As for N, most bake hardenable steels contain sufficient a1wninwn

to remove the dissolved nitrogen and rely on carbon to provide the bake

hardenability [49,54].

2.S.1.2. Continuous Annealing

With regard to continuous annealing, a high annealing temperature,

about 900 oC [51, 52, 54, 55], is required in arder to produce bake

hardenability. The cooling rate trom the soaking temperature should aIso be

high so as to provide enough carbon in solution at room temperature. This

cooling rate nonnally ranges from 20-30 [54], through 70 [49], to 100 °Cls

[56].

The higher the Ti*/C or Nb/C atomic ratio, the higher the annea1ing

temperature during CODtinuOUS lDIlealing. By contrast, the lower the Ti*/C or

N'oIe atomie ratio, the higher the blke hardenability [54].
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When the solute carbon level is tao low, bake hardening values are

also low. On the other band, excessive amounts of carbon in solution lead ta

room temperature aging. In arder to have sufficient susceptibility for bake

hardening, different required amounts of solute carbon have been reported: 5

ppm [49], 10 ppm [41], 5-15 ppm (45). These am01D1ts of solute carbon at

room temperature can he produced by employing a suitable cooling rate after

the annealing of low or ultra low carbon steel.

2.6. Stabilization of IF Steels

2.6.1. Eft'ect of Chemical Composition

The elimination of alloying elements in solution, both substitutional as

well as interstitial, is a vital key to the production of interstitial-free (IF) steels

with deep drawability [57, 59]. Because of the deterioration of the mechanical

properties due ta carbon in solution, the concentration of this element is one of

the most important coneems during and after the processing of IF steels [59,

60]. The amoWlt of Ti required ta fix the C a1so increases as the C content is

increased [57], as does the cast ofalloying.

Previous work bas suggested that solute carbon is deleterious ta the

fonnability and duetility of IF steels through the mechanism of statie or

dynamic strain aging [4, 61). It is actually easier to suppress strain aging in

plain carbon titan in IF steels, because the higber C levels pennit cementite

precipitation to take place, which can then remove the carbon from solution

during continuous annealing [57, 58, 61]. This route is not available in the

processing oflF steels [61).

The chemical composition is important because the solubility products

of the various precipitates are modified by the presence of alloying elements
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[62, 63]. In IF steels, for example, elements such as S, P, and Mn can affect

the amount ofC in solution, regardless ofthe cooling rate.

Alloying elements can influence the precipitation process by a)

changing the activity and subsequendy the solubility of carbon, b) affecting the

density of nucleation sites, and c) changing the composition of the final

precipitate. In addition to its effect on the amount of C in solution, chemical

composition can a1so change the mechanical properties by affecting the extent

of grain refinement, the precipitate size distribution, etc. Formability increases

as the carbon content is decreased and the anisottepy is aise improved more by

lowering the C content than the N level [64). Furthermore, the amount of Ti

and therefore the cost of alloying inerease with the C level. For these reasons,

the N content is usually ofsubordinate importance in IF steels [59). Compared

to Nb IF steels, the precipitates are dispersed more coarsely in Ti IF steels [59,

65]. Finally, finer grains can he produced in Ti-Nb IF steels than in Ti IF steels

[66].

2.6.2. IF Steel Grades

There are three kinds of IF steel. In Ti-If steels, the Ti combines with

the N and S prior te scavenging the C. Thus, theoretically, the titanium level

necessllY to stabilize a Ti-IF steel is given by the following relationship (in wt.

%) [58, 67]:

Ti ~ 3.42N + l.SS +4C (2.1)

In the case afTi-Nb IF steels, sufficient Ti is added to combine with

the N and S, leaving Nb ta scavenge the C [,58, 68]. Regarding the Nb IF
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steels, the C is tied up by the Nb, whereas Al and Mn combine with the N and

S, respectively [58,69].

In a Ti IF steel, the typical precipitation sequence is considered to

be TiN, TiS, TLa~~ and TiC [70-74]. This is the case when equilibrium

conditions predominate, as shown in Fig. 2.12. In practice, it is almost

impossible to reach equilibrium under nonnaI mill processing conditions.

Therefore, Subramanian et al. [74] reported that, under such Don-equilibrium

conditions, the precipitation sequence is the one illustrated in Fig. 2.13.
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Figure 2.12. Precipitation sequence under equilibrlum conditions in a Ti IF

steel [74].

2.6.3. Effeet of Coalinl Rate

Another alternative for the stabilization of IF steels is to remove the

carbon from solution by controOing the COOÜDg rate during processing. For this

approach te succeed, it is suggested tbat the Ti concentration must he at least

three times the stoichiometric lDlO1U1t necessary to tic up the C [75], and even

at thcsc levels, the complete removal ofcarbon is not possible in practice [57].
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Figure 2.13. Precipitation sequence under non-equi/ibrium conditions in a Ti

IF steel [74].

The cooling rate influences the amount of C in solution by

determining the amount of carbide that can precipitate. This effect on the

amount of carbon that remains in solution at room temperature depends on

severa! parameters. The foremost of these are the reheating temperature and

total amount of carbon, which determine the ma.ximum available amount of

carbon. Also of importance are the type of particle that will act as a nucleation

site for TiC and the size distribution and spacing of these nuclei. The latter

determines the length of the carbon atom diffusion path. Here it is important

to reca1l that the nucleation rate is more important than the diffusion rate with

respect to precipitation [40, 76], and tbat higher dislocation densities promote

nucleatioD [76].

As mentioned belore, the solubility of C in iron decreases sharply

as the tempcrature decreases to room temperature. Therefore, the cooling rate
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down to temperatures as low as 50 to 100 oC can affect the amounts of C in

solutio~ by intluencing the foonation of carbides. By contrast, to produce a

bake-hardenable steel, the COOÜDg rate must he rapid enough not to allow full

precipitation ofthe particles.

2.7. A eritiesl Review of the Use ofTI in Steels

Since the present work focuses mostly on the agiog behaviour of Ti

IF steels, a critical review ofthe use ofTi in steels is of interest.

2.7.1. Effect ofn on AlÏng &eh.viour and Mechanical Properties

The idea ofusing Ti to produce a non-strain agiog steel was first put

forward by Hayes and Griffis [77] in 1934. They suggested that, in addition to

the importance of composition, a very slow cooling rate is necessaty to reduce

the agiog tendency oflow carbon steels. The aging tendency was eliminated in

this work by the addition of 0.058 and 0.067010 Ti to 0.042 and 0.05% C steels,

respectively. They were then cooled vety slowly from high reheating

temperatures. Later, Edwards et al. [78] found that 0.21% Ti was necess8l)' to

eliminate the yield point and strain agiog in a 0.025% C steel. When the C

level was raised to 0.0850/0, for the same amount of T~ the agiog behaviour

retumed. For this level of C, even with 1.08% Ti (i.e. a Ti/C ratio» 4), they

reported slight aging.

Comstock [79] studied the response of more than 40 Ti added low

carbon steels to aging after processing tmder different conditions. He found

that steels containing 0.1 to 0.12% carbon with less than 4.5 times as much as

Ti displayed a yield point when aged at 200 oC. Steels witb Ti>4.5 C (wt.

ratio) did not exhtbit a yield point, even when they were strained and aged. Ta

detennine the intluence ofdüferent cubide formen on the lypical yield curves,
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Dies [80] investigated the effect of titanium levels from 0.11 to 2.53% on the

yield behaviors of a series ofmild steels with 0.03-0.36% C. All samples with

Tile (wt. ratio) < 4, even when fumace cooled from 930 oC, showed a wcn­

defined yield point. By contrast, tbose witb TilC > 4 exhibited continuous

annealing. However, steels with 3 < Ti/C < 4, which did not display a yield

point after fumace cooling, developed a definite yield point after cooling in still

air from 930 oC.

When he increased the TilC (wt. ratio) from 0 to 5.2 for a series of

steels ( o/oC =0.124 - 0.135, %Ti =0 • 0.705 ), Comstock [81] reported that a

stabilized steel was obtained and the yield point disappeared when the Ti/e

(wt. ratio) exceeded the critical value of 4. Steijn and Brick [82] used 0.1 or

0.3% Ti ta fix the C, N, and 0 (0.0014% C, 0.0001 - O.OOOS% N, and 0.0002 ­

0.0006% 0) in a high purity iron in order to investigate the flow and fracture

behaviour of ferrite. They fOWld no yield point at room temperature, while

appreciable ductile behavior was reported at liquid air temperatures.

Glen [83] studied the etTect of individual aIloying clements on the

high-temperature tensile strength of low carbon steels. In the case of Ti added

steels, hot-rolled specimens were reheated to 950 oC, then cooled in air in arder

to tie up the C and N with Ti. He observed a minimum in ductility and a

maximum in flow stress at around 200-350 oC during tensile testing and

attributed this to the effect of solute C. The minimmn in ductility occurred at

200 oC for lower Ti (Ti = 0.22, C = 0.075 wttAa) and shifted to higher

temperatures as the Ti (Ti = 1.44, C = 0.06 wtJ/O) level was increased.

Refening to the temary phase diagram for Fe-C-T~ he mentioned that the

reason for still haVÎDg carbon in solution at such high Tite ratios could he
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tbat Ti probably increases the solubility ofC at room temperature, especially at

high Ti levels.

Morgan and Shyne [84] added O.0490A. Ti to a base iron (0.06% Ct

O.OS% N, and 0.008% 0) to suppress aging in a-iron. They found severa!

alloying elements (Ti, Al, V, and B) effective for the control of strain aging.

For economic reasoDS, it was suggested that B offers the most pramising

practical solution to the problem ofnitrogen aging. Castagna et al. [85] studied

the mechanical properties ofa series of pure irons using 0.0421-0.S4S0% Ti ta

precipitate the C and N ( C+N < 0.01% ) as carbides and nitrides. It was

concluded tbat the value of ÔOt the friction stress in the Hall-Petch equation,

increased linearly with the amount ofTi, as shown in Fig. 2.14.
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Fig. 2.14. Changes in Sa in the Hall-Petch equation as a fonction ofTi

concentration [85].

Beresnev et al. [86] made an interstitial-free iron by adding 0.33%

Ti to a iron (0.025% C, 0.005% N). The aim was to investigate the
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temperature dependence of the dislocation density and the defonnation

resistance of a bec iron free of any interstitial impurities. They observed arise

in the defonnation resistance of the base iron, without T~ after 5% defonnation

and aging for 1 br at 250 oC. By contrast, the Ti-modified iron displayed no

increase. They attributed the fonner to the trapping of free dislocations by

interstitial atmospheres. It was concluded that interstitial atmospheres reduced

the mobile dislocation density and their speed by trapping them. This led to an

increase in the defonnation resistance.

In order to study the tensile properties from room temperature to

-195 cC of a polycrystalline bec iron containing no interstitials, Leslie and

Sober [87, 88] added 0.15% Ti to an iron with low concenttations of C, N, 0,

and S (0.0073% C, O.OOO90Aa N, 0.005% S, 0.006% 0). To make sure that the

C, N, 0, and S were fully tied up by the T~ the Ti level was set at at (east 2 1/2

times the Ti required to scavenge ail these interstitials. To promote completion

of the desired reactions between the Ti and the C, N, S, and 0, the steel was

also reheated to 815 oC and then cooled in a fumace to room temperature.

With this technique, the weight percent of C or N remaining in solid solution

was less than 0.5 ppm. Rosinger et al. [89] produced a Ti interstitial-free steel

using the same technique (adding 0.15% Ti to a 0.01% C and 0.0002 % N

steel, annealing at 870 oC then cooling at a very slow rate of75 oC per br). The

purpose was to investigate how the interstitial solute atoms affect the

mechanical properties of a bec Metal in the temperature range from -20 to 200

oC. They did not observe seD'ated tlow and attributed tbis to the almost

complete absence ofinterstitials in solution.

Leslie et al. [90] alloyed an iron base material (OJ)0370A. C,

0.0006% N, 0.005% S, and 0.003% 0) with 0.16% Ti to eliminate the
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interstitial solutes. Then, they detennined the effects of different substitutional

alloying elements on the yielding and plastic flow behavior of Fe. They

showed that the presence of interstitials complicated the interpretation of the

results. Solomon et al. [91] studied the low temperature plastic behavior of an

iron (0.001701'0 C, 0.0011% N, 0.0011% 0) by making a Ti (0.15% )

interstitial-free irone After hot roDing, the specimens were reheated again to

810°C, then fumace cooled. This treatment was done to make sure that all the

interstitials were tied up. They reported that the temperature dependence of

yielding and of the flow stress in interstitial-free iron is as large as that in

impure iron and steel.

In a new attempt, Ti (0.15%) was used by Rellick and McMahon

[92] as an oxygen scavenger in a high purity iron, 0.0017"1'0 C, 0.00110/0 N,

0.0011% S. They observed that oxygen-induced brittleness could occur even

in a zone-refined iron with 3 ppm O. Compared to Al, they suggested that Ti

was not as effective in deoxidizing the ferrite grain boundaries and preventing

intergranular fracture.

To study the aging behaviour of dilute substitutional solutions of

iron, Leslie [93] produced an interstitial-free iroD, containing 0.15% T~ as a

base, to make binary alloys. Then, he studied the effect of different

substitutional elements. Most of these alloys contained 3% of ooly one

substitutional element in solution in addition ta the Ti. For the original

interstitial-free UOR without any alloying element, he observed upper and lower

yield points at temperatures below ambient, indicating that the presence of

interstitial solutes is Dot essential for discODtinUOUS yielding to accur in iron.

Meanwbile, no discontinuous yieldiDg was observed at room temperature or
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above. This can he explained by the occurrence of twinning below room

temperature.

As for the binary alloys, he found that the presence of substitutional

solutes in interstitial·free bec iron leads to abrupt yielding at temperatures up to

500 oC. Serrated tlow in the temperature range 230 to 500 oC was another

phenomenoD, except for the binary alloys of cobalt and chromium. This was

attributed to complex interactions between iron, the various substitutional

solutes, the titanium added for gettering, and probably the interstitial solutes at

above 200 oc. With respect ta the Ti leve~ no serrated yielding was observed

in the 0.15% Ti interstitial·free iron (0.005% C, 0.0022% N, 0.005% S,

0.OO390A. 0), but when the Ti content was increased to 0.6% (0.011% C,

0.003% N, 0.005% S, 0.0055% 0) and 1.4% Ti ( 0.0270" C, 0.003% N,

0.006% S, O.OO21OA. 0) in the interstitial-free steels, they repol1ed the

occurrence of serrated flow. In this case, senated flow can he atttibuted to the

presence ofTi in solution, i.e. to DSA caused by a substitutional clement.

To study the senated flow behavior of substitutional solid solutions of

iro~ Cuddy and Leslie [94] prepared a 0.15 % Ti interstitial free steel as

described above. They repol1ed serrated f10w in this Ti·IF base steel when Si,

Mn, Ni, Ru, Rh, Re, Ir, or Pt were present as additional substitutional solutes.

When the interstitials C and N were again added ta these "binary" alloys,

various effects were observed. They attributed titis variety of behaviors to the

pinning of dislocations by some complex or by clusters of solutes, probably

containing both substitutional and interstitial atoms and Dot only individual

substitutionals.
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2.7.2. Using TI to Produce High Formability Sheet Steels

In order to attain the high ductility and extta-deep drawability required

by the automobile industry, it is necessary to tie up carbon and nitrogen by

strong carbide and nitride formers in extra-Iow-C steels. This requirement led

ta the first production ofIF steels as cold-rolled sbeet steels [95-98].

Comparing rimmed, aluminum-killed, and IF steels., Elias and Hook

[95] f01Dld that IF steels had much beUer properties for deep drawability. They

said tbat 0.08-0.31% Ti should he high enough ta scavenge 0.002-0.012% C,

0.004-0.008% N, 0.008-0.02% S, and 0.002-0.01% O. Fukuda and Shimizu

[96] observed that the mechanical properties of Ti-IF steels as cold rolled and

annealed sheets improved when Ti was added in amounts of 10 to 20 times the

carbon content

Since then, commercial Ti-IF steels are being produced with deep and

extra-deep drawing qualities. This requires high resistance to aging in arder to

get bigh ductilities, good drawabilities, and desirable fonnabilities. However,

aging problems can arise even in IF steels, which bas led to recent

investigations on this subject.

2.7.3. Using TI to Prevent Aging in the Wire Rod Industry

Recently, in addition to the automobile industry, Ti bas alsa heen used

ta suppress strain aging in the rad and wire drawing industries. These

applications require the low work hardening rates and flow stresses provided in

the absence of aging phenomena. For example, the OCCUITeJlce of dynamic

strain aging in commercial wire drawing steels not ooly results in shear

cracking and increasing wear of the tools [99] but, most importantly, alsa
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promotes flow localizatio~ leading to wire breaks during drawing [35, 37, lOO,

101].

McIvor [102] studied the effect of adding 0.02-0.11% Ti to a low­

carbon wire-rad steel (0.02 - 0.06% C, 0.002 - 0.01% N). He suggested that,

in order to have a non-aging, higbly drawable, and low strength steel, the Ti

level should not exceed:

%Ti S 0.07+3.4%N (2.2)

Boratto et al [103] found that the addition of 0.0290A» Ti to a low­

carbon wire steel (0.02% C, 0.0076% N, 0.()()901'0 S) could not prevent aging

because of the C and N that remained in solution. Ochiai et al. [7S, 104] used a

wide range of Ti levels, 0 < Ti eff./C < 3 atomic ratio, to suppress strain aging

during the rolling of wire rad. They concluded that, during the conventional

processing ofwire rod, the minimum amount ofTi needed to prevent aging had

to he at least 3 times as much as the Ti required stoichiometrically to fix the

0.005% C in their steels. By controlling the cooling rate during processing,

these amounts of Ti were reduced significandy. Also, for 0.02% C, this

amount was reduced to about twice.

2.8. Masurement and Estimation of the Amount of Carbon in Solution

2.8.1. Measurements by Internai Friction

Internai friction measurement is commonly used to detect the dissolved

interstitials in steels [105-107]. Such measurements cao he done either as a

fonction of temperature at constant frequency or as a fonction of frequency at

constant temperature. In the conventional method, an apparatus witb an

inverted tonion pendulmn is used to determine the amolUlt of an interstitial in
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solution [lOS]. Such experiments are usually canied out at approximately

constant frequency as a function of temperature. There is a temperature at

which the diffusion jump frequency of the interstitials is about the same as the

frequency of the applied stress. This indicates the position of the Snaek peak.

The conventional internal metion technique bas a number of disadvantages: i)

at elevated temperatures, metallurgical reactions occur in the steel dwing a test,

and ü) at low frequencies, the procedure is very time consuming. It bas

therefore been claimed that this conventional method is neither fast nor

accurate enough for ultra low carbon steels [61, 7S, 104, 108].

Recendy, Wen et al. [109] and Ritchie and Pan [4] have invented two

new techniques that overcome these shoncomings. Although both methods can

be used at high frequencies, the advantage remains with the fust one, which

measures solute interstitiallevels at room temperature. In this case, the internal

friction is measured as a function of ftequency at constant temperature. Fig.

2.IS shows a Snoek peak in a sample containing about 2 ppm carbon measured

by this technique.
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Fig. 2.15. Intemal friction measmement in a sample contaiDîng about 2 ppm

solute C[109].
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1
The amoœt ofsolute is given by [109]:

(2.3)

where Q-l is the intemal friction value.

2.8.2. Estimation Using the Established Correlation Metbod

In the case ofvay low carbon steels, another approach can be used. ta

estimate the amoœt of carbon in solution at room temperature. As mentioned

above, because ofSOlDe disadvantages associated with the conventional intemal

friction metbod, some workers bave established a comlation between the

amount of carbon in solution and aging indices [61, 75, 104, 108]. This

correlation is shawn in Fig. 2.16.
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2.&2.1. Aging Index Test

The aging index test is commonly used ta assess the aging behaviour of

steeIs [3, 102, 110-114]. It is also possible to estimate the amolBlt of carbon that

corresponds ta each value. As illusttated in Fig. 2.17, the aging index is the

difference between the Dow stress ailer an 8% presllain and the lower yield stress

after aging at 100 oC for 1br.

The aging-index approach characterizes the retum of the upper and lower

yield points, any upward shift of the Dow CUl'Ve, and any reduction in the

elongation to fracture. The changes in mechanical properties attnoutable to this

treatment are then used to judge the likelihood of a retum of the yield point after

storing for longer tilDes at room temperature [3, 102, 112].

Although m 8% preslIain may seem high, investigations have shown that

heavy temper rolling ooly leads to a moderate increase in the yield strength, while

maintaining the duetility and fonnability at acceptable levels. This is especially

true for IF steels, which have excellent fonnabilities prior to temper rolling [115].

It is also ofinterest that Halley et al. [49], who investigated the effects ofamount of

prestrain and strain path on the aging response of bake bardcnable sheet steels,

found tbat m BOA» presl1ain in uniaxial tension gives rise ta aligned cell structures

tbat are comparable to those produced bybiaxial straining and plane strain rolling.

l
i

... -
Figure 2.17. Measurement ofagiDg index.
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Experimental Techniques

3.1. Experimental Materials

In order ta investigate a variety ofaging behaviors in IF steels, four IF grades

were selected for titis study.

The materials were supplied by Stelco Steel and by Dofasco Inc., Hamilton,

Canada. Samples for Iaboratory testing were taken ftom strip mill transfer bars that

had been roUed down to tbicknesses of approximately 26 to 28 mm. The original

245 or 268 mm thick slabs were reheated to about 1260 ta 1280 oC before roDing

and the last roughing pass was carried out at about 1140 or 1120 oC. Tables 3.1

and 3.2 show the compositions ofthe four IF grades studied and an example ofan

industrial rolling schedule employed to process one ofthese materials, respectively.

Table 3.1. Chemical compositions of the experimental steels, wt»/O.

C N TI Nb S P Mn Tiac (TiAC+Nb)lC Ti"sIS

steel A 0.0019 0.0030 0.044 0.007 O.OIS 0.001 0.13 0.004 1.48 I.SO

steel B 0.0023 0.0031 0.06 o._ 0.023 0.011 0.16 0.005 1.58 1.43

steel C 0.0021 0.001S O.OS! 0.007 0.009 O._ 0.18 0.033 3.7S 3.so

steel D 0.0030 0.0018 0.018 0.01 0.005 0.003 0.18 - 1.11 1.s8

n*sis the amount oCli avaiIable to combine with Safter ail the N is tied up as TiN.

n*c is the arncunt oCri available to tie up the C after the formation oCTiN and TiS.

TJexc is the amount oeTî nmaining in solution after the pnDpitation ofTiN, ns, and TiC.
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Table 3.2. An industrial rolling schedule employed on one ofthe present materials.

Pass No. Exit thickness Temp. (OC) Interpass time (s)

1 215 1260 10.9

2 195 1255 10.5

3 175 1250 12.0

4 155 1245 12.1

5 130 1239 14.8

6 100 1231 15.8

7 70 1219 22.0

8 45 1195 22.1

9 26 1139

Among the tbree Ti IF steels, steels A and B had approximately the

same TiexcJ Ti·c/C, and Ti*siS values, even though the Ti and S levels ofsteel

B were about 1.5 times those of steel A. (See Table 1 for definitions of Tiexc,

Ti*c, and Ti*s.) Steel Chad the highest Ti*,fS ratio and the lowest S content,

with almost the same Ti concentration as steel B. A Nb IF steel was chosen

with a (Ti*c+Nb)/C ratio == 1.2; tbis is theoretically more than enough ta tie up

al1 the C, 50 that its aging behavior should he comparable with that of the Ti IF

steels. Note also that the Ti·s/S ratio for this steel is almost the same as that of

Ti IF steels A and B; nevertheless, the mechanism of C stabilization in titis

material is based on the formation ofNbC not on that ofTi4C2S2 and TiC.

3.2. Specimen Preparation

1bree types of mechanical tests were perfonned in the present study:

tension, mostly at elevated temperatures, torsion, and internai mctioD. It is well
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known that tension testing is the MOst common technique employed to

investigate the aging behaviour of steels. Therefore, the major part of the

present investigation was canied out using this technique. However, for the

first time, DSA was investigated on IF steels in torsion. Internai friction tests

were aIso carried out to measure the amount of carbon in solution after

employing different reheating temperatures and cooling rates.

3.2.1. Tension Tests

For the tensile testing at elevated temperature, standard ASTM

specimens with threaded ends were prepared [116], with their longitudinal axes

parallel to the rolling direction. Their dimensions are shawn in Fig. 3. l.a. The

use of threaded shoulders for gripping the specimens enables aging phenomen~

such as the propagation of Luders bands, serrated tlow, increases in tlow stress,

and decreases in ductility, to be observed clearly [35].

AIl samples were cleaned with alcohol before canying out the tests, in

arder to remove stains that could possibly lead to stress concentration at

elevated temperatures.

3.2.2. Tonion Tests

Torsion specimens with gage lengths of 22.2 mm and diameters of 6.3

mm were used, as shown in Fig. 3.I.b. They were prepared trom the 15­

received material with the longitudinal axes parallel to their rolling direction.

3.2.3. Intema. Friction Tests

To prepare the 0.7 mm tbick specimens for the internai friction

measurements, a cold reduction of about 75% was applied using a laboratory
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mill. Then, specimens were machined ftom the sheets aligned along the rolling

direction with the dimensions shown in Fig. 3.I.c.
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Figure 3.1. Geometries ofa) tension, b) torsion, 8Dd c) intema1 Diction samples.
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3.3. Experimental Equipment

3.3.1. Tension Machine

The tensile tests were canied out using a computer-controlled MTS

machine. This closed-loop servo-hydraulic device bas a capacity of 100 kN.

Displacement of the actuator was measured from the output of a linear variable

differential transfonner (LVOT) with a total linear range of ±SO mm. A

persona! computer connected te the MTS TestStar workstation interface was

used for data acquisition and to control the process. This workstation nms the

TestStar software and includes a load unit control panel and a digital controller,

Fig. 3.2.

A microprocessor-controlled tungsten lamp radiant fumace mounted on

the machine frame was used to heat the specimen to the desired elevated

temperature. The heat generated by the four tungsten filament lamps is reflected

to the centre of the fumace, where the specimen is located, by four mirror

finished elliptical retlectors of alwninum. The specimen was heated at 1 °C/s

and held at the testing temperature for 5 min prior to testing. A type-K

(chromel-alumel) thermocouple fixed against the centre of the specimen gage

length was used to measure the temperature and its deviations were found not to

exceed :1 oC. To make sure tbat the distribution of temperature was unifonn

along the gage lengtb, another type-K (chromel-a1umel) thennocouple was

placed against the shoulder of the specimen for sorne of the tests. Temperature

variations between the two thennocouple measurements were found to he within

±2 oC. The specimen and grips were enclosed in a quartz tube and argon gas

was passed tbrougb it 10 minimize oxidation. The gripping bars were water­

cooled to prevent oxidation.
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LoadUnit

Hydrauüc Power Supply
o

C Load Unit Control P!ne1o

TestStar WOrblatiOD

Fisure 3.2. The workstation ofthe TCS1Star tensile tcsting cquipment and its

cOD1pODents.
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3.3.2. Tonion Machine

The torsion tests were cauied out on a servo-hydraulic computer controlled

MTS torsion machine, which is mOlD1ted on a lathe base and is used for the

simulation ofhot rolling [117]. The specimen is connected to the rotating hydraulic

aetuator at one end and is fixed into a grip at the other end. A torque cell is

cormected to the end of the right-side loading bar to record the load. The

displaœments are measured by the transducer connected to the rotating bar on the

left band sicle, Fig. 3.3.

The specimen was located along the central1ine ofa radiant fumace, where

it was heated by four tuDgsten filament lamps. An Elecromax process controller

was used to control the temperature. The temperature was deteeted by a K-type

eJ1rome1-alumel thennocouple, which was in contact with the specimen on the

gauge length. To prevent oxidation, the specimen was located in a quartz tube,

while a constant flow ofhigh purity argon passed tbrough the tube.

1 1
(1) hydraulic scrvowlvc., (2) hydraulic malar,

(4) pcùDtÏaInIIIr, (5) specimcD. (6) staâoaary FP,
(3) ratatina taniaa bar,

(7) tGrqUe ceD, (1) fbmace.

Figure 3.3. Schematic diagram ofthe torsion machine.
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A TestStar workstation was used to record the twist and torque as weU

as the temperature. The data were acquired by a microcomputer connected to

the digital controller ofthe TestStar.

3.3.3 internai Friction Apparatus

A forced torsion pendulum was used to measure the amount of carbon

in solution. The component! of the pendulum were selected and dimensioned

sucb that the measured internal friction equals the internai friction of the

sample. The torque is applied by a coiI which provides a field perpendicular to

a magnet; that torque is proportional to the current flowing through the coil. A

digital frequency generator and associated electronics provide the required

excitation. The angular displacement is of the order of 3x10.5 and is measmed

by a photocell detector. Theo, the damping due to the reorientation of the

carbon interstitials at ambient temperature is approximately given by equation

2.3. The different peaks represent different carbon concentrations, Le. Ci in

equation 2.3 [109].

A schematic illustration of the forced torsion pendulmn used to measure

the solute carbon is given in Figure 3.4.

3.3.4. Cooling System

Accelerated coaling was simulated by cooling with water, helium gas

and compressed air. For this purpose, a cooling device was used, as illustrated

in Fig. 3.S. The internaI wall was pierced with three rows of four holes set at

90 deg from one another, which served as coolant outlets. The coolant was

introduced into the coaling device \Ulder pressure through inlets on the externaI

wall. The pressure ofcoolant was controlled by means of a two-stage pressure

regulator in order to obtain different cooling rates.
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Su.pln.lon

Ccii
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Magnet

Pendulum

Cetecter

1--- Sampll

Figure 3.4. Schematic diagram ofthe forced torsion pendulum.

Hein ~
He ln

Figure 3.5. Geometly of the coaling system and specimen.
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3.4. Experimental Methods

3.4.1. Tension

To investigate the aging and bake hardening behaviors of IF steels,

engineering stress-strain curves were plotted ftom the load-displacement data. as

was done by previous workers [9, 35, 40, 49, 100, 101, 118]. The mechanical

properties of the material were then derived. In the cases where a well-defined

yield point was not observed, the 0.2% offset method was used as a measure of

the yield strength.

3.4.1.1. Dynamie Strain Aging Tests

3.4.1.1.1. Etfects of Chemical Composition, Reheat Temperature and

Cooling Rate

The effeets of rebeat tempenture and cooling rate were studied on

samples of steel A. These treatments consisted of reheating to five

temperatures (900, 950, 1050, 1150, and 1200 OC) and then cooling at six rates

to room temperature.

The different cooling rates were produced by: (a) water quenching, W,

(b) cooling with helium gas, He, (c) with compressed air at a high flow rate,

H.F.R, (d) compressed air at a low flow rate, L.F.R., (e) in still air, S.A., and

(f) fumace cooling, F. The cooling rate for water quenching was about 400

oC/s. For the gas cooling procedures, the rates were about 50, 25, 12, 3 and

0.05 oC/s, respectively. This beat treatment cycle is shown in Fig. 3.6.

For steels S, C, and D, the samples were reheated to 900, 1000, and

1100 oC, then cooled at three rates of 400, 3, and 0.05 °C/s to room

temperature.
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AIl the samples prepared in this way were tensile tested at 300 oC and

10.3 S·l.

Step 1. Heat
treatment

400 50 25

Step 2. Tensile testing at 300 oC and 10.3 S·I.

12 3 0.05°C/s

Figure 3.6. The heat treatment cycle applied to the samples.

The reheat temperatures were chosen considering the solubility products

ofTÎ.tC2~, TiC and NbC as foUows (119, 120]:

log[Ti](Ct-'[St·5 =-1704Srr + 7.9

log[Ti](C] = -10S00rr + 5.02

10g[Nb][C] = -8970rr + 3.46

(3.1)

(3.2)

(3.3)

For example, the TiC dissolution temperatures obtained for steels A, B, and C

are about 841, 864, and 903 oC, respectively. In the case of steel D, the

dissolution temperature for NbC is about 866 oC.

In sorne cases, the reheat temperature was 1100 oC in order to simulate

the last finishing temperatme ofthe as-received materials and the cooling rates
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on the nm-out table. Holding for 10 min at me reheat temperature has heen

reported to approximate satisfactorily the condition of the material at the

beginning of cooling on the nm-out table [35]. This enables the precipitates to

he identified [121].

As for C and N, their solubilities in a-iron can he calculated using

the following equations [122-124]:

log [C]ppm = 6.38- (4040rr)

C (wt»A.) =2.55 exp(-4850rr)

N (wt»A.) = 12.3 exp{-4177rr)

(3.4)

(3.5)

(3.6)

3.4.1.1.2~ Effects of Chemical Composition, Tensile Strain Rate and Test

Temperature

For this purpase, samples of steels A, B, and C were reheated to 1100

oC and then cooled in still air al the rate of 3 oC/s. Theo, tensile tests were

canied out on samples of these three grades at four different strain rates of

10-4, 10-3, 10-2, and 10-1 s-l. At each strain rate, up to 13 temperatures

(depending on the strain rate) were employed: 25, 65, 100, 125, 150, 175, 200,

225, 250, 300, 350, 400, and 450 oC.

The aim was ta extrapolate these results and to predict the occurrence of

OSA at higher temperatures and higher/lower strain rates, such as thase

involved in the processing ofIF steels, i.e. fenite rolling and flattening.
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In the case of steel D, tensile tests were canied out on two sets of

samples (cooled ftom 900 oc in still air and ftom 1100 oC in the fumace) at the

four strain rates and at the elevated temperatures mentioned above.

3.4.1.%. Static Strain Aging Tests

3.4.1.%.1. Aging Index (AI) Test

Static strain aging tests were canied out on an four IF steels using

different reheat temperatures and cooling rates. Theil, the specimens were

prestrained 8% in tension and at room temperature. Following this, artificial

aging at 100 oC for 1 br was carried out on the prestrained samples. After

cooling in still air ftom 100°C, they were pulled to fracture at room

temperature. This method, known as the aging index test, is a common

technique [3, 102, 110-114] used to study the static strain aging behaviour of

steels.

By canying out repeated tests onder the same conditions, the deviations

associated with the aging indices and the amounts of carbon in solution were

detennined to he about 3 MPa and 1 ppm, respectively.

3.4.1.2.2. EfI'ects of Chemical Composition, Reheat Temperature and

Cooling Rate

Samples of all four IF steels were reheated to 1100 oC and then cooled

at tbree rates to room temperature. The different cooling rates were produced

by: <a) water quenching (W), (b) still air cooling (S.A.), and (c) fumace cooling

(F), with values of 400, 3, and o.OS oC/s, respeetively. To compare the SSA

bebaviors ofthe present IF steels, aging index tests were then carried out on aIl

the samples prepared in tbis way. These steps are represented in Fig. 3.7.
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Step 1. Apply difJerent
cooling rates to samples
of steels ~ B, C, and D.

Step 2. Cany out aging index tests

Step 3. Cany out internai friction measurements on samples of steels B and C

Figure 3.7. The steps employed to compare the SSA behaviors ofthe 4 IF steels.

The etTects of different reheat temperatures and cooling rates were

investigated on steel A. The samples were reheated to five temperatures, 900,

950, 1050, 1150, and 1200 oC. They were then cooled to room temperatW'e at

the three rates mentioned above. Following this, the SSA behaviom was

studied by canying out aging index tests on the sarnples treated titis way. This

procedure is illustrated in Fig. 3.8.

Step 1. Apply different reheat
temperatures and cooling
rates to samples of steel A.

Step 2. Cany out the aging index tests

400 3 0.05°C/s

Figure 3.8. The lreatments employed to study the effeets ofreheat temperature

and cooling rate on the SSA behavior of steel A.
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3.4.1.3. Quench Aging Tests

In order ta follow the occurrence of aging phenomena during storing at

room temperature, some specimens of steel A were rapidly cooled from 1050

and 900 oc using water (400 °C/s) and helium gas (50 °C/s). They were then

tensile tested at 300 oC and 10.3 S·1: i) immediately after quenching and ü) after

storing at room temperature (24 OC) for three weeks.

3.4.1.4. Sake Hardening Tests

Three different approaches ta testing the susceptibility of steel B for

bake hardenability were investigated. The mechanical properties were then

compared with regard ta the amount ofbake hardening and the possibility of an

industrial application. Also, for each case, the optimum amounts of prestrain

and temperature that give the maximum bake hardening were detennined.

Samples of steel B were reheated ta 900 oC, held for 60 s, and then

cooled ta room temperature at 12 °C/s (LFR). The aim was to obtain enough

solute carbon for bake hardenability. The high annealing temperature, 900 oC,

is necessary in the case of IF steels 50 as ta produce a susceptibility for bake

hardening [51, 52, 54, 55, 71]. AlI the tensile tests were then canied out at a

strain rate of 10-3 s·1.

3.4.1.4.1. Dyaamie Sake Bardening (OHB) Method

In this new method, samples of steel B were prestrained 2, 4, 6, and 8%

al 100, 150, 200, and 250 oC (i.e. they were bake hardened "dynamicaUy").

After cooling in still air, they were tensile tested at room temperature. This

procedure is illustrated in Fig. 3.9. The bake hardening values, yield strengths

before and after baking were then obtained from the tensile test results. The
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yield strength after baking is usua1ly used to judge the dent resistance ofmetals

[49, 125].

Step 1. Dynamically bake
hardened by prestraining
at elevated temperatures

Step 2. Tensile tested at room temperature

Temperature 1 Prestrain 1

<€
2o/0
4%

SO oC 6%
8%

<€
2%

00 4%
6%
8%

~
2o/0

15 4%
6%
8%

~
2%

10 4%
6%
8%

Figure 3.9. Schematic diagram of the DBH method.

3.4.1.4.2. Statie (Conventional) Sake Hardening (SBD) Method

This method is exactly the procedW'e nonnally used to assess the bake

hardenability of steels. Samples were prestrained 2, 4, 6, and 8% in tension

and at room temperature. They were then aged at 100, 150, 200, and 250 oC

for 20 min. Following this step, tensile tests were canied out al room

temperature. These steps are summarized in Fig. 3. 10.

3.4.1.4.3. Dyn.mie-Stade Bake Uardening (DSBH) Method

This method is another new technique Ùltroduced here regarding the

susceptibility for bue hardening. Like the DBH process, in the DSBH

method, samples were also dynamically bake hardened by prestraining 2, 4, 6,
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Step 1. Prestrained at room
temperature

Step 2. Aged at
elevated temperatures
for 20 min.

<€§ 100 oC
O~ ISO
70 200

250

<€
100

40J': 150
70 200

250

<€§ 100

60~ ISO
70 200

250

<€
IOO

80~ 150
70 200

250

Step 3. Tensile tested
at room temperature

Figure 3.10. The steps of the SBH method.

and 8% at 100, 150, 200, and 250 oC. The only difference between the DBH

and DSBH procedures is that, in the OSBH technique, the samples were

subjected to another aging protess: static strain aging at 170 oC for 20 min

(this step is usually employed for the simulation of conventional bake

hardening). Finally, they were pulled to fiactw'e at rcom temperature. In fact,

tbis method (DSBH) is a combination of the DBH and SBH techniques, as

presented in Fig. 3.11.

3.4.%. Solute Carbon Measurement

In studying the aging behaviour of steels, it is important to know how

much C is in solution during or after the manufacturing process. There are two

common techniques for the measurement and estimation of the amOlDlt of

solute carbon. The internai friction technique is the most popular method for

measuring the amount ofcarbon in solution. This is the teelmique that was
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Step 1. Dynamically bake
hardened by prestraining
at elevated temperatures

Temperature Prestrain 1

~~~
50 °C~6%

8%

~
2%

00 4%
60/0
8%

~
2%

15 4%
6%
80/0

~
2%

10 4%
6%
8%

Step 2. Statically strain aged at 170 oC for 20 min.

Step 3. Tensile tested at room temperature

Figure 3.11. The steps employed in the OSBH method.

used in this study. As already mentioned in section 2.8, the conventional

internai friction technique has a couple of disadvantages: i) at elevated

temperatures, metallurgical reactions occur in the steel during the test, ü) at low

frequency, the procedure is very time consuming. Consequently, the new

method described in that section was used to measure the amount of carbon in

solutioD. The advantage of this method is that the interstitial levels can he

measured at room temperature using a wide range of frequencies.

3.4.2.1. Solute Carbon Estimation

ln order to expedite the study of the aging behaviour and because the

conventional intemal fiiction method is not sufticiently accmate for very low

carbon steels, a conelation bas heen established betwcen the amount ofcarbon

in solution and the aging index [61, 75, 104, 108]. This correlation was shown
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in Fig. 2.16. Knowing the aging indices and using tbis correlation, the amounts

of carbon in solution can he roughly estimated [61, 75, 104, 108].

3.4.3. Tonion

Torsion tests can he used to study the dynamic strain aging bebavior of

steels at bigh temperatures and high strains. For the tirst time, torsion tests

were canied out to investigate the dynamic strain aging behaviour of a Ti IF

steel (steel A) in the austenite and fenlte regions. The measured torque, T, and

twist, e, were converted to equivalent stress and strain using the following

equations [117, 126].

cr =3.3 Tv'3/21tR3

E =9R1Lv'3

(3.7)

(3.S)

wbere R and L are the radius and gage length ofthe specimen, respectively.

The ArJ temperature for IF steels with almost the same chemical

composition is estimated to he about 900 [121, 127], 895 [68]t or 890 oC [67,

128]. As for the Arlt a value of 860 oC bas been reported [67, 68, 121, 127,

128]. Therefore, in order to he conservative, the maximum ternperatme for

testing in the ferrite range was chosen ta he 850 oC. However, according to the

following equation used to calculate the Ar3 [129] based on chemical

composition, this temperature for IF steels is close to that for pure iron, =: 910

oC [127, 130).

Ar] =91~ 310C - SOMn - 20Cu - 15Cr - SOMo +0.35 (t-8) (3.9)
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Here t is the plate thickness.

3.4.3.1. Hot Rolling Simulation

The pass strains and interpass tintes applied are presented in Table 3.3.

This simulation involves seven rougbing and seven finishing passes, along the

lines of a typical industrial strip-roUing schedule [67, 68, 121, 128]. AlI the

simulated passes were executed at a strain rate of 2 S·I. The fust rougbing

temperature was 1260 oC, while different finishing temperatures were

employed. The rougbing passes were canied out on the austenite phase, and

the finishing passes in the ferrite region. However, in sorne cases, the tirst

finishing pass was canied out in the austenite or in the yta and the rest in the

ferrite region. In aIl cases, the serrations were initiated in the ferrite phase.

3.4.3.2. Warm Rolling Simulation

The same schedule, Table 3.3, was used in this case. The only

difference with respect to the abave program is that in this case both the

roughing and finishing passes were carried out in the ferrite region. The first

rougbing temperature was 850 oC.

3.4.4. Coiling Simulation

The effects of coiling temperature and cooling rate after this process

were investigated by employing one coiling temperature (650 OC) and two

coaling rates (0.01 and 0.03 °C/s). This treatlnent was executed on samples of

steels B and C.

The applied coiling temperature is a lypical temperature nonnally used

in the coiling ofIP steels [48, 58, 59, 74, 131]. Recendy, the demand for low­

temperature coiling bas increased because ofthe problems associated with the
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Table 3.3. Schedule for the simulation ofhot and wann rolling.

Strain rate (/s) Strain per pass Interpass time (s)

RI 2 0.23 3.5
R2 2 0.25 8
R3 2 0.23 10
R4 2 0.29 12
RS 2 0.39 13
R6 2 0.75 18
R7 2 0.56 150
FI 2 0.41 3.5
F2 2 0.53 2.5
F3 2 0.55 1.7
F4 2 0.55 0.80
F5 2 0.55 0.80
F6 2 0.40 0.80
F7 2 0.40

high-temperature colling process. These problems are [3, 132-134]: i)

decreases in the product yield, ü) increases in the oxide scale thickness, ili) the

fonnation of coarse grains, which then cause surface defects, iv) the fonnation

of large cementite particles, which cao cause damage by cracking, v) variations

in the mechanical properti.es along the coil length, mostly because of

difTerences in cooling rate between the coil ends and the middIe. That is the

reason for employing the second cooling rate of 0.03 oC/s, while the cooling

rate of0.01 °C/s is mostly used in industrial applications [55, 135, 136].

As shown in Fig. 3.12, this simulation consisted of reheating to

1150 oC (which is a littie above the finishing temperature of the present

materials) and cooling to room temperature at 3 oC/s. Specimens were then

reheated to 650 oC, held at this temperature for lS min and then cooled to room

temperature at 0.01 °Cls and 0.03 oC/s. This method resembles the technique

that bas been employed by most workers to simulate the coiling process [48,
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55, 57, 65, 131, 137, 138]. However, some workers have applied another

procedure, which consists of cooling down, after finishing, to the coiling

temperature [139-141]. Finally, aging index tests were canied out on the

samples and, from the aging indices obtained, the amount of carbon in solution

was estimated.

It should he pointed out that, according to previous workers, coiling

temperature does not have any significant effect on the subsequent mechanical

properties, e.g. on bake hardening [48, 51, 59, 121, 125, 134, 135, 142, 143].

1150 oC

Step 1. CollinS simulation
camed out on
steels B and C.

0.03 0.01 °C/s

Step 2. Aging index tests

Fig. 3.12. Schematic diagram ofthe simulation ofthe colling process.

3.4.5. Condnuous Annealinl Simulation

Sînce the amount of carbon in solution after colling may affect the

solute carbon level dming continuous annealing, a colling simulation was

employed prior to simulating continuous aunealing. After a laboratory cold

reduction of about 750/0, samples of steels B and C were reheated to three

"annealing" temperatures (650, 750, and 850 OC). After holding for 60 5, they

were cooled to room temperature al 0.03, 3, and 100 oC/s. Except for the
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cooling rate of 0.03 oC/s, which was discussed in the previous section, the

cooling rates employed after continuous annealing nonnally lie between 3 and

100 °C/s [49, 54, 56, 131]. However, some workers have reported still faster

rates of about 50-400 °C/s [3], or ultrarapid rates of 1000 °C/s [3], and 2000

°Cls [55, 144]. Fig. 3.13 presents the steps employed for the continuous

annealing simulation.

Step 1. Coiling simulation 1 Step 2. Cold rolling 1 Step 3. Continuous annealing
simulation simulation

c

Step 4. Internal friction measurements and aging index tests.

Fig. 3.13. Schematic diagram ofthe simulatim of1he continuous ameaIing process.

It should he mentioned that the specimens which were prepared for the

aging index tests did not receive any cold reduction. According to the past

work, cold reduction ratios do not significandy affect the bake hardenability

[48]. The tests of step 4 were canied out to compare the estimated and

measured amolDlts of carbon in solution for each soaking temperature and

cooling rate.
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3.4.6. Flattening Simulation

The residual stresses present after heavy cold reductions result in

irregular flatness across the strip width. Final flattening or removal of these

non-lDlÏform stresses is carried out by plastic extension of the strip during

heating in the continuous annealing fumace. The applied strain rate is about

10..4 S·l [145] under these conditions. Therefore, to simulate the tlattening

pracess, tensile tests were c8JTÎed out on steels A, B, and C at this strain rate

(104
S·l) and at temperatures trom ambient to 400 oC.
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Results

4.1. Dynamie Strain Aging

4.1.1. Eft'ects ofChemical Composition, Rebat Temperature and Cooling Rate

Some typical stress-strain curves for specimens of steel A cooled al the

six different cooling rates are illustrated in Fig. 4.1. It is evident that dynamic

strain aging occurs after cooling from all reheating temperatures, except for the

specimens that were fumace cooled. This implies that only fumace cooling

allowed full or nearly full precipitation of the carbon as required by the

decrease in carbon solubility with decreasing temperature. Even still air

cooling resulted in a materia! that was supersaturated with carbon. The fonner

case is in good agreement witb the findings of other workers, who have

suggested tbat, when coiling is canied out at bigh temperatures and high Ti/(C

+ N) ratios are employed, the solute carbon and nitrogen can he tied up by the

Ti [59].

In Fig. 4.2, the urs is plotted vs. the time required to cool to room

temperature for ail reheating temperatures and cooling rates. There are clear

trends for the UTS values to increase with reheat temperature. For the

specimen quenched in water after reheating ta 1200 oC, the UTS exceeds 370

MPa. Uoder fumace cooling conditions, the UTS values converge to around

ISO MPa. Note aIso tbat a particular value of UTS, e.g. 260 MP, can he

obtained by a combination of low reheat temperature and short coaling time, or

bigh reheat temperature and longer coaling time.
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Fig. 4.1. Stress \'5. strain curves of specimens cooled from a) 900, b) 1050, c) 1150,
and d) 1200 oC al different rates and then tensile tested al 300 oC and 10-3 s-1.
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Fig. 4.2. UTS vs. cooling time to room temperature for various reheat

temperatmes and cooling rates.

In terms of the effect of chemical composition, some typical stress-strain

curves pertaining to the specimens cooled ftom 1100 oC at the different rates

are illustrated in Fig. 4.3. It is clear ftom tbese tests (carried out at 300 OC) that

once again still air cooling (3 °C/s) resulted in significant amounts of carbon

rernainjng in solution. Thus, dynamic strain &ging took place at ail values of

Tiexc, Ti·c/C, and Ti·siS and in aIl four kinds of IF steel. Only after applying

very slow cooling (O.OS °e/s), were the smooth curves observed that signify

there is no carbon left in solution.

The effeets of chemical composition and reheat temperature are

presented in Fig. 4.4. In the cases of cooling from 900, 1000, and 1100 oC in

still air (3 °Cls), considerable amounts of carbon remained in solution, leading

to the oc:cmœnce ofOSA. This happened wbatever the chemical composition.

A1so, as the reheat temperature was increased, the UTS also increased.
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4.1.1. Eft'ects of Chemical Composition, Tensile Strain Rate and Test

Temperature

For steels ~ B, and C, the flow curves obtained through the

temperature range (25 to 450 OC) at strain rates of 10-3 to 10-1 s-l are

displayed in Figs. 4.5 to 4.7, respectively. At each given strain rate, the stress­

strain corves undergo pronounced strengthening with increasing temperature, as

past research on different kinds of steel bas shown [22, 35, 146-151]. The

temperature at which serrations first appear shifts from about 100 ta about

220 oC as the rate is increased from 10-4 to 10-1 s-l.

When the strain rate is increasecl, the temperature associated with the

disappearance of the serrations increases trom 350 to 425 oC. Within the

serrated flow range, the magnitude and frequency of serrations increases to a

maximum as the temperature is increased. This maximum is towards the high

temperature side of the serrated flow range. Note also that the work hardening

rates are steeper for the corves displaying pronounced serrations.

In the case of steel A, the yield and flow stresses are plotted versus

temperature in Fig. 4.8 for aU applied strain rates. The tlow stress values go

through a maximum at intennediate temperatures, tben drop at higher

temperatures. This flow stress behavior, common in ail four steels, can be

divided into tbree classes:

(i) the low temperature range, where liUle or no aging occurs;

(ü) the intermediate temperature range, which is characterized by the

serratiODS and high rates ofstrain bardening;

(üi) the higher temperatures, where the senatioDS disappear and the rates

ofstrain hardening faU.
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A lypical temperature dependence of the UTS at various strain rates is

disp1ayed in Fig. 4.9. Although tbis bebaviour is plotted for steel A, the trends

displayed are common to ail four IF steels investigated. Here, best-fit polynomial

equations were used to draw lines through the data points. For each applied strain

rate, tbere is a maximmn for the UTS, which genera1ly shifts te higher temperatures

as the strain rate is incœased. For example, the position of the UTS maximum

shifts ftom about 230 oC for 10-4 s-1 10 about 340 oC for 10-1 s-l.

Refening to Fig. 4.10, in which is plotted the temperature dependence of

the ftacture strain of steel A, it is evident that there is a significant reduction in

ductility at intennediate temperatures. Once again, best·fit lines are plotted through

the experimental results. At a strain rate of 10-4 s·l, the minimmn in fracture strain

is at about 210 oC, wbile at a rate of 10-1s-l, tbis minimum shifts to about 310 oC.

This dependence indicates that, with increasing strain rate, the minima in the

ftacture strain shift to higher temperatures, as rePQrted by past workers on dynamic

strain aging [35, 149, 152, 153]. In addition, as the strain rate is in~ the

minïmlD1l in the ftacture strain shifts to somewhat higber values. For example, at a

rate of 10-4 s·l, the fracture strain minimmn is about 0.25, while at 10-1 s·l, it is

about 0.32. These are also behaviors that were common to all the IF grades.

Once again in the case of steel A, the strain rate dependences of the tlow

stress and UTS are illusttated for the temperatures below (25 and 65 OC) and within

(150 and 200 OC) the serrated tlow range in FiSS. 4.11 and 4.12, respective1y. At

2S and 65 oC, where no semdions were obsem:d at the four applied strain rates, the

tlow stress and UTS display the DOnnai positive rate dependence, Fig. 4.11.

However, in the seaated Dow range, the rate dependence of the f10w stress is

ncgative, Fig. 4.12. This negative strain raœ sensitivity is akey characteristic of
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dynamic strain aging, and is responsible for significant reductions in ductility

througbout the intennediate temperature range. In the case of steel D, the stress­

strain curves associated with the specimens fumace cooled from 1100 oC are

smooth, Fig. 4.13; this indicates that plastic defonnation is homogenous and

stable. The smooth decrease in tlow stress with increasing temperature aIso

demonstrates that the temperature-dependence of the flow stress is "nonnaI",

i.e. tbat no "peak" due to the occurrence ofDSA is presen~ Fig. 4.14.

Figure 4.15 exhibits some typical stress-strain curves pertaining to

specimens of steel D cooled from 900 oC in still air (3 °C/s), then tensile tested

at different strain rates and temperatures. Although the reheat temperature was

weil above the calculated NbC solution temperature (866 OC), the magnitude of

the serrations was lower than in the case ofthe three Ti IF steels.

4.2. Static Strain Aginl

4.2.1. Eft"ect ofRebat Temperature and Cooling Rate.

The stress-strain curves associated with sorne of the &ging index tests

canied out on specimens of steel A are displayed in Fig. 4.16. These samples

had already heen reheated to various temperatures and then cooled to room

temperature at different rates. The effects of reheat temperature and coaling

rate on the &ging indices are shown in Fig. 4.17. There are clear trends for the

AI values to increase with reheat temperature and cooling rate. These results

are in good agreement widl the past work, indicating the presence of more

carbon in solution as the reheat temperature and cooling rate are increased [49,

154]. Under fumace coaling conditions (O.OS °C/s), the &ging index amounts

converge ta arolUld S MP&, wbich means this slow rate led ta the almost

complete stabilization oftbis IF steel. For example, in the case ofcooling from

1200 oC al tbis rate, the AI value is zero. By contrast, the retum ofa sharp
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yield point. cODSiderable Luders strain and an increase in urs all indicate that

significant static strain agiDg CID take place even in the case of still air cooling

(3 oC 15). The estimated amounts of carbon in solution for each combination of

reheat temperature and cooling condition are coUected in Table 4.1.

Table 4.1. AgiDg index values and estimated amounts ofcarbon in solution for

differmt reheat temperatures and cooling rates (steel A).

Fumaœ Cooling Still Air Coo&ng Water Quench

T(OC) C±l(ppm) 1d±3 (MPa) C±l (ppm) AI±3(MPa) C±1 (ppm) AI±3(MPa)

900 0.5 5 1.5 15 4.5 28

950 0.5 5 2.5 20 S.S 30

1050 <0.5 3 4 26 7 36

1150 <0.5 3 6.S 33 8.S 40

1200 0 0 7 35 12 45
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Note tbat a particular value of AI, e.g. 2S MPa, CID he obtained by a

combination of low reheat temperature md rapid cooling, or high reheat

temperature and slower cooling, Fig. 4.17. The mjnimum and maximum AI

values observed (0 and 4S MPa) correspond to reheating at 1200 oC folloWÎDg

by i) fbmace cooling and ü) water quencbing to room temperature,

respectively. ReferriDg back ta Fig. 2.16, tbese aging indices correspond ta

about 0 and 12 ppm ofcarbon in solution.

4.2.2. Etrect ofCbeaûcal Composition and CooliDl Rate

The etTects ofchemical composition and cooliDg rate on the stade sttain

aging bebaviors of the IF pades are plotted in Fig. 4.18. It is clar 1bat two

differeDt behavion are obsened, ODe for die water queucbcd lDd still air
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samples, another for the fumace cooled specimens. For the water quenched

and still air cooled samples, the aging indices increased with the Ti·/S ratio; in

the case of fumace cooling, the aging indices remained at zero whatever the IF

steel.

The Ti·/S ratio is a new parameter introduced here. So far, previous

workers have investigated only the effect of Ti·de in their studies of IF steels.

However, the fonner factor is closely linked to the probability of foonation of

TiS or Ti4C2S2 at high temperatures, which then affects the amount of carbon

in solution. Sorne aging indices detennined and the estimated amounts of C in

solution are listed in Table 4.2.

Table 4.2. Aging indices and the cOlTespondîng estimated amounts ofcarbon

in solution (cooled from 1100 oC at different rates).

Fumaœ Cooling Still Air Cooling Water Quench

steel C±l (ppm) AI±3 (MPa) C±l (ppm) AI±3 (MPa) C±l (ppm) AI±3 (MPa)

A <0.5 3 5.5 30 8 38

B 0 0 4.5 28 7 36

C 0 0 7 35 15 53

D 0 0 3 22 8.5 40

These values comspond to samples that were cooled from 1100 oC in

still air. It is of interest tbat steels A and B, wbich have the same values of

Tiexc, Ti-de, and Ti*/S, exhibited the sune aging behaviour, although the Ti

and S levels in steel B were I.S times as higb as in steel A. Steel C, with the
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highest Ti*/S and lowest S content, exhibited the highest &ging index after

water quenching and still air cooling, although it had the highest Ti·cie value.

This means that the Ti·s'S ratio is Iikely to be more important than the Ti·de
ratio with respect to the removal of carbon from solution. By contrast, the

&ging behaviour ofthe Ti-Nb IF steel was similar to that ofsteels A and B.

4.3. Quench Agiog at Room Temperature

The stress-straîn curves detennined on specimens quenched from 1050

and 900 oc using either water or helium and then tensile tested at 300 oC and

10-3 s-l are illustrated in Fig. 4.19. In the case ofthe quench aged samples, the

smooth stress-straîn curves indicate the absence of carbon in solution after

storing at room temperature for three weeks. Referring to Table 4.1, aging

indices of about 28 and 36 MFa can he expected in the cases of water

quenching from 900 and 1050 oC, respectively. These data suggest that

considerable aging should take place during storage. When the samples were

tensile tested immediately after quenching, dynamic strain agiog occurred, as

indicated by the presence of serrations in the stress-strain curves. It is of

interest that the occUlTence of either SSA or DSA led to the same increase in

UTS and reduction in duetility or total elongation.

4.4. Bake Hardeninl

To estimate the amounts of solute carbon available for bake hardening,

&ging index tests were carried out An average value of 26 MPa was obtained,

comsponding to about 4 ppm carbon in solution. The maximwn and minimum

bake hardening values obtained with this amount of solute carbon were about

SS (OSSH method) and 3 MPa (SBH method), respectively. This means that,

for a given solute carbon leve~ the dynamically and then statically aged
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samples have much more capability te produce high bake hardening values titan

those that were bake bardened in the conventional way.

4.4.1. Dynamie Bake Hardening (DRB) Method

Figures 4.20 te 4.22 present the effecte; of prestrain and temperature on i)

the am01D1t ofbake hardening, ü) yield sttength beforet and ili) after this process,

respectively. Figure 4.20 illustrates how the DBH depends on temperature. The

DBH amounts reach a maximmn al aro1D1d 170 oC, a position that does not change

with pœsbam. In tenDs of prestrain, the 2% prestrained samples exhibited the

maximmn amounts.

As shown in Fig. 4.21, the yield strength before baking remains fixed al

about 95 MPa. This parameter increases with presbain after DBH and reaches a

plateau al the higher temperatures, as illustrated in Fig. 4.22.

4.4.2. Stade (Conventional) Bake Hardening (SBR) Method

Figures 4.23 te 4.15 illustrate the effects ofprestrain and temperature on i)

the amount of bake hardening, ü) the yield strength before, and ili) after titis

method, respectively. According ta Fig. 4.23, there is a maximlUll in the SBH

value vs. pteSllain, wbich shifts ta lower prestrains as the temperature is increased,

tbis is in agreement with the previous work [S 1, 52]. At intennediate temperatures

(200 and 250 OC), tbree different bebaviors are observed: (i) the bake hardening

values iDcrease with increasing prestrain al low prestrains, (ii) less bake hardening

is observed with fùrther increases in presb1iin, and (m) Iarger pitStlams result in a

plateau, or in a s1ight inaease in the baking values. This is in good agreement with

the findinp of other investigators [5, 48, 51]. The IDIXimlDll 8Dd minimmn

amoœts ofstatic bake bardening (26 and 3 MPa) were obtained indie cases of4%

aud 20/0psain foUowed by bakina al150 oC _ 100 oC œspectiveIy.
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Prestraining led to an increase in the yield strength until it almost

reached a plateau. This happened between 200 and 250 oC, Fig. 4.25, and is in

agreement with the results ofpast workers [43, 48, 115, 155]. By contras~ the

yield strengtb. before treatment remained constant at about 140 MPa, Fig. 4.24.

4.4.3. Dynamic-Static Bake Hardening (DSBH) Method

Figures 4.26 ta 4.28 depict the effects of strain and temperature on i) the

amount of bake hardening, ü) the yield strength before, and ili) after this

technique, respectively. Two difJerent behaviors were obseJVed regarding the

effects of strain and temperatw'e on the amount of bake hardening, Fig. 4.26.

When the subsequent aging temperature (170 OC) was higher than the

temperature of dynamic aging (100 and ISO OC), the influence of dynamic

aging was diminished. In this case, the efTect of strain 00 the amount of bake

hardening was almost the same as the behaviour observed in the SBH method

for 150 and 200 oC. By contrast, when the fonner temperature was lower than

the latter, the amount of bake hardening decreased with the strain. The

maximum and minimum amounts ofbake hardening (55 and 20 MPa) obtained

widl titis method correspooded to straining to 4% and 8% at ISO and 250 oC,

respectively.

Like the DBU method, the yield strength before the OSBH process

remains constant at about 9S MPa, Fig. 4.27. By contrast, the yield strength

after treatlnent increases with the am01Dlt of straining to essentially reach a

plateau. The latter begins at a temperature between ISO and 200 oC, i.e. at

approximately 170 oC, Fig. 4.28.



~~ III .1 Il

.O ....--~--....---....--~--..
_10 f-----b....-=~~~~~;_--_:iPlC---__.

:.s 40 ........!tM~~----+---.;;::I~:---:=~~-- ....-J 30 +----+-~~_.=~0001111111;=_--_t-- ........•i 20 f----+----+----t---.;;~ ........~..........
fi)

a 10 .-----+----+-------t----r-----"'1

-•
~ 1.0-
1120
!
! 10
S
140
~

0 ....--...--.....---..---....--...o 2 4 • 1 10

Prestrain (%)

Fig. 4.26. Effects of temperature and prestrain on the DSBH values.

200

o
la 100 110 200

Temperature (OC)
210 300

Fig. 4.27. Dependence of the yield strength before DSBH on temperature.

310 __--~---,...--....--....--...

300210100
10 ....--...--....--....-_...~-.......

10 110 200
Temperatu... rC)

Fig. 4.28. Dependence ofthe yield strength after DSBH on temperature.



Chapter 4 Results, 86

4.4.4. Cornparison ofthe DBB, SBR, and DSBH Methods

The three metbods ofbake bardening steel B are compared in Figs. 4.29 to

4.33. It is evident that the dynamically aged specimens (the DBH and DSBH

methods) produced the highest BH values, as weB as prono\D1œd work hardening

rates, reduced Luders strains, lower yield strengths before prestraining, and

significant inaeases in yield strength after baking. These factors can help to

prevent buclding and wrinlding, necking in expanded zœes, streteher strains and

spring back dming press forming, and will lead ta higher dent resistance after

baking.

To avoid the above-mentioned defects in press Conning, the yield strength

should he as low as possible, the Luders strain should he almost zero, and the work

hardening rate as high as possible. In addition, high yield points after baking confer

high dent resisfance. Referring 10 Figs. 4.29 10 4.33, ail these properties can he

improved by using a dynamic aging process.

The most impol'blDt issues regarding the characteristics of the three bake

hardening methods are the following:

i) The amo1Dlts ofbake hardening in the cases ofDSBH and DBH are much higher

tban those produced by the SBH (conventional) method. For example, in the case

of a 2O.Ic. strain al 100 oC, the am01Dlts produœd by the DSBH and DBH methods

are about 15 and 8 times the SBH value, respectively. The minimwn bake

hardening value is about 3 MPa (20" prestrain al 100 oC wi1h the SBH method) and

the maximtm value is about S5 MPa (a strain of 4% at ISO oC wi1h the DSBH

method). GeneraI1y speaking, the lowest bake hardeniDg values were obtained in

the case ofSBH. Cœversely, the higbest amounts weœ observed in the case ofthe

OSBR method whcn the temperatures of dynamic IIÏDI (100 and ISO OC) wcœ
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lower tban the ttuqdature of subsequent static aging (170 OC). In odIer cases, it

seems that1be DBR method exhibiœd the higber values.

ii) There is 110 Luders sIrain during elevated tenlpel8tUre prestrainjng in 1he cases ofthe

DBR and DSBH methods.

fu) Ina simiJarmamer, 1bere is no shatp yield point when presUaining is canied out by

the DBH and OSBHmethods.

iv) The yieId strength before baking in 1be DBH and OSBH methods is about 4S fvlPa

lower1banin the case ofthe SBH method.

v) The wOlk hardening raie during prestraining is much bigher in the DBR and OSBH

methods 1han COIM:Iltionally. This is because more pronounced wodc hardening rates

arepooua:d during dynamic strainaging tban in the static strain aging case.

VI) The yield strength ailer baking is much higber when the DBH and OSBH methods

areused.

vil) Wlth iocreasing presIIain, the yielô'œnsile strength ratio increases until it almost

attains unity in sorne cases ofthe DBR method.

VÜ1) AItbough a sbaap yield point and the Luders strain are rarely observed in the DBR

metbod afterbaking, dJey are more significant Cm- bod11be SBH and OSBH methods.

ix) The tise inurs with presIIain is Jess pronounced than that of1he yield~ 50

that 1he urs values are fairly close togedter Obere is a maxinnm ofabout 45 ~a of

diffeOIœ between the various conditions of t&:sting). GeneraIly speakiDg, the OSBR,

SBlI, and DBH methods lead to mDge urs values of 300, 290, and 280 fvlPa,

respeàiveIy.

4.S. Tonion

4.5.1. HotRolling

As shawn in Fig. 4.34, when bodl1be rouabing and finisbing passes are canied

out in 1be ausfarite phase, no saratiœs aœ obseMd in the SIn:SS-strain cm:ves. When

die first finisbing p8SS \VIS exccuIal in die DU:iUte rcgiœ and tbc œst in the fi:nitc,
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serrations manifested themselves in the tlow curves ofthe passes canied out in the

ferrite, see Fig. 4.35. In the tbird case when a1l the finishing passes were perfonned

in the ferrite range, seuations were observed in aIl the flow curves, Fig. 4.36.

4.5.1. Warm Rolling

ln tbis case, bath rougbing and finishing were canied out in the fenite

range. As presented in Fig. 4.37, seuations are observed dming aImost ail the

finisbing passes. Dming each pass, they are initiated with a sharp yield drop,

which is followed by the serrations. This phenomenon (OSA) cm he attnbuted in

tbis case 10 the substitutional elements, since the temperature and strain rate range

in which the sermtions are obsetVed correspond to those reported for these

elements [36, 93, 94, 156].

4.6. Coiling

The results of the aging index tests canied out on steels B and C (coaling

from 650 oC at 0.01 °C/s) are presented in Figs. 4.38 and 4.39, respeaively. The

aging index values, along with the corresponding estimated amO\D1ts of solute

caIbo~ are smnmarized in Table 4.3.

Table 4.3. Aging indices and estimated amoœts ofsolute carbon resulting from

the colling simulation.

Cooling Rate

0.01 °Cls 0.03 °Cls

Steel C±l (ppm) AI±3(MPa) C±l (ppm) AI±3 (MPa)

B 1.5 15 6 32

C 2.5 20 9 42
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These measmements show 1bat, even ailer coiling, sorne amo1Dlt ofcarbon will still

remain in solution. Furthennore, when the second cooling rate of 0.03 °Cls was

employed, even more solute carbon was obtained. The amolDlt of carbon in

solution al room temperature &fier coiling al typical IF steel temperatures (650-750

OC) was reported to he 3 ppm [157]. Other authors have found tbis amO\Dlt to he 4

ppm after coiling at 7S0 oC [158]. In the present work, the aging indices and

therefore solute carbon levels were highest for steel C, which had the lowest S

content or highest Ti·;S ratio.

4.7. Continuous Annealing

Sorne of the stresslstrain curves obtained from the aging index tests

carried out on steels B and C are illustrated in Figs. 4.40 and 4.41. The aging

indices and their cOlTesponding amounts of solute carbon are shown in Tables

4.4 and 4.5 for steels B and C, respectively.

Table 4.4. Aging indices and estimated amounts of solute carbon resulting
trom the continuous annealing simulation carried out on steel B.

stftIB
T
650
750
850

Table 4.5. Agiog indices and estimated amounts ofsolute carbon resulting
ftom the continuous annealing simulation carried out on steel C.
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An interesting point is that the solute carbon and consequently the aging

index values decrease with increasing annealing temperature, so that both

converge to about zero at 850 oC. This result is in agreement with the findings

of past worken who reported, in some cases, the effects of inereasing the

annealing temperature on the yield point, hardness, &ging index, and/or solute

carbon level [2, 45, SI, 55, 159, 160). For example, the amount of carbon in

solution for a O.OOI90~ steel was reported to he 4 ppm when continuous

annealing was carried out al 800 oC (the cooling rate was unknown) [47]. The

maximum amount ofaging &gain pertained to the steel (C) that had the lowest S

content and the highest Ti*,S atomic ratio.

4.8. Internai FrictionlSolute Carbon Measurements

Some of the results obtained from the internai friction measurements

canied out on steels B and C are illustrated in Figs. 4.42 to 4.49. The

measured and estimated solute carbon levels of the specimens cooled from

1100 oC at different rates are compared in Table 4.6. In the case of steel B,

there is a small difference between the measW'ed and estimated amounts ofC in

solution. The difference is somewhat more pronounced in the case of steel C.

Table 4.6. Measured and estimated amolDlts ofsolute carbon in samples

cooled :from 1100 oC at different rates.

Fumaœ Cooling Still Air Cooling Watrs Quench

Estimated Measured Estimated Measured Esûmate Measured

Steel +lppm +lppm ±lppm ±lppm ±lppm ±lppm

B 0 0 4.5 4.5 7 5

C 0 0 7 6.5 15 19
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The results for the samples cooled from 650, 750, and S50 oC (at three

rates) are smnmarized in Table 4.7 for steel B.

Table 4.7. Measured and estimated amounts of solute carbon remaining in

steel B after the continuous annealing simulation.

Fumaœ Cooling Still Air Cooling Water Quench

Estimated Measured Estimated Measured Estimated Measured

SteelB ±lppm ±lppm ±lppm ±lppm ±lppm ±lppm

650°C 3 5 4 15 5.5 10

750°C 2 1 3 3 4 7

SSO°C 0 0 0 I.S 0.5-1 4

4.9. Calibration between the Aging Index and Solute C Level

A calibration was established in this work between the agiog indices and

the amoWlt of solute carbon present in the steels, see Fig. 4.50. This employed

the results of the agiog index and internal friction measurements and was based

on averages for repeated tests. This calibration can he readily used to predict

the agiog behaviour ofIF steels.

4.10. FI.ttening

Tensüe tests were carried out on specimens of steels A, B, and C at the

strain rate employed dming flattening (10'" 5.
1
). The flow curves obtained

tltrough the temperature range ambient to 350 oC at a strain rate of 10-4 5-1 are

displayed in Fig. 4.51 for the Ti IF steels. In the blue brittleness range, the

stress-strain curves show evidence of prono\D1ced streDgthening accompanied
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by a signifiCU1t decrease in ductility. The temperature at which setTBtions first

appear is less titan 100 oC. Within the semted flow range, the magnitude and

frequency of the serrations as weil as the work hardening rates increase to a

maximwu as the temperatme is increased.

It is evident that, in sorne cases, for example at 200 oC, the serrations

are initiated at very low strains, even less tban 0.2% elongation. It should he

noted tbat to remove irregularities slong the strip widtb, the plastic strain

required lies between 0.1% to 0.4% elongation [14S].
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CHAPTER5

Discussion

5.1. Eft'ect of Cooling Rate

The effect of cooling rate on the amount of carbon that remains in

solution at room temperature depends on severa! parameters. The foremost of

these are the reheat temperature and total amount of carbon; the latter

detennines the maximum available amount of carbon. AIso of importance are

the type of particle that will act as a nucleation site for TiC and the size

distribution and spacing of these nuclei. The length of the carbon atom

diffusion path depends on the latter. Here it is important ta recal} that the

nucleation rate is more important than the diffusion rate with respect to

precipitation [40, 76] and that higher dislocation densities promote nucleation

[76].

In tenns of the type of partiele required for nucleation, the precipitation

of TiC on TiN nuclei bas not been observed during cooling from high

temperatures under the present conditions [69, 75, 101]. By contrast, TiS has

heen observed to act as a preferential site for the nucleation of TiC [57, 75,

102, 128]; titis tben leads to the fonnation ofTÎ4C2S2. This appears ta he the

reason why Tsunoyama et al. [57] found that the amount of carbon in solution

al room temperature depends inversely on the total amount of S in the steel.

Upon coaling after annealing at high temperatures, they reported that a

considerable amount of carbon remains in solution in Ti IF steels with low S

levels. This was attributed to the lack of sufticient TiS nucleation sites for C
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precipitation. Nucleation can also be promoted by the presence ofpre-existing

particles, or by the simultaneous precipitation ofother particles [118]. Ti or Nb

carbide am act as the nucleation site for iron carbide when the Til C or Nb/C

atomic ratio is less than unity [55]

During the continuous annealing of low carbon steels, MnS particles act

as preferential nucleation sites for the precipitation of cementite, enabling the

production of non-aging steels [3]. Elements like Mn or Ni can act as

additional nucleation sites for carbide particles [161]. The rate of C

precipitation in tenwy alloys is also more rapid than in binary alloys; in the

latter case, fewer precipitates are present to sct as nucleation sites for the

carbides [118]. In low carbon steels, epsilon carbides can serve as nucleation

sites for the precipitation ofFe4N [162].

As regards the distribution of particles, it is weIl known that finely

dispersed sites are more effective in removing carbon from solution than widely

dispersed sites. In the fonner case, the diffusion paths of carbon atoms to

nuclei are shortel'. Atthough this distance increases as the cooling rate is

decreased, the time for diffusion becomes long enough to allow full

precipitation of the carbon, thus following the equilibriwn trend of decreasing

carbon solubility with decreasing temperature. Chemical composition also

affects the particle dispersion. For example, in the case of Ti IF steels, the

precipitates are dispersed more coarsely tban in Nb IF steels [59, 65].

With respect 10 the total amount of carbon, it bas been reported that

when the carbon content is higb, e.g. 0.780/0, the amoWlt of carbon in solution

at the reheat temperature is not retained, even der water quenching [163]. In

tbis case, it appears tbat the closely spacecl F~C particles &Ct as sites for
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carbon precipitation during quenching, 50 that the amount of carbon in solution

after quenching i5 reduced.

To 8Chieve the same low solute carbon levels in lower carbon grades,

e.g. 0.01 to 0.10/0, Buder [164] applied a cooling rate four orders of magnitude

slower titan water quenching, 0.5 oC/min. However, he reported that titis

cooling rate was inefi"ective for the 0.01% C material. Evidendy, insufficient

precipitation sites were available, resulting in almost aIl the carbon remaining

in solution. Considering the much lower carbon content in the present Ti IF

steels, e.g. O.OOl90A. C, it can he expected that a still slower cooling rate will he

required because of the stilliarger interparticle spacing. Nevertheless, keeping

in mind tbat Buder's findings are related to plain carbon steels, it remains

possible that carbide formers such as Ti can aet as more effective scavengers by

removing solute carbon, either by direct precipitation or by complex

precipitation [5, 102].

Bleck et al. [50] found that, after batch annealing, the amount of carbon

in solution in steels with <0.015% C is much more titan in steels with >0.03%

carbon. The amount ofsolute C in the fonner was up to 12 ppm compared to 1

ppm for the latter.

In the present work, even still air cooling resulted in a material that was

supersatmated with carbon. This cm he atttibuted to the very low carbon

content, as discussed above, and also to the lack of sufficient time for Ti or C

diffusion. Baird [5] bas suggested tbat slow cooling is not the most effective

way to precipitate C or N because ofthe wide separation ofDucleation sites and

the consequent long diffusion distances. Others have also noted tbat the
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precipitation ofcarbon is less complete in alloys with vety low carbon contents

because ofthe sparseness ofcarbide nucleation sites [102, 165, 166].

With regard to the fumace cooled samples, it can he concluded that, in

practice, control of the Level of carbon in solution can he achieved by choosing

an optimum colling temperature. This temperature should he low enough for

the equilibrium solubility of carbon to he low, but high enough to allow

suflicient time for precipitation and diffusion. Although high coiling

temperatures promote favorable texture development, they also promote the

formation of large cementite particles, which can then cause damage by

cracking [134]. There are other disadvantages of high colling temperatures,

such as the presence of thicker oxide layers along the strip edges, and greater

differences in coaling rate between the coil ends and the middle [132]. BLeck

et al. have therefore suggested that lower coiling temperatures should be used,

which would lead ta higher yield strengths as a result of the carbon in solution

[59].

As will he discussed later, the eifectiveness of Ti in removing carbon

from solution depends on the amount of Ti remainiDg after reaction with N, S,

0, and some of the P. However, it should he noted that, upon cooling after

continuous annealing [55, 57, 141], some dissolved carbon can remain in

solution in Ti IF steels, even when the excess Ti is greater tban zero [57].

In summary, the most important factOR tbat detennine the effectiveness

of a particular cooling rate in remoVÎDg carbon from solution are: the reheat

temperature, the initial amount of carbon in solution, the type of particle acting

as a nucleation site, and the diftùsion distance between nucleatian sites. The
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latter depends, in tuIn, on the Mean size of the particles that aet as nuclei [61,

164].

5.2. Effect ofChemical Composition

Some workers [113] have reported that sufficient solute C is not easily

obtained tbrough the dissolution of carbide fonners, even when high annealing

temperatures are employed. Furthennore, annealing at high temperatures is not

economical or practical. It is easier to adjust the amount of solute carbon

instead by controlling the chemical composition, especially in the case of the

bake hardenable steels.

The chemieal composition is important because the solubility products

of the Vlrious precipitates are modified by the presence of alloying elements

[62, 63]. In IF steels, for example, elements 5uch as S, P, and Mn can affect

the amount ofC in solution, regardless ofthe cooling rate.

Alloying elements can influence the precipitation process by a)

changing the C aetivity and consequendy the solubility of carbon, b) affecting

the density of nucleation sites, and c) changing the composition of the final

precipitate. Manganese, for example, decreases the activity of carbon, resulting

in the foonation of a metastable carbide; conversely silicon stabilizes the

carbide because it increases the &ctivity [167, 168]. Phosphoms bas almost the

same e1fect as silicon [161, 169].

The effects of the vanous alloying elements on nucleation are

swnmarized in Table S.l.
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Table 5.1. Relation between type ofparticle and nucleation site.

particle or element nucleation site for

TiS TiC

TiCINbC iron carbide

MnS cementite

Mn/Ni carbides

epsilon carbide fe4N

particles in tenuuy and other alloys carbides

In tenns of changing the composition of the carbide, when the P content

is high, FeTiP fonns in place ofTi4C2S2 and TiC, as the fonner is more stable

than the latter two compounds [131]. By increasing the Mn content in IF

steels, the formation of Ti4C2S2 is suppressed. This reaction is also retarded

when the S content is extremely low [131]. In bath cases, the aging index can

he increased because of the increased availability of C in solution. Finally, the

amount of Ti4C2S2 increases when the sulfur content is increased. This leads

to a decrease in the amount of TiC, and therefore in the solute carbon that is

produced by the dissolution of TiC during annealing. Thus, the bake

hardenability should decrease when the sulfur content is increased [170].

In the absence of solute carbon, the presence of phosphoms deteriorates

the mechanical properties by segregatiDg to ferrite grain boundaries [62, 66,

159]. Thus, when the aging index increases (indicating that more solute C is

present), the transition temperature is also decreased [66]. In the absence of

Mn, only Ti(C, N) and Ti4C2S2 can fotm, wbile with 1 pet Mn, MnS and TiC

replace Ti4C2S2 precipitation. l'hus, increasing the Mn content cm leave
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more carbon in solution available for bake hardening [62]. Boron can also

migrate to grain boundaries and in dûs way prevent phosphorus segregation

[171]. Thus, the addition of baron can improve the mechanical properties

when the phosphoms content is high.

In general, the higher the effective atomic ratio of (Ti*+Nb)/e, the

lower the aging index. This means that increasing the ratio, when the P content

is higb, should lead to more P segregation at the grain boundaries. Therefore,

in P-alloyed IF steels, the (Ti*+Nb)lC ratio must he maintained at a low level

[62].

In addition to its etIect on the amount of C in solution, chemical

composition can also change the mechanical properties by atTecting the extent

of grain refinement, the precipitate size distribution, the texture and anisotropy,

etc. For example, solute carbon affects the foonation of favorable textures for

deep drawability [64]. Furthennore, the amount afTi and therefore the cost of

alloying increase with the C level. For these reasons, the N content is usually

of subordinate importance in IF steels [59]. Compared to Nb IF steels, the

precipitates are dispersed more coarsely in Ti IF steels [59, 65]. Finally, finer

grains cm he produced in Ti-Nb IF steels than Ti IF steels [66].

5.3. Work Bardening Rate, Str.in Rate, and Temperature

As was shown in Figs. 4.5 to 4.7, dynamic strain aging (OSA) is

accompanied by a large increase in wade hardening rate, atbibutable to the

multiplication ofdislocations [10]. It is generally assmned that the dislocations

become immobilized by solute pinning and ftesh dislocations have to be

produced as the deformation progresses [8]. In other words, rapid strain aging

of the mobile dislocations makes the creation of ncw dislocations necessary in
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order to reach the required strain [172]. Locking of these strain-aged

dislocations leads to the observed increase in flow stress, which may also he

partly due to precipitation on dislocations and/or the fonnation of interstitial

(Cottrell) atmospheres [5, 8, 50, 152, 172]. This pracess of pinning and

unpinning, repeated many times during defonnation at elevated temperatlU'es,

leads to serrations in the stress-strain curves and to the observed increase in the

work hardening rate. Each rise in flow stress is associated with the primary

Luden band heing temporarily locked by strain aging, while each faU is

associated with unlocking and the Luders band moving forward again [5]

In the present work, as the strain rate was increased, the temperatures of

the flow stress maximum and the ductility minimmn shifted to higher

temperatures (see Figs. 4.9 and 4.10), in agreement with the üterature [35, 173­

176]. Cottrell [177, 178] suggested that, at a given strain rate, the minimwn

temperature at which serrations appear is that at which the diffusion coefficient

(in cm2 s-l) of the solute species is about:

D == 10-9 x strain rate (S.l)

indicating tbat the pracess is controUed by the diffusion of solute ataIDS.

Substituting the diffusion coefficient ofcarbon, the equation is:

strainrate = 2 x 107 exp( -20,100/ RT) (5.2)

where R is the gas constant and T the absolute temperature. Ac:cording to titis

relation, for strain rates of 10-4, 10-3, 10-2, and 10-1 5.1, the minimum

temperatures at whichjerky flow takes place are 113, ISO, 196, and 252 oC,
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respectively. Baird and Jamieson [152] later suggested that the pre-exponential

factor for the onset of serrated flow is somewhat higher (-}08). This leads to

minimum temperatme values for the onset of senations of: 91, 123, 163, and

211°C, respectively, which are in ressonable agreement with the present

results.

5.4. Aging Index Tests

The changes in mechanical properties produced by baking, i.e. the

agiog-index treabllent, are due to the pracess of static strain agiog [49]. During

the initial stages of static strain agiog, Cottrell abllospheres are fonned by the

segregation of the carbon to dislocations, thereby anchoring them [8, 49, 118].

The increase in the upper and lower yield points arise from the additional force

needed to separate dislocations from these abnospheres and to move them.

Therefore, among the various properties that change during strain aging, the

incresse in yield strength is probably the Most reliable sÎgn ofagiog [84J.

Hundy [179] suggested the following equation as a means ofcalculating

the time of strain agiog at room temperatme from results that were obtained at

higher temperatures:

log (trlt) = 4400( ltrr • ltr) -log Trrr (5.3)

Here tr is the agiog time at room temperature Tr (K), and t is the time at an

elevated temperature T. Considering the present results generated at T = 100

oc and t = 1 br, sorne equivalent agiog times at room temperatme and al

elevated temperatures are listed in Table S.2. It should he noted tbat titis

expression is applicable for predicting the cffcet of aging temperature on a
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certain steel, containing a certain amount of carbon in solution, after a given

prestrain. However, it may not he correct above 150-200 oC, because the level

of carbon in solution may increase when the temperature is raised above 200

oC [179-181], or even ahove 100 oC [182, 183].

Table 5.2. Aging times required ta give rise to the same amount of aging as

observed after60 min al 100 oC.

laoe 16°e 20°C 40°C 60°C sooe 120°C 150 oC

6months 3 months 7 weeks 6days lday 4hr IS min 2.5 min

Okamoto et al. [184] reported that, for a material to resist &ging at room

temperature for three months, the upper limit of dissolved carbon is

approximately 10 ppm. However, according to the present results, even I.S

ppm carbon in solution in samples cooled from 900 oC in still air can lead to

significant static strain aging at room temperature during this time and to

dynamic strain aging at elevated temperatures, Figs. 4.1 and 4.16.

Tsunoyama et al. [57] fOWld that when the concentration of S was at

nonnallevels ( -0.01%), the AI was small, whereas when the S content was

decreased, the AI increased up to 30-40 MPa. As will be discussed later in

more detail, this is because, when the S content is low, there are too few riS

precipitates to aet as nucleation sites for the TiC. Irie et al. [55] investigated

the effect of soaking temperature in continuons annealing on the agiog indices

ofa series afTi-IF steels with 0.070A. P. A constant coaling rate of 70 °C/s was

applied ta ail the steels. As the TieftiC, atomic ratio (Tieff= Total Ti - l.S[S)-

3.43[N) was increased from 0.4 to 4.6, they found that, in a steel with TiefllC
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=0.4, the AI of about -53 ~a was independent of soakinS temperature. By

contrast, the &gins indices were low, in the cases ofTieft7'C = 1.1 and Tieœ'C =

4.6, when soaking temperatures no higher than 830 and 920 oC. respectively,

were employed. Finally, the agins indices increased markedly and rapidly at

soaking temperatures above 830 and 920 oC for the latter two steels. They

concluded that, if the AI was less than 30 MPa., the mechanical properties

would change by only a small amount after storing for three months at

temperatures of about 40 oC. Bron and Pansera [154] reported similar results:

after annealing at temperatures above 820 oC, the AI was increased. This

inerease was higher for rapid cooling and low Nb/C ratios. The present results

are in good agreement with these findings: an increase in both the reheat

temperatm'e and cooling rate produced higher AI values.

As for the Nb IF steels, after annealing at 830 oC for 40 s, Hashimoto et

al. [185] found that, when the amount of Nb was more titan 7.8o/oC • 0.01, the

aging index was less than 30 MPa. It was concluded that this value of aging

index can guarantee that the mechanical properties will not change during

storage for three months in the summer. In case ofNb/C =0.6, even with slow

cooling, the &ging index was higher titan 40 MPa. With Nb/C = 1, the aging

index was lower than 20 MPa when the cooling rate was less than 2 Kls.

Katoh et al. [61, 186] fOlD1d that an AI value of about 30 MPa

cOJTesponded ta approximately 5 ppm C in solution. This is in good agreement

with the present results in the case of water quenching ftom 900 or 950 oC. In

these cases, the amoWlts of solute carbon were approximately 4.5 and S.S ppm

for AI values of about 28 and 30 MPa, respectively. Satoh et al. [2] reported



Chapter 5 Discussion, 120

that, for this amount of carbon in solution (5 ppm), the aging index was

approximately 40 MPa.

Usbioda et al. [3] suggested tbat an aging index of 30 MPa can be

considered as a non-aging value for steel and 20 MPa as a target for the

complete absence of&ging properties. In the present work, the maximum aging

index value obtained for a non-aging steel was about S MPa corresponding to

less than 1 ppm (about 0.5 ppm) carbon in solution. According to this result

and in agreement with other workers [9, 187], a steel with a solute carbon level

below 1ppm ( less than 10 MPa of AI value) can he considered as a non-aging

steel. However, if a threshold level of 30 ~a is selected for the aging index,

the situation is completely different. This value corresponds to about S.S ppm

C in solution, an amoWlt that can cause significant dynamic and static strain

aging, Figs. 4.1 and 4.16.

As for the aging index tests at a constant temperature, 100°C, Mclvor

[102] bas reported that 5 to 300 min ofaging at tbis temperature is equivalent to

3 days to half a year of aging at room temperature. He concluded that a

treatment consisting of a 10010 tensüe prestrain followed by aging for 30 min at

100 oC should he equivalent to about 3 weeks of&ging at room temperature.

s.s. Activation Eneflies

In the case of dynamic strain aging, the strain rate can he related to the

test temperature by the weil known Anbenius equation [35, 155, 176, 188,

189].

strain rate =A exp(-QIRT) (5.4)
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where A is a frequency factor and Qis the activation energy for dynamic strain

aging. From the slopes of the lines in Fig. 5.1, activation energies of about 82

and 132 Id/mole are obtained for the minimum and maximum temperatures

associated witb the appearance and disappearance of serrations, respectively.

These findings are in good agreement with those of other workers for plain C

steels [9, 10, 35, 189-193]. In addition, the activation energy for the

appearance of serrations matches weil with the activation energy for the

diffusion of carbon in a-iron, indicating that the process is controUed by the

diffusion of this element. The higher activation energy for the disappearance

of semtions bas heen attributed to the binding energy of interstitial atoms to

the dislocations [9, 10, 194].

727
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Fig. 5.1. Temperature and strain rate range over which sen&tions are observed.

Referring ta Fig. 5.1, the two lines corresponding to the low

temperaturellow activation energy sicle and to the high temperaturelbigh

activation energy side divide the domain into tbree regions. In region A,
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corresponding ta high strain rates and/or low temperatmes, plastic defonnation

is unifonn and stable; hence the stress-strain curves are smooth. The central

region is the serrated tlow region, where the dislocation velocity remains

approximately equal ta the solute diffusivity, leading to pinning and Wlpinning.

In region B, which conesponds to low strain rates and/or high temperatures,

plastic flow is also homogeneous, and smooth curves are obtained because of

the positive strain rate dependence. The lines in Fig. 5.1 can he extrapolated to

predict whether or not dynamic strain agiog will accur at the strain rates and

temperatures involved in the processing of IF steels. This is a topie to which

we will retum later.

As for the specimens cooled from different reheat temperatures, the

activation energy for the occurrence ofdynamic strain agiog can he detennined

from the time required to attain a UTS ot: for example, 260 MPa at the various

cooling rates that led to OSA. These rimes were deduced from Fig. 4.2 and

then plotted against the inverse of the absolute reheat temperature in Fig. 5.2.

This method resembles that employed by Cottrell and Churchman [195] to

obtain the activation energy that applies to the static strain aging of a low

carbon steel. The slope of the fitted line in Fig. 5.2 leads to an activation

energy of about 160 kT/mole. This value is in good agreement with the

activation energies reported by previous workers for the interaction of

interstitials with dislocations and for the occmrence of dynamic strain agiog:

134 to 184 Id/mole [194], 167 kJ/mole [196-198], 163 kI/mole [199], 156

kI/mole [200], 153 kI/mole [189], 128 to 153 Id/mole [9], 126 to 153 Id/mole

[10], 138 kJ/mole [201, 202]. and 13S kI/mole [3S).

Mma et al. [194), Lesüe [9], and Keh et al. [10] attributed the higher

activation energy (tban tbat ofCdiftUsivity) to the bindiDg energy of interstitial
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atoms to dislocations. Kawasaki et al. [196] concluded that such relatively high

activation energies might he observed in cases where the diffusion rate of a

substitutiona/ element is likely to he the rate-controlling factor. However, their

observed value of 163 Id/mole is far less titan the activation energy for the

diffusion of substitutionals in iron, (288 kI/mole for Fe [203l, 281 kJ/mole for

Ni [204]). Baird [8] beüeved that solute drag, which slows down dislocation

movement, is responsible for the higber activation energy. Clough et al. [200]

attributed the higber activation energies and their discrepancies to the

complexities ofDSA, which involves simultaneous defonnation and aging.
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Fig. S.2. Cooling times associated

with aUTS of260 MPa vs.

inverse reheat temperature.

Fig. S.3. Cooling tintes pertaining

to an AI value of 25 MPa vs.

inverse reheat temperature.

In addition to the above explanations for the higher activation energies,

there could be anotber expl8D8tion. It is well known tbat an increase in cooling

rate leads 10 a bigher concentration ofcarbon-vacancy pairs [9, 205] as well as

a bigher dislocation density. This association ofcarbon &toms with vacancies,
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reported during fatigue defonnatioD, bas been observed to lead to additional

strengthening [206]. In this case, the activation energy for diffusion should

include the energy required for vacancy formation as wel1 as that for vacancy

migration [203l. It is therefore possible that the higher activation energies for

the specimens cooled at higher rates are due to the presence of higher densities

of carbon-vacancy pairs. Thus, the higher activation energies could he rclated

to the reduced mobility of the carbon atolDS that are combined with vacancies.

Note a1so tbat the activation energy for carbon-vacancy pairs interacting with

dislocations was reported to he 143 kI/mole [207].

The activation energy for the occurrence of statie strain agiog during the

present &ging index tests was detennined from the time required to attain an AI

value of 25 :MIla after applying the various cooling rates ftom the different

reheat temperatures. These times were deduced from Fig. 4.17 and then plotted

against the inverse of the absolute rebeat temperature in Fig. 5.3. The slope of

the fitted line in tbis figure leads to an activation energy ofahout 105 kJ/mole.

Regarding the activation energy for static strain agiog, the present

finding is also in agreement with past works on the activation energy needed

for tbis process and for the fonnation of FeJC. On studying the static strain

agiog behaviour of low carbon steels, Cottrell and Churcbman [195] found

activation energies of 67 to 92 kI/mole and attributed them to the precipitation

ofFe3C, However, they reported tbat the range of activation energy may also

have been linked to the possibility that more tban one solute was taking part in

the process [19S].
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It bas been concluded [208] that the activation energy for staric strain

aging increases up to about 100 kI/mole with increasing manganese content in

the range 0.66-1.2% Mn. Gladman and Pickering [209] attributed their high

activation energy, 97 kI/mole, to precipitation in high-manganese fmite, in

wbich case the additional 20 kJ/mole is considered as the binding energy of the

interstitials to manganese atom pairs. Leslie [9] also found that titis value could

he about 87.1± 10 kJ/mole.

Leslie [93] concluded that substitutional atoms in a-iron can cause

strain aging at 300 oC or above. Although their effects are small compared to

those of interstitial ItOms [93], this may he another reason why the activation

energies are higher in the case ofOSA but not ofSSA.

It bas heen proved by means ofTEM studies tbat NbC or TiC can aet as

nueleation sites for iron carbide when the TilC or Nb/e (atomic ratio) is less

than unity [55]. Bnm and Pansera [154] also reported that when the Nb/e

(atomic ratio) was less than unity, cementite particles were observed in the hot­

roUed and coiled structure. The nomber of cementite particles decreased with

increasing Nb/C ratio. This could he the reason why Hwang et al. [210] found

that the AI value was approximately zero for a steel with an Nb/C (atomic

ratio) less than UDÎty, 0.55, which was coiled at 700 oC. At first, they fOWld it

difficult 10 understand why there was no solute carbon despite the small

amount of carbide tbat was fonned. However, later [113], they attributed the

low level 10 the formation of some kind of Nb-C atomic complex or cluster.

Nevertheless, tbis still cannot explain what happened to the extra solute C.
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The fonnation of iron carbide bas heen reported even though the Ti/C or

Nb/C atomic ratio was more than unity [141,211]. This happened when there

was supersaturated carbon present because a rapid cooling rate was employed,

followed by colling. Fonstein and Girina [211] attributed the maximmn in

solute C at 650 oC to the dissolution of these iron carbides during annealing,

while Bnm et al. [141] concluded that the solute C led to the fonnation of

cementite during colling. This is more likely to he the case in the present work.

5.6. Application to Mill Processing

Messien et al. [212] reported that the Mean resistance to hot defonnation

of a Ti-stabilized IF steel inereased when the roDing temperature was

decreased. However, the increase was greater in the case ofa low carbon steel.

This is probably because more dynamic strain aging takes place in the latter

steel. Their findings are in good agreement with the summary of the present

results presented in Fig. 5.1 According to this figure, at strain rates of 50 and

200 s-l, which are typical of strip roUing, the predicted temperature ranges for

the occurrence of dynamic strain aging are about 390-590 oC and 480-660 oC,

respectively.

Using the equation discussed earlier:

strain rate = 108 exp (-20,100 / RI) (S.S)

•

the minjmum temperatures at which jerky flow is initiated are 410 and 490 oC

for strain rates of SO and 200 s-l, respectively. These values are consistent

with the experimental results obtained here. The critical strain rate at which

semdiODS are initiated at a particular temperature can he obtained from the

following equation [192]:
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critical strainrate forinit ofDSA=(aCo'Clp/2 (LPmUmDIRTb) (5.6)

where a == 3, Co is the solute concentration ofthe alloy, CI is the concentration

required at the dislocation for it to he locked, L is the average distance between

the locked dislocations, Pm is the mobile dislocation density (Pm = 1.8Sx1014

[,0.72 m-2 [192]), 0 is the diffusion coefficient of the relevant interstitial, b is

the Burgers vector, T is the absolute temperature, R is the gas constant, and Dm

is the solute-dislocation binding energy. For an average E = 0.2 per pass during

rolling in the ferrite region, CI must be about 0.1 in arder for the results of Fig.

5.1 to fit this equation. This can he interpreted to indicate that when the solute

atoms occupy every tenth possible site, then dislocation pinning aIIows OSA ta

take place [35]. Note also that CI bas hem reported ta faU between 0.5 and 1

for static strain aging [213].

Although the minimwn temperature and maximum strain rate at which

OSA is initiated have heen relatively well cbaracterized, much less is known

about the conditions lUlder which the irregular curves return to their nonnal

smooth sbapes. Sleeswyk [191] suggested the following equation for the

critical strain rate at which this second transition takes place:

critical strain rate for tennination ofDSA=C{D*IRT) (5.7)

where C is a physical parameter that depends on the material properties and 0*

is defined as follows:

(5.8)
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Here Do is the diffusion frequency factor and Q* is the sum of the diffusion

activation energy and the binding energy of the relevant interstitial to the

dislocatioDS. A value of 1020 J/m2mole employed here for C in equation (5.7)

caUs for the senatioDS to disappear at temperature/strain rate combinations of

S90 °C/40 s-1 and 660 °C/240 s-l. At tempentures above and strain rates

below these values, the defonnation is &gain expected to he homogenous.

Bamett et al. [214] and Bamett and Jonas [215] studied the possibility

of replacing cold by wann rolling in the case of low carbon steels. It was

concluded that mobile abnospheres of C atoms fonn at wann rolling

temperatmes, leading to the occUITence of dynamic strain aging. Such aging

can occur when the temperature is sufficiently low, e.g. below 630 oC, and the

strain rate sufficiendy high (i.e. above about 100 s-l) [216, 217]. Although less

than 0.003 sec is avaitable at 100 5-1 for strain aging, the temperature appears

to be high enough to pennit this to take place [216, 217].

The increase in tlow stress attributable to the occurrence of DSA must

also he considered. This contribution to the flow stress increases the energy

required for roDing. By contrast, the dynamic recovery that also takes place

during fenite roDing leads to softening. Messien et al. [212] suggested that the

foUowing equation describes the f10w stress ofa Ti IF steel during rolling in the

ferrite region.

cr = aGb [(bd1+r XeE • e-rE)]1/2 (5.9)

Here a =- 1 for œc metals, G is the shear modulus, and ho and r are,

respectively, the strain bardeDing and softeniDg parameters. They strained aTi
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IF and a low carbon steel up ta E =0.45 in the temperature range 50-800 oC at

10-1 s-l ta obtain ho and r as fonctions of the strain under their conditions. In

the Ti IF steel, they attributed the obsetVed strengthening ta an increase in

dislocation density, as it was not yet known that OSA can indeed take place in

IF steels.

At 200 oC, for example, the ho and r values they detennined are about

2x 1015 m·2 and 7, respectively [212]. Substituting these quantities into

equation (5.9), a value of about 300 MPa is obtained for the flow stress of

ferrite during wann rolling. This high level is shawn here ta be due to the

occurrence of OSA, which is in tom responsible for the increase in dislocation

density, see Figs. 4.5-7 and 4.51.

5.7. Implications with Regard to Flattening

The final flattening of strip is produced by its plastic extension during

heating up in the continuous annealing fumace. The applied stress must be

controlled to prevent heat buckles, necking (nan·owing), and strip breaks [145].

The average extension or strain needed ta flatten the sheet is about 0.002 m/m

or 0.2% [145].

The applied strain rate depends, in tum, on the time that the sheet is

subjected to a given temperature during reheating or soaking. For example, for

a typical soaking time of25 s, the relevant strain rate is [145]:

•
strain rate =0.002125 == 10-4 5- 1 (s. 10)
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Although DSA cannot occur at the soaking temperatw'es employed

during continuous annealing, it will be observed between about 100 and 350 oC

at a strain rate of 10-45.1, Fig. 4.51. At a still air cooling rate of about 3 oC/s,

the overall time required for the sheet to pass through tbis temperature intelVal

is therefore 84 s. This time is long enough for significant OSA to take place, as

discussed in more detail below.

In addition, DSA can also occur when annealing and tlattening are

carried out simultaneously. The time required for a carbon atom to diffuse over

a distance d towards a dislocation is given by [218]:

t =d3 kT / (BAD) (5.11)

where d is twice the atomic distance b, k is Boltzmann's constant, and A ~

1.5xl0-29 l.m depends on the physical properties of the material. At 200 cC,

for example, this time is about 3.8xl0-6 sec, while at room temperature (27

CC), it increases to about 0.76 sec. The time for agiog to take place is the time

necessary to satul'ate the dislocatioDS. This is expressed by [219]:

ta == (C1/ aCo)3/2 (RTb2 /3DUm> (5.12)

where at 100°C and 200 oC, for example, the saturation times are about 14 and

0.067 sec, respectively. Thus, when a typical average heating rate of 7 CC/sec

[3, 6, 52, 113, 159, 220, 221] is employed, significant agiog can readily take

place and sufficient time is available for C atoms to diffuse met lock the

dislocatioDS. Note also tbat, at tbis heating rate, the overall time required for

the sheet to pass through the serrated flow interva1 is 36 s.
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Manjoine [216, 217] investigated the resistance to plastic defonnation

of steels ovcr a wide range of strains at various rates and temperatures. When

the strain was 0.2% (e.g. in the case offlattening), he reported the occurrence

of DSA, leading to maxima in flow stress at about 380, 420, and 550 oC at

strain rates of 8.5xl0-4, 0.5, and 300 s·l, respectively. At such low strains,

higher temperatures are required to produce dynamic strain aging. This

generalization is expected to apply to the case offlattening.

Similar results have been reported by McConnick [192]. He stated that

the critical strain for the initiation of serrations can he even less than 0.001

(0.1% extension). According to bis findings, at a constant rate of 10-4 s·l, the

critical strain for the initiation ofserrations decreases from O.OS (5% extension)

at 80 oC to less than 0.0005 (0.05% extension) at about 130 oC. These

observations are in good agreement with the present resuIts obtained at

intennediate temperatures and &= 10-4 5• 1, Fig. 4.51.

The critical strain for the initiation of serrations can he calculated at

cach temperature and strain rate using the following equation [192]:

(5.13)

where L is the average distance between the locked dislocations and K is a

constant equal to 1.85xl014 m-2. For steel A at 200 oC and 10-4 5.1, this value

is predicted 10 he about 0.00022 (0.022% extension), wbich is far less than the

strain applied for flatteDing.
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Finally, with regard to the solute C available to produce aging, it has

been reported that holding for 10 s at 450 oC can lead ta the solution of 25 ppm

of interstitials in a 0.08% C steel [222]. According to the present results, even

1.5 ppm of C in solution can cause significant static and dynamic strain aging.

Thus, COOÜDg from temperatures above 450 oC at rates such as those described

above (e.g. 3 °C/s) can produce steels that are susceptible to aging.

In briet: it appears from Fig. 5.1 that conditions are compatible with the

occurrence ofDSA during ferrite (wann) rolling. Ifit does indeed take place, it

is expected to he more deleterious to the mechanical properties and more

difficult to prevent or control than SSA. Figure 5.1 also indicates that OSA

effects are likely to he observed at the temperatures and strain rates that

correspond to flattening. This in tum can he expected to influence the

fonnability and workability properties of the sheet.

From an industrial point of view, the magnitude of the elongation to

fracture gives a direct measure of the ductility [176]. Significant reductions in

ductility within the serrated flow region result nom the unstable defonnation

that is associated with negative rate sensitivity [223-226]. These reductions, in

tom, can he due to the presence ofcarbon in solution [227].

5.8. Stabilizadon ofIntentitials in IF Steels

S.8.1. Stabilization by Chemical Composition

The precipitates tbat are expected to appear in Ti-IF steels are the

carbides, nitrides, sulfides, and carbosulfides [228-231]. Among these, the

precipitation temperatures of the nitrides, sulfides, and carbosulfides are the

bighest, while that ofTiC is the lowest [232-235). It appears that the formation

of Ti4C2S2 is principally responsible for removing carbon from solution [69,
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74, 228, 229] wbile the TiS provides preferential nucleation sites for TiC and

TÎ4C2S2 precipitation [69, 72, 131, 231, 234].

Compared to TiC, TiN bas a low solubility product in austenite [57,

102, 104, 236] and its precipitation temperature is relatively high. During

cooling, titanium nitride precipitates first [131, 237] and, as long as sufficient

Ti is present it appears that no N remains in solution at ambient temperatures.

Thus, the dynamic strain aging reported in the present study probably arises

from the presence of solute C.

ln addition to the carbides, nitrides, sulfides, and carbosulfides, it has

been shown that Ti precipitates in the fonn of FeTiP at about 700 to 750 oC

[55, 131, 141], and is more stable titan bath Ti4C2S2 and TiC, sec Fig 5.4

[131]. Oxygen also causes sorne of the Ti to he lost because of its strODg

affinity for titis element [75, 81, 82, 87, 92, 93, 104]. At high temperatw'es,

e.g. 1600 oC, Ti will oxidize to TiÜ2, while at low oxygen contents, or in iron

deoxidized by T~ Ti203 is fonned [81]. In IF steels, the amount of 0 should

he less tban 20 ppm in arder to prevent the foonation ofoxide inclusions [237].

Therefore, considering Ti as a scavenger for C and S (as TiS, TiC and

TÎ4C2S2), N (as TiN), 0 (as Ti203), and sorne of the total phosphorus, P*, (as

FeTiP), the values for Tistab, Ti*c, and Tiexc are given by the following

equatioDS (wtOA»):

2x48 48 48 48 48
Tistab = 3x 16 [0] + 32 [s] + 14 [N] + 12 [cl +3ï[P *] (5.14)

= 2[0] + 1.5[5] + 3.42(N] + 4[C] + I.SS[p*]



Cbapter S Discussion:- 134

a) Commercial IF-Ti

.......
.... ' ............

' .... ........
----------=@

\
\

\
\

~ \

; -----------~
C 1------------4
~ b) Ultra "Iow" St IF-Ti andt Hlgh-Mn. IF-TI

(7CO-C) (IOOO·C) ( 13CO·C )

Precipitation temperoture

Fig. 5.4. Stability and precipitation temperatures ofTi compounds in IF steels

[131].

Ti*e =Total Ti - 2[0]- 1.5[5] - 3.42[N] - 1.5S[p*] (5.15)

Tiexc =Total Ti - Tistab (5.16)

Here, Tistab (the Ti needed for stabiliz.ation) is the amount of Ti required to

fully stabilize the 0, S, N, C, and some ofthe P. Ti*c refers to the Ti avaiIable

to combine with Cafter the 0, S, N and P bave hem scavenged. Tiexc (excess

Ti) ref'ers to the amount of Ti that remains in solution after stabilization; this

must he sreater tban zero for fù1l stabilization. However, because Ti is added

ailer deoxidizing the steel with Al [55, 75), the expressions for Tistab and Ti*c

used in our calculations are as rouows :

Tistab = 1.5[5] + 3.42[N] +4[C) + 1.55[p*] (S. 17)
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Ti*c = Total Ti - 1.5[S] - 3.42[N] - l.SS[p*] (5.18)

Brun et al. [141] reported that the value ofp* lies between 10 and SOOAl

of the total P. Recendy, Shi et al. [238] fO\Dld that FeTiP fonns in IF steels

even if the P content is low, e.g. SO.OI%. Therefore, in the cases of steels A

and B, for example, assuming that respectively 45% and 300Al of the P

combines to fonn FeTiP, Tiexc is zero and the Ti·c/C (atomic ratio) is unity.

This means tbat, in the cases where more titan 45% and 3()O~ of the total P

precipitates as FeTiP, there is not enough Ti to stabilize the C and some carbon

will therefore remain in solution in these two steels.

I( however, one assumes tbat the FeTiP does not precipitate, Tiexc is

positive and the value of Ti·c/C is above WlÎty, indicating that the complete

stabilization of C is possible, provided the cooling rate is slow enough during

processing [75].

In addition to the cooling rate, the amount ofcarbon in solution depends

directly on the chemical composition and especially on the total amount of S.

The effect of the chemistry of IF steels was discussed in section 5.2; however,

some other points are mentioned below regarding the stabilization of IF steels

by control ofthis factor.

Ifthe Scontent is low, the amount ofTÏ4C2S2 that fonns is insufficient

to remove ail the carbon from solution [57]. In a veJY low S steel, not ooly

does MnS fonn instead of Ti sulfide, but most of the Ti precipitates as FeTiP.

It bas been reponed tbat increasing the amount of Mn suppresses the fotmatioD

ofTie [141] because Mn decreases carbon aetivity in the ferrite; however, the



Chapter 5 Discussion 136

formation ofMnS could a1so limit the foonation ofTiS and T4C2S2 directly.

For example, according to the work ofYoshinaga et al. [137], it is unlikely that

MnS forms in steel A.

Tsunoyama et al [57] studied three Ti-IF steels (0.0086% S, 0.033% Ti),

(0.0032% S, 0.028% Ti) and (0.0008% S, 0.023% Ti) with a constant TieWC

atomic ratio of about 1.7. After cold rolling and annealing at 850 oC, the last

two steels had considerable carbon in solution and dUs was attributed ta the

veIy low S contents. Their results confinn our conclusion here that the Ti·JS

(atomic ratio) is much more important titan Ti·C!C itself (atomic ratio), in

removing C ftom solution. For example, although the Ti and S levels of steel B

were about 1.5 times those of steel A, they displayed the same statie and

dynamic strain aging behaviors, mostly because they had the same values of

Ti*JS. On the other band, steels Band Chad the same Ti and C levels, but the

Ti*JS ratio of steel C was 2.S times that ofsteel B. This resulted in significant

amounts of solute carbon in steel C.

Note also that the solubility product for an MC carbide is, strictly

speaking, only applicable in the absence of other alloying elements. In the

presence of such elements, the solubility product for TiC, for example, would

bave to he modified when other carbide fonners, and other non-precipitating

species, are present [63].

5.8.2. Stabilization by Control ofCooling Rate

According to the results obtained here, it is apparent tbat even after

cooling in still air, the amoWlt of carbon left in solution is mough to produce

OSA However, fumace cooling aIlows sufticient âme for the C to come out of
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solution and satisfy the equilibrium condition of decreasing carbon solubility

with decreasing temperature.

These results are in good agreement with past work on low C grades

when Ti was used to prevent strain aging. In order to tie up the C and N with

Ti, Glen [83] reheated ail hot-rolled specimens to 950 oC, then cooled them in

still air. Even with air cooling, he reported that significant amounts of carbon

remained in solution. A minimum in ductility and a maximwn in tlow stress

after tensile testing at elevated temperatures were attributed to these solute C

atoms. Ochiai et al. [75, 104] concluded that, during the ordin81Y roUing ofwire

rod, the minimwn amount of Ti needed to suppress strain aging was over 3

times as much as the stoichiometric amount of Ti required to combine with the

C. Dy slowing the cooling rate during processing, the amounts of Ti required

were reduced significantly. Fukuda and Shimizu [96] reported that the

mechanical properties ofTi IF steels were improved when the Ti level was lOto

20 times the C content

As regards fmnace cooling, Bleck et al [59] suggested that colling at high

temperatures along with high Ti/(C + N) ratios resulted in the stabilization of IF

steels. To make sure that the total amounts of C, N, 0, and S were tied up by

the Ti, Leslie and Sober [87, 88] and Leslie et al. [90] added at least 2 1/2 times

as much Ti as required ta scavenge all these interstitials. In addition, they

cooled their steels in a fumace to promote completion of the desired reactions

between Ti and C, N, S, and o. With this technique, the amoWlt of C or N

remaining in solid solution was still about o.s ppm. Hayes and Griffis [77]

added Ti to a steel for the first time in 1934 to obtain a non-strain aging steel.

They suggested tbat a "stabilizing" heat treatment was necesS8IY to reduce the



•

•

Chapter 5 DiscussioD.... 138

&ging tendency of their low-earbon steel. In their view, the proper processing

treatment consisted of choosing the correct temperature, holding for the proper

length oftime, and cooling at a vety slow rate.

Although the Ti·,jC ratio was more tban unity in ail the present IF

steels, there was still enough carbon in solution to produce OSA. This implies

that the rate at which nucleation sites appear (or their density) is the controlling

factor in removing carbon from solution, rather titan the rate at which

precipitation occurs on these nuclei. When the carbon content is low, all the

carbon is in solution at a particular reheating or annealing temperature. ft is

then necessary to have some pre-existing carbides or other particles present to

act as nuclei on subsequent cooling. Even during cooling, when the

temperature drops below the solution temperature, precipitation is difficult

because of the absence of a sufficient quantity of nucleation sites. At lower

temperatures, when the rate of diffusion is the controlling factor, the diffitsivity

is decreased. This leads to significant carbon remaining in solution, as the

carbon atoms cannot come together to fonn clusters. In üght of titis, it is not

surprising that the amount of carbon in solution can he higher in grades with

lower total carbon contents.

The average distance X tbrough which a carbon atom can diftùse in

time t is given by:

(5.19)

•
At low temperatures, the value of D is 50 small that C Itoms cannot

diffuse over significant distances during the cooling cycle. Many therefore

cannot find nucleation sites on which ta precipitate.
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A weighted average diffusion coefficient, D, of 10-8 cm2/s has heen

suggested [166] as necesS8IY for the C diffusivity during the cooling time from

high temperatures. For example, in the case ofwater quenching from 1200 oC,

the effective coaling time, t, is about 3 s. The diffusion distance is therefore

about 1.7 J.UD, which means tbat a spherical region of radius 1.7 J.lIIl can he

depleted ofcarbon during quenching trom 1200 oC. This can happen provided

the C atoms find nucleation sites in their vicinities; otherwise they remain in

solution. This radius increases to 20 and 155 f..LIIl for still air and fumace

coaling ftom 1200 oC, respectively. Katoh et al [61] reported that they

obtained an AI of 30 MPa when they overaged an Al-killed steel; in this case,

the mean distance for C diffusion was about 2 JlDl.

With reference to the present results, it is evident that, only during

fumace coaling was the diffusion path, ISS JUIl, for the C atoms longer than the

distance to the nucleation sites at which precipitation occurred.

5.9. Bake Bardeninl

5.9.1. EfI"ect ofPrestnin and Temperature

As was illustrated in Fig. 4.23, tbree different behaviors are

observed when the SBH method is employed. At low prestrains, the amount of

bake hardening increases with the prestrain until it reaches a maximmn. When

the prestrain is further increased, the bake hardening decreases because the

carbon/dislocation ratio decreases. In the third stage, the bake bardening

increases sligbdy or approaches a plateau. Sorne workers [S 1] bave shown tbat

the increase in the tbird stage begins at about 4% prestrain. Dy contrast, others

[47] have observed no significant increase after a S% prestrain and report

that the tbird stage corresponds to a plateau. This may arise because no
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significant increase in dislocation density occw's after a S% prestrain [242].

The present results correspond mostly to the latter case, in which no

pronounced increase is observed after 4% prestraining.

The situation is a little different in the case ofbaking at 100 and 250

oC. At 100°C, the bake hardening increased continuously with the prestrain.

At this relatively low temperature, maximum pinning corresponded to higher

prestrains or longer aging tîmes. Eisen and Hougardy [240] reported similar

results at the same solute carbon leve~ 5 ppm. They obsetVed thal, in samples

prestrained to l, 2 and 50/0, the increase in yield strength and therefore the bake

hardening at low tempercatures depended on the time. To produce a 40 MPa

increase in yield stress after a prestrain of 20/0, they had to increase the aging

time (30 min) by factor of20 when the temperature was decreased from 180 oC

to ISO oC. Kurosawa et al. [241] a1so reported tbal, for 1 and 2% prestraining,

the bake hardening increased continuously with bath aging temperatlU"e and

time. After 2% prestraining, the plateau in the bake hardening value was not

reached even after 1000 min ofagiog at 150 oC [242].

Similar behaviour was observed for the yield stress, which reached

a plateau after baking at 200 oc (except for the case of 2% prestraining), Fig.

4.25. As discussed below, it appears that, after holding at about 200 oC, the

mechanism of &ging starts to change and overaging begins. For tbis reason, the

yield point approaches a plateau at titis temperature, Fig. 4.25. Furtbennore,

ovenging becomes more pronounced at aroWld or abave 250 oC, leading to a

drop in yield point (In the case of 08BH, the yield point values are to some

extent variable due to the complexity of tbis process. In general, bebaviors

simiJar ta thase produced by the SBH technique are obscrved, Fig. 4.28.)
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With regard to the DBH process, the maxunum m bake

hardenability was observed at about 200 oC, with the highest level for 2%

prestraining al this ternperature, Fig. 4.20. This is in agreement with the

findings of Li and Leslie [22, 39]. On studying the effects of OSA on the

subsequent mechanical properties of low carbon steels, they reported that the

maximmn strength was obtained after about 5% prestraining at 200 oC.

ln the case of the OSBU method, two different behaviors were

observed, Fig. 4.26. For prestraining at 100 and 150 oC, the results resemble

those mentioned above for the SBH technique. In this case, since the aging

temperature (170 OC) is above the prestraining temperatures (100 and ISO OC),

the previous stlUcture produced by OSA is modified. In the second situation,

when the agiog temperature (170 OC) is below the prestraining temperatures

(200 and 250 OC), it appears that the relatively high temperature of straining

leads to overaging, caused by coalescence of the precipitates, as will he

discussed in more detail below.

By means of TEM investigations, Stephenson and Cohen [181]

confinned the Cottrell and Leak theory [243] and the work of Wilson [182]

regarding the solution and reprecipitation of carbides. They found that

precipitates underwent coalescence when the agiog temperature was raised

above 200 oC and continued to coarsen op to 425 oC. Above tbis temperature,

liule difference was observed. This phenomenon, overaging, was reported ta

he responsible for decreasing the yield point after agiog. Later, Wilson and

Russell [244, 245] reported that the same phenomenon, overaging, occurred,

even at ISO oC.
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Simanovic et al. [246] fOlDld that the increase in yield stress

decreased with increasing prestrain. The above decrease was attributed to a

decrease in particle size and therefore in the stress required to eut through the

precipitate. (The latter is proportional to the square root of the particle size.)

Bailey et al. [49] reported similar results. They observed a maximum in yield

stress at about 225 to 250 oC. At higher temperatures, up to 550 oC, the

decrease was also attributed ta the occurrence ofrecovery and recrystallization.

Some workers [161] have concluded that the decrease in bake

hardenability, after reaching a maximum, is due to growth of the carbide

particles (overaging) precipitated at the dislocations and/or redissolution of the

Cottrell atmospheres fonned in the first step.

On studying the bake hardenability of Ti and Nb added ultra low

carbon steels, Irie et al. [55] fOWld that the agiog indices decreased when the

steels were held near 300 oC. This was attributed to the fonnation of iron

carbide.

5.9.2. Industrial Applications of the OHB and OSBH Methods

The most important factors that are required for successful press

forming are:

a) low yield strength or no sbarp yield drop during press fonning

b) almost no Luders strain during press fomùng

c) bigh work hardening rate during forming

d) high yield strength in the finished part

e) high bake hardening values
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To prevent smface defects in press fonning, a low yield strength and

high work hardening rate are recommended [6, 141, 160, 247]. Figure S.S

shows that, compared to steel B, steel A has a low yield strength and a higher

hardening rate. This enables it to provide better quality after press fonning. In

addition, almost zero yield point elongation during fonning and a high yield

strength in the finished part are required [125].

'IN•••

•

- Stul la--- .t..1 •

....
Steel A : Law YS ,Hlgh d"/d.

Steel B .: High YS • Law d.,/d.

•

Fig. 5.5. Comparison between work hardening behaviors of two steels.

In the present work, the increase in yield point produced by baking is

important so that a minimum yield strength of 210 [45] or 240-255 MPa [125]

in the finished parts can be reached. Note that such values could also be

reached with the aid of solid solution strengthening or the use of much higher

COOÜDg rates to raise the C solute levels, but not in the case of conventional IF

steels with ooly about 4 ppm of solute C. For example, in the case of a Ti-Nb

IF steel with 0.055% P and 0.023% S~ the aim was to reach 190 Wa in yield

strength. This value was increased to 289 MPa when the alloying element

levels were raised to O.070A. P, 0.6% S~ and 1.0701'0 Mn. The yield strength for

a conventional Ti-Nb IF steel, after cooling at 20 °C/5 from 900 oC, is 175 MPa
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[248]. In the case of the present DBH method, the yie1d strength produced by 2%

prestraining al 200 oC is about 200 MPa.

With reference to the DBR and OSBH methods, ail the requirements listed

above can he satisfied by these techniques. Because they do not produce any yield

point elongation, they do not require any temper roUing prior to fonning.

DBH and OSBH bath produce low yield strengths, which are desirable for

press Canning. Lou and Northwood [25, 249, 250] introduced a new criterion for

the work hardening rate, name1y the difference betvveen the UTS and the yield

stress. This parameter takes higher values when the prestrain is applied at high

temperatures, as in the DBH and OSBH methods. Higll work hardening rates are

associated with good quality dming fonning [160, 245].

In tenns of wann fanning, Sugîmoto and Kobayashi [25 1] invented an

apparatus used exactly for this pmpose (i.e. the wann defonnation of pressed

automotive structural parts). A sketch is sho\W in Fig. 5.6. Their aim was to study

the effect of fonning temperatures, up to 400 oC, on the mechanical properties

caused by the presence of retained austenite. The operation resembles a tensile

testing machine with equipment available to control the fonning speed. A graphite

suspension type oflubricant was used. However, only cups ofmoderate size were

fonned.

When comparing the DBH and DSBH techniques, there is one more

advantage ta he Iisted for the DBH method; this is 1he elimination of one step,

namely conventional bake bardening (20At pœsbaïn). On the other band, if it were

possible to paint before fonnin& then again a one-step process could he used.

Oearly, tbis is a point 1batrequiœs tùI1her investigation.
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Fig. 5.6. An apparatus for warm press forming.

In terms of industrial applications, the energy needed for each tonne of

sheet steel to he heated up to, for example, 200 oC is:

Q=m x c x âT (5.20)

Q = 1000 kg x 460 J/kg oC x 175 oC =80,500,000 J =80.5 X 106 J

Considering the cost of energy for 1 kWh:

1 kWh = $ 0.0474

the priee of the energy consumed is: $1.06/tonne

By comparison, the saving in alloying costs can he significant For

example, to make 1000 kg of steel with 0.03% Nb, each 100 ppm afNb (i.e.

0.01% Nb) casts about 54 (a total of 512 for 0.030/0 Nb). Thus, strengthening
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by DSA at a relatively low cost could become an economic alternative to the

addition ofalloying elements. Sïmilar remarks apply to the cost of adding~

P or Si.

5.10. Continuous Annaling Techniques

According ta the results of the continuous annealing simulatio~

when the annealing temperatw'e is increased from 650 to 850 oC, the aging

index values converge and decrease down to about 0 MPa.

Since the required high annealing temperature and rapid cooling rate are

not economic, the above method constitutes a new approach to the production

of bake hardenable steels. The technique simply involves producing a

supersaturated C structure, then annealing it at relatively low temperatures, for

example 700 oC, followed by cooling at different rates. This provides different

amoWlts of solute C in order ta produce different amounts of bake hardening.

ln the mechanism inttoduced here, precipitation is the conttolling factor instead

of dissolution during continuous annealing al high temperatures. The

advantage in this case is therefore tbat the lower the annealing temperature, the

higher the bake hardening value.

ln the case of Ti·IF steels, the time for full recrystallization, for

example at 700 cC, bas been reported to he about 100 s [252], lOS s [136] or

1205[253]. At 650 and 750 cC, Wilshynsky et al. [136] foœd this amoWlt to

he 1300 s and SO s, respectively. They also concluded that this time was

reduced significandy in the case of an unstabilized IF steel, i.e. ta about 100 5

at 620 cC. At the same temperatures, tbis time is considerably shorter in the

case oflow carbon or aluminumkilled steels [136, 2S3].
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To study the precipitation behavior of a series of Ti IF steels, Okamoto

and Mimi [131] canied out TEM investigations on their materials after

employing different annealing temperatures. It was found tbat, in low Mn

steels, when the temperature reached 600 oC, the TiS precipitates changed to

T4C2S2. This pracess stopped at higher temperatures when the P content was

high (0.08%), because FeTiP formed instead. Nevertheless, when the P and

Mn levels were low.. the formation of TitC2S2 continued to high temperatures..

e.g. 800 oC. In the latter case, holding at 800 oC for 3 min resulted solely in the

fonnation ofT4C2S2-

According to the above results and considering the low Mn and P levels

in the present IF steels as weil as the non-equilibrium stlUctures produced after

cooling in still air, it is likely that the foonation ofT4C2~was responsible for

lowering the solute C during the continuous annealing treatments canied out al

temperatures from 6S0 to 8S0 oC.

Van Snick et al. [S 1] found tbat when supersaturated carbon was present

in Ti-Nb IF steels after hot rolling, the precipitation of carbides occurred during

annealing instead of their dissolution. This finding again confinns the

conclusion described ahove. On studying the agiog behaviour of a quenched Ti

IF steel, Satoh et al. [2] repol1ed that the AI values decreased with increasing

annealing temperature. This value diminisbed from about 38 MPa at 600 oC to

o MPa at 800 oC. Such a decrease in agios index was attributed to TiC

precipitation tbat started nom about 700 oC. Note that, although the Ti/C

(atomic ratio) was S.4, they reported tbat S ppm of solute C was present after

heat treatment and before the aging index tests. Gupta et al. [143] studied the

efTect of continuous annealiDg temperature in Ti, Nb, and Ti·Nb IF steels.
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They found that Ti and Ti-Nb IF steels were insensitive to annealing

temperatures from 760 to 870 oC and atttibuted this to the absence of solute C.

A similar result was reported by Goodman et al. [254].

Irie et al. [55] studied the bake hardenability of Ti- and Nb- added ultra

low carbon steels. They found, for exarnple7 that when the Tile (atomie ratio)

was more than unity (1.1).. the aging index decreased from about 12 MPa at

600 oC to 0 MPa at 750 oC. This was attributed to the precipitation oftitaniwn

carbide at the higher holding temperature. On the other band, when the soaking

temperature was increased from 800 oC to 1000 oC, the aging index increased

from 0 MPa to about 60 MPa. This happened even when the Tile (atomic

ratio) was 4.6. The cooling rate was reported to he 70 oC/s. Dilewijns et al.

[248] reported similar results when they studied the bake hardenability of a Ti­

Nb IF steel. Their BH values were 0 MPa after cooling at 20 °C/s from

annealing temperatures of 740 and 780 oC. Fonstein and Girina [211]

attributed the decrease in solute carbon, when cooling from between 650 and

800 oC, to the redistribution of solute carbon into special carbides in their Ti

and Ti-Nb IF steels (even with Tile or Nb/C ratios less than unity); however,

they did not address the nature ofthe special carbides.
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Conclusions

6.1. Efrect ofCooling Rate

• Significant amounts of C can remain in solution at room temperature, even

in interstitial Cree steels. This amount depends directly on the cooling rate,

even in the presence of an excess of Ti, Tiexc>O, for ail the present IF

steels.

• Among the six cooling rates employe~ only fumace cooling (0.05 °C/s)

made sufficient time available for the carbon to diffuse to nucleation sites

where it precipitated out. Even still-air cooling (3 °C/s) led to a materia!

that was supersaturated with carbon. 1bis means that even this very slow

cooling rate is still too rapid to aIlow the full precipitation ofC in IF steels.

• The amount of carbon in solution in IF steels can be higher than in

conventionallow carbon steels because ofthe sC8l'City ofnucleation sites.

6.2. EfI'ect ofChemical Composition

Although the (Ti·c)/C ratios in ail three Ti IF steels were greater titan unity,

they exbibited significant static and dynamic strain aging, the extent of

which depended on chemical composition and cooling rate. It seems tbat,

uncier ordinary mUing conditioDS, Tiexc must he considerably greater than

zero to prevent aging phenomena ftom takiDg place.



• Steels with the same Ti·siS ratios displayed the same aging behaviors, even

though they had different Ti and S (wtOA.) levels. The higher the Ti*s/S

ratio, the greater the potential for aging.

• Even the Ti-Nb IF steel with a (Ti*c+Nb)/C ratio above unity exhibited

pronounced aging behaviour. When the (Ti*c+Nb)/C ratio was the same as

that of Ti*JC in the Ti IF steels, the Ti-Nb IF steel showed the same aging

behaviour as the Ti IF steels.

6.3. Static Strain Agina Behaviour

• According to the present aging index tests, significant static strain aging can

take place in IF steels when stabilization is incomplete. This phenomenon

manifested itselfby the retum ofa sharp yield point and the Luders straÎn.

• The measured aging indices increase with cooling rate and austenite reheat

temperature as the above changes in these experimental parameters lead to

the presence ofmore carbon in solution.

• For a fixed cooling rate md reheat temperature, the higher the Ti*s/S ratio,

the greater the aging index value.

• Only IF steels with aging indices below 10 MPa (and therefore with solute

C levels below 1 ppm) can he considered as non-aging steels.
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6.4. Dynamie Strain Aging &ehaviour

Tensile tests were carried out on heat treated samples of Ti and Ti-Nb

IF steels from room temperature to 450 oC and at four strain rates from 10-4 to

10-1 5-1. The characteristics observed led to the folloWÎDg conclusions.

• When the strain rate is increased from 10-4 to 10-1 s-l, the temperatures at

wbich seD'8ted fiow appears shift from 100 to about 220 cC, while the

temperature associated with the disappearance of serrations increases from

300 to about 425 oC. This can he attributed to the occUlTence of dynamic

strain aging, a phenomenon associated with the presence of interstitials in a

supposedly "interstitial·free" steel.

• The tlow stress and UTS display maxima in the dynamic strain aging range.

When the strain rate is increased, these maxima shift to higher

temperatures. For example, for the UTS, it shi:fts from about 230 oC for

10-4 s-1 to about 340 oC for 10-1 5.1.

• At all strain rates, the fracture strains display minima at intennediate

temperatures. When the strain rate is inereased, not only do the positions of

these minima shift to higher temperatures but their values also increase.

This indicates that the presence of carbon in solution is strongly deleterious

to the fonnability and ductility of IF steels by promoting the occurrence of

dynamic strain aging, which leads in tom to negative rate sensitivities.

• It appears tbat DSA cm take place during W8ID1 raDing, which leads to

higher flow stresses and higher energy consmnptions. Also, if it occurs
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during flattening, it can be deleterious to the mechanical properties of the

sheet.

• Even 1.5 ppm of solute C (specimens of steel A cooled trom 900 oC in still

air) can produce significant DSA behaviour.

• The activation energy for the appearance of semtions is about 82 kJ/mole.

which is in good agreement with the activation energy for the diffusion of

carbon in a-iron. That for the disappearance of the semtions is 132

kJ/mole. The latter corresponds to the smn of the diffusion activation

energy and the binding energy ofinterstitial solutes at dislocations.

6.5 Sake Hardenina

Two new methods for bake hardening, dynamic bake hardening (DBH)

and t:6mamic-static bake hardening (DSBH) were introduced here. They have

the following characteristics:

• DSsH and DBH led to more bake hardening titan does SBH (the

conventional method). For example, in the case of a 2% prestrain at 100

oC, the amounts produced by the DSBU and DBH methods are about IS

and 8 times the SBn value, respectively. The minimmn amomt of bake

hardening is about 3 MPa (2% prestrain at 100 oC with the SBH method)

and the maximum value is about SS MPa (4% prestrain at ISO oC witb the

DSBH method). Oeneral1y speaking, the lowest bake bardening values

were obtained in the case of SBH. Conversely, the highest am01Dlts were

observed in the case of the OSBR method when the temperature of
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dynamic aging (100 or 150 OC) is lower than tbat of subsequent static aging

(170 OC). In the other cases, the DBU method exhibited the higher values.

• There is no Luclers strain during prestraining in the cases of the DBH and

DSBH methods nor is there a sharp yield point or yield drop.

• The yield stress during prestraining by the DBH and DSBH procedures is

about 45 MPa less than that associated with the SBH technique.

• The work hardening rate dming prestraining is much higher in the DBH and

DSBH methods tban in the SBH process. This is because there is much

more prono\Dlced work hardening during dynamic strain aging titan when

straining is canied out at room temperature. As a result, the yield strength

after prestraining is much higber in the DBH and DSBH methods.

• With increasing prestrain, the yield/tensile strength ratio increases until it

attains a value ofalmost lUlity in sorne cases ofthe DBR technique.

• Although a sharp yield point and the Luders strain are rarely observed after

employing the DBR procedure, they are more significant after application

ofbotb the SBH and DSSH processes.

• A bake bardening value of about 55 MPa (4% prestrain al 150 oC with the

OSSH method) is obtained with the aid of only 4 ppm solute C in the case

ofthe Ti IF steel.
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• The yield strengths produced by ail three metbods reach a plateau after about

200 oC. It appears tbat overaging takes place above titis temperature and is

responstble for a drop inyield stress.

6.6. CoUing and Continuous Annealing Techniques

• When the cooling rate ftom the coiling temperature (650 OC) is increased ftom

0.01 ta 0.03 °Cls, the amount of solute C is increased fomfold. This can

represent differences in solute C levels between the coil ends and the DÙdd1e.

• According ta the results of the continuous annealing simulati~ when the

annealing temperature is increased ftom 650 ta 850 oC, the agjng index values

deaease and converge ta about 0 MPa, whatever the cooling rate or chemical

composition. These conclusions were confinned by the internai fiiction

measun:ments.

• A new approach for the production of a bake hardenable steel involves

reheating of a supersaturated material to difTerent soaking (annealing)

temperatures foUowed by cooling st various rates. This yields different solute

C levels suitable for bake hardening. The controlling factor in tbis approach is

precipitation instead ofthe dissolution ofparticles. The advantage tbat foUows

ftom tbis method is tbat the lower the annealing ternperature, the higher the

solute C level and therefore the aging index value.

6.7. Calibration Between Solute C and Alinllnda

• Based on the results ofthe internai fiietiœ tests, a calibration was established

between the solute C 8Dd agiDg index values tbat can readily lead to prediction

ofthe agiDg bebaviour ofIF steeIs.



Statement of Originality and Contribution to

Knowledge

In this work, the characteristics of dynamic strain aging (OSA) were

detennined for the first time in four interstitial Cree (IF) steels. For this

purpose, a wide range of reheat temperatures (in the austenite as weU as the

ferrite ranges) were employed, together with various cooling rates and different

chemical compositions. The critical cooling rates at which IF steels are fully

stabilized were detennined, as well as the chemical compositions that are most

likely to prevent aging phenomena from being obsetved.

A model was developed and proposed based on the present results to

predict the OCClDTence of DSA at the temperatures and strain rates involved in

the processing of IF steels, e.g. ferrite raDing and flattening.

Ta the best of our knowledge, this is first time that OSA bas been

studied in the fenite region using a torsion machine.

A link between dynamic strain aging and bake hardenability was aIso

detennined This link is important when the rising cost of alloying elements

and the demand for high strength steels make it imperative to evaluate all

possible strengthening mechanisms that do not depend on additional alIoying.

This is the most significant use of solute C in IF steels. The results can he used

ta assess whether a steel that displays the ability ta undergo considerable

bardening by means of dynamic strain aging also bas appreciable bake

bardenability.
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Two new techniques based on the above link were introduced for the

process of dynamic bake bardening. These methods produced much higher

bake hardening values, up to SS MPa, with lower solute C levels (on1y about 4

ppm), even though the Ti*/C ratio was greater than unity. These methods have

the following advantages compared to conventional bake hardening:

a) they involve low yield strengths or the absence ofyield drops prior to

press fonning

b) they largely eliminate the Luclers strain before press fonning

c) they increase the work hardening rate during fonning

d) they lead to higb yield strengths in finished parts

e) they produce higher bake hardening values.

A new approach was proposed to produce bake hardenable steels using

lower annealing tcmperatures. This is of interest when the use of high

annealing temperatures is impractical and is especially relevant when the Ti*/C

ratio is greater titan unity. A problem with conventional continuous annealing

is tbat the annealing temperature increases with the Ti*/C ratio. The new

technique introduced here is based on precipitation at lower annealing

temperatures in a supersaturated material, instead of the dissolution of particles

at high soaking temperatures.

FinaIly, a calibration was established between the aging index and the

amount of solute carbon applicable to the case of IF steels. Sînce titis

calibration can readily predict the aging behaviour of tbese steels, it can he of

considerable interest to steelmakers.
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