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SUMMARY

The influence of bake-hardening on the flow strengths and
dent-resistance of two lean-alloy dual-phase steels which
had been lightly prestrained in uniaxial tension, plane
strain and balanced biaxial tension were investigated.
0.5% proof stress and UTS values were measured at o° and
90° to the direction of maximum extension in prestraining
after ageing at five different temperatures in the range
20--220-C for 30 minutes. The proof stress values of the
unidirectionally dual-phase steels showed much greater
directionality than that developed in ordinary batch
annealed, low-carbon steels. With the as-received dual-
phase steels, which had been preaged at 260°C for one
minute, substantial increases in flow_strength were
deve loped by bake-hardening above 135°C but after ageing
at 180°C the directionality in proof stress was only
partly removed. Bake-hardening at 220°C was required to
remove most of the directionality. In sheets stretched
in equibiaxial tension the changes in 0.5% proof stress
values with bake-hardening_were essentially similar to
those observed with the 90° tests on the wunidirectionally
stretched sheets. The influence of variations in ageing
potential was examined by re-heat treating with preageing
treatments, usually at 400"; 300° and 400%c for 3
minutes. These tests showed the expected reductions in
bake-hardenability after preageing at 300° and 400°C and,
with these higher preageing temperatures, the
directionality of proof stress values was not removed
even by bake-hardening at 220°C.

Static dent resistance was investigated on similarly
prestrained and bake-hardened flat panels and also on
curved panels stretched in equibiaxial tension. The
results show that the influence of bake-hardening on
dent resistance is particularly important in relation
to the formation of shallow dents in flat panels. The
results as a whole suggest that measurements of yield
strength in tensile tests will not always provide
reliable predictions of relative dent resistance.
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CHAPTER 1

INTRODUCTION

The development of high strength low-carbon steels

in the past two decades has been important in relation to

the requirement for fuel economy in automobiles. lLow-

carbon dual-phase sheet steels are of particular interest

for the manufacture of body pressings which require good

stretch forming properties, because they offer attractive

combinations of strength, ductility and formability.

Dual-phase steels can be processed to give good strain

hardening properties and high ratios of yield strength

to ultimate tensile strength. However, because of the

rather flat shape of many body panel pressings the

strain developed in the central area of the pressings

is usually less than 5 percent. Even with dual-phase

steels the increment in strength by strain hardening is

not large. Thus the reduction in thickness of the

panels, relative to those made using ordinary low-carbon

steels, is limited by strength requirements and

particularly by dent resistance which is sensitive to

sheet thickness. For this reason there has been

considerable interest in the extent to which panel

strength and dent resistance can be increased by strain

age-hardening after pressing at the elevated temperature

used for paint-baking. This ability to increase strength

during ageing at temperatures of about 170°-180°C is



usually called bake-hardenability. The bake-hardenability

of continuously annealed steels which are cooled rapidly

from the annealing temperature can be varied by varia-

tions in the overageing treatment which is applied to

reduce dissolved carbon and in this way prevent ageing

at room temperatures.

In the past bake-hardenability has usually been

investigated using uniaxial tensile tests in which the

directions of prestraining and test straining are the

same. Such tests give no information about directionality

in strength properties. Directionality is more strongly

developed in prestrained high strength steels than in

softer low-carbon steels and it is expected that such

directionality will be reduced during bake-hardening.

The investigations described in this thesis were

made in order to identify the effects of bake-hardening

on the tensile strength and its directionality in two

lean-alloy dual-phase steels which had been lightly

pre-strained in different modes of stretching. [In

addition to the industrially processed condition, tests

were made after overageing at several different tempera-

tures in order to vary the bake-hardening potential of

the steels. In the second part of the research the

static dent resistance of similarly lightly stretched

sheets WAS examined so that the effects of a wide variety

of bake-hardening treatments on the tensile properties

and dent resistance could be compared.



CHAPTER TWO

LITERATURE REVIEW

2.1 Dual-Phase Steels

Among the many different high strength low-alloy

steels which have been developed in the past ten years,

dual-phase low-carbon steels are regarded as the most

promising for application in the stretched-formed panels

which are being used in some light-weight motor cars because

they can provide the best combinations of strength and

stretch formability 1). Their excellent strength-

ductility combination has opened up the possibilities of

utilising thinner gauge, higher strength steels in a

number of severely stretch formed parts where component

weight is of great importance.

Dual-phase steels consist essentially of a dispersion

of moderately high-carbon martensite in a fine-grained

ferrite matrix. Dual-phase may be produced by a variety of

processing routes. A number ae recent studies ‘?) have

shown that the detailed nature and dispersion of both the

hard and soft phases can vary with changes in composition

and processing route. The structure is developed by inter-

critical annealing in the a9 +/¥Y region of phase equilibrium

followed by cooling rapidly enough to transform most of the

austenite to martensite. A typical microstructure of a

low carbon dual-phase steel designed for cold forming

consists of an alloyed ferrite matrix which is dispersion



hardened with 10 to 20% of martensite or lower bainite ‘3) ,.

containing a small proportion of retained austenite ‘4) ,

The inter-critical annealing temperature is selected to

provide the required proportions of the two principal

phases and the alloy content must be sufficient to suppress

the pearlite reaction on cooling so that, preferably,

martensite is formed by low-temperature transformation of

the islands of austenite ‘°) , The principal alloying

elements are usually manganese and silicon but small

additions of more expensive elements such as V, Mo and/or

Cr may be required to match the transformation character-

istics to available cooling rates (9) |

In terms of mechanical behaviour, the dual-phase

steels exhibit combinations of tensile strength and total

elongation better than those attained by other high

strength sheet steeis‘7) , It has been found that to a good

first approximation the strength of dual-phase steel is

linearly proportional to the percentage of martensite in

the structure (8) | It has also been shown that the tensile

strength of dual-phase steel is approximately proportional

tO: Doth fatigue (9) and crash resistance ‘1°,

Since the dual-phase structure is obtained as a final

heat-treatment step, these steels can be obtained over a

wide range of thicknesses. The thicker gauges of dual-

phase steels are produced from hot-rolled strip and the

thinner gauges by final cold rolling and continuous

annealing. For such materials hardenability (of the small

austenite patches) becomes an important factor which must



be matched to the available cooling rate and thus alloying

additions such as Mo, Cr, etc, have been investigated ‘t-12) ,

Since the dual-phase steels in common use consist of

at least 80% ferrite, it is to be expected that the

properties of this ferrite will have a major influence on

the work hardening of the steel. The ferrite in dual-

phase steels is usually fine-grained and preferably low

in interstitjal elements and precipitates, and often

strengthened by the addition of substitutional alloying

elements such as Si and/or p(l3) | The other 20% or less

of the structure is usually of a high carbon (up to 0.6%

C) martensite which may contain a small amount of

retained austenite (3/14) , Dual-phase steel can provide

substantial improvements in stretching performance

relative to those of original HSLA steels which are

strengthened with the help of carbide dispersions (8/15) ,

Since the introduction of dual-phase steels in the

(16,17)
mid-1970"s much research has been aimed at defining

the microstructural parameters that contribute to their

improved strength-ductility balance (+18) | Several

investigations have related the tensile strength of the

dual-phase steels to the amount of martensite present (1920) |

Other studies ‘21722) provided evidence that the carbon

content of the martensite and hence the strength of the

second phase, must be considered in assessing the overall

strength of these ferrite-martensite composites. Along

with the effects of martensite on tensile elongation ‘21722)



there is a clear trade-off between tensile strength and

total elongation in dual-phase steels and several corre-

lations of this type have been developed (19120723724) |

Generally an increasing amount of martensite results in

reduced ductility but other factors such as ferrite

composition or retained austenite are also significant.

Transformation of austenite to martensite produces a high

dislocation density in the ferrite and a sufficient cool-

ing rate below the MS temperature preserves dislocation

mobility enough to ensure continuous yielding. Trans-

formation of as little as 3% martensite can produce con-

tinuous yielding behaviour when a sufficiently fast

cooling rate is employed below the MS temperature.

Dual-phase steels exhibit a high initial work harden-

ing rate which decreases rapidly with increasing plastic

ies) and the initial work hardening is increasedstrain

when either the amount of martensite or its carbon content

is increased. Essentially, the work-hardening behaviour

is typical of dispersion-hardened alloys but it may be

influenced to some extent by the ability of martensite

to deform plastically at high applied strains particularly

when the carbon content of the martensite is low.

2.2 Strain Ageing

The main feature of strain ageing in low-carbon steels

are described in a comprehensive review by Baira ‘29 |

Strain ageing shows itself chiefly by an increase in yield



or flow stress on ageing after or during straining, oge-

ing after straining being classed as 'static' and ageing

during straining as 'dynamic' strain-ageing. The important

change in properties are: return of sharp yield point;

rises in the ductile/brittle transition temperature and

tensile strength; reduction in ductility.

Following the work of Cottrell and Bidby '27) many of

the effects observed can be explained qualitatively as

arising from the segregation of solute atoms to disloca-

tions producing pinning of the dislocations by solute

atmospheres. However, in the later stages, increased

frictional resistance to the passage of unpinned dislo-

cations and a higher strain-hardening rate, may also occur

as segregation of solute to dislocations become more

extensive. In steel, strain ageing arises largely from

the presence of the interstitial solutes, carbon and

nitrogen, although hydrogen can also produce a limited

amount at low temperatures ‘28) ,

Strain-ageing is of commercial importance in a number

of ways. It may lead to an undesirable decrease in

ductility in cold forming operations, reduce toughness in

cold-worked metals, or give rise to wnsightly stretcher-

strain markings in pressing operations ‘2®) , The changes

in tensile properties in a low-carbon commercial steel

after tensile prestraining, ageing at 60°C and re-straining

in the same direction, may be described in terms of

several stages, as suggested by Wilson and Russe 11 ‘29 » 39)



and are summarised in Fig 1. In stage I the yield stress

and the Liider's strain or yield point elongation rise but

other properties remain unaltered. In stage II, while

yield stress continues to rise, the Lider's strain remains

roughly constant and the flow stress beyond the Lider's

strain rises but with an unaltered rate of strain harden-

ing. Stage III is similar to stage II except that the

initial strain-hardening rate increases, with resultant

increase in UTS and decrease in elongation. Stages II and

III are referred to as strain-age-hardening since they

reflect a permanent hardening rather than a purely yield-

point Siract as in Stage I. In stage IV overageing effects

lead to softening, although the Lider's strain is main-

tained and even rises in fine-grained conditions.

Increasing the solute level accelerates the ageing pro-

cesses but also has a particularly marked effect on the

magnitude of the changes in Stage II and Stage III.

The general interpretation of the above results put

forward by Wilson and Russell was that in stage I dis-

location atmospheres are formed, which at the completion

of the stage, are sufficient to lock the dislocations

fully and hence to re-establish the full Llider's strain,

but which are dispersed on straining through the Lider's

strain as the dislocations are unpinned, so that they have

no effect on other properties. In stage I the value of

(31) 5Ky in the Petch relationship Sy =Si + Ky d?

rises and the friction stress, Si , remains unaltered
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Fig l(a) Schematic diagram showing the changes in

tensile properties of a low-carbon steel
caused by strain ageing. Ay and Au
are the increases in yield strength and UTS
respectively and AE is the reduction in
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(d = average grain diameter). In stage II the permanent

hardening reflected by an increase in Si may be due to the

pinned arrays of dislocations or to fine precipitates on

dislocations “°? . The transition from stage II to stage

III probably coincides with the point at which the

precipitates on dislocations become of sufficient size

to increase strain-hardening.

The effect of increasing ageing temperature is,

first to accelerate the development of the above stages

without greatly altering the magnitude of the changes that

occur; the accelerating effect of temperature can be

computed by Hundy's equation using the appropriate

activation energy for the diffusing solute (3?) ,

Zoo. BEtecE of Amount and fype of Prestrain

It has been shown (22) that the change in yield stress

on strain ageing after tensile prestraining is not very

sensitive to the amountc prestrain, but that the increase

in UTS and decrease in elongation on strain-ageing are

larger, the higher is the prestrain. If prestraining and

ageing are carried out in increments, there is a larger

increase in yield stress than if the same prestrain is

effected in a single operation. Of greater interest and

importance is the type of prestrain and its relationship

with the direction of straining after ageing. Although

changes in UTS and elongation are unaffected by type and

direction of prestrain, the rate of return of yield plateau



is markedly affected. If prestraining is carried out in

tension and the direction of straining after ageing is the

same as that in prestraining, then the yield plateau

returns rapidly on ageing. However, if prestraining is

carried out by rolling or if the direction of extension

in the test strain is transverse to the direction of

extension in prestraining, after ageing, the yield plateau

returns much more slowly during ageing.

The apparent retardation of ageing caused by temper-

rolling as compared with stretching appears to be confined

to the yield-point elongation ‘39) and it was suggested

that this is due to the pattern of oriented micro-stresses

imposed by the method of prestraining, since unless the

direction of testing after ageing is the same as that of

prestraining, the early stages of the return of the yield

(34) havepoint elongation are obscured. Wilson and Ogram

carried out an intensive study of this subject which has

thrown more light on this problem. They showed in

stretched sheets that, in a very coarse-grained steel, no

yield plateau appeared even on prolonged ageing at g9°c

when the test strain was perpendicular to the prestrain

direction. Similar results were obtained when prestraining

and final straining were carried out in torsion in

opposite directions. They also found that reducing the

interstit al content has the same effect as coarsening

the grain size. It is noticeable that the later stage of

the increase in Lider's strain, which is obtained



particularly at higher solute levels in forward straining,

is still obtained in reverse straining and that it is

only the earlier stages of yield-plateau return that are

affected by the direction of straining.

The conclusions which can be eesaed: tron these

results are that, firstly, the return of yield point in

"reverse straining' conditions is controlled by segre-

gation of solute atoms to dislocations or dislocation

sources and not to other effects such as recovery or relief

of internal microstresses. Secondly, the dislocation

sources operative in forward and reverse straining are

different; the latter requiring much more extensive

segregation of solute to lock them than the former.

In commercial practice for producing deep-drawing

sheet steels, suppression of yield-point extension (to

avoid stretcher-strain markings) is normally carried out

by temper rolling ~ 1%. This is an effective method of

eliminating the initial yield plateau by the application

of a small strain and of delaying the return of yield

plateau on subsequent ageing‘?>), At small strains in

temper rolling alternate lamellae of deformed and undeformed

material are developed on a fine scale. Elimination of

the yield plateau is ascribed partly to the effects of

multiple nucleation of yield fronts in this structure and

partly to the directional effects described earlier '3”),

Normally sheet steel is subjected to enough cold deforma-

tion in temper rolling to eliminate the yield point. Ina

rimmed steel, ageing after temper-rolling will eventually



cause a return of the yield point. Wilson and Butler ‘ 36)

studied the effect of temper rolling and strain ageing

on formability of a rimmed steel. They found that 5%

temper rolling reduced general elongation in a uniaxial

tensile test but 1.2% rolling reduction did not; both

these temper rolling reductions decreased performance in

biaxial stretch forming and deep drawing tests. Strain

ageing after 1.2% rolling reduction reduced uniaxial

tensile ductility and stretch formability. After 5%

rolling the effect of ageing on the eeeteching properties

were more severe. They suggested that the change in

stretching performance due to temper rolling and strain

ageing can be explained qualitatively in terms of their

effect on work hardening rates.

2.2.2 Carbon and Nitrogen

Carbon and nitrogen have very similar diffusion co-

1 (26)
efficients in stee and produce identical distortions

of the terrace Lattice '?"". hence they would be expected

to produce very similar strain-ageing effects in steel

when present in solution in the same amounts. The main

differences between the strain ageing effects of carbon

and nitrogen arise from their widely differing solubilities

in steel. The solubility of nitrogen is higher in the

temperature range in which rapid precipitation can take

place (say, > 200°), but at 200°C the solubility of

carbon in equilibrium with cementite has already fallen to

< TO"8: GAs & result, provided that well-dispersed nuclei

= 4.



are present onto which carbon can precipitate, carbon

strain-ageing is normally negligible at room temperatures

in slowly cooled steels '38) | However, on ageing above

100°C there is evidence that fine carbide particles

(especially € carbide) can redissolve to cause strain-

ageing ‘29/40,41) | Nitrogen strain ageing is generally

considered to be fairly directly related to the 'free'

nitrogen content i.e. the nitrogen not combined with

strong nitride formers, and to be much less dependent

than carbon strain-ageing on thermal treatment in the

ferritic range. However, there appear to be some

exceptions to this generalization. Quench ageing at

100°c or slow cooling below 250°C reduces the strain-

ageing rate somewhat at high nitrogen levels (421743) |

2.2.3 Effect of Other Alloying Elements

It has been suggested ‘2®) that elements going into

solution in ferrite with no affinity for carbon and

nitrogen have little effect on strain ageing, whereas

those with some affinity for carbon and nitrogen probably

Slow down strain-ageing. Silicon and manganese are known

(44,45)
from internal friction studies to interact with

nitrogen in solid solution, although under certain

conditions, they can also precipitate nitrides ‘46°47) |

Under conditions where they would be largely in solution,

both silicon and manganese have been found to retard

strain-ageing‘4®) The effect of manganese is particularly

important from a practical point of view in low-carbon



steels, since in such steels the effective manganese

content is that in solid solution, which is given by the

total manganese content less the amount tied up in oxides

and sulphides.

2.2.4 Nitride Formers

Since strain-ageing below 100°c in slowly cooled

steels is largely due to nitrogen, low-temperature strain-

ageing can be reduced to a low level by nitride formers

provided that the earlier heat treatment is such as to

precipitate nitrogen fully as alloy nitrides and that

carbon is allowed to precipitate fairly completely during

final cooling. The influence of prior-heat treatment in

the case of aluminium-containing steels has shown that

strain-ageing rate in the as-rolled condition may be almost

the same as in a similar aluminium-free steel, but the

ageing rate is much lower after annealing treatments

which cause the nitrogen to combine with aluminium as

aluminium nitride ‘49 ,

Some strong nitride formers are also strong carbide

formers, for example, zirconium appears to form a nitride

in as-rolled steels before combining extensively with

(50) and titanium is expected to have a similarcarbon

effect. Vanadium also probably forms nitrides. [In the

case of weaker nitride formers, heat-treatment in the

upper ferrite range is necessary to precipitate alloy

nitrides sufficiently fully to eliminate strain-ageing.
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The effect of strain ageing on cold formability is of

particular importance in the use of sheet steel in press

forming applications e.g. in the pressing of car-body

panels. Three types of deformation occur in such pressing

operations; deep-drawing, stretch forming, and bending

(usually under tension) ‘°+) , In sheet steels which are

not fully stabilised strain ageing may occur at ambient

temperatures after temper rolling to suppress the sharp

yield point extension (and/or to improve shape and surface

texture).

Pure deep drawing in sheet steel is governed largely

(52)
by the R value and as strain ageing has no effect on

the R value it does not alter deep drawability significantly

(33 722) ik
after normal temper rolling reductions

performance under stretch-forming conditions is generally

reduced by strain ageing. In the unclamped Erichsen test,

where a certain amount of draw-in of the blank occurs, an

appreciable drop in performance takes place when the yield

point returns; this is attributed, at least in part, to

the reduction in the amount of draw-in, but a further drop

may occur if the elongation is reduced '3®) , Similar

behaviour is found in some types of commercial pressings ‘>?) ,

In a firmly clamped stretch-forming test using a hemis-

pherical punch or hydraulic pressure, where no draw-in

occurs, the strains are large throughout the deformed

region of the blank and the drop in ductility in the later

meee |]



stages of strain ageing is the important factor controlling

performance (39 751/53) |

In general, return of the sharp yield point will have

the largest effect in pressings where the minimum strain

is near zero, but the effect of strain ageing on

ductility, which is important at high strains, will increase

rapidly with increasing temper-rolling reductions.

2.2.6 Commercial Control of Strain Ageing
 

As indicated in the previous section, the control of

strain ageing is particularly important in the case of

temper-rolled sheet steel for pressing or cold-forming

applications; where strain ageing can give rise to

undesirable stretcher-strain markings andto a reduction

in stretch formability. On the other hand, strain ageing

after pressing can provide a valuable strengthening of a

pressed panel with an improvement to its resistance to

denting‘>4) , The ideal sheet steel for pressing

applications is therefore one in which the strain-ageing

in the temper-rolled condition is low at room temperature,

to restrict the changes in properties before pressing,

but which strain-ages appreciably after

pressing or during any subsequent heating operation

required for paint-baking.

2.2.7 Strain-Ageing of Dual-Phase Steels
 

Dual-phase steels are usually aluminium-killed but

rapid cooling increases the amount of dissolved carbon

- 18-



relative to that in batch annealed steels. Dual-phase

steels can be considered to provide a somewhat different

environment for the diffusion of interstitial atoms than

that in the ferrite-carbide structure of ordinary low-

carbon steels. Dislocation density in dual-phase steels

appear to be a maximum in the ferrite-martensite inter-

face \? 7? while dislocations are more randomly distributed

in ferrite-carbide structures. The effect of prestrain

on the ageing of dual-phase steels must also be considered

in relation to the residual stresses which are developed

by the volume expansion associated with the formation of

(35) | Krupitzer ‘>®)martensite within the ferrite matrix

found that in a gas jet cooled dual-phase steel containing

0.075 V and 1.40 Mn, at room temperature no significant

change in properties occurred for at least one year.

Although this stability is not wusual for aluminium

killed batch-annealed mild steels, it is a significant

observation for a continuously annealed product,

especially for one not processed with an over-ageing

thermal cycle. In sub-critically annealed steels rapid

cooling after annealing can result in super-saturated

carbon in the ferrite and can cause appreciable room

(26,57) in otherwise 'non-temperature strain-ageing

ageing' steels. In the gas cooled V-Mn dual-phase steel,

Krupitzer observed significant increases in yield

strength and Lider's strain after ageing at elevated

temperature and the increment depended on temperature and



time. However, the changes in yield phenomena were

generally associated mainly with the classical stage I

of strain-ageing related to atmosphere formation at

dislocations.

It has been shown that, in as-quenched dual-phase

steels, dislocation density is relatively low in the

ferrite except near the ferrite-martensite interfaces (55)

where dislocations form on cooling because of the volume

expansion associated with the martensite transformation.

Rapid cooling is believed to allow insufficient time for

pinning of dislocations by interstitpals and therefore

they remain mobile after annealing. Similarly, micro-

residual stresses associated with the volume expansion of

the martensite, contribute to a low value of the as-

annealed yield strength. Dual-phase steels are invariably

treated with aluminium and carbon, not nitrogen, is

mainly pesbonaun ie for the ageing. A parallel can be

drawn between the ageing behaviour of temper-rolled

plain carbon steels and the ageing of dual-phase steels.

(56) concluded that, in dual-phase steels,Krupitzer

many of the characteristics of temper-rolled steels exist

immediately after annealing and rapid cooling; particularly

Significant is the fact that the return of Lider's strain

is noticeably retarded in as-annealed dual-phase steels

such that it may not occur at all at room temperature and

very sluggishly at temperatures up to 260°C. On the

other hand, a slight tensile prestrain radically

- 20 -



accelerates the development of Lider's strain so that

slight yield plateaus return even in ageing at room

temperature. Ina seek Gea, dual-phase steels behave

like temper-rolled (plain carbon) steels for which it has

been demonstrated that retarding effects of rolling can

be eliminated by a tensile prestrain.

It is clear that the diffusion of interstitials

(mainly carbon) are responsible for the ageing which

occurs in dual-phase steeis ‘*6) , The process is not a

simple one; the strain-ageing of dual-phase steels

suggests that, in the as~annealed condition, micro-

residual stresses are present, probably as a result of the

volume expansion of martensite during transformation on 3

cooling. Tensile prestrain will significantly alter

this residual stress distribution to a directional one and

allow the easy formation of Llder's strain on ageing if

the direction of test is the same as the prestraining

direction. It appears that rollingprestrain of dual-

phase steel develops residual stresses which have different

directional characteristics from those developed by

tensile prestraining and causes further retardation of

Lider's formation in subsequent tensile tests.

Tempering of dual-phase steels changes the properties

of both martensite and the ferrite which can lead to a

degradation of the mechanical strength and changes in

formability. It is expected that the lean and more highly

alloyed dual-phase steels will respond differently to

~ 2] <-



tempering. The amount of supersaturation in the ferrite

and martensite will be a function of the cooling rate

from the intercritical annealing temperature; the faster

the cooling rate the greater will be the supersaturation.

It has been observed by RG Davies ‘°8) that a dual-phase

steel, when water-quenched, exhibited reduced elongation

but a low temperature (130°C) temper restored the

ductality.

2.3 Directionality

When sub-critically annealed low carbon steel con-

taining uncombined nitrogen or dissolved carbon is

deformed plastically and then aged before continuing

straining in the same direction, ageing for less than a

day at room temperature is usually sufficient to restore

a sharp yield point >", This rather rapid effect of

dislocation repinning is consistent with the theory of

Cottrell and Bilby ‘27) , However, if the direction of re-

straining is different from that of the first strain, the

sharp yield point is found to return very slowly, if at

all 7019??: Such directionality is of considerable

practical importance, for example, it contributes

usually to the slow return of the yield point in temper

rolled sheets ‘337 36) but it can also limit the applica-

tion of strain-ageing as a strengthening mechanism ‘®°)|

The work of Tipper and Tardif and Bali

using tensile test pieces cut transversely to the



direction of the original stretching, showed that the

ageing times required to restore the yield point were so

long that solute segregation to dislocations was thought

to have been almost completed before a yield point

(32) that directionalemerged. It was suggested by Hundy

internal stresses, developed in prestraining, acted with

the applied stress to promote easy dislocation wnpinning

in transverse tests. A difficulty with this explanation

is: that os the local stress required to wnpin fully

locked dislocations, is expected to be large compared with

the internal stresses affecting dislocations which were

mobile before ageing. When a test piece is wnloaded

after prestraining 'back' stresses will cause mobile dis-

locations to bow out between local obstacles in the

opposite direction to that of their movement in pre-

straining. To this extent there is a component of

internal stress acting on potential dislocation sources

which can assist yielding in reverse straining, but the

effective magnitude of such a stress must be less than

that of the flow stress at the end of prestraining.

Residual stresses of this kind contribute to the Baus-

chinger effect. Higher residual stress could affect

immobile obstacles in the prestrained structure, such as

grain boundaries and dislocations which remain locked, but

these stresses are expected to be of the same sign as

(61)prestrain stresses This difficulty can be avoided if

= 23. —



it is assumed that nucleation of yielding occurs with the

help of stress concentrators, such as second-phase

particles and that the effectiveness of stress Oyeators

in a strain-aged structure depends on the direction of

(62) suggested thatrestraining. Kennet and Owen

inclusions elongated during rolling could promote such

directionality. However, a more general explanation in

terms of the effects of local stress concentrators is

possible. Stress concentrators which operate in prestrain-

ing will be relatively ineffective on restraining in the

same direction because the elastic stress fields have

been changed to plastic strain fields '°?) . The same, or

differently orientated, stress concentrators can be

effective when the direction of straining is changed.

Indeed, they could become more effective in activating

dislocation sources in a prestrained structure.

Following the observations that rather high disloca-

tion densities are built up at grain boundaries and other

strong obstacles after a few percent prestrain, Ogram and

(64) suggested that the dislocation sources whichWilson

are active in reverse deformation are not necessarily

strongly locked after ordinary periods of strain-ageing.

They argued that if dislocation locking were effectively

complete before the transfer yield point was restored,

restoration must depend on a recovery process, rather than

on strain-ageing. In this event, return of the transverse

yield point should be accompanied by a reduction in flow



strength and the magnitude of the Bauschinger effect;

also increasing the dissolved carbon content might be

expected to delay recovery, since precipitation on dis-

locations could inhibit dislocations rearrangement. On

the other hand, if restoration of the transverse yield

point depends on a progressive increase in the strength

of locking of the dislocations which were sources in

reversed deformation, then restoration could occur

independently of a recovery process. In this case,

increasing the dissolved carbon content would be expected

to increase the rate of restoration of the transverse

(64) showed that the effectyield point. Wilson and Ogram

of variations in dissolved carbon on the behaviour of a

low-carbon steel which was tested in reversed deformation

Supported the latter explanation.

2.4 Bauschinger Effect

When work hardenable materials are deformed, first by

forward and then reverse loading, they usually exhibit a

decrease in the reverse yield stress. This decrease of

yield is identified as the Bauschinger Effect (BE). It:

is generally believed that this effect is caused by

internal stresses that develop as a result of inhomogeneous

de formation '®°) ,

For quantitative assessment of the BE it is convenient

to plot both forward and reverse stress in the positive

direction as a function of cumulative strain. Fig 2 shows

- 25 -



Wie 2s

S
T
R
E
S
S

FORWARD

Cr. os _— ¥

 

 
 

K— E€, —> ——s« STRAIN

Schematic illustration of the flow curve for
forward and reverse straining. E. is the area
between the elastic unloading curve and the
reverse curve up to a stress equal to the
forward stress. ABS is the average Bauschinger
strain, Ac is permanent softening,g. is the
initial yield stress, op is the yield stress
on reverse flow, ¢ is Che reverse flow

stress extrapolate#from the parallel section
of the forward and reverse flow curves. (65)

RE ae



the significant stresses and strains which are used in

evaluation of the BE. The curve shows the typical

reduction in yield stress in reversal straining and the

well-rcunded nature of the initial plastic portion of the

flow curve. In some instances the reverse curve remains

below that for continued forward straining and eventually

becomes parallel with the forward curve. The stress

increment corresponding to the parallel displacement is

(66) suggested thattermed 'permanent softening'. Orowan

the rounding of the initial portion of the curve was

caused by weak, permeable obstacles to dislocations and

that the permanent softening resulted from back stresses.

He also suggested that the back stress should vanish after

about 1 to 3% reverse plastic strain. This has been

verified by Wilson ‘®”) using X-ray diffraction to estimate

the mean internal stress. He found that the stress

difference 4 g-, between the forward and reverse curve was

approximately twice the mean internal stress which existed

prior to reverse straining.

2.5 Dent Resistance

A significant reduction in the weight of automobiles

would be made by substituting thinner, high strength steels

for the outer body panels. However, the thickness

reduction of outer panels used, for example in the door,

causes deterioration of panel stiffness and dent

= 9g) =



resistance. The primary concern is the ability of panels

to resist moderate denting.

The yield stress of panels is of particular importance

when considering resistance to casual damage such as that

from pressing too hard on the panel when slamming doors

1 (68) did some tests onin normal service. Butler et a

rimming and stabilised steel and showed that the ageing

characteristics of rimming steel offer considerable

advantages over non-ageing varieties particularly for

Shallow dents. They also showed that, after ageing, not

only is the dent produced more easily in a stabilised

steel panel, but the damage is considerably more severe.

The dent is spread over a much wider area and is therefore

more difficult to knock out and reblend to the original

curves of the panel in repair. This difference in

dentability results can be attributed to the beneficial

effect of strain-age hardening. Dent resistance is a

function of the material's yield strength, modulus of

elasticity, thickness and panel geometry or stiff-

ness 6970-71) | Dent resistance increases with an increase

in yield strength and radii of curvature, but decreases

with an increase in modulus of elasticity and stiffness.

ee)
Yoshida suggested that dent resistance is

approximately proportional to oT, ¢2 where T is the flow

stress and tis the thickness. Therefore, in order to

achieve a reduction in the thickness of the sheet used

without losing dent resistance, a large increase in
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strength is required. Miyothownet al {73) showed that the

deflecting behaviour of the curved panel is different from

that of a flat panel. In the case of curved panels a

nodal point of deflection (Fig 3) is formed and, as the

load increases, this point moves from the centre of dent

y 673774)
towards the periphery of the pane - <In the case of

a flat panel, on the other hand, a nodal point of

deflection does not form (Fig 3). Y.utori et al ‘74)

showed that the load required to form a given depth of

dent, Pas is proportional to +™ where t is the panel

thickness. The strength of the sheet had no effect on the

value of m. In the previous study on steel panels they

showed that Po.1 the load to give a O.1lmm depth of dent,

is proportional to Ce. where oo the yield

strength of the panel. They found that the value of m was

2.3 — 2.4 for curved panels. and 1.4. - 1.6 for flat paneis.

WOUtors Eb a1 '74) showed that, in general, the thinner

the sheet is and the larger the panel radius of curvature,

the easier it is for the dent to occur. However, for a

panel subjected to a load P, applied to a denting tool of

spherical form, the plastic dent is initiated when dis-

tortion under the denting tool reaches the elastic limit

of the steel. They derived an empirical formula for the

relation between load and deflection in the elastic region

where 6 = deflection, k,n = constants, t = thickness

and P = load.

aL
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(75) studied the effect of thick-M J Painter and R Pearce

ness, strain hardening and the rate of straining on

dentability of CRl, a dual-phase steel, a HSLA steel

and an Al-Cu-Mg alloy. They measured the elastic and

plastic components of the dents. The larger the elastic

contribution, the greater will be the spring back on

removing the load. They also showed that with increasing

prestrain of the panel, the resistance of the dual-

phase steels improved more rapidly than that of the

HSLA steel due to the more rapid strain hardening

behaviour of the former.

2.6 The Strength and Dent Resistance of Dual-Phase
 

Steel Panels

Dual-phase steel usually has high initial rates of

strain hardening which help to give more uniform distrib-

ution of strain, leading to larger limiting depths of

pressing than those obtained with other kinds of high

strength low-carbon steel. However, because of the rather

flat shape of many body panel pressings and the influence

of tool friction, high strains are usually developed

only in the outer part of typical body pressings.

Thickness reduction within the central area of the

pressing is often less than 5% and therefore the increase

in strength of the central area caused by strain hardening

is rather small. After forming, two of the most

important characteristics of the part are strength and

dent resistance. Considerable interest has developed in
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the past few years into possibilities of increasing

strength by strain ageing at an elevated temperature after

ae
pressing Because motor-car pressings are usually

paint-stoved at ~ 170°C for about 20-30 minutes, no

additional ageing treatment is required.

In order to develop maximum ductility after rapid

cooling from the annealing temperature, dual-phase steels

are often over-aged at about 300°c to 400°C for 1 to 3

minutes. This treatment precipitates most of dissolved

carbon as cementite particles on a reasonably coarse

scale and it leads to a very small potential for strain-

ageing in paint stoving after pressing. However, if the

short time over-ageing treatment is carried out at 200°c-

250°C, it leads to a much finer precipitation of carbide

particles which may be mainly of the intermediate

precipitate. Removal of most of the carbon from solid

solution prevents quench-ageing or strain-ageing in the

temper rolled conditions at room temperature ‘’©) put,

after stretching, the fine carbides are able to dissolve

during heating at about 170°C and this gives a

Substantial strain-ageing potential at the paint stoving

temperature. Such steels are called 'bake hardening'

steels and the two dual-phase steels which have been

used in the research are representative of current

Japanese practice in this respect.

Nearly all the published data on the flow strengths

of stretched and bake-hardened dual-phase steels is



confined to behaviour in wniaxial tensile tests. Such

uniaxial tensile tests give no information about the

lowering of flow stress in directions other than that of

the tensile extension and about the extent to which bake-

hardening can reduce directionality in flow strength.

Due to the influence of dispersion hardening by the

martensite particles the Bauschinger effects which are

developed in dual-phase steels are much larger than those

which occur in ordinary batch annealed low-carbon

steels. It is known that the Bauschinger effect can be

reduced substantially in ordinary low-carbon steels by

strain ageing‘?7) ,

A principal aim of the present research was to

investigate the influence of bake-hardening on directional

variations in flow strength which are developed by

different modes of prestraining and also the effect of

bake-hardening on the dent resistance of dual-phase

steels.



CHAPTER 3

EXPERIMENTAL PROCEDURE
 

3.1 Materials

The two dual-phase steels used in the investigation

were supplied by the Inland Steel Company of the United

States. They are representative of modern lean-alloy

dual-phase materials which are produced using a continuous>

annealing cycle which incorporates very rapid cooling (in

this case water-quenching from the annealing temperature).

Such rapid cooling allows a volume fraction of the strong

phase of up to about 0.2 to be retained as martensite

without the necessity of large manganese or other alloying

element additions.

The chemical compositions of the two steels in weight

percent were:

steel 60

0.06C, O.35Mn, ©. O23 BO. 0055

“steel 80
O.O9C, On52Mn, O.06P;, 0.003S

Both steels were killed with sufficient aluminium to

remove most of the nitrogen from the solid solution as

aluminium nitride. Thus the composition of steel 60

used was Similar to that of a conventional aluminium-

stabilised steel. The strength of steel 80 was enhanced

by small increases in carbon, manganese and phosphorus.

The annealing cycle used for the two steels is shown in

Fig 4. After the overageing treatment at 260°C the steels
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Figure 4 Heat Treatment Cycle

Commercial heat-treatment cycle applied
to dual-phase steels 60 and 80.
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were temper-rolled ~ 1%. The relatively low overageing

temperature of 260°C is selected to produce steels having

good bake-hardenability. In comparison with the effects

of an overageing treatment at about 400°c, which would

be applied to maximise stretch eOmmabidey without too

great a loss in strength caused by tempering the marten-

site, the overageing temperature of 260°C provides higher

initial strength at the expense of some reduction in

tensile ductility. Release tests on the commercially

processed steels quoted the tensile strength of the 60 and

80 steels as 483 MPa and 620 MPa respectively with total

elongation measured on a 50mm gauge length, in the range

20 to 24%.

The average volume geeione of martensite measured

by the linear intercept method on several different sheets

were 0.11 for steel 60 and 0.14(5) for steel 80. The

average grain diameters measured in plane sections were

5.6 sem for steel 60 and 4.6 eum for 80. Typical micro-

structures showing the phase distributions are given in

Figs 5a and b. The samples examined were annealed at

400°C to give the martensite dark etching behaviour.

In the first part of the investigation the tests were made

on the dual-phase steels in the "as-received" conditions.

To provide a basis of comparison a parallel series of

measurements were made on a conventional aluminium-killed

low-carbon CR1 steel supplied by the British Steel

Corporation. This was a sub-critically box-annealed and

temper-rolled aluminium-stabilised steel of the following
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composition in weight percent.

Cc Mn Ni Cr Mo Ss iB Si

0.00 O00. 0.03. 0.04. 0.01 0,016. 0,012 “(ae

Figure 6 shows a typical microstructure of the CRl steel

in the "as-received" condition. The average grain dia-

meter in a plane section was 14 um. The thickness of the

three batches of materials were:

Dual phase 60 O. 89mm

Dual phase 80 QO. 89mm

CR O. 77mm

3.2 Mode of Prestraining

The modes of prestraining by stretching used were

uniaxial tension, plane-strain stretching and balanced

biaxial stretching. Some tests were also made on cold-

rolled sheets.

3.2.1 Stretching in Uniaxial Tension

Uniaxial prestraining was carried out on an Instron

50 ton testing machine using a cross-head speed of

O.5mm/min. The rectangular prestrained sheets were usually

13" long and they had io be at least 6" wide to allow

standard tensile testpieces to be cut at right angles to

the direction of maximum extension in the sheet plane.

The amount of prestraining was measured in the directions

of major and minor extension in the sheet plane, using a

lightly-scribed grid of 1 inch squares. A large proportion

of uniaxial prestrainings were made to give an extension

of 4% but a few tests were also carried out with extensions
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Fig 6 Phase distribution in as-received steel CRI,

Mag X 980.



of 8 and 16%. Standard tensile specimens were cut in

directions at on and 90° to the direction of maximum

extension.

3.2.2 Piane Strain Stretching
 

For plane strain stretching sheets 20" wide by 14"

long were bent to form a 6-inch wide box section as

shown in Fig 7. Ome side of the box was spot welded. The

box was then fitted into a specially constructed rig which

provided lateral constraint by means of an internal former

as shown. The extension applied in prestraining in plane

strain was 4% in all cases.

3.2.3 Balanced Biaxial Stretching
 

Balanced biaxial stretching of flat sheets was carried

out in the 100 ton Mays hydraulic press over a flat-faced

punch of 8 insdiameter with draw-in fully restrained by a

locking bead. The amount of prestraining was measured

over a 4" gauge length. » The linear surface strains applied

in this case were 2, 4 or 8%. Tensile test pieces were

taken in two directions at right angles.

3.2.4 Prestraining by Cold Rolling
 

6-inch wide sheets were reduced in thickness by 5 and

10% in a cold rolling mill. Tensile specimens were taken

at both O° and 90° to the rolling direction.



 
Fig 7 Testpiece and rig used for stretching in

plane strain.



3.3 Mechanical Testing

3.3.1 Uniaxial Tensile Testing
 

Tensile tests were carried out on a 5 ton Instron

tensile testing machine model TT-CM in the "as prestrained"

condition and after ageing at o07, 135°, 180° and 220°C

for 30 minutes. Specimens were marked with a 50mm gauge

length as shown in Fig 8. Specimen width and thickness

were meaSured at three positions along the gauge with an

accuracy of 0.005mm using a micrometer. The specimens

were subsequently pulled to fracture. Values of 0.5%

proof stress were measured using a mechanical extensometer.

From the load extension curve values of UTS were obtained

and total elongation was measured after fracture. Quoted

UTS and proof stress values are both nominal stresses

calculated by dividing the observed loads by the initial

cross sectional area.

The original aim was to measure proof stress values

at both 0.2% and 0.5% offsets. However, in the early

programmes of testing it was found that the 0.2% proof

stress values were erratic, particularly in the case of

the 90° tests. It was concluded that this variation was

caused by small differences in ageing during cutting and

machining the testpieces from the large sheets. At

least for the 90° tests it was not possible to avoid some

fluctuations in the 0.2% proof stress values. The 0.5%

proof stress values were much less sensitive to small

differences in ageing close to room temperature. In the

case of 0° ici were made on uniaxially stretched sheets

a comparison was made between samples which had been cut

we AD
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‘Fig 8. Dimensions and marking of tensile
test specimens.
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from large sheets and results with pre-machined tensile

test pieces which were not machined between prestraining

and final testing. In this case the 0.5% proof stress

values for the unaged condition were not significantly

different in tests made using the two different procedures.

Following these observations it was decided to abandon

attempts to measure the 0.2% proof stress values of the

dual-phase steels and the results for dual-phase steels

which are presented in the next section refer only to

0.5% proof stress values.

3.4 Final Ageing Treatment

In order to explore the influence of the final ageing

temperature on the strength increment due to strain-ageing,

the prestrained specimens were aged in an air circulating

furnace at 30°. 135°. 180° or 220°C for periods of 30

minutes.

3.5 Heat-Treatments Made to Vary the Strain Ageing

Potential

In the second stage of the work, the steels were re-

heat treated in order to allow an investigation of the

effects of variations in the overageing treatment which

is applied after rapid cooling from the annealing

temperature.

The heat-treatment consisted of re-heating the dual-

phase sheets to 740°C for 15 minutes in a chloride salt

bath, quenching in water and tempering in a nitrate-nitrite



bath at 200°, 300°or 400°c for 3 minutes. To allow compa-

rison with a conventional aluminium killed drawing quality

steel which had been rapidly cooled from a sub-critical

annealing temperature, sheets of the CR1 steel were

heated to 695°C for 15 minutes in a salt bath and quenched

in water and then tempered as above.

Some representative microstructures of the re-heat

treated 60 and 80 steel are shown in Figs 9a, b ando.

‘Pig 9a shows steel 80 as-quenched from 740°C. Figs 9b and

c show the quenched 80 steel after pre-ageing for 3

minutes at 150° and 400°C. The martensite is relatively

light-etched in the Beecteded and aged at 150°C condi-

tions but after ageing at 150°c the ferrite grains show

clear evidence of carbide precipitation on a very fine

scale. This was seen even more clearly in the re-heat

treated 60 steel after ageing at 150°C (HiG.d).. hltaac

shows that ageing at 400°C for 3 minutes was sufficient

to give the martensite areas dark-etching properties

caused by general carbide precipitation during decomposi-

tion of the martensite, but the carbide precipitation

within the ferrite grains was on a relatively coarse scale.

This was also seen in the as-received 60 and 80 steels

after ageing at 400°C (Figs 5a and b). The volume frac-

tions of martensite obtained after quenching from 740°C

were about 0.19 in the 80 steel and O.11 in the 60 steel.

The heat-treated steels were stretched to an extension

of 4% uniaxially as before, either in the as quenched

condition or after overageing at one of the temperatures



Rigs. Jia = Jd

Microstructures of the re-heat treated dual-phase
steels 60 and 80, Mag X 2000.

9a Steel 80 quenched from 740°C.

9b Steel 80 quenched from oE celgda overaged at 150°C.

Ic Steel 80 quenched from 740°C, overaged at 400°c.

9d Steel 60 quenched from 740°C, overaged at 150°C.
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mentioned above. In all cases the stretched sheets were

finally poaeiae tested at O° and 90° to the direction of

major principal strain after ageing at 20° for several

hours or at 6”, 135°; 180° or 220°C in the air GinculLating

furnace for 30 minutes.

3.6 Temper Rolling

Although a high ageing potential is advantageous

after pressing it is important that the sheet should not

age significantly during storage at room temperature before

pressing. In order to investigate the influence of

variations in the overageing temperature on the stability

of properties at room temperature after temper rolling,

sheets of two dual-phase steels and CRl were quenched

from 740° and 695°C respectively. The aieees were then

temper rolled ~ 1% in the as-quenched condition and also

after pre-ageing for 3 minutes at 200°, 300° and 400°C.

Finally tensile pieces were cut from the rolled sheets

and aged at 47°C for different periods of days. ‘This last

temperature was chosen to provide an acceleration of the

kind of ageing which can be expected to occur during

prolonged periods of storage at room temperature.

3.7 Dent Resistance Measurements
 

Dent resistance of the sheets were measured from the

point of view of resistance against localised static loads.

The effect of strain ageing on dent resistance was

studied by means of a denting test applied to panels
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stretched by wniaxial tension, plane strain, hydraulic

bulging and plane equibiaxial stretching. After stretching

some of the panels were aged at 180° or 220° for 30

minutes and subjected to denting tests using the apparatus

shown in Fig 10. The panels were clamped on the surface

plate of the apparatus and the denting was performed by

impressing a 50mm diameter steel ball into the surface of

the panel. The permanent dent depth of the panel after

releasing the load was measured by means of a micrometer

dial gauge. Dent resistance tests were carried out in the

50 ton Instron machine. These tests were made on flat

panels which had been prestrained in uniaxial tension,

plane strain or pquibiatiet ee6!ac and also on curved

panels equibiaxially stretched in hydraulic bulging.

In all cases the tests were made on sheets prestrained

in the as-received condition but in some cases tests were

also made on sheets which had been reheat-treated to give

different strain ageing potentials. The tests made on

flat panels will be described first.

S./.1 MlatvPanels

In the first stage of the work flat sheetsof dual-

phase 60, 80 and CRl1 were prestrained in the as-received

conditions to give a strain of 4% in the direction of

maximum extension in uniaxial tension or in plane strain.

After prestraining the steels were cut into panels

6 inches square, dent tested in the as-stretched condition

and after BH for a period of half an hour at temperatures



 
Fig 10. Apparatus used in dent resistance tests.
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of 180° or 220°C. It should be noted that the panels for

the as-stretched and aged at 180°C conditions were prepared

from the same prestrained sheets. A few tests were made

on as=received sheets which were not prestrained before

denting.

In the second group of tests, the sheets were reheat-

treated (water quenched from 740°C for the dual-phase

steels and from 695°C for CR1) and then pre-aged at 100-

150-200-300 or 400°C for 3 minutes. The sheets could not

be pre-aged at io) 150°C in the salt bath therefore the

pre-ageing at 100, 150, 200°C was carried out in an oil

bath. These reheat-treated sheets were stretched 4% in

uniaxial tension, then dent tested in the "as-stretched"

condition and after final ageing treatments of 180° or

220°C for a period of half an hour.

In-plane balanced biaxial stretching was carried out

in the Mays press. The sheets were stretched to give a

thickness strain of 4% or 8%. The stretched sheets were

then dent tested after final ageing treatments at 180°C

or 220°C.

3.7.2 Curved Panels

In the second phase of the work the steels were

stretched biaxially in a Mand hydraulic bulge tester in

the "as-received" and reheat-treated conditions. The

overall diameter of the stretched area was about 11-l2cms. The

sheets in "as-received" conditions were stretched to give



4% and 8% thickness strain at the pole of the bulge.

Curved panels were then dent tested in the as-stretched

condition and after the final ageing treatments of 180°C

and 220°C. The radius of curvature at the pole was

approximately 180mm after 4% strain and 105mm after 8%

strain. In the second part the steels were reheat-treated

as described previously with a full range of preageing

treatments in the range of 100°-400°c and then pre-

strained in the bulger to 4% thickness strain and dent

tested as-stretched and after the final ageing treatments.
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CHAPTER 4

EXPERIMENTAL RESULTS
 

4.1 Investigation of As-Received Sheets Using Tensile
 

Tests

4.1.1 Uniaxial Pre-Straining
 

Figures 11 to 13 show the results of tensile tests

made on the two dual-phase steels and aluminium stabilised

steel of CR1 quality after prestraining 4% in wniaxial

tension in the as-received condition. The tests were made

in the as-stretched condition and after final ageing

treatments of 90°; jaeNae ta. 220°c for 30 Minutes. The

figures show 0.5% proof stress and UTS values as a function

of the final ageing temperatures. After prestraining in

uniaxial tension the 0.5% proof stress of the dual-phase

was directional for tests at O° and 90° to the direction

of maximum extension in the prestrain.

The influence of elevated temperature ageing is

evident with dual-phase steels (Figs 11, 12). The results

show that there were useful increases in both 0.5% proof

stress and UTS values after ageing above 135°C, put fOr

the transverse (90°) tests an ageing temperature above

180°C was required to eliminate the directionality in

the 0.5% proof stress. The effect of ageing on the 0.53%

proof stress values were rather different from those on

the UTS values. The most important difference is that

the increase in the proof stress values are much greater

than those in the UTS particularly after ageing at 180°C

- 56 -



and 220°C.

The corresponding plot for the CR1 steel is shown in

Fig 13. No significant change in the values of 0.5%

proof stress and UTS were observed after ageing treatments

up to 250°C: but the 0.2% proof stress (Fig 14) indicated

a small rise in ageing.

4.1.2 Pre-Straining in Plane Strain

The effect of ageing temperatures after 4% pre-strain

in plane strain on the 0.5% proof stress and UTS values

of the dual-phase steels is shown in Figs 15 and 16.

In these tests the results are very similar to those

with pre-straining in uniaxial tension. As may be seen,

directionality in proof stress values was reduced on

ageing above 135°C. There was a Significant reduction in

directionality after ageing at 180°C but ageing at 220°C

was required to develop a large reduction in directionality

of the 0.5% proof stress values.

Fig 17 shows the corresponding results obtained from

the as received steel CRl1. As with uniaxial prestraining

the results show little difference in the flow stress

values measured at 0° and 90°C to the direction of

Maximum extension in stretching and very little change

after ageing.

4.1.3 Pre-Straining in Equibiaxial Stretching

Tensile test results obtained from the dual-phase

me i



steels after stretching equibiaxially to 4% thickness

strain followed by ageing treatments in the 20°. to: 220°C

range for 30 minutes are shown in ee Le Oe 19. on

the equibiaxially stretched conditions there was no sig-

nificant variation in flow strength with direction in

the sheet plane. However, considerable increases in the

0.5% proof stress and UTS values were achieved on ageing

at 180°C and ageing at 220°C gave the highest strengths.

However, the 0.5% proof stress values remained considerably

lower than the UTS values after all the ageing treatments.

A similar plot for biaxially stretched CRl steel is shown

in Fig 20. No significant change was observed in the

values of 0.5% proof stress and UTS after ageing treat-

ments up to 220°C.

4.1.4 Pre-Straining in Rolling

Figs 21 and 22 relate to results obtained from dual-

phase steels after prestraining 5% in rolling and then

ageing at the selected temperatures. Directionality of

the 0.5% proof stress was less than those observed

after uniaxial and plane strain stretching but the

reduction in directionality on ageing was rather small.

4.2 Effect of Variation in Pre-Ageing Temperature
 

This section relates to the investigation of the

influence of variations in the pre-ageing temperature

applied before pre-straining. The dual-phase steels

were re-heat treated by water quenching from 740°C and
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then overageing for 3 minutes at 200° 300°or 400°C.

The CR1 steel was water quenched from 695°C before ageing

at the above temperatures. Figs 23 to 34 show the

tensile test results obtained after prestraining 4% in

uniaxial tension, for the as-stretched condition and

after final ageing treatments of 180°c and 220°C for

30 minutes. Figs 23, 24, 25 and 26 show the 0.5% proof

stress values of the Soaphaee steels 60 and 80, which

were pre-strained in the as-quenched condition and after the

three pre-ageing treatments, and finally bake-hardened at

180°C or 220°C. As may be seen, with the as-quenched

condition, bake-hardening of 180°c was sufficient to

eliminate most of the directionalityin the rete stress

values.

With pre-ageing at 300°c or 400°C significant

directionality remained even with bake-hardening at

990°C. With pre-ageing at 200°C much of the directionality

was eliminated in bake-hardening of 180°C and bake-

hardening of 220°C eliminated the directionality almost

completely. The corresponding relationship for the CR1

steel are given in Figs 27 and 28. The changes in

strength of the as-quenched CR1 on ageing in the 90°C

to 220°C range were less than in the dual-phase steels.

The UTS values were not significantly directional and

they showed only a modest improvement with the bake-

hardening treatments. Directionality of the 0.5% proof

stress value was relatively small and it was practically
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eliminated after bake-hardening at 220°C.

4.3 Re-heat treated Conditions given Low Temperature

Ageing after Temper-Rolling

This section shows the tensile results of dual-phase

steels and CR1 steel which have been re-heat treated as

described in the previous section and then temper-rolled

about 1% and finally aged at 47°C for a prolonged period

of time. Equivalent ageing times at 20°C were calculated

using Hundy's equation ‘32),
ic

oe r/7-

where tL and t are the times to give the same degrees of

strain ageing at room temperature (TL) and a higher

temperature (T) respectively.

Results with the three steels are presented in the

form of stress and total elongation values as a function

of Log time at 47°C: in Figs 35 to 37. According to

Hundy's equation ageing at 47°C te approximately 16.9

times more rapid than at 20°c. From the changes observed

in samples which had been temper-rolled in the as-

quenched condition, it appears that considerable strain-

ageing occurred during specimen preparation in this

condition. The initial strengths of the samples were

high and the effect of prolonged ageing at 47°C was to

reduce this strength and to cause some improvement in

the total elongation from initially low values. However,

preageing at temperatures in the range 200°c-400°C

Stabilised the steels and the changes in flow strengths
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and elongation values detected during ageing at 47°C

for times up to 45 days were extremely small. It is

notable that increases in the preageing temperatures in

the 200°C to 400°C range caused significant increases in

the total elongation values, particularly for steel 60

and CR1l.

4.4 Dent Resistance Tests
 

4.4.1 Dent Resistance Results in the As-Received Condition

4.4.1.1 Flat Panels

Figs 38 to 40 show the dent resistance results of

the two dual-phase steels and CR1l in the as-received

condition. They are compared with results obtained with

the same steel after prestraining 4% in uniaxial tension.

With the dual-phase steels there is no significant change

between the panels, dent tested after 4% prestrain and

the one which is not prestrained. With the CRI1 steel

(Fig 40) there is a rise in dent resistance with the pre-

strained panel.

Fig 41 relates to flat panels of the dual-phase

steel 60 which were prestrained 4% in uniaxial tension

before dent testing in the 'unaged' and BH conditions.

As may be seen, the resistance to dents of O.2mm depth

is quite low after 4% prestrain and this value is greatly

improved by bake-hardening. The corresponding results

for dual-phase 80 are shown in Fig 42. The behaviour of

steel 80 was rather similar to steel 60. Fig 43 shows

results for the steel CRl. There is some improvement
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in dent resistance on BH but it is relatively small.

The dent resistance relationships of panels prestrained

4% in plane strain (Figs 44, 45 and 46) were essentially

similar to those with uniaxial stretching.

The results for flat panels of the as-received steels

which have been stretched equibiaxially to 4% and 8%

thickness strain prior to denting in the as-stretched and

BH conditions are shown in Figs 47 to 52. Fig 47 relates

to dual-phase steel 60. It was observed that the dent

resistance of low dent depths was quite low in the as-

stretched panels and this was almost doubled after the

BH treatment of 180°C. There was only a very small

improvement in increasing the BH temperature from 180°C

to 220°C. Fig 48 shows a similar plot for the dual-ph@se

60 stretched to 8% thickness strain.

The corresponding results for the dual-phase 80 are

shown in Figs 49and50. Apart from the higher dent

resistance which is expected from steel 80 the results

are Similar to those for steel 60. Figs 51 and 52 show

the dent resistance results obtained with CRL steel,

stretched equibiaxially to 4% and 8% thickness strain.

As after uniaxial stretching, the panels showed a small

improvement in dent resistance after the BH treatments.

The panel with the higher prestrain showed a larger

resistance to denting.

4.4.1.2 Curved Panels

The dent resistance results for curved panels, which

were prestrained equibiaxially in a hydraulic bulge tester

oe



to give 4% and 8% polar thickness strains, are shown in

Figs 53 to 58. The radius of curvature at the pole of

these bulged test pieces were 180mm and 105mm respectively.

Dent resistance was increased substantially with the

panels which had the higher prestrain and smaller radius

of curvature. It is shown that raising the BH

temperature from 180°C to 220°C increased the dent

resistance substantially andit is also shown that the

dent resistances of the curved panels were superior to

those of the flat panels. The results for steel CRI

are shown in Figs 57 and 58. It was observed that the

BH effect on the CR1 was relatively small.

4.4.2 Examination of the Dent Resistance of Re-Heat

Treated Panels

4.4.2.1 Flat Panels

The results of dent resistance tests made on re-heat

treated flat panels which have been prestrained in uni-

axial tension and dent tested in the as-stretched and BH

conditions are shown in Figs 59 to 63

Figs 59 to 61 relate to the results of DPL 60,

pre-aged at 200° 300°and 400°C. The results with a pre-

ageing temperature of 200°c (Fig 59) are rather similar

to those for the as-received wmniaxially stretched panels,

but with the pre-ageing at 300° and 400°C the improvement

in dent resistance is rather small.
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The corresponding results for DPL 80, shown in

Figs 62, 63 and 64, follow-rather similar trends to those

for DPL 60 steel. Bake-hardening at 180°C improved the

dent resistance substantially; with the BH temperature

of 220°C the dent resistance showed further improvement.

The results for CRl1 steel are shown in Figs 65 to

68. These include tests made on sheets which were pre-

aged below 200°C. An examination of the plot obtained

with pre-ageing at 150°C (Fig 65) shows that BH reduced

the denting load; this is believed to be due to the

overageing of the fine precipitates which are formed

during pre-ageing at 150°C. With pre-ageing at 200°C

dent resistance increased on ageing of 180°c and 220°c.

With sheets pre-aged at 300°c and 400°%c (Figs 67, 68) BH

at 180°C and 220°C also increased the resistance to

denting; the two temperatures having rather similar

effects. It was also observed that the dent resistance

obtained with heat-treated panels were higher than with

the as-received box-annealed condition even with the

pre-ageing temperature of 300°c and 400°c.

4.4.2.2 Curved Panels of Re-Heat Treated Sheets
 

Figures 69 to 86 show the results of dent resistance

tests made on circular hydraulically bulged testpieces

of about 180mm radius of curvature with polar thickness

of ~ 4%. The sheets used for these tests were reheat-

treated as described earlier but preageing temperatures

=(64—



below 200°C were examined in this case,

The results for dual-phase 60 steels are shown in

Figs 69 to 74. With the as-quenched condition and pre-

ageing treatment of 100°C (Fig 70) the resistance to

denting was improved by BH at 180°C: However, after BH

Be 3o0e the cade fcsietnes alchough Giguer than in

the as-stretched condition, was lower than with BH at

180°c. This is believed to be due to overageing during

the bake-hardening treatment at ry lagog Preageing at

150°C (Fig 71) with BH of 180°C and 220°C made similar

improvements in dent resistance. With a preageing

temperature of 200°c (Fig 72) BH made a relatively larger

increase in dent resistance. After preageing treatments

of 300°C and 400°C (Figs 73 and 74) dent resistance was

increased usefully but the general level of dent resistance

was low in comparison with that obtained from preageing

at 200°C. Results with dual-phase steel 80 are shown in

figs 75to80. The relations are rather similar to

those for dual-phase 60, except in the as-quenched

condition, where BH at 180°c and 220°C had clearly similar

effects in increasing the dent resistance; corresponding

results for CRl steel are shown in Figs 81 to8s6.

Figure 81 relates to the results of the as-quenched

condition. As may be seen, the dent resistance was

increased with a BH treatment at both 180°C and 220°C,

but the effect of BH at 220°C was lower than with BH at

180°C. Examination of the plot obtained with a preageing
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temperature of 100°c (Fig 82) shows that BH at 180°C

and 220°C reduced the dent resistance in this precipita-

tion-hardened condition. Figs 83 and 84 show the results

with preageing temperatures of 150°c ana 200°. Dent

resistance was increased by BH treatment and the two

BH temperatures had rather similar effects. The results

with pre-ageing temperatures of 300°c and 400°c are

shown in Figs 85 and 86. Dent resistance was increased

with BH treatment of 180°C and 220°c. In this case, a

higher dent resistance was obtained with BH at 220°.
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direction of extension in prestraining. The
tests made on samples,as-prestrained and after
bake-hardening at 220°c for 30 minutes.
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Hig 35 a-d

Effect of ageing time at 47°c on steel 60, temper-

rolled ~1% after quenching from 740°C and preageing

at 16a", 300° and 400°C (for S minutes) on 0.5% proof

stress, UTS and total elongation.

(a) as quenched (b) preaged at 200°C

(c) preaged at [oc (d) preaged at 400°c.
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Fig 36 a-d

Effect of ageing time at 47°C on steel 80, temper-

rolled w~ 1% after quenching from 740°C and preageing

at 200°, 300° and 400°C (for 3 minuteson 0.5% proor

stress, UTS and total elongation.

(a) as quenched (b) preaged at 200°C

(c) preaged at 300°C (d) preaged at 400°C
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Bag s7. a-c

Effect of ageing time at 47°C on steel CR1, temper-

rolled ~ 1% after quenching from 695°C and preageing

at a00" 300° and 400°c (for 3 minutes)on O.5% prooL

stress, UTS and total elongation.

(a) as quenched (b) preaged at 200°C

(c) preaged at 300°C (d) preaged at 400°C
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Fig 38. Dent resistance of flat panels of as-received
dual-phase 60.
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Fig 41. Effect of bake-hardening at 180° and 220°C for
30 minutes on dent-resistance of as-received

steel 60, stretched 4% in uniaxial tension.
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Fig 42. Effect of bake-hardening at 180°C and 220°c for

30 minutes on dent-resistance of as-received
steel 80, stretched 4% in uniaxial tension.
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Fig 43. Effect of bake-hardening at 180°C and 220°C for
30 minutes on dent-resistance of as-received

steel CR1 stretched 4% in uniaxial tension.
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Fig 44. Effect of bake-hardening at 180°C and 220°C for
30 minutes on dent-resistance of as-received

steel 60, stretched 4% with plane strain.
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Fig 45. Effect of bake-hardening at 180°C and 220°C for

30 minutes on dent-resistance of as-received
steel 80 stretched 4% with plane strain.
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Fig 46. Effect of bake-hardening at 180°C and 220°C for
30 minutes on dent-resistance of as-received
steel CR1 stretched 4% with plane strain.
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Fig 48. Effect of bake-hardening at 180°C and 220°C for
30 minutes on dent-resistance of flat panels
as-received steel 60, stretched to 8% thickness

strain in equibiaxial stretching.
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Fig 49. Effect of bake-hardening at 180°c and 220°C for

30 minutes on dent-resistance of flat panels as
received steel 80, stretched to 4% thickness

strain in equibiaxial stretching.
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Fig 50. Effect of bake-hardening at 180°c and 220°C EoOr
30 minutes on dent-resistance of flat panels
as-received steel 80, stretched to 8% thickness
strain in equibiaxial stretching.
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Fig 51. Effect of bake-hardening at 180°C and 220°C for

30 minutes on dent-resistance of flat panels as-
received steel CR1, stretched to 4% thickness
strain in equibiaxial stretching.
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Fig 57. Effect of bake-hardening at 180°C and 220°C for

30 minutes on dent resistance of curved panels
of as-received steel CRl1, stretched equibiaxially

to 4% thickness strain.
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Fig 59. Effect of bake-hardening at 180°C and 220°C for
30 minutes on dent-resistance of steel 60,
uniaxially stretched 4% after quenching from
740°C and pre-ageing at 200°C for 3 minutes.
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Fig 60. Effect of bake-hardening at 180°C and 220°C
for 30 minutes on dent-resistance of steel 60,
uniaxially stretched 4% after quenching from
740°C and pre-ageing at 300°c for 3 minutes.
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Fig 61. Effect of bake-hardening at 180°c and 220°C for

30 minutes on dent-resistance of steel 60,
uniaxially stretched 4% after quenching from
740 C and pre-ageing at 400°c for 3 minutes.

ia



30080

2788

2428

2190

188@

1588

D
E
N
T
I
N
G

L
O
A
D

(
N
)

1288

388

648

328

Q

Fig 62.

  

QUENCHED 74@ C,PRE-AGED 288 C

STEEL 8@ FLAT UNIAXIAL STRETCH E, =4%

 + NOT AGED

— —- OO Beis lee C

—-- * B.H. 228 C x

\ 1 l 1 l 4 J . j

oP 0.8 Lic | Gg.

DENT DEPIAH Cmm2

Effect of bake-hardening at 180°C and 220°C :
for 30 minutes on dent-resistance of steel 80,

uniaxially stretched 4% after quenching from
740°C and pre-ageing at 200°c for .3 minutes.

eae



QUENCHED 748 C, PRE-AGED 388 C

 

 

3008 -r
STEEL 8@ FLAT UNIAXIAL STRETCH, & =4%

2730 F + NOT AGED

——o B.H. 188 C

—-- * B.H. 228 C
2400 F x

-~ 2100 F
z

cS 1898 -

se

$
es 1500 F
od

ZL
LJ
Q

1208 ¢-

920 F

600 F

380 F

g 1 I i L 2 j a. ] i  
8.8 Q.4 8.8 L - 145

DENT DEPTH (Umm)

Fig 63. Effect of bake-hardening at 180°c and 220°C
for 30 minutes on dent-resistance of steel 80,
uniaxially stretched 43% after quenching from
740°C and pre-ageing at 300°c for 3 minutes.

Sele



QUENCHED 74@ C, PRE-AGED 488 C

3088
STEEL @@ FLAT UNIAXIAL STRETCH, E, =4%

2700 F  + NOT AGED

—--o B.H. 188 C

 * B.H. 228 C
2400 Ff

}
Q

Cio Tr

1880 F-

1506 F

D
E
N
T
I
N
G

L
O
A
D

(
N
3

1200 F

$68 Ff

608 Ff

300 F   B 1 l 2 j ce L 1 i oh

8.2 8.4 Q.8 Lee P25 os

DENT DEPTH (mm)

Fig 64. Effect of bake-hardening at 180°c and 220°C
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Fig 65. Effect of bake-hardening at 180°C and 220°C
for 30 minutes on dent-resistance of steel CRI,

uniaxially stretched 4% after quenching from

695 C and pre-ageing at 150°c for 3 minutes.
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bake-hardening.
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Fig 78. Effect of bake-hardening at 180°c and 220°C on

dent-resistance of curved panels of steel 80,
quenched from 740°C and pre-aged at 200°C before
bulging equibiaxially to 4% thickness strain and
then bake-hardening.
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CHAPTER 5

DISCUSSION

The main objectives of the research were, first, to

evaluate the directionality of the flow strength developed

in lightly stretched sheets of two representative dual-

phase steels and then to explore how the directional

strength can be changed by strain-ageing in a paint-baking

treatment applied after pressing.

In the first part of the work the evaluations were

made using wniaxial tensile testpieces which were Bue

from sheets which had been prestrained in wiaxial

stretching, plane strain stretching or equibiaxial

stretching. Previous work has shown that maximum differ-

ences in uniaxial yield strength are developed between the

directions in the sheet plane which are parallel and

perpendicular to the direction of maximum extension in

prestraining. The tests were therefore confined to these

two directions and flow strengths were characterised in

terms of the 0.5% proof stress and the UTS. These

measurements define the resistance to deformation by

static unidirectional stresses acting in the sheet plane.

However, an important property of external body panels is

resistance to denting caused by forces applied locally

at a large angle to the sheet plane. Such denting

involves complex stress systems and, although it is known
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to depend on sheet thickness, yield strength and panel

curvature, the influence of directional strength in the

sheet plane is not well understood. In the second part

of the research, dent resistance was explored experimen-

tally using the same materials, pre-treatments and

ageing conditions as were used in the investigation with

tensile tests. In this discussion the results of the

tensile tests will be considered first.

The two dual-phase steels used in the present work

were lean-alloy steels. Their carbon contents in weight

% were 0.06 and 0.09 respectively. The dual-phase steel

60 having a composition similar to those of conventional

batch annealed stabilised steels, while the dual-phase

80 had a higher manganese content of w~ 0.5% weight %

and higher phosphorous ~ 0.06%. In the as-received

conditions, the volume fractions of martensite were 0.11

for steel 60 and 0.14 for steel 80. For the purpose of

comparison, parallel tests were made on a commercial

stabilised steel of CR1 quality.

5.1 Investigation Using Tensile Tests

5.1.1 Tests Made in the ‘As-Received' Condition

In these tests the results with uniaxial and plane

strain stretching were very similar and they can be

considered together. The 0.5% proof stress and UTS values
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of the aluminium stabilised steel showed little change

after ageing at elevated temperatures of 90°, 1355, 180°

and 220°C and they also show only small differences in

the flow stress values measured at 0° and 90° to the

direction of maximum extension in stretching. “This is

typical of a material which contains only a very small

volume fraction of second phase particles and which

develops only a small Bauschinger effect. The behaviour

is different from that of the dual-phase steels which

contain relatively large volume fractions of martensite.

With the dual-phase steel the value of the 0.5%

proof stress measured at 90° to the direction of maximum

extension in stretching was generally significantly lower

than measured at O° to the eecetchae a@irection. This

is associated with the relatively large Bauschinger effects

which are caused by the dispersion of hard martensite

particles,

The 'as-received' dual-phase steels were aged, after

rapid cooling from the annealing temperature, at the

relatively low temperature of 260°C for ~ 1 minute.

The effect of this is to develop relatively high bake-

hardenability in ageing at the paint-stoving fecteae

(usually close to 180°C) after pressing. There were

useful increases in both the proof stress and UTS after

ageing for 30 minutes above 128%, but the effects of

ageing on the proof stress were rather different from

those in the UTS. The most important difference is that
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the increases in the proof stress values are much greater

than those in the UTS after ageing at 180°C. and. 220°C.

A point of particular interest in the investigations

is the extent to which the directionality in proof stress

values, which is developed in stretching, can be reduced

by ageing at paint stoving temperatures. In general,

there were very little changes in directionality after

ageing up to 135°C. There were Significant reductions in

the directionality after ageing at 180°C but ageing at

220°C was necessary in order to eliminate most of the

directionality of the proof stress. These results demon-

strate a limitation in the improvement of strength

properties which can be achieved at the usual paint-stoving

temperature of 170°=180°C.

Qualitatively, the results obtained in ageing after

prestraining in rolling are rather similar to those obtained

after stretching in uniaxial tension and plane strain, but

the extent of the directionality in the 0.5% proof stress

was much smaller in the rolled testpieces. This

difference is believed to be associated with. the more

complex deformation applied in rolling which leads to a

Smaller Bauschinger effect than that developed in wni-

directionally stretched sheets.

The results of ageing tests made on the three steels

after stretching in balanced biaxial tension to a thickness

strain of 4% showed no significant variation in the flow

strength with direction in the sheet plane. However, in
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contrast to the behaviour of the CR1 steel, with the dual-

phase steels the 0.5% proof stress values in the ‘as

stretched' condition were quite low relative to the

level of the UTS values. Comparing these results with

those obtained after uniaxial and plane strain stretching,

the difference between the 0.5% proof stress and UTS

values for the biaxially stretched sheets were closer to

the corresponding difference between the proof stress

and UTS values measured at 90° to the stretching direction.

Ageing at temperatures above 135°C caused a considerable

improvement in the proof stress values of the biaxially

stretched sheets but, as in the case of the 90° jopaeloha

stress values of unidirectionally stretched sheets, the

increase in proof stress after ageing at 180°C was much

less than that obtained by ageing at 22070:

Considering all the results for the tests made on

the dual-phase steel in the 'as-received' condition, it

is concluded that, while paint stoving at 180°¢c can

give useful increases in the strength values, the effect

on the 0.5% proof stress measured at 90° to the

stretching direction in wunidirectionally stretched sheets

is rather disappointing.

5.1.2 Tests Made on Sheets Preaged at Different
 

Temperatures

The programme of tests on the re-heat treated sheets

was designed to investigate the influence of variations in
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the ageing potential of the sheets. In this case, the

dual-phase steels were quenched from the annealing

temperature of 740°C and then, in most cases, they were

aged for 3 minutes at 2009 300°or 400°C before stretching.

The CR1 steel was quenched from 690°C to maintain a

single-phase structure but was also given similar ageing

treatments before stretching in order to vary the

strain-ageing potential of the steel. Preageing

temperatures within the 200°c to 400°C temperature range

had a large effect on the flow stress values of the steel.

Figs 87 to 95 summarise some of the effects of

variations in both the pre-ageing temperature and the

final bake-hardening Ceereese applied after 4% pre-

strain in uniaxial tension on the 0° and 90° 0.53 proof

stress values of the two dual-phase steels and CRI.

In the as-quenched condition with dual-phase steels, bake

hardening for 30 minutes at 180°C was sufficient to

eliminate most of the directionality of the proof stress.

Pre-ageing at 300°c or 400°C reduced the strain ageing

potential severely, so that the improvement in the

proof stress values after stretching and final ageing

at 180°C gave relatively small increases in the proof

stress values. As with the 'as-received' condition,

much better 'bake-hardenability' was obtained with the

sheets that had been pre-aged near 200°C.
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5.2 The Underlying Causes of the Observed Changes in
 

Bake-Hardening

As already mentioned, the much greater directionality

of proof stress values obtained in the stretched dual-

phase steels, as compared with sub-critically annealed

CR1L steel, is believed to be a consequence of the

directional internal stress system which is developed

during plastic deformation of an alloy strengthened by

non-deforming particles.

The tests made with the steels in a range of

conditions which gave different ageing potentials show

that the extent of the general rises in flow strength and

the reduction in directionality of the 0.5% proof stress

during the final ageing treatment depended on the ageing

potential of the steels. It is concluded that these

observed changes in strength were controlled mainly by

the strength and completeness of dislocation locking

during the final elevated temperature ageing treatment.

For the dual-phase steel sheets in the as-received

condition or after preageing at 200°C before prestraining

in uniaxial tension or plane strain, tensile tests made

at O° to the direction of maximum extension in the pre-

strain show a tendency towards return of the yield point

after bake-hardening at 90°c and a more definite

inflection in the load/elongation relationship after

bake~hardening at 135°C. Bake~hardening at 180°C and

200°C gave well developed sharp yield points. For tests
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at 90° to the direction of maximum extension under the

same conditions the load elongation curves were well-

rounded after BH at 90° and 135°C. After BHat 180°C

weak yield points were observed and after BH at 220°C

the yield point was well developed. After stretching

in equibiaxial tension sheets preaged at 200° (3 minutes)

or 260°C (1 minute) showed a return of the yield point

in BH at 180°C and 220°C which was rather similar to

that observed in the tests at 90°C with the wnidirect-

ionally prestrained sheets. With sheets of the dual-

phase steels preaged at 300°c and 400°C the yield point

returned much more gradually with increasing BH

temperatures than in the case of sheets preaged at

200°C%

Overageing of the quenched steels at temperatures

in the range 200°-400°C, even for times of 1 to 3 minutes,

iS expected to precipitate nearly all the carbon out

of solid solution and most of the nitrogen will be pre-

cipitated as aluminium nitride. Thus, after overageing

at 200°C or higher temperatures, strain ageing at

temperatures close to room temperature, which depends on

the concentration of dissolved interstitial solutes, is

expected to be very weak. This expectation is confirmed

by the results in ageing at 47°C after temper rolling.

However, at the higher ageing temperatures applied in

bake-hardening, fine carbide particles present within the

microstructure have significant solubility and carbon can
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be transferred from the precipitates to sites close to

the dislocation cores where binding of interstitial

atoms is strong. The extent to which such dislocation

locking, by transfer of carbon from precipitates, can

develop depends on the solubility of the precipitates at

the ageing temperature. As mentioned in the literature

survey, Overageing at relatively low temperature, such

as 200°C, for very short ageing times, can give very

small precipitates of an intermediate carbide (probably

the €-carbide) which have higher solubility than

cementite particles. The presence of such intermediate

carbides in samples overaged at 200°c for 3 minutes or

260°C for 1 minute, probably contributes to the

distinctly higher ageing potential in these conditions,

relative to those obtained by overageing at 300°c or

400°C, which gives cementite precipitates. However,

‘very small cementite particles are expected to have

Significant solubility in the cold worked structure at

temperatures in the 180°-220°C range. These effects of

the size and composition of the carbide precipitates

and the influence of temperature on their solubility

are believed to underly the observed effects of preageing

temperatures and the final bake-hardening temperature

on the strength of the bake-hardening reaction.

However, it is not clear that dislocation locking is

the only factor responsible for the changes observed at

the higher bake-hardening temperatures, particularly
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those which accompany ageing at 220°C which cause a

large reduction in the directionality of the proof stress.

The 0.5% proof stress values are increased appreciably

by increasing the bake-hardening temperature from

180°C to 220°C. The flow stress at high plastic strains,

defined by the UTS, is not significantly increased by

this rise in ageing temperature. This is possible

evidence that some small degree of dislocation rearrange-

ment or recovery occurs at the higher bake-hardening

temperatures. If dislocation rearrangement does occur

it would be expected to reduce the internal stresses

which are responsible for the directionality of the

proof stress in the dual-phase steels.

Results obtained with the CR1l steel are of interest

in relation to the possible occurence of a recovery

reaction. First it should be noted that in the ‘as

received' batch-annealed condition the results for the

CR1 steel, which show negligible strain-ageing, give no

indication of any softening of the cold worked structure

in final ageing treatments up to 220°c. It follows that,

if recovery does take place in the quenched and overaged

conditions of the steels, it must be associated with the

presence of the fine carbide particles and/or, in the

dual-phase steels with tempering of the martensite. In

considering possible changes of this kind it is helpful

to examine results obtained with preageing at 100°c and

150°C. These results are clearly consistent with
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"recovery' or tempering of the structure during ageing

at 180°C or 220°c: _

It is noticeable that the CR1 steel which was quenched

from 695°C and aged at 150°c shows effects which are

Similar to those observed with the dual-phase steels.

In the CR1, the changes must be associated with coarsening

and resolution of the very fine carbide particles which

are precipitated at the low preageing temperature. The

fine carbide dispersion clearly contributes significantly

to strengthening of the steel and changes affecting the

carbide dispersion would be expected to influence

the internal stresses present after cold working. Pre-

sumably, rather similar effects of changes in the fine

carbide precipitates will occur in the dual-phase steels.

This does not rule out additional affects associated with

tempering of the martensite but the results do not

provide independent evidence of this.

It should be noted that, for samples preaged at 200°C,

the final ageing at 220°C will certainly cause changes

in carbide distribution and further tempering of the

Martensite. The effect of final ageing at 180°C on

tempering expected to be smaller in this condition but,

due to the strain ageing reaction, it may still cause

considerable changes in the carbide dispersion.
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5.3 Dent Resistance

The most complete published work on the influence of

strength, sheet thickness and panel curvature on static

dent resistance is that of Miyahara and Yutori §/3"74) |

They showed that the load required to initiate a dent

was given by the relationship:

Pd =k tery (1)

where k is a constant, t is sheet thickness andoy is

the yield strength, Pd was taken = the load foras
O.lmm dent depth. The range of m for curved panel was

2.2-2.5 and for flat panels 1.4-1.8. The strength of the

panel had no systematic effect on the value of m. If,

from the above earlier work, their average values of m,

2.4 for curved panels and 1.6 for the flat panels, are

taken to apply to present results, then the effects of

the change in thickness from 0.89mm for the dual-phase

steels to O.77mm for the CR1 steel would give a reduction

of 21% with flat panels and 29% with the curved panels.

The curved panels used in this research were of a

considerably smaller radius of curvature than those

Mee) And i ie likely that theminvestigated by Yutori

coefficient was different from that which they found.

The effects of sheet thickness were not investigated in

this research but a comparison of results for the flat and

curved panels allows an estimate to be made of the ratio

of m values for the panel forms used.

For given values of k, t and.cy, equation (1) predicts
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that the ratio of m values for flat and curved panels

will be given by:

m (curved) _ log Pa (curved)
 

m (flat) log Pa Gilat)

where Pa is the load required to form a small dent of

standard depth. Values of m (curved)/m (flat) for uniaxial

stretching and equibiaxial stretching were derived in this

way and they are given in table (1). The derived ratios

shown in table (1) show significant differences with the

three steels. The {fateation is that mean m value ratios were

significantly higher with the CR1l steel than with the dual-

phase steels and that the values of dual-phase 60 were

slightly higher than those for dual-phase 80. Considering

the extremes and assuming that m for flat panels was about

1.6, the mean values of m for curved panels of CR1 would

be about 2.8, that for the dual-phase 60 would be about

2.1 and for dual-phase 80 about 1.8.

Figs 96, 97 and 98 summarise the influences of

variations in the preaged treatments within Poa k

1502400°c for 3 minute periods on the load which gave the

O.2mm and 1.0mm dents in as-stretched and bake-hardened

conditions. All the preageing treatments gave substantial

increases with the dual-phase steel and even with the

CR1 steel.

For the high-bake hardenability condition given by

preageing at 200°C the increases in dent resistance for

the curved panels were substantially higher than those for
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the flat panels. More generally, for O.2mm dents on

sheets preaged in the 200°c-400°c range, the increments

in dent resistance caused by bake hardening in the curved

panels were greater than those with flat panels. It is

possible that these differences in the behaviour of flat

and curved panels is related to differences in the stress

systems generated by denting. Yutori et ai (7#) have shown

that with curved panels there is a larger compressive

component in the stress system.

For sheets pre-aged at 150°C it is clear that temper-

ing and/or recovery during bake-hardening has a large

influence; for example, the increases in dent resistance

caused by bake-hardening at 220°C are either less than or

very little greater than thosegiven by BH at 180°c, -In

view of the results obtained with pre-ageing at 150°C

it seems possible that behaviour in conditions pre-aged

at 200°C may also be influenced to some extent by tempering

or recovery during the BH treatments; for example, with

flat sheets of the 80 steel uniaxially prestrained the

increment in dent resistance caused by increasing the BH

temperatures from 180° to 220°C was greater in the pre-

aged at 300°C condition than in the pre-aged at 200°c.

Curved panels of the 60 steel showed the unexpected result

that, for the O.2mm dent, BH at 180°c gave a somewhat

better dent resistance than that after BH at 220°c.

The loads for 0.2mm dents in flat and curved panels

in the as-stretched and BH conditions are summarised in
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tables 2, 3, 4 and 5. Individual results show a fairly

wide scatter but, considering results of the two dual-

phase steels, to a first approximation the absolute

increases in denting load for a particular dent depth

and BH treatment are of the same order of magnitude for

dents with the four different conditions of prestraining,

although on the whole the increments with prestraining

in equibiaxial tension may tend to be slightly lower

than those with prestraining in uniaxial stretching or

plane strain. The increments for ageing at 220°C are

significantly higher than those for ageing at 180°C,

but while the mean ratio of the increments increase

for BH at 220°C/increase for BH at 180°C, for the flat

panels is about 1.2, the corresponding ratio for the

curved panels is about 1.6.

The absolute increments in denting load obtained

with the CR1l steel tested under equivalent conditions

were typically about 0.3 of the corresponding increments

obtained with dual-phase steels. However, the dent

resistance of the CR1l steel is very much lower than those

of the dual-phase steels and, if proportionate, rather

than absolute increases are considered, then values for

the CR1 steel are generally rather similar to those for

the dual-phase steels.

Comparing the results for increases in dent

resistance caused by BH at 180°C and 220°C for 30 minutes

with the increase in 0.5% proof stress values, given in
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tables 6 and 7, it is evident that the tensile test

results do not give a quantitative prediction of the

effects of BH on dent resistance. In all cases the

proportionate increases in dent resistance were greater

than would be predicted from the increase in the 0.5%

proof stress values. The relationship between the 0.53

proof stress values and the dent resistance loads, for

O.2mm and 1.0mm deep dents, are summarised in Figs 99 to

104. The filled symbols refer to conditions bake-hardened

at 180°C and 220°C which are not distinguished in this

case. Open symbols refer to results in prestrained cond-

itions which were not bake-hardened. Results for heat-

treated conditions with the pre-ageing temperatures of

200$ 300°and 400°C are included with the as-received

condition where they are available with dual-phase steel.

The rather wide scatter of the results: shown in

Figs 99 to 104 is in part due to the inclusion of 0.53%

proof stress values measured at both 0° and 90° to the

direction of maximum extension. However, relations with

the proof stress values measured at a and 50°, are

distinguished by plotting as small and large symbols

respectively. It is clear from the plots that, in general,

the Pm proof stress relationships for bake-hardening

conditions (filled symbols) tend to be ine than those

for the stretched conditions but this is particularly

true when results for proof stress values measured in the

0° direction are considered. The general level of results
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in this former condition is not only lower but also the

Slope of the P, - proof relation tends to be less than
d

corresponding to aged conditions. The difference is

more clearly resolved in the case of the 1.Omm dents.

Differences in the effects of bake-hardening on the

0.5% proof stress values and the dent resistance are

particularly evident in the case of the CR1-steel.

Equation (1) indicates that the load required to make a

small dent is expected to be directly proportional to

the yield strength of the steel. The results show that

when the proof stress or yield strength values are

measured in the direction of maximum extension either in

tensile tests or from specimens cut from actual pressings

equation (1) will not necessarily give reliable predic-

tions of the increases in dent resistance due to bake-

hardening. This is important because yield stress values

measured in these ways have been used to predict dent

resistance before and after bake-hardening. /°’

Dent resistance depends on complex stress systems

which involves bending stresses and compression as well

as tensile stresses ‘74) , As results of tensile tests made

on the dual-phase steel show the proof stress values in

tests made at 90° to the direction of maximum extension

can be much lower than those measured at O° to this

direction. However, these tests do not involve a complete

reversal of the stress system as is involved in compressive
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straining after tensile straining.

In earlier work, Bauschinger tests made in tension-

emustar or reversed torsional straining, showed that

the proof stress (0.1% offset for example) is extremely

low after stress reversal in both dual-phase and sub-

critically annealed low-carbon steels. In the case ot

the latter, measurements made in torsion tests, which

allow reversal of the stress systems without cutting or

machining, are available from the work of Ogram and

Wilson ‘34) , They include results for a fine grained

low-carbon steel having a relatively low ageing potential

due to about 0.002 weight % dissolved nitrogen. After 5%

prestrain and unloading the 0.1% proof stress in continued

forward deformation was 145 MPa but in reversed

straining it was only 100 MPa. However, ageing for 10

Minutes at 89°C, was sufficient to increase the 0.13%

proof stress in reversed straining to about 117 MPa.

This was more than double the increase observed in continued

forward straining. These results indicate that

relatively light dislocation locking can cause rather

large increases in the 0.1% proof stress measured in

reversed straining. Changes affecting low proof stress

values, such as the 0.1% proof stress, may be important

in relationship to dent resistance.

As in existing tests, unfortunately it is very difficult

to cut and machine testpieces from a large pressing with-

out some ageing and, as a result, the measured 0.1%
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proof stress values do not give a reliable indication of

the 'as-stretched' condition. Probably the observed

increase in dent resistance of CRl steel after BH in the

as-received condition is caused by a small amount of

dislocation locking which might be expected to influence

proof stress measured at small permanent sets,

particularly when restraining invalves a stress reversal.

In the present work the measurements of the 0.5% proof

stress do not detect a change of this kind but the

0.2% proof stress values shown in Fig 14 indicates a

rise in elevated temperature ageing.

These comments on the difficulty of measuring

reliable low proof stress values, such as the proof

stress at 0.1% offset, apply to tests made on testpieces

which have to be cut and machined from large prestrained

sheets. The results in tables 6 and 7 and Figs 99 to

104 show that the increments in yield stress values made

at O° to the direction of maximum extension did not give

a reliable indication of increases in dent resistance

caused by BH. However, it is possible that, if reliable

values of the 0.1% proof stress could have been measured

in the as-stretched condition at 90° to the direction of

Maximum extension in prestraining, the increment in the

0.1% proof stress values caused by bake-hardening would

have been considerably larger than the observed changes

in the 0.5% proof stress values. If this were so, it
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seems that 0.1% proof stress made in the 90° direction

might give a more reliable guide to the increments in

dent resistance. In order to test this possibility it

would be necessary to cut out tensile testpieces from

the sheets without any significant ageing.
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Effects of variations in preageing temperature (for
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minutes) on 0.5% proof stress measured at 0° and 90
to direction of extension: in prestraining. Hor dual-
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Bags, 9O to 937.

Effects of variations in preageing temperature (for

3 minutes) and bake-hardening temperature (for 30

minutes) on 0.5% proof stress measured at 0° and 90°

to direction of extension in =a Por dual

phase steel 80 stretched 4% in uniaxial tension before

bake-hardening.

Fig 90 as quenched from 740°C.

Fig 91 preaged at 200°c.

Fig 92 preaged at 300°C.

Fig 93 preaged at occ.
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Figs 94 to 95.

Effects of variations in preageing temperature (for

3 minutes) and bake-hardening temperature (for 30

minutes) on 0.5% proof stress measured at O° and 90°

to direction of extension in prestraining. For steel

CR1 stretched 4% in uniaxial tension before bake-

hardening.

Fig 95 preaged at 200°C.

Fig 96 preaged at 400°C.
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Table 1

Ratios of m values for curved and flat panels estimated
from loads giving O.2mm dents.

Ratios of Log P for flat panels/Log P for curved panels,
where dent depth is 0.2mm and the radius of curvature
is ~ 180mm. An effective prestrain of 4% was applied
in each case.

 

Mode of prestrain Dual-phase Dual-phase | CREE
and BH treatment 60 80
 

Uniaxial tension

As-stretched L.6 1.08 DE eT.

BH at 180°C 4.28 1.04 130

BH at 220° ris 1.07 1.58

Mean values 1.34 OG lS OS

Balanced biaxial
tension

As-stretched Zo ees 1.69

BH at 180°C 1.24 410 Is

BH at 220°C Loe 1.14 1.70

es values slie2 4 6 1.64   
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Table 7

Effect of bake-hardening on 0.5% proof stress values
for sheets stretched in equibiaxial tension to a thickness
strain of 43%.

 

Material and [0.5 Increase in Percentage
BH treatment (MPa) 50.5 MPa increase in

FO.5
 

Dual-phase 60

As stretched 444

BH at 180°C 472 32 7.2

BH at 220°C 519 75 16.9

Dual-phase 80

As stretched 549

BH at 180°C 588 39 7.1

| BH at 220°C 633 84 15.3

Steel CR1

As stretched 318

BH at 180°C 322 4 bay

BH at 220°C 328 10 at   
roe
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CHAPTER 6

CONCLUSIONS

The following conclusions are based on tensile tests

and static dent resistance tests made on the two lean alloy

dual-phase steels designated 60 and 80 andor comparative

tests made on a batch annealed CR1 steel. The steels

were pre-strained in uniaxial tension, plane strain and

equibiaxial straining before bake-hardening (BH) for 30

minutes at various temperatures in the range 90°C=-220°C.

Usually the effective strain applied in pre-straining was

4% but in some cases higher pre-strains were used and

tests were also made after rolling reductions of 1% and

about 4%.

Conclusions 1 to 3 relate to tests made in the 'as-

received' commercially processed condition. In the case

of dual-phase steels this involved water quenching from

740°C followed by overageing for 1 minute at 260°C and

temper-rolling me ti.

i. In the as-stretched condition (before bake-hardening)

the dual-phase steels which had been stretched in

uniaxial tension or plane strain showed large

differences (40 MPa) in the 0.5% proof stress values

and smaller difference in UTS values measured at

0° and 90° to the direction of maximum extension.

The batch annealed CR1 steel showed only relatively

small differences in these flow stress values

“7163



(12 MPa) measured at O° and 90° direction.

After 4% pre-strain in rolling the directional-

ity of flow stress observed with the dual-phase

steels was qualitatively similar to those obtained

with pre-straining in uniaxial tension and plane

strain but the directionality in the 0.5% proof

stress was significantly smaller in the rolled pieces.

Results after pre-straining fA balanoed biaxial

stretching were not directional but the differences

between 0.5% proof stress and UTS values were closer

to those seen in the 90° direction obtained in wi-

axial tension or plane strain.

The differences in the directionality /

observed with dual-phase steels and the CRI1 steel

after stretching in uniaxial tension or plane strain

is believed to be related to internal stresses

arising from the presence of hard second phase

particles in dual-phase steels. Such directionality

in the sheet plane was less in the rolled sheets than

in unidirectionally stretched sheets because of the

more complex deformation in rolling and it was

absent after equibiaxial stretching.

Bake-hardening above about 135°C caused increases

in UTS and 0.5% proof stress values. After BH at

180°C or 220°C the increases were greater in the

proof stress values, particularly those measured

at 90° to the direction of maximum extension. Thus

1



ments. Earlier work

directionality in the proof stress values in sheets

stretched uniaxially and in plane strain was reduced

by BH at 180°C and it was almost eliminated by. BH

at 220Cc.

After equibiaxial stretching the increases in

the 0.5% proof stress values after BH at 180° ana

220°C were rather similar to those observed at 90° to

the direction of maximum extension in sheets pre-

strained in uniaxial stretching or plane strain.

In sheets re-heat treated, water quenched and

pre-aged for 3 minutes at different temperatures in

the range of 20°c-400°C, it was observed that pre-

ageing at 300°C or 400°C caused a marked reduction in

the improvement in 0.5% proof stress values given by

BH at 180°C and 220°C. Pre-ageing at 200°c for 3

minutes gave bake-hardenabilities which were similar

to those observed with the as-received sheets. With

dual-phase sheets quenched from 740°C and not pre-

aged before stretching the rises in the strength and

reduction in directionality occurred at lower BH

temperatures.

The results of tests on sheets with different

strain ageing potentials outlined in conclusion 4

indicate that dislocation locking by interstitial

atoms, mainly carbon, was the dominant factor promoting

the increase in flow strength developed by BH treat-

(34) suggests that during strain-

aeLo



ageing at high BH temperatures, some of the carbon

involved in the dislocation locking may be derived

from resolution of fine precipitates.

Tensile tests made on sheets which had been pre-

aged at various temperatures before temper-rolling

about 1% and then strain-ageing at 47°C for 6 weeks

showed negligible increases in the 0.5% proof stress

and UTS values where the pre-ageing temperature was

200°c or higher. It was concluded that room

temperature strain-ageing will be negligible provided

the pre-ageing temperature is above 200°C.

Dislocation locking may not be the only factor

responsible for the changes in directionality of flow

strength developed in the dual-phase steels by the

higher BH temperatures. Tempering of the micro-

structure with some relief of the internal stresses

may also be involved, particularly in the eae cs

sheets which are pre-aged for a short time at relat-

ively low temperatures. With sheets which are

stretched in this condition, BH for 30 minutes at

temperatures of 180°%e or 220°C probably causes some

coarsening of the fine carbide precipitates and

further tempering of the martensite.

In all conditions examined, bake-hardening @t

180°C or 220°C gave substantial increases in static

dent resistance. With the dual-phase steels, the

absolute increases in denting load for a given depth

1a
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of dent and bake-hardening treatment were, to a first

approximation, rather similar for dents made with

the four different conditions of pre-straining (flat

uniaxial stretching, flat plane strain, flat equi-

biaxial stretching and equibiaxial bulging).

The loads required to form small dents in flat

panels using a tool of 50mm diameter were quite small

even with the dual-phase steels, for example, in

steel 60 prestrained 4% with a 0.5% proof stress

value of about 460 MPa. The load giving a O.2mm deep

dent, Po.2/ was 260 N. Bake-hardening for 30 minutes

at 220°C gave about 80% increase in this denting load.

With the bulged panels of w~ 180mm radius of

curvature, Po.2 were substantially higher than in the

case of flat panels. Thus the proportionate increases

in denting load developed by a given bake-hardening

treatment was less in the curved panels than in: the

flat panels. For example, with the dual-phase steel

60 bulged to give a thickness strain of 4%, the

percentage increase in Po.2 caused by bake-hardening

was ~ 30%.

The increments in dent resistance caused by bake-

hardening at 220°C were significantly higher than

those caused by bake-hardening at 180°C. However,

while the mean ratio of the increments with these two

temperatures, increment with 226-C/ increment with

180°, was only about 1.2 with flat panels, it was

~~ ia
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Las

about 1.6 with the posed panels. The difference

May arise from differences in the stress systems

developed during denting of the two forms of panels.

In all cases the proportionate increases in

dent resistance were greater than would be predicted

from observed increases in the 0.5% proof stress

values in tensile tests. In terms of the relation-

(73) which assumes thatship proposed by Miyahara

dent resistance with a given thickness of sheet is

directly proportional to its yield stress, the dent

resistance of the dual-phase steels observed at a

given value of the 0.5% proof stress tended to be

higher in the bake-hardened condition than in the as-

stretched conditions. This was particularly true

with the higher strength steel 80.

Tests made with re-heat treated sheets, pre-aged

at different temperatures to give different strain

ageing potentials, showed that the expected trend of

higher increments in dent resistance with higher

ageing potentials for a given bake-hardening

treatment. However, even with relatively high pre-

ageing treatments (e.g. 3 minutes at 300°C or 400°C)

the increments in dent resistance obtained in bake-

hardening at 180°C or 220°C were substantial. Also

the batch annealed CR1 steel showed significant increases

in dent resistance after these bake-hardening treatments.
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1S.

These results would not be predicted from measure-

ments of changes in the 0.5% proof stress in tensile

GESES <

The observation that bake-hardening gave signi-

ficant improvements in dent resistance with the

conditions which are expected to be of low ageing

potential probably indicates that even light dis-

location locking can give useful increases in dent

resistance. The influence of such light locking on

the effective elastic limit developed in denting,

which involves compressive components of stress, is

not necessarily shown in the 0.5% proof stress values

measured in tensile tests. It is possible that

proof stress values measured at a very low offset

(e.g. 0.1%) -at 90° to the direction of maximum

extension in prestraining would give better agreement

but there are considerable difficulties in obtaining

reliable 0.1% proof stress values for the unaged

condition in testpieces which have to be cut from

large panels.

The results summarised in conclusions 12 to 14

indicate that measurements of the yield strength

made in tensile tests will not in general provide a

reliable quantitative prediction of increments in

dent resistance generated by bake-hardening and,

whenever practicable, actual dent resistance tests

should be made.
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