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Abstract

Despite the presenceof high-carbon martensite, TRIP-assisted steels

possesslargeuniform elongation. High-carbon martensite is normally brittle.

In this thesis, it has beendemonstratedthat this apparent anomaly is due

to the �ne sizeof the martensite plates.

The mechanical propertiesof thesesteelsare due to the transformation

of retainedausteniteinto martensiteduring deformationand henceappear to

be dominatedby the volume fraction and carbon content of retained austen-

ite. These parametershave been related to the chemical composition and

heat treatment of the steelswith neural networks, using publisheddata.

An optimum alloy was formulated by combining the neural network

with a geneticalgorithm, to minimise the silicon addition whilst maximising

the retained austenite fraction. This resulted in the creation of a radically

di�erent microstructure, designated� -TRIP.

Transformation of austenite into martensite during deformation ceases

beyond a critical strain. A theory has beendeveloped to predict this limit.

Calculationsusingthe theory indicate that the high-carbon austenitein these

steelsmay transform into martensite due to stress,rather strain.

Thesematerials are often tested for stretch-
angeabilit y, a measureof

formabilit y. Neural network analysisof the publisheddata revealedthe ulti-

mate tensilestrength to be the most important tensileparameterin
uencing

stretch-
angeabilit y.
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Chapter 1

In tro duction

The worldwide demand for a reduction in greenhousegasemissions,better

fuel economy and safety in automobileshasled to the development of a vari-

ety of steels. In addition to the high strength, thesematerials can be formed

into complexshapes. The steelsrely on the transformation of austenite into

martensite during deformation for achieving their mechanical propertiesand

henceare known as transformation-inducedplasticity (TRIP) steels.

There are two typesof such steels.Thosehaving a fully austenitic mi-

crostructure are called TRIP steels[Zackay et al., 1967]. Thesesteelstend

to be rich in nickel and other expensive austenite stabilising elements. By

contrast, austenite is only a minor phasein the overall microstructures of

TRIP-assistedsteels[Matsumura et al., 1987a;Takechi et al., 1987]. Allotri-

omorphic ferrite comprisesabout 50-60vol.% of the microstructuresof these

materials, the remainderbeing a mixture of bainite and carbon-enriched re-

tained austenite. TRIP-assisted steelsare generally lean in solute content

with only about 0.2 wt% carbon, 1.5 wt% manganeseand some1-2 wt%

silicon. It is neverthelesspossibleto retain copiousamounts of austenite in

1



2 1.1 Scope of the research

the microstructure. This is due to the fact that silicon retards cementite pre-

cipitation from the untransformed austenite during bainite formation. The

carbon that is partitioned into the untransformed austenite following the

formation of bainite, stabilises it and allows it to be retained at ambient

temperature.

1.1 Scope of the research

As will beevident from the next Chapter, there is a hugeamount of published

work on TRIP-assistedsteels,hardly surprising given their technological im-

plications. At the sametime, much of this research is repetitiv e and has

ignored somepuzzling issueswhich are the subject of this thesis.

There is, for example,no theory to describe whether the transforma-

tion of the austenite during deformation is a consequenceof stress,plastic

strain or a combination of these. This is not a trivial issuebecausethe e�ect

of stressis purely thermodynamic whereasplastic strain has an ambivalent

in
uence on martensitic transformation. Defectsintroducedby deformation

may provide heterogeneousnucleation sites for martensite, thereby acceler-

ating the decomposition of retainedaustenite. In contrast, martensitic trans-

formations involve the displacement of glissileinterfaces,which are hindered

by dislocation debriscreatedby plastic strain. Indeed,it hasbeenknown for

a long time that excessive plastic strain can stop martensite from forming

by a processof mechanical stabilisation. There is, however, no quantitativ e

theory capableof predicting this phenomenon{ to achieve such a description

was oneaim of the work.

There is much research on the roles of silicon in TRIP-assistedsteels,
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all of which aims to reduceits concentration to a minimum. This is in order

to improve the all-important surfacequality, a critical factor in automobile

steels.However, attempts at doing this or to replacesilicon with aluminium

frequently fall foul of the needto retard the formation of cementite during

the courseof the bainite reaction. The concentrations of silicon-substitutes

that can be addedare limited by the fact that elements such as aluminium

form 
 -loopson phasediagrams. At a largeenoughconcentration, it becomes

impossibleto fully austenitisethe steelbecauseof the stabilit y of � -ferrite.

It was felt at the outset that this fear of � -ferrite is unjusti�ed since

TRIP-assistedsteelscontain a large amount of allotriomorphic ferrite. The

latter could simply be substituted by � -ferrite, to form a new classof steels,

heredesignated� -TRIP. This conceptwas another aim of the work.

A major puzzlewhich is neglectedin publishedwork, is why the forma-

tion of untempered,high-carbon strain-inducedmartensitedoesnot embrittle

the TRIP-assistedsteels.The solution to this problem is an outcomeof this

thesis.

Finally, therearemany measuresof formabilit y quotedin the literature,

but development work seemsto focuson an empirical product of the ultimate

tensile strength and elongation. This makes it very di�cult to de�ne how

good steel microstructures, which perform well during forming operations,

can be developed. The justi�cation for the formabilit y criteria is another

feature of the present work.



Chapter 2

TRIP-assisted steels

An overview of TRIP-assisted steels is presented in this chapter. Typical

mechanical properties such asproof strength (YS), ultimate tensile strength

(UTS), total elongation (TEL), strain-hardening exponent (n) and plastic

anisotropy (�r ) of variousautomobilesteelsareshown in Table2.1. As canbe

seen,any increasein strength is in generalassociated with a lossof ductilit y.

The exceptionsare the TRIP-assistedsteels,whereconsiderableductilit y is

obtained in spite of the strength. Thesepromising properties are thought to

be due to transformation-inducedplasticity.

4



5 2.1 Martensite and TRIP steels

Steel type YS / MPa UTS / MPa TEL / % n �r
Mild 140/270 140 270 38-44 0.05-0.15 1.8
BH 210/340 210 340 34-39 0.23 1.8
BH 260/370 260 370 29-34 0.18 1.6
IF 260/410 260 410 34-38 0.13 1.7
DP 280/600 280 600 30-34 0.2 1.0
IF 300/420 300 420 29-36 0.21 1.6
DP 300/500 300 500 30-34 0.2 1.0

HSLA 350/450 350 450 23-27 0.16 1.0
DP 350/600 350 600 24-30 0.22 1.1
DP 400/700 400 700 19-25 0.14 1.0

TRIP 450/800 450 800 26-32 0.14 0.9
HSLA 490/600 490 600 21-26 0.24 1.0

DP 500/800 500 800 14-20 0.13 1.0
SF 570/640 570 640 20-24 0.14 1.0
CP 700/800 700 800 10-15 0.08 1.0
DP 700/1000 700 1000 12-17 0.13 0.9

Mart 950/1200 950 1200 5-7 0.09 0.9

Table2.1: Typical mechanicalpropertiesof steelsfor automotiveapplications
[ULSAB-AVC].

2.1 Martensite and TRIP steels

In steels, austenite can transform to ferrite either by a reconstructive or

a displacive mechanism. In reconstructive transformation, all the atomic

bonds are broken and the atoms are rearranged into the new form while

minimising the overall strain energy. A displacive transformation occursby

a homogeneousdeformation of the original crystal structure. Martensitic

transformation is displacive and can occur at temperatures where di�usion

is inconceivable within the time scaleof the process.Transformation starts

only after cooling to a particular temperature called martensite-start tem-

perature or M S. The fraction transformed increaseswith the undercooling
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below MS. A martensite-�nish temperature or M f is usually de�ned as the

temperature where 95% of the austenite has decomposed. Unlike M S, M f

hasno fundamental signi�cance.

Martensite can also be induced to form by stress or strain at tem-

peratures above M S [Scheil, 1932]. The work done by an external stress

compensatesfor the shortfall in the driving forcefor transformation to occur

above MS [Patel and Cohen,1953]. The higher the temperature above M S,

the greater is the magnitude of the stressrequired. However, the strength

of the austenite is lower at high temperatures. When the stressrequired for

transformation exceedsthe strength of the austenite,plastic strain precedes

transformation. This lowers the stressrequirement for transformation, as

illustrated in Figure 2.1. However, martensite can only form upto a cer-

tain maximum temperature limit termed as M d temperature, above which

austeniteonly deformsplastically.

In steelscontaining austenite in the temperature range M S-Md, the

formation of martensite during plastic deformation helpsto maintain strain-

hardening. This delays the onsetof necking, resulting a large uniform elon-

gation. This is why TRIP steelsare useful.

The �rst practical exploitation of TRIP came from Zackay and co-

workers who developed steelswith dramatically improved elongation, as a

consequenceof deformation-inducedmartensitic transformation [Zackay et

al., 1967]. However, thesealloys contained large concentrations of expensive

soluteswhich restricted their popularity (Table 2.2). The alloys were fully

austenitic at ambient temperature.

The elongation obtained can vary with the tensile test temperature
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Figure 2.1: Stressrequirement for martensitic transformation above M S in-
creasesat higher temperatures; formation of martensite is not possiblebe-
yond M d.

C Si Mn Cr Ni Mo
0.31 1.92 2.02 8.89 8.31 3.8
0.25 1.96 2.08 8.88 7.60 4.04
0.25 1.90 0.92 8.80 7.80 4.00
0.25 - - - 24.4 4.10
0.23 - 1.48 - 22.0 4.00
0.24 - 1.48 - 20.97 3.57

Table2.2: Typical chemicalcompositions(wt%) of early TRIP steels[Zackay
et al., 1967].
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(Figure 2.2) due to changesin the stabilit y of austeniteto martensitic trans-

formation; this is oneof the key designissues.

Figure 2.2: Mechanical properties of TRIP steelsdepend strongly on the
test temperature. The elongation shows a maximum at an intermediate
temperature betweenM S and M d [Tamura et al., 1970].

2.2 Mo dern TRIP-assisted steels

In the 1980's, the TRIP e�ect was demonstrated in low-alloy steelsmade

with 0.2 C, 1-2 Mn and 1-2 Si (wt%) [Matsumura et al., 1987a;Takechi

et al., 1987]. The microstructures consistedof 50-60vol.% allotriomorphic
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ferrite, 20-30 vol.% carbide-freebainite, the remainder being high-carbon

retained austenite with somemartensite, Figure 2.3 [Jacqueset al., 2001b].

Such steelsare henceforth referred to as TRIP-assisted to distinguish them

from fully austenitic TRIP steels.

The TRIP-assisted alloys are lean and hencea�ordable (Table 2.3).

They typically contain only 10-30vol.%austenite[Hanzaki,1994;Matsumura

et al., 1992;Sakumaet al., 1991a;Sugimoto et al., 1993,1992a]. The mi-

crostructural evolution of thesematerials is describedin the following section.

Figure 2.3: A typical multiphase microstructure of a modern TRIP-assisted
steel, with allotriomorphic ferrite (F), carbide-freebainite (B) and retained
austenite (A) [courtesyof Jacques].

2.3 Microstructural evolution

The microstructure of TRIP-assistedsteel can be generatedusing both hot

rolling and cold rolling. Hot rolling is generallycarried out at temperatures

where the steel is fully austenitic. After rolling, the material is cooled to
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C Si Mn Al P Nb Mo Cu
0.38 1.53 0.83 0.007
0.18 2.0 1.5 0.037 0.015
0.19 2.48 1.49 0.036 0.014
0.11 0.59 1.55 1.5 0.012
0.14 0.53 1.57 0.204
0.22 1.55 1.55 0.028 0.035
0.20 1.47 1.51 0.028 0.004 0.047 0.2
0.20 1.6 1.6 0.028 0.041 0.3
0.21 1.49 1.49 0.028 0.005 0.017 0.1
0.14 1.49 1.51 0.04 0.0012 0.51

Table 2.3: Typical chemical compositions (wt%) of TRIP-assisted
steels[Chenet al., 2002;Hanzakiet al., 1995;Hashimotoet al., 2004;Jacques
et al., 2001b;Jiao et al., 2002;Kim et al., 2002;Matsumura et al., 1987b;
Sugimotoet al., 1992a].

ambient temperature. The cooling rate is controlled so that austenite �rst

transforms to allotriomorphic ferrite and then to bainite. However, a two-

stageannealingtreatment is required to producethe desiredmicrostructure

in cold rolled TRIP-assisted steels (Figure 2.4). The material is initially

heatedto a temperature in the (� + 
 )1 phaseregiongeneratinga mixture of

ferrite and austenite, which subsequently decomposesto bainite at a lower

temperature.

Austenite is retainedin TRIP-assistedsteelsdueto the incompletereac-

tion phenomenonassociated with bainitic transformation [Bhadeshia,2001].

Bainitic ferrite grows without di�usion but excesscarbon subsequently par-

titions into the residualaustenite(Figure 2.5). Di�usionless growth can only

besustainedat temperaturesbelow T0, at which ferrite and austeniteof iden-

tical chemical composition have the samefree energy. It follows that in the

1The terms � and 
 represent ferrite and austenite respectively.
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Figure 2.4: Schematic illustration of the two routes to generate the mi-
crostructure of TRIP-assisted steel, with typical temperature and time in-
dicated. Curves 1 and 2 stand for the transformation from fully austenitic
state after hot rolling and intercritical annealing after cold rolling respec-
tively. The terms 
 ; � ; � b and � 0 represent austenite,allotriomorphic ferrite,
bainitic ferrite and martensite respectively [Bhadeshia,2001].

absenceof carbide precipitation the bainite reaction stops when the carbon

content in austenite equals the T 0
0 limit (considering the stored energy of

bainite), as illustrated in Figure 2.6.

Some elements like silicon, aluminium and phosphorousretard ce-

mentite precipitation allowing the carbon to remain dissolved in austenite.

The carbon-enriched residual austenite becomesstable against any further

martensitic transformation during subsequent cooling [Andrews, 1965],and

henceis retained. The pronouncede�ect of carbon in stabilising austenite is

thereforeexploited in retaining austenite, thus permitting the concentration

of other solutesto be kept to a minimum.
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Figure 2.5: Schematic illustration of bainite reaction mechanism[Bhadeshia,
2001].

Microstructural evolution during the isothermal formation of bainite is

identical for both hot and cold rolled TRIP-assistedsteels. A typical trans-

formation map is shown in Figure 2.7 [Jacqueset al., 2001b].As the bainite

reactionprogresses,the residualaustenitebecomesenrichedwith carbon and

gainsstabilit y against martensitic transformation during cooling. When the

enrichment is inadequateat low holding times, the austenitemay decompose

partly into martensite during cooling. On the other hand, amount of un-
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Figure 2.6: The incomplete reaction phenomenon:bainite reaction stops as
carbon in austenite approaches T 0

0 limit, �x is the bulk carbon content of
the steel and Ae30 represents the paraequilibrium (� + 
 )-
 phasebound-
ary [Bhadeshia,2001].

transformedaustenitedecreases,as more bainite forms with greater holding

time. It follows that the quantit y of retained austenite becomesmaximum

at an intermediate holding time during bainite reaction.

One fascinating aspect of the bainite reaction is the sub-unit mecha-

nism of growth [Bhadeshia,2001]. In steelscontaining su�cien t silicon or

aluminium, bainite forms as an aggregateof ferrite plates separatedby un-

transformed austenite. The individual plates are called sub-units while the

aggregateis known as a sheaf (Figure 2.8). A sheaf of bainite therefore

evolvesby repeatednucleation of new sub-units predominantly at the tip of

the pre-existingones,rather on their sides.

But such a mechanism may not occur in TRIP-assistedsteelsbecause



14 2.3 Microstructural evolution

Figure 2.7: Typical microstructural evolution map during the bainite reac-
tion. Retained austenite peaksat an intermediate holding time [Jacqueset
al., 2001b].

of the sizeof the available austenite [Jacques,2003]. Bainite in thesesteels

consistsof adjacent platelets that spanthe wholeof the austenitegrain (Fig-

ure 2.9). This is more likely to be observed in the cold rolled steelssubjected

to intercritical annealing than in hot rolled materials. Intercritical anneal-

ing producesvery �ne regionsof austenite (about 1 � m) so that the space

available for the sub-unit mechanism to operate is minimised.

Epitaxial ferrite is alsomore likely to be present in the microstructures

of cold rolled steelsthan the hot rolled products. After intercritical annealing

someferrite may form during cooling to the bainite transformation tempera-

ture. This occursby the movement of an existing austenite-ferriteboundary

i.e., epitaxial growth [Zae�erer et al., 2004].
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Figure 2.8: Schematic illustration of sub-units and sheaf of bai-
nite [Bhadeshia,2001].

Figure 2.9: Bainite consistingof adjacent ferrite platelets in TRIP-assisted
steels[courtesyof Jacques].
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2.4 Allo ying elements in TRIP-assisted steels

Solutesother than carbon are addedfor the following reasons:

� to optimise the fraction of retained austenite,

� to control cementite precipitation,

� to increasethe hardnessof ferrite and

� to increasethe hardenability so that pearlite formation can be avoided

beforebainite reaction.

Carb on, manganese and silicon

Like carbon, manganeseis an austenite stabiliser. Silicon although a ferrite

stabiliser, helpsto retain carbon-enrichedausteniteby suppressingcementite

precipitation from austenite. Silicon also solid-solution strengthensferrite

and hencecan enhancethe overall strength of the steel.

An increasein manganesemay compensatefor any reduction in sili-

con [Sakumaet al., 1991a;Shi et al., 2002],but this shifts the T0 curve to

lower carbon concentrations, thereby limiting the amount of bainite that can

form. Additionally , pronouncedbanding may occur in steelscontaining a

large manganeseconcentration [Kim et al., 2001].

Aluminium and phosphorous

Both aluminium and phosphorousinhibit cementite precipitation and hence

can substitute for silicon [Mintz, 2003]. However, unlike silicon, aluminium

doesnot strengthenferrite. Steelsin which silicon is replacedby aluminium

may thereforebe weaker [Girault et al., 2001;Jacqueset al., 2001a].
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Phosphorous,on the other hand, strengthens ferrite [Pichler et al.,

1998]. An addition of 0.1 wt% phosphorousleads to an increaseof about

75 MPa in the strength of ferrite [Pickering, 1978].

Niobium and Molyb denum

Niobium in solid solution is reported to increasethe quantit y of retained

austenite [Hanzaki et al., 1995; Perelomaet al., 1999]. The reasonis not

clear, as niobium is known to be a ferrite stabiliser. Fine precipitates of

niobium carbidesand complexNbMoC precipitates can also strengthen the

ferrite [Hashimotoet al., 2004].

Molybdenum is a solid solution strengthener of ferrite and retards

pearlite formation. In low-silicon steels, its addition can lead to mechani-

cal properties comparableto high-siliconsteelsviz. ultimate tensilestrength

in excessof 1000MPa with a total elongation of about 36% [Bouet et al.,

1998a,b].

Copp er

Copper, being an austenite stabiliser, helps to retain austenite [Im et al.,

2000a;Kim and Lee, 1999]. Besidessolid solution strengthening, � -Cu pre-

cipitates in ferrite can boost the overall strength [Kim et al., 2002]. Thus

copper canbe thought to replacesilicon in both the rolesof retaining austen-

ite and increasingstrength of ferrite.

Boron

Small concentrations of boron areknown to signi�cantly improve hardenabil-

it y. Boron-containing low-silicon steelshave beenfound to contain su�cien t
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retained austenite and display a sensitive TRIP e�ect [Sadhukhan et al.,

2001].

2.5 Mec hanical performance

TRIP-assisted steelsare reputed for the superior uniform elongation com-

pared to other similarly strong steelslike dual phasesteels.The latter with

microstructures of 10-15 vol.% low carbon (C < 0.3 wt%) martensite dis-

persedin ferrite have high strength [Rashid,1979a,b].But thesesteelslacked

formabilit y. Tracesof untransformed retained austenite in the microstruc-

tures of these steelswere indeed thought to enhancethe ductilit y through

TRIP e�ect [Goel et al., 1985;Kim, 1988;Rao and Rashid, 1983;Sangalet

al., 1985].

As noted by Hassaniand Yue [1999],TRIP-assistedsteelcan be imag-

ined to be a modi�cation of the dual phasesteel. Substantially greaterquan-

tities of retained austenite in TRIP-assistedsteelsyielded even greaterelon-

gation (Figure 2.10), as comparedto dual phasesteels.

However, the TRIP-assistedsteel doesnot seemto exhibit continuous

yielding unlike the dual phasesteel (Figure 2.10). Continuous yielding is

advantageousin forming operationsas this helpsto avoid stretcher strain or

L•uder bands. The gradual yielding of dual phasesteelsis mainly due to the

free dislocations present in the ferrite grains. Formation of bainite, instead

of martensite, in TRIP-assistedsteelsis not very e�ective to induce freedis-

locations in ferrite, resulting discontinuousyielding [Sakumaet al., 1992]. It

may be possibleto avoid this by allowing somemartensite to form during

cooling after the isothermal formation of bainite [Choi et al., 1988]. The dis-
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continuous yielding of the intercritically annealedcold rolled TRIP-assisted

steelscould also be due to the strain ageing of ferrite at the temperature

wherebainite forms [Choi et al., 1988]. The ageingof ferrite can occur due

to the di�erence in the solubility of the interstitial solutesat the intercritical

annealingtemperature and the bainite formation temperature.

Figure 2.10: Superior elongationobserved in a TRIP-assistedsteelcompared
to a dual phasesteelwith similar strength level [Hassaniand Yue, 1999].

The large uniform elongation in TRIP-assisted steels is mainly at-

tributed to the strain-inducedmartensitic transformation of retainedausten-

ite. However, the transformation strains themselvescan contribute at most

2% to the observed elongation given the small fraction of austenite present

in these materials [Bhadeshia,2002]. Other phasesin the microstructure

must also in
uence the overall mechanical behaviour. An interesting conse-

quenceof the strain-inducedmartensitic transformation of austenitehasbeen
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revealed by Jacqueset al. [2001c]. The volume expansiondue to marten-

sitic transformation generatesdislocations in adjacent ferrite (Figure 2.11).

Freshly produceddislocations in the ferrite phasecan then take part in the

deformation process.

Martensite that forms in thesesteelsinherits the high carbon content of

the austenite. It is surprising that the freshly producedhigh-carbon marten-

site doesnot impair the ductilit y. Carbon embrittles martensite, a fact that

seemsto have beenignored in explaining the properties of thesematerials.

Figure 2.11: Dislocationsgeneratedin ferrite dueto transformation of austen-
ite during deformation [courtesyof Jacques].

2.6 Factors a�ecting performance

There are many factors that have been thought to control the mechanical

properties of thesesteels,as summarisedin this section.
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2.6.1 Prop ortion of phases

TRIP-assisted steels consist of allotriomorphic ferrite, bainitic ferrite, re-

tained austenite with or without tracesof martensite. As reported by Choi

et al. [2002],a high volumefraction of retainedausteniteimproveselongation

as well as the ultimate tensile strength of the steel (Figure 2.12).

Figure 2.12: Higher UTS and uniform elongationobtained with H-type sam-
ple as comparedto L-type, H-type samplecontains higher austenite volume
fraction than the L-type [Choi et al., 2002].

However, a high retained austenitevolume fraction implies lessbainite

which may adverselya�ect the strength. Similarly, high ferrite fraction dur-

ing intercritical annealing�nally resultsin lessbainite, leadingto a reduction

in strength [Imai et al., 1992].
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Aluminium-containing steelscontain more ferrite ascomparedto steels

relying on silicon [Monohar et al., 2002,2003].This is becausein aluminium-

containing steels,austenite starts transforming into allotriomorphic ferrite

at a higher temperature and with a faster kinetics than in steelsmadewith

silicon [Manohar et al., 2002]. A high ferrite fraction in the microstructure

can reducethe overall strength of a steelmadewith aluminium.

Steelswith reducedsilicon content have beenshown to possessprop-

erties similar to high-silicon steelsby Jacqueset al. [2001b]. This is due to

the presenceof somemartensite in the low-silicon material.

It seems,phasesother than retained austenite can in
uence the me-

chanical behaviour of thesesteels. However, most of the research has been

focussedon the TRIP e�ect due to the strain-induced transformation of

austenite.

2.6.2 Stabilit y of retained austenite

The rate at which austenite transforms during deformation appears to be

the highly emphasisedfactor a�ecting the properties. The austenitestabilit y

should be such that it transforms progressively during deformation, so that

damagecan be accommodated at all stagesof deformation.

Increasing carbon content of austenite lowers the driving force for

martensitic transformation. It is known that after isothermal bainite

transformation, retained austenite is not homogeneouslyenriched with car-

bon [SchraderandWever, 1952].Regionsin the vicinit y of the bainite sheaves

or the �lms of austenitetrappedbetweenbainite arerich in carbon. This may

even lead to the observation of two di�erent lattice parametersof austenite
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formed in the samesample[Matas and Hehemann,1961].Soausteniteareas

that are depletedof carbon, transform �rst during deformation. It follows,

with increasingplastic strain, untransformed austenite may be observed to

have a greater lattice parameter, becauseof the larger carbon content as

shown in Figure 2.13[Itami et al., 1995].

Besidesthe carbon content, austenitestabilit y can be alsoenhancedby

a �ne grain size. High stabilit y of the retained austenitewith �ne grain size,

dispersedin a ferritic microstructure obtained after intercritical annealing,

was reported long back by Rigsbee [1979]. This is due to the absenceof

substructuresin the austenite, for examplestacking faults and other defects,

that provide nucleation sites for martensitic transformation. Austenite in

TRIP-assisted steelsexists in two forms, isolated austenite grains in ferrite

away from the bainitic phaseand �lms of austenitein-betweenbainitic ferrite

plates. The latter type of austenite is generallyobserved to be more stable

during deformation than the former types[Basuki and Aernoudt, 1999;Koh

et al., 1998; Sugimoto et al., 1993]. It is thus thought that isolated small

austenite grains dispersedin ferrite actually contribute to the TRIP e�ect.

This is illustrated in Figure 2.14.

By micromechanical modelling, Reisneret al. [1998]showed that the

tendencyfor strain-inducedtransformation dependson the orientation of the

austenite grains. Austenite with a random texture behavessimilarly to the

averageof the sharp texture components.

The mechanical stabilit y of retained austeniteduring deformation also

seemsto depend on the hardnessof the other phases. The hardnessin-

creasesin the order ferrite, bainite, austenite and martensite [Furnemont et
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(a)

(b)

Figure 2.13: With increasingplastic strain, volume fraction of austenite de-
creasesalong with the increasein carbon content, which is apparent from
the shift in the positions of the austenite, 
 R, peaks[Itami et al., 1995].
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Figure 2.14: E�ect of grain sizeand morphologyof austeniteon its stabilit y,
retained austenite with an aspect ratio larger than 2.5 and grain size �ner
than 1.2 � m remainsunchangedwith increasingtensile deformation [Basuki
and Aernoudt, 1999].

al., 2002]. An increasein the hardnessof ferrite will obviously delay the

transfer of stressto the austenite and hencethe onset of TRIP. This is the

basisof the composite e�ect as proposedby Jacqueset al. [2001d]. Steels

with reducedsilicon content are generallylow in retained austenite fraction.
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Nevertheless,it is possibleto achieve favourable properties in these steels

due to the presenceof martensite strengthening the matrix hencedelaying

the onsetof TRIP e�ect.

It follows that any increasein the hardnessof the matrix phasecan be

bene�cial for the mechanicalproperties. This is consistent with the promising

propertiesof the steelscontaining phosphorusor copper, that strengthenthe

ferrite matrix. However, any increment of matrix strength may not always be

bene�cial. Sakumaet al. [1991b]showedthat increasingcarbon content from

0.1 wt% to 0.4 wt%, increasesthe volume fraction and stabilit y of retained

austenite. But this reducesthe ferrite content, thereby increasingstrength

with an associated lossin ductilit y. This, of course,removesany advantage

associated with TRIP steels.

Similarly, aluminium-containing steelsmay beexpectedto have inferior

propertiesascomparedto siliconcontaining steelsdueto softerferrite matrix.

However, due to higher carbon enrichment in the retained austenite, steels

basedon aluminium insteadof silicon achieve better properties [De Meyer et

al., 1999a,b].

2.6.3 Test parameters

Temp erature

Higher temperature increasesthe stabilit y of austenite against martensitic

transformation due to reduceddriving force for transformation. Tempera-

ture can thereforeexert a signi�cant in
uence on the mechanical properties

(Figure 2.15).

The ultimate tensile strength and total elongation, unlike the yield
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Figure 2.15: E�ect of test temperature on the 
o w curve of TRIP-assisted
steels[Sugimotoet al., 1992b].

strength, appearto vary much morestrongly with temperature. However, the

properties seemto improve only upto a certain maximum temperature [Sug-

imoto et al., 1993,1992a].This is consistent with the observed behaviour of

the classicalTRIP steelswith a fully austenitic microstructure, asmentioned

earlier.

Modern TRIP-assistedsteelspossessa multiphase microstructure, only

10-30vol.% of which is austenite. The strength and elongationof the individ-

ual phasesarealsovery likely to dependon the test temperature. Thesemay

all in
uence the temperature dependenceof the overall mechanical proper-

ties. This aspect appearsto have not beenconsideredin understandingthe

mechanical behaviour of thesesteels.
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Strain rate

Figure 2.16 shows the in
uence of the strain rate on the nature of the 
o w

curves at di�erent temperatures. An intermediate strain rate appears to

maximiseelongation,consistently at all the testing temperatures.

Figure 2.16: E�ect of strain rate on the nature of the 
o w curve at di�erent
test temperatures[Sugimotoet al., 1992b].

High strain rate tensile testing is often referred to as dynamic me-

chanical testing. The volume fraction, size,distribution and morphology of

retained austenite have all been shown to a�ect the dynamic mechanical

properties [Wei et al., 2003]. Increasingstrain rate from 10� 3 to 2.5� 102 s� 1
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raises both yield strength and ultimate tensile strength while the strain-

hardening behaviour remains almost the same,as reported by Choi et al.

[2002].

2.6.4 State of stress or strain

Unlike uniaxial tension or compression,deformation-induced martensitic

transformation is always known to be suppressedby hydrostatic pressure.

The stabilit y of the austenitecan thereforebe enhancedby applying hydro-

static pressureduring tensile test, resulting higher uniform elongation[Pysh-

mintsev et al., 2002]. This may be important in hydroforming operations.

Retainedaustenite in such a casewould not be fully consumedduring form-

ing, thereby allowing the TRIP e�ect to be utilised for crash-worthiness in

�nished components.

Strain-induced martensitic transformation is retarded under plain-

strain conditions relative to uniaxial loading [Im et al., 2002]. This is due

to lower applied stressand strain under plane-strain condition. By contrast,

under biaxial stretching, the transformation is promoted relative to uniaxial

testing, although the results vary with the sampleorientation relative to the

rolling direction [Streicher et al., 2002]. This may be related to the texture

of austenitegrains [Reisneret al., 1998].

To summarise,the strain-induced transformation of retained austenite

has beenconsideredto be the major factor in
uencing the mechanical per-

formance. This is despite the fact that thesesteelspossessmultiphase mi-

crostructures,some10-30vol.% of which is only retained austenite. A mod-

erately stable austenite appearsto be the key to optimise ductilit y. Among
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many factors, carbon content of the retained austenite in
uences its stabil-

it y. Thereforenot only the fraction of austenite,but also its carbon content

appearsto be a salient microstructural feature controlling the properties. It

is best to have the austenite transforming progressively during deformation.

The kinetics of this transformation has beena subject of much research, as

described in the following section.

2.7 Strain-induced martensite formation

The martensitic transformation of austenite during deformation may occur

due to stressor strain (Figure 2.1). The progressof strain-induced transfor-

mation is illustrated in Figure 2.17. Rapid transformation at �rst is due to

the nucleation sites introduced by the deformation. However, an excessive

strain can retard the transformation, eventually bringing it to a halt. This

latter phenomenonis known asmechanical stabilisation, a characteristic fea-

ture of displacive transformations. By contrast, the e�ect of stressis purely

thermodynamic.

There are several empirical models for the strain-induced transforma-

tion. One of thesewas proposedby Olson and Cohen [1975] to model the

experimental data reported by Angel [1954],

f � 0
= 1 � exp[� � f 1 � � � gn ] (2.1)

where f � 0
is the volume fraction of martensite obtained at a strain � . The

model contains two temperaturedependent parameters,� and � . The former

dependson the stacking fault energyof the steel,which in turn is a�ected by
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Figure 2.17: Kinetics of the strain-inducedmartensite formation, each curve
represents a steel with di�erent carbon content of the retained austen-
ite [Jacqueset al., 2001c].

temperature. � de�nes the probability that a shear-bandintersectioncreates

a nucleation site, and therefore can be thought to depend on the chemical

driving force, hencetemperature. However, the exponent n in the model

comesfrom �tting to experimental data. A value of 4.5 is appropriate for

the steelsstudied by Angel.

Guimaraes [1972] studied a group of Fe-Ni-C alloys and proposeda

similar exponential �t:

f � 0
= 1 � exp(� k� Z ) (2.2)
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with empirical constants k = 28 and Z = 3:7.

A di�erent parabolic type of dependencewasproposedby Gerberich et

al. [1970]:

f � 0
= A2� 1=2 (2.3)

whereA2 is an empirical constant.

As canbe seen,noneof thesemodelsinclude volumefraction of austen-

ite and thereforeexcludeany possibleinteraction betweenthe parent and the

transformed phases.Angel [1954]and Ludwigson and Berger [1969]consid-

ered this and proposedthe following model:

f � 0
= A1� B V
 (2.4)

whereA1 and B are constants, with B = 3 for stainlesssteels.

All thesemodelsare formulated on the basisof the experimental data

for fully austenitic steels. The strain-induced transformation of retained

austenite in TRIP-assisted steel has been expressedby Sugimoto et al.

[1992b]as

ln(V 0

 ) � ln(V
 ) = k� (2.5)

where V 0

 is the original retained austenite volume fraction and V
 is the

volume fraction of the untransformed austenite at a plastic strain � . The

empirical constant k must be measuredfor each steel.

A novel way of describing strain-induced transformation of retained

austenite in these TRIP-assisted steelshas been proposedby Sherif et al.

[2004], a development of the model of Sugimoto et al. [1992b]. The frac-

tion of untransformed austenite is expressedas a function of plastic strain,
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deformation temperature, chemical composition and the original amount of

austenite. The �nal equation is given as,

ln(V 0

 ) � ln(V
 ) = k1� G� 0
 � (2.6)

wherek1 takesa value of 0.002017J mol� 1, independent of the steelcompo-

sition.

All thesemodelsexplain adequatelythe kinetics of strain-induced for-

mation of martensite. But nonetakesinto account the possibility of mechan-

ical stabilisation at large plastic strains.

2.8 Special prop erties

2.8.1 Formabilit y

Formability is de�ned as the easewith which an object having a complex

geometrycan be manufactured using the material. This can approximately

be related to plasticity or ductilit y which tendsto deterioratewith increasing

strength. TRIP-assistedsteelsare unique in this respect, they exhibit better

formabilit y than several other steelsof comparablestrength [Konieczny, 2003;

Sugimotoet al., 1996].

Formability is not assessedby a singleattribute but expressedasa com-

bination of properties such as deepdrawabilit y, stretch formabilit y, stretch


angeabilit y and bendability. The state of stressis di�erent in each of these

forming operations,as illustrated schematically in Figure 2.18.
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Figure 2.18: State of stressexisting during di�erent modesof forming oper-
ations [Takahashi,2003].

Deep dra wabilit y

This is expressedby the Lankford parameter or r value, the ratio of true

strain in the width direction to that in thicknessdirection. �r is the average

of r valuesmeasuredon specimensobtainedat di�erent directions,namelyat

0� , 45� and 90� to the rolling direction. A higher �r value leadsto better deep

drawabilit y. TRIP-assisted steelsexhibit good deepdrawabilit y [Hiwatashi

et al., 1994;Nagasaka et al., 1999a,b],due to the retarding in
uence of the

hydrostatic pressuregeneratedduring the drawing operation on the strain-

induced transformation of austenite.
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Stretc h formabilit y

In this test, rectangular blanks marked with circular grids on the surface

by electrochemical etching method are deformedunder a punch until local

fracture occurs. This is alsosometimesreferredto asLimiting DomeHeight

test [Im et al., 2000b;Lee et al., 2004,2002a]. After the test, the circular

grids turn into oval shape. The strain valueson the major and the minor

axesare measuredand usedto construct a Forming Limit Curve.

The maximum stretch height and the maximum stretch load are also

measured.Good stretch formabilit y is expressedby a high stretch height and

a low stretching load [Sugimotoet al., 1995;Sugimotoand Kobayashi, 1994].

Microstructures with isolated retained austenite islandsin ferrite away from

bainite have better stretch formabilit y than networks of austenite.

Stretc h 
angeabilit y

Stretch 
angeabilit y is a more complexproperty assessedby a two step pro-

cessviz. (a) hole punching and (b) hole expanding [Sugimoto et al., 1999].

A hole is �rst punched on the steel blank and then allowed to expanduntil

cracks appear on the surface. The ratio of the increasein diameter of the

hole to the original diameter is measuredin this test.

The key to superior stretch 
angeabilit y is to maintain a high level

of untransformed retained austenite on hole punching, with a large ductil-

it y through TRIP e�ect on hole expanding. Thus, stretch 
angeabilit y is

mainly controlled by the stabilit y of the retained austeniterather its volume

fraction [Sugimotoet al., 1999]. Carbon content and morphologyof retained

austeniteaswell asthe temperature of operation are reported to have signif-

icant in
uence on stretch 
angeabilit y [Nagasaka et al., 1996,1998].
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2.8.2 Crash-w orthiness

One of the key requirements for automobile steelsis crash-resistance.In a

crash scenario,the strain rate may well exceed250 s� 1 and the prevailing

state of stressor strain may be much more complex than uniaxial tension.

Static and quasi-statictensiletestsperformedwith a slow strain rate of about

0.005s� 1 are therefore not su�cien t. Servo-hydraulic testing system, Split

Hopkinson Bar, pneumatic tensile impact tester, dynamical tensile tests on

impact loading, crashtestson weldeddoublehat-shaped specimensaresome

examplesof testing proceduresfor crash-resistanceassessments [Wei et al.,

2003;Yan and Xu, 2003,2002].

TRIP-assistedsteels,like all other steels,exhibit a positive strain-rate

sensitivity index, which meansthat an increasein strain rate increasesthe


o w stressbut elongationis reduced.However, superior elongationhasbeen

reported for TRIP-assistedsteelsevenat high strain rate [Uenishiet al., 2000;

Wei et al., 2002a,b],presumablydue to the TRIP e�ect. A comparisonon

crash-worthinessof di�erent typesof steelscanbe found in Figure 2.19[Uen-

ishi et al., 2000]. With crash-worthiness justi�ed properly, thesesteelscan

be usedas front or rear door side-impactbars in a passengercar.

2.8.3 Fatigue resistance

The importanceof fatigue resistanceis obvious for a steelto be usedin auto-

mobile components that areroutinely subjected to cyclic loading [Yan, 2002].

Prestraining hasbeenidenti�ed to be the most e�ective factor increasingfa-

tigue strength.

Fatigue strength increasessigni�cantly in steelshaving an allotriomor-
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Figure 2.19: Superior crash-worthinessof TRIP-assistedsteelscomparedto
other types, the steelsare tested with a prestrain of 0% and 5% in each
case[Uenishi et al., 2000].

phic ferrite matrix when comparedto bainitic steelswith retained austen-

ite [Songet al., 2003,2001]. This is becauseof the higher compressive stress

in the matrix of the former type of materialsdue to the strain-inducedtrans-

formation of the retained austeniteduring prestraining.

Dual phase steels are known to exhibit high fatigue strength. Fig-

ure 2.20illustrates comparablefatigue limit of TRIP-assistedsteelswith dual

phasesteels [Takahashi, 2003]. Besidessolid solution hardening of ferrite

with silicon, compressive residual stressdue to the martensitic transforma-

tion during cyclic loading can act as an extra advantage in TRIP-assisted

steels.Thesematerials thereforeappear to play a signi�cant role in modern

automobileswith lighter body weight but adequatesafety.
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Figure 2.20: E�ect of cyclic yield stresson fatigue limit of dual phaseand
TRIP-assistedsteels[Takahashi,2003].

2.8.4 Bak e hardening

Bake hardening refersto the increasein strength of a steel sheetas a result

of thermal ageingat an elevated temperature after a small amount of pre-

straining. This o�ers a practical advantage of boosting the strength level of

a formed component during the processof paint baking.

A nominal increaseof about 25MPa strength hasbeenreported in each

of two TRIP-assistedsteelgradesof 0.2C-1.5Si-1.5Mn(all in wt%) with and

without 0.5 wt% addition of copper [Wang et al., 2004]. After the baking

treatment at a temperature of 170� C for 1200 s, some retained austenite

transforms to bainite with simultaneous increasein carbon content of the
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untransformed austenite. Retained austenite in thesesteelshas indeedbeen

shown to undergo decomposition into a mixture of ferrite and cementite

when exposedto high temperature [Sugimoto et al., 1992b]. The increase

in strength expectedfrom the increasein carbon content of retained austen-

ite has beenobserved to negatethe decreasein strength due to the lossof

austeniteforming bainite. The bake hardeninghasthus beenascribed to the

ferritic matrix of thesesteels.

2.9 Limitations

The attractiv emechanical propertiesof TRIP-assistedsteelsmake them suit-

able for the manufacture of new-generationpassengercars. However, there

are many problemsencountered during the processingof thesematerials due

to the high silicon content.

Useof thinner gaugesheetsof high-strength steelsin automobile com-

ponents necessitatesprotection againstcorrosionusingzinc coatingsthrough

hot-dip galvanising process[Mintz, 2001]. This consistsof dipping the steel

in a molten zinc bath maintained at a temperatureof around450� C, at which

iron and zinc sharegreat a�nit y and allow an alloy to form, whereaspure

zinc prevails at the surface. The �nal product is a steel surfaceprotected

with a zinc coating.

The cold rolled sheetsareinitially heatedto a temperature in the (� + 
 )

phaseregion. This is followed by another dwelling at a lower temperature

of some400� C. In between these two stages,the sheet is passedthrough

a molten zinc bath for galvanising. A typical processcycle is depicted in

Figure 2.21.
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Figure 2.21: Schematic illustration of a typical continuousgalvanising line.

Siliconcausesproblemsduring the galvanisingoperation [Mahieu et al.,

2002b;Mintz, 2001;Pichler et al., 2003,2002]. The intercritical annealingis

carried out in a furnacemaintained with low oxygen partial pressurebefore

hot-dip galvanising. Under this condition, iron does not get oxidised but

silicon can still be oxidised preferentially . This gives rise to a sheetsurface

with poor wetabilit y in molten zinc.

Silicon alsoa�ects the nature of the surfacescaleformed in a hot rolled

material. During hot rolling, the steel is exposedto air at high temperature.

This leadsto surfaceoxidation. Normally the oxide layer consistsmainly of

FeO.But in TRIP-assistedsteels,the surfacescalechangesto complexoxides

such as Fayalite (FexSiOy). This reducesthe surfacequality and a�ects the

rolling properties adverselyby changing the friction coe�cien t.
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Silicon is addedin thesesteelsmainly to inhibit cementite precipitation

during bainite formation. This can also be achieved by adding aluminium

or phosphorousinstead of silicon. Materials have therefore beendeveloped

replacing silicon partly or fully by aluminium or phosphorous[De Meyer

et al., 1999a,b;Girault et al., 2001; Jacqueset al., 2001a; Pichler et al.,

1998]. Phosphoroushowever imposesthe risk of embrittlement due to grain-

boundary segregation.This probably restricts its addition to some0.2 wt%

maximum in thesesteels.

Substitution of silicon with aluminium helpsby modifying the surface

oxide [Mahieu et al., 2002b,2001a;Maki et al., 2001].Aluminium-containing

steelsexhibit better wetabilitiy than thosemadewith silicon after processing

in a furnace with low dew point prior to galvanising [Maki et al., 2003].

The dew point of the annealingatmospherea�ects the rate of oxidation of

the elements segregatedto the surfaceand thereby exerts an in
uence on

wetabilit y.

2.10 Other varian ts

Silicon-containing steelswith fully bainitic microstructures possessretained

austenite which transforms to martensite during deformation. Therefore

these alloys also rely on TRIP for the properties. The properties are ex-

cellent despite the presenceof austenite mainly as thin �lms interspersed

with bainitic ferrite [Bouet et al., 2000]. This is not in accordancewith the

advantage associated with the �ne granular austenite in contrast to the thin

�lms of austeniteasobserved for the conventional TRIP-assistedsteels[Ba-

suki and Aernoudt, 1999;Koh et al., 1998;Sugimotoet al., 1993].
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Exciting combination of mechanical properties has also beenreported

by Sugimoto et al. [2004] in fully bainitic steelscontaining carbon in the

rangeof 0.1-0.6wt% and 1.5 wt% each of silicon and manganese.Mechani-

cal behaviour of thesesteelswere investigatedat di�erent temperatures. In

the temperature range 0� C to 75� C, development of mechanical properties

has been mainly ascribed to the TRIP e�ect. However, in the tempera-

ture range 200� C to 300� C, steelscontaining carbon in excessof 0.4 wt%

showed strain-induced bainitic transformation and dynamic strain-ageing,

rather than strain-induced formation of martensite.

Steelswith fully bainitic microstructures have been found to display

better stretch 
angeabilit y than the conventional TRIP-assistedsteels[Sug-

imoto et al., 2002a,2000]. Further enhancement of the properties has also

beenobserved in steelswith annealedmartensite as the matrix phase[Sugi-

moto et al., 2002b].

2.11 Summary

Modern TRIP-assistedsteelsare lean in chemicalcomposition. Nevertheless,

it is possibleto retain some10-30vol.% of austenitein ferrite-rich microstruc-

tures of thesealloys. This is achieved by exploiting the fact that addition

of silicon or aluminium helps inhibiting the precipitation of cementite dur-

ing bainite formation and henceallows carbon to remain dissolved in the

untransformed austenite. Silicon, however, degradesthe surfacequality of

the product and also makes the processingdi�cult, due to the formation

of adherent surfacescale. Replacingsilicon by aluminium is thus generally

thought as a practical solution to make thesesteels.
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The steelsrecordsuperior uniform elongation,comparedto dual phase

steelsof similar strength, and henceare suitable for the manufacture of cars

with lighter body weight yet adequatesafety. However, TRIP-assistedsteels

are generally found to su�er from discontinuous yielding unlike dual phase

steels.

The large uniform elongation of TRIP-assisted steels is mainly at-

tributed to the strain-induced transformation of the retained austenite into

martensite. Retention of austenite in thesealloys is due to the carbon en-

richment. Martensite that forms alsoinherits the high carbon content of the

austenite and should therefore be brittle. This doesnot reconcilewith the

remarkable elongationobserved in thesesteels.

The rate of strain-induced transformation of austenite appears to be

the key to optimise ductilit y of these materials. The stabilit y of austenite

shouldbe such that it transformsinto martensiteprogressively during defor-

mation. Carbon content of the retainedaustenite,amongmany other factors,

in
uences its stabilit y. Therefore, not only the volume fraction of retained

austenitebut also its carbon content appearsto be salient in controlling the

properties. It is thereforeimportant to understandthe variation of thesepa-

rametersasfunction of the processingconditions and chemicalcompositions

of thesesteels.

Role of plastic strain in austenite on subsequent transformation into

martensite is ambivalent. Strain createsdefectsthat can act as additional

nucleation sitesfor transformation. However, an excessive defectdensity due

to largeplastic strains caninhibit the growth of martensiteplates,ultimately

leading the transformation to a halt. This is called mechanical stabilisation.
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The properties of TRIP-assisted steelsare generally thought to rely on the

strain-induced transformation of austenite. Henceit is essential to under-

stand if there is any contention of mechanical stabilisation in these steels.

However, there exists no quantitativ e theory for predicting the onsetof me-

chanical stabilisation.

Thesesteelsare often subjected to di�erent complex tests for assess-

ing formabilit y. The results are often interpreted in terms of the strength-

elongation product but without proper justi�cation. There has been no

proper attempt in understandingthe relationship betweenthe forming prop-

erties and the tensile properties.



Chapter 3

Brittle martensite

Modern TRIP-assistedsteelsaregenerallybelieved to rely on stressor strain-

induced martensitic transformation of retained austenite to achieve proper-

ties. The carbon concentration of the retained austenite is usually in excess

of 1 wt%. Martensite that forms in thesematerials inherits the high carbon

content of austeniteand remainsin freshly produceduntemperedcondition.

This is thereforeexpectedto be brittle, but the mechanical properties, espe-

cially formabilit y, of thesematerials are neverthelessimpressive. This does

not reconcilewith the apparent brittleness of the high-carbon martensite.

The purposeof work presented in this chapter is to explain this contradic-

tory behaviour.

3.1 Hyp othesis

Martensite that forms from the high-carbon austenite in the TRIP-assisted

steelsactually exists in a composite microstructure. This can be imagined

to be similar to a uniaxially aligned, discontinuous, brittle-�bre composite

45
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material, with the brittle martensite plates embeddedin a ductile austenite

matrix. During loading, axial stressis transmitted from the matrix into the

�bre via shearloading of the cylindrical surfaceof the �bre, � , [Cox, 1952].

This load transfer causesthe tensile stress in the �bre to rise to a

maximum value, � P , half way alongthe length of the �bre. If � P exceedsthe

fracture strength, � F , then the �bre breaks. However, if the �bre is short,

end e�ects prevent the maximum stressin the �bre from reaching � F . The

�bre then remains intact. The critical �bre length below which it doesnot

fracture is designatedlC . Fibres longer than lC tend to break into segments

of length lC .

It is proposedherethat load transfer into the hard martensitebecomes

similarly di�cult as the scaleof the martensite in a relatively soft matrix

decreases. In other words, the martensite will not crack easily if its size

is reducedbelow somecritical value. Naturally, work-hardening comesinto

this scenarioso that su�cien t load should eventually be transferred into the

martensite to causefracture. However, the stageat which this occursought

to be delayed when the martensite is �ne.

3.2 Exp erimen ts

Material and heat treatmen t

A steel with the chemical composition of Fe-0.98C-1.46Si-1.89Mn-1.26Cr-

0.26Mowt% was selected.The bulk composition of the alloy represents the

high-carbon austenite,hencethe martensite, that existsin the modernTRIP-

assistedsteels. The alloy was homogenisedat 1200� C for 48 h. Cylindrical
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samplesof length 12 mm and diameter 8 mm were made out of this steel

and sealedin quartz tubes containing a partial pressureof argon for heat

treatment in an air furnace.

The sealedsampleswere austenitisedat 1200� C, 1100� C, 1000� C and

950� C for 10 minutes in order to generatea rangeof austenitegrain sizesfor

subsequent transformation into martensite during quenching in water. An-

other set of sampleswascooled slowly by switching o� the furnacefollowing

the sameaustenitising conditions. This was done in order to obtain a clear

de�nition of the austenitegrain boundaries.Onemoresamplewasheatedto

1200� C for 10 minutes followed by soakingat 950� C for another 10 minutes

before�nally quenching to room temperature.

Metallograph y

Crosssectionsof the quenched sampleswere polished using standard met-

allographic techniques. They were then examinedin unetched states using

optical microscopy to characteriseany cracks. The distancesbetween ad-

jacent cracks in the individual plates of martensite were measuredusing a

graticule �tted to the microscope.

The quenched samples were etched using 10 wt% aqueoussodium

metabisul�te solution to reveal the martensitic microstructures. The ap-

parent martensite plate lengths measuredon two-dimensionalsectionswere

determined in a similar way as the distancebetweencracks.

The furnace cooled sampleswere etched with boiling alkaline sodium

picrate solution (madewith 2 g picric acid, 25 g NaOH and 100mL distilled

water) to reveal the austenite grain size as a function of the austenitising

temperature; the sizewascharacterisedusingthe lineal intercept (L) method.
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3.3 Results and discussion

Etched surfacesof the quenched samplesrevealedthe dark-etched lenticular

plates of martensite with untransformed regionsof austenite, as presented

in Figures 3.1-3.4. A signi�cant amount of untransformed austenite can be

seenin each sample. This is due to the high carbon content of the alloy.

Figure 3.1: Micrograph of the samplequenchedafter austenitisingat 1200� C.

Figure 3.2: Micrograph of the samplequenchedafter austenitisingat 1100� C.
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Figure 3.3: Micrograph of the samplequenchedafter austenitisingat 1000� C.

Figure 3.4: Micrograph of the samplequenched after austenitisingat 950� C.

Martensite platesexist with a distribution of plate lengthsin each of the

samples.Growth of the initial plates is restricted only by the austenitegrain

boundaries,while those formed subsequently are also stopped by the pre-

existing plates. New plates forming during the progressof transformation

therefore tend to be �ner than the earlier ones, the coarsestones in each

samplebeing given by the prior austenitegrain size. The microstructuresof
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thesesamplesthereforeget re�ned at lower austenitising temperaturesthat

lead to �ner prior austenitegrain sizes(Table 3.1).

Austenitising temperature Mean lineal intercept % Error
(� C) (� m)
1200 410 13
1100 124 20
1000 65 18
950 25 26

Table 3.1: Variation of austenite grain sizewith austenitising temperature,
error represents � 1� .

Quenched samplesin the polishedbut unetched conditions wereexam-

ined usingan optical microscope to observe any cracks. Samplesaustenitised

at 1200� C and 1100� C revealedcracks acrossthe coarserplates in periodic

arrays. In general,the �ner plateswerefound to be lesssusceptibleto crack-

ing. Only a few isolated cracks were observed in the samplequenched from

1000� C and the plates, in general,were observed to be singly-cracked. The

samplequenchedfrom 950� C wasfound to be freeof any cracks. Micrographs

obtained from the polishedand the etched surfacesof the samplesquenched

from 1200� C and 1000� C are presented in Figures3.5 and 3.6 respectively.

The cracking of the martensite plates observed in these experiments

is presumablydue to the quench stresses.Thesestressesmight be thought

to increasewith higher austenitising temperaturesand thus could a�ect the

observation. To eliminate any possibleroleof this di�erential quench stresses,

onesamplewasaustenitisedat 1200� C for 10minutesandsoakedat 950� C for

another 10 minutes before�nally quenching in water. Similar microcracks as

the sampledirectly quenched from 1200� C werealsoobserved in this sample,

as depicted in Figure 3.7.
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(a)

(b)

Figure 3.5: Microcracking in the sampleaustenitisedat 1200� C: (a) etched
sample;(b) periodically cracked plate in unetched sample.

The apparent distancesbetweentwo adjacent cracks in individual frag-

mented platesof martensitein the samplesaustenitisedat 1200� C and1100� C

were measuredusing optical metallography. These measurements follow a

distribution as depicted in Figure 3.8. The distancesare designatedla to



52 3.3 Resultsand discussion

(a)

(b)

Figure 3.6: Microcracking in the sampleaustenitisedat 1000� C: (a) etched
samplewhere cracks are di�cult to detect; (b) occasionalcracks visible in
unetched sample.

emphasisethat they are apparent measuresbecausestereologicale�ects are

not taken into account. The meanvaluesfor thesemeasurements werefound

to be la = 58� m and la = 38� m for the samplesaustenitisedat 1200� C and
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Figure 3.7: Microcracking in the sampleaustenitisedat 1200� C and soaked
at 950� C beforequenching.

1100� C respectively.

The minimum value observed in all the measurements, within experi-

mental error, wasfound to be ' 10� m. This is more relevant than the mean

value in the present context. If it is assumedthat the critical stresstransfer

length lC = 10� m, then an austenitegrain sizewhich is somewhatlessthan

this value would avoid quench cracking of the type explored in this work.

Onedi�cult y is that cracks werenot detectedin the T
 =950� C samplewith

a prior austenite grain sizeof 25� m, which is greater than lC . It is possible

that the cracks exist but have beenmissedbecausethe samplecontains few

plates of length greater than lC . Therefore, the plate length distributions

were alsomeasuredfor each sample.

The apparent lengthsof approximately 180martensiteplatesfrom each

samplewere measuredusing optical metallography. In all casesthe plates

were chosenat random by arbitrarily translating the stageacrossa cursor

which identi�ed the plate to be measured. The sizedistributions are illus-
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Figure 3.8: The frequencyof observation versusthe apparent distance be-
tweencracks on individual martensiteplates in the sampleswith the coarsest
microstructures (T
 = 1200and 1100� C).

trated in Figure 3.9, plotted on identical scalesto facilitate comparisons.

It is evident that a coarsegrain sizetends to have a more uniform dis-

tribution of plate sizes(Figure 3.9(a)) whereasthe smallestplates dominate

when the austenite grain size is reduced(Figure 3.9(d)). This is consistent

with the work by Guimaraesand co-workerson the heterogeneity of marten-

sitic transformation when the austenite grain size is small [Guimaraesand
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Saavedra, 1984;Guimaraesand Gomes,1978]. Someaustenitegrains trans-

form via a burst of martensite, while others remain fully austenitic. Such

bursts can be expectedto lead to a greaterpreponderanceof �ne plates. By

contrast, coarsegrained microstructures transform uniformly with the ma-

jorit y of austenite grains participating, thus allowing a gradual evolution of

microstructure as the sampleis cooled.

3.4 Simulating microstructural evolution

The objective in this section is to theoretically compute the evolution of

martensiteplate sizedistribution. As mentioned earlier, formation of marten-

site plates partitions the parent austenite grain into several compartments.

Untransformed regions of austenite naturally decreasein size with more

plates of martensite forming. Thus with the progressof transformation, new

martensite plates form with reducedplate lengths generatinga distribution

of plate sizes. This concept, as proposedoriginally by Fischer [1949], has

beenusedhere to calculate the theoretical distribution of martensite plate

lengths:

At nth instant (n varying as1; 2; 3; : : :), the number of austenitepockets

available for transformation, N , is given by

N = 2n� 1 (3.1)

This is taken as the number of martensite plates forming at that instant,

assumingonly onemartensite plate forms from a given pocket.

The volume of each of the austenite pockets at the nth instant, Vn , is
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Figure 3.9: The distribution of apparent martensiteplate lengths(T
 and L 


valuesstated). The distributions are all on the samescaleto allow compar-
isonsto be made. The bin sizeon the horizontal scaleis 5� m.
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given by

Vn =
V0

2n� 1
(3.2)

whereV0 is the original volume of austenite grain. The volume of austenite

pockets can be converted into mean lineal intercept, invoking the relation-

shipsL = 1:69a and V = 11:314a3 for truncated octahedral grains, whereL

is the meanlineal intercept, V is the volume and a is the edgelength of the

unit cell [Mark, 1956].

This results in the following equation relating L n to Vn at nth instant:

Ln = (0:4266Vn)
1
3 (3.3)

This can be consideredto be the length of any martensite plate forming at

that instant.

There is, however, one limitation of the above formulation. Volume

of the pre-existing martensite plates has not beentaken into account while

calculating the volume of austenite available for transformation, Vn , at the

nth instant. Shape of the martensite plates are generally consideredto be

thin circular discswith a �nite volume given by � r 2c; 2r being the length of

the plate and c, the semi-thickness,which is assumedto be 0.05r. The total

martensite plate volume is thus subtracted from the instantaneousaustenite

pocket volume in order to calculate the e�ective austenitevolume.

Knowing the initial mean lineal intercept of the austenite grain size,

it is now possibleto obtain a theoretical variation in the martensite plate

length using the above methodology. The theoretical and the experimental

plate length distributions obtained with di�erent prior austenite grain sizes
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are presented in Figure 3.10.

The calculated and measuredcurvescomparewell, in terms of the in-


uence of the initial austenite grain size and with respect to their general

shapes. However, the absolutereduction in length is much greater with the

calculated curves. This is becauseequation 3.1 implies that the number of

plates N that form in each generationn is given by N = an� 1 with a = 2.

This leadsto a rapid increasein N and a correspondingly rapid decreasein

the plate length as n increases.Thus, whereaseach point in the calculated

curve can represent N platesof identical length, every point in the measured

curve is a di�erent plate. The gradual variation in the measuredplate length

distribution implies that a < 2.
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(a)

(b)

Figure 3.10: (a) The experimentally measuredapparent lengthsof martensite
plates arrangedin the sequencein which they are assumedto form. (b) The
corresponding curvesfor the calculated length versusthe order in which the
plates form.
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3.5 Martensite in TRIP-assisted steels

In TRIP-assisted steels,austenite is retained becauseof its carbon enrich-

ment following the bainite reaction. Partial decomposition of the untrans-

formed austenite into martensite during cooling after bainite reaction is not

unlikely. This is becausethe distribution of carbon in untransformedausten-

ite after the bainite reaction is mostly heterogeneous[Matas and Hehemann,

1961]. Areasnear the bainitic ferrite-austenite interfaceare richer in carbon

than thoseaway from it. The austeniteaway from the interfacesmay trans-

form into martensite on cooling to ambient temperature. Indeed there is

evidenceof martensite, albeit traces, formed during heat treatment of these

materials [Jacqueset al., 2001d; Zae�erer et al., 2004]. The austenite in

TRIP-assisted steelsis in a �nely divided state with a grain size of about

1 � m [Jacques,2003]. It therefore follows that martensite forming in these

�ne regionsof austenite is likely to be devoid of microcracks.

Similarly, the high-carbon martensiteproducedduring plastic deforma-

tion of TRIP-assistedsteelscan also be expected to resist cracking because

of the �ne plate size. However, the cracking of martensite plates discussed

in Section3.3 results from the quench stresses.The nature of thesestresses

is arbitrary and hasnot beencharacterised.

Further studieswere thus carried out with the following objectives:

� To investigate the cracking tendency of the martensite plates during

controlled straining.

� To study the nature of the martensite formed during deformation of

austenite.
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3.6 Exp erimen ts

Material

The alloy used for the experiments described in Section 3.3 was modi�ed

with nickel to depressthe M S temperature below room temperature. A

model developed by Capdevila et al. [2003] was used to study the e�ect

of adding nickel on the M S temperature of Fe-1C-1.5Mn-1.5Si(wt%) alloy

(Figure 3.11). From this, it appears that about 8 wt% nickel can depress

the MS temperature of the alloy su�cien tly below room temperature. The

alloy can thereforebe expectedto be fully austenitic whenquenched to room

temperature after austenitising at a higher temperature.
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Figure 3.11: Calculated e�ect of Ni addition on the M S temperature of Fe-
1C-1.5Mn-1.5Si(wt%) alloy.

The chemicalcomposition of the modi�ed alloy wasanalysedto be Fe-

0.91C-8.42Ni-1.58Mn-1.55Si-1.15Cr-0.23Mo(wt%). Calculations using MT-

DATA [2005]with the SGTE databasereveal austenite to exist as a single
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phaseat 1100� C (Figure 3.12). Austenite, ferrite, cementite and liquid phases

wereallowed to exist in equilibrium for the calculations. The alloy wasthere-

fore homogenisedat 1100� C for 48 h beforefurther experiments.
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Figure 3.12: Diagram showing the calculated temperature range at which
austeniteexists as the singlephasein the modi�ed alloy.

Heat treatmen t

Cylindrical samplesof length 10 mm and diameter 5 mm were madeout of

the Fe-C-Ni alloy. Thesesampleswerethen sealedin quartz tubescontaining

a partial pressureof argon for heat treatment in an air furnace. The sealed

sampleswereaustenitisedat 1100� C for 10minutesbeforequenching in water

at room temperature. One set of sampleswas further quenched in liquid

nitrogen to producemartensite.
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Compression tests

The heat-treated sampleswere subjected to compressionexperiments. In

thesetests, sampleswith initial diameter d0 and height h0 were compressed

to a height h. Compressionstrains were then measuredas the percentage

reductionsin the height of the samples.From the constancyof volumecrite-

rion, the diameterof the compressedsamples,d, is expectedto be larger than

the initial diameter and is given by the relation d2h = d2
0h0. The portion of

the samplein the mid-height regionis freeto 
o w outward. However, friction

at the contact surfacesof the sampleswith the anvils restricts the material


o w at the ends.

The di�erential 
o w of material leadsto a barrelled pro�le of the com-

pressedspecimenwith non-uniform strain distribution acrossthe sampledi-

mensions. This can be minimised with the useof lubricants at the contact

surfacesof the sampleswith the anvils. The lubricant greaseused in the

present work consistsof silicone oil and lithium soap. The chanceof bar-

relling is also reduced in sampleswith a higher h0=d0 ratio [Dieter, 1988].

But there is a practical limit of the h0=d0 � 2 (which is usedfor the samples

in this work), beyond which the samplesmay buckle during deformation.

Testswereperformedat room temperature aswell asat -50� 1� C. The

crossheadvelocity usedwas 0.0017mm s� 1. The martensitic sampleswere

compressedat room temperature to two di�erent strain levels viz. 3% and

7%. A strain of about 30% was applied in caseof the austenitic sample

compressedat a temperature of -50� 1� C.
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Metallograph y

The compressedsampleswere sectionedalong the vertical direction. These

sectionswerethen polished,etched with 2% nital and observed usingoptical

microscopy.

3.7 Results and discussion

Figure 3.13 depicts the microstructure of the samplequenched in liquid ni-

trogen. The micrograph revealsdark-etching lenticular plates of martensite

along with untransformed austenite. This is similar to the microstructures

presented in Figures3.1-3.4.However, microcracking of the martensiteplates

of the type illustrated in Figures 3.5-3.6,was not observed in Figure 3.13.

This is despite the comparablescalesof the microstructures. It is possible

that quenching in liquid nitrogen from room temperature does not induce

enoughstressto crack the martensite plates, unlike quenching in water after

soakingat high temperatures. The addition of nickel might alsobe thought

to have reducedthe characteristic brittleness of the high-carbon martensite

formed in the present alloy.

Martensitic samplesproducedby quenching in liquid nitrogen werefur-

ther subjected to compressiontests. Figure 3.14presents the microstructures

of the compressedsamples. The plates of martensite are seento contain

arrays of parallel cracks acrossthe plate length. This is similar to the mi-

crocracks observed in Figure 3.5. Furthermore, the larger plates are found

to be preferentially cracked over the smaller ones(Figure 3.14(a)). This is

consistent with the earlier quenching experiments that revealed a greater
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Figure 3.13: Plates of athermal martensite formed without any microcracks
in the present alloy.

propensity of the coarsermartensite plates to crack (Section 3.4). Cracks

were more frequent following higher plastic deformation (Figure 3.14(b)).

Sometimescracks were also visible along someportions of the martensite-

austenite interfacesin the 7% strained sample. The apparent distance be-

tweenadjacent cracks wasalsomeasuredin thesesamples,Figure 3.15. This

is found to follow a similar distribution as that observed in Figure 3.8.

Figure 3.16 presents the micrographs obtained from the sample

quenched at room temperature and then compressedby 30% at -50� 1� C.

Figure 3.16(a) revealsclearly the dark-etching small lens shaped martensite

plates formed during straining of the austenite. Strain-induced martensite

retained the lenticular shape but the individual plates are much �ner in size

than expected from the prior austenite grain size. Martensite plates cannot

traverse acrossstrong obstacleslike grain boundaries, twin boundaries or

other pre-existing martensite plates. In the present situation, growth of the
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(a)

(b)

Figure 3.14: Cracking of martensiteplatesafter (a) 3%and (b) 7%reduction
in height of the martensitic samples.

martensiteplatesappearsto be sti
ed by the defectsproduceddue to plastic

strain in austenite. Hencethe plates tend to grow only upto limited sizes.
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(a)

(b)

Figure 3.15: The frequencyof observingcracks versusthe apparent distance
between cracks on martensite plates after (a) 3% and (b) 7% reduction in
height.



68 3.7 Resultsand discussion

The plates were alsoobserved to be free of cracks.

A notable feature of the microstructure is the particular alignment of

the martensiteplatesalongthe two preferreddirections(Figure 3.16). This is

dueto the e�ect of stresson transformation [Patel andCohen,1953].Marten-

site is known to form on somespeci�c crystallographic planesof austenite

known as habit planes. Without any external stress, transformation takes

place on all the possiblehabit planes. This therefore does not lead to any

bias in the microstructure. By contrast, martensite tends to form on only

somespeci�c habit planesunder the in
uence of stress. This explains the

particular alignment of the martensiteplatesalongsomepreferreddirections

in the micrographspresented in Figure 3.16.

Figure 3.16(b)depictsthat martensiteis formedin oneof the two grains

visible in the micrograph,while there is no signof transformation in the other

grain. This may be due to the role of stressasdescribed above. The resolved

shearcomponent of the external stresson the habit planesactually leadsto

transformation in steels,wherethe volume expansiondue to transformation

is small. Transformation becomespossibleonly above somecritical magni-

tude of the resolved shearstress.The orientation of the individual austenite

grainsmust in
uence the magnitudeof the resolved shearstresson the crys-

tallographic planes. Therefore it is not unlikely that somegrains may not

be favourably oriented for transformation under the in
uence of stress,as

observed in Figure 3.16(b). The other possibility could be the heterogeneous

nature of the compressive strain. All the grains might not be strained to

the sameextent under compression. This may also be responsible for no

transformation to occur in oneof the two grains visible in Figure 3.16(b).
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3.8 Summary

High-carbon martensite is known to be a brittle phase. Yet it doesnot ap-

pear to be a liabilit y in the TRIP-assistedsteelsreputed for good mechanical

properties, especially formabilit y. This apparent anomaly can be explained

consideringthe role of martensite plate sizeon the brittleness. It has been

demonstratedthat the �ner martensite plates are better able to resist crack-

ing under stressor strain. It is the �ne grain sizeof austenitethat allows the

high-carbon brittle martensite to form in thesematerials without endanger-

ing the mechanical properties.

It has been also shown that the plates of martensite formed during

straining of austeniteremain �ne in size. This is probably due to the defects,

createdin austenite due to strain, that sti
e the growth of martensite. The

small plates of strain-induced martensite are observed to form only along

some preferred directions. This is due to the e�ect of the accompanying

stress.The �ne-sized orderedmartensite plates that form during the strain-

ing of austenite can be expected to be resistant to cracking. Untempered

martensite that forms in the TRIP-assisted steelsis therefore not expected

to have any adversee�ect on the mechanical performance,despite its high

carbon concentration.
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(a)

(b)

Figure 3.16: Martensite platesformedduring straining of the austenitic sam-
ple; (a) showing preferredalignments of the plates, (b) revealing the prefer-
ential transformation in oneof the two adjacent grains of austenite.



Chapter 4

Microstructural Mo delling

Allotriomorphic ferrite, carbide-freebainite and retained austenite are con-

stituents of the microstructure of TRIP-assistedsteels.Thesephasescan be

produced beginning either with hot rolled or cold rolled steel. The austen-

ite after hot rolling transforms to allotriomorphic ferrite and subsequently

to bainite. However, a two-stageannealing processis necessaryafter cold

rolling to producethe desiredmicrostructure. During bainite formation, un-

transformedaustenitegetsenriched with carbon and is thereforeretained at

ambient temperature. Processingconditions as well as the chemical compo-

sition of the steel in
uences both the volume fraction and carbon content of

retained austenite. The present chapter dealswith an attempt to model the

microstructure of TRIP-assistedsteelsusing neural network techniques.

4.1 Neural net work modelling

Neural network analysis represents a generalmethod of regressionthat �ts

a non-linear function to experimental data. This can help quantify complex

71
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phenomenainvolving many variables. The subject has been reviewed by

Bhadeshia[1999a]. In linear regression,the product of each input variable

x i and a weight wi is addedto a constant � to obtain the output y,

y =
X

i

wi x i + � (4.1)

The weights and the constants can be imagined to be varied systematically

until a best-�t expressionof the output is reached asa function of the input

variables. The di�culties with such a regressionare:

1. A speci�c relation has to be chosenprior to the analysis.

2. The regressionequation thus derived applies acrossthe entire input

space.

Thesedi�culties can be overcomeby making the network non-linear,

setting the sum of the products to the argument of a hyperbolic tangent

function,

y =
X

j

Wj hj + � 0; with hj = tanh(
X

i

wij x i + � j ) (4.2)

whereWj is a weight and � 0 is a constant. The hyperbolic tangent function

introduces
exibilit y, non-linearity and the form of the function also varies

in the input space.The strength of the function dependson the weights wij .

One major limitation of the non-linear regressionmethod is the possi-

bilit y of over�tting the data, asillustrated in Figure 4.1. This canbe veri�ed

easilyby testing the model with someunseendata. The experimental dataset

canbedivided randomly into two parts viz. training datasetand test dataset.

After the model is createdusing the training dataset, its performancecan be

checked using the test dataset.
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Figure 4.1: Modelling noisy data in a casewherey shouldvary with x3. The
�lled points represent training data, and the circles the testing data. (a) A
simple linear function. (b) A cubic polynomial with optimum representation
of both the training and test data. (c) A �fth order polynomial which does
not generaliseproperly. (d) Variation in the test and training errors as a
function of the model complexity [Bhadeshia,1999a].

Figure 4.1(a)-(c) illustrates an imaginary caseof modelling a dataset

wherey variesasa function of x3. A linear function is too simplewhereasan

overcomplexfunction fails to generalise.The optimum behaviour is described

in Figure 4.1(b). The best model is chosenby the minimum in the test error,

as the training error tends to decreasecontinuously with increasingmodel
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complexity (Figure 4.1(d)).

Mo delling uncertain t y

An important aspect of neural network modelling is the uncertainties asso-

ciated with the predictions. The overall error in the predicted valuesof the

output, ED , canbecalculatedby comparingthe predictedvalues(yn ) against

the dataset values(tn ) as,

ED /
X

n
(tn � yn)2 (4.3)

If all the important input variablesare not consideredin the analysis,

ED tends to increase.ED represents only an overall perceived level of noise

in the output and doesnot describe the uncertainties of the modelling pro-

cessitself. The best-�t functions with the most probable weights may not

necessarilydescribe the uncertainties in regionsof the input spacewith noisy

or sparsedata.

Neural networks used in Bayesian framework allow the calculation of

error bars representing the uncertainty in the �tting parameters[MacKay,

2003]. This invokesthe possibility of �tting or extrapolating many functions

into uncertain regionsof the input space,still maintaining an optimum �t

in regions having good quality data. A probability distribution of sets of

weights is then used to de�ne the �tting uncertainty. It follows that the

error bars tend to increasein magnitude when data are noisy (A) or sparse

(B), as illustrated in Figure 4.2.
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Figure 4.2: The uncertainty in de�ning a �tting function when data are
noisy (A) or sparse(B). The thinner lines represent error bounds due to
uncertainties in determining the weights [Bhadeshia,1999a].

4.2 Mo del for retained austenite fraction

4.2.1 Database

The cold rolled steel is initially heated to a temperature in the (� + 
 )

phase region (intercritical annealing), to form ferrite and austenite. The

material is then cooled rapidly to a lower temperature at which austenite

transforms to bainite. Parameters of this two-step heat treatment along

with the chemicalcomposition weretaken asinput variablesto the model, as

shown in Table 4.11. Figure 4.3 presents the distribution of the data points

in the input spacefor each variable.

1Data used are due to Chen et al. [2002];De Meyer et al. [1999a];Itami et al. [1995];
Jacqueset al. [2001a,b,c,1999];Kim et al. [2002,2001];Lee et al. [2002b];Matsumura et
al. [1992,1987b];Nakagaito et al. [2003];Pichler et al. [1998];Sakumaet al. [1993,1991a];
Traint et al. [2002,2000]
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Inputs Min. Max. Average S.D.
Carbon / wt% 0.0950 0.3920 0.2102 0.1020
Manganese/ wt% 0.6000 1.9900 1.4057 0.2796
Silicon / wt% 0.0400 2.1000 0.9619 0.5369
Aluminium / wt% 0.0000 2.0000 0.2979 0.5236
Phosphorus/ wt% 0.0000 0.2040 0.0223 0.0401
Molybdenum / wt% 0.0000 0.1400 0.0043 0.0218
Copper / wt% 0.0000 0.5100 0.0065 0.0573
IA temperature / � C 730 840 778.2653 25.7829
IA time / s 60 450 213.2143 110.8414
IT temperature / � C 300 525 404.2347 39.5554
IT time / s 0 5400 441.3673 588.7228
Output Min. Max. Average S.D.
Retained austenite / vol.% 0.1267 27.0710 10.3805 5.8054

Table 4.1: Data usedfor the retained austenite fraction model, IA: intercrit-
ical annealingand IT: isothermal transformation to bainite, S.D.: standard
deviation.

4.2.2 Mo del characteristics

The model was trained using 80% of the dataset values. The remainder

was usedto test the performanceof the model with unseendata. Figure 4.4

comparesthe normalisedpredictedvalueswith the corresponding normalised

databasevalue during training and testing stepsrespectively. Normalisation

of the variablesis carried out as follows

xn =
x � xmin

xmax � xmin
� 0:5 (4.4)

where xn is the normalisedvalue of the variable x, with xmin and xmax as

the minimum and the maximum valuesrespectively. The performanceof the

model can be seento be satisfactory both during the training and testing

stages.
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Figure 4.3: Distribution of data in the input spacefor the retained austenite
fraction model
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Figure 4.5(a) illustrates the reduction in noisewith increasingnumber

of hiddenunits. The �nal model is formedasa committeeof models,which is

selectedon the basisof the observed minimum in the test error on combining

increasingnumbers of networks (Figure 4.5(b)).

Figure 4.6 presents the signi�cances of each of the input variables as

perceivedby the modelsin the �nal committee. Bainite reactiontime appears

to be the most important factor controlling the retained austenitecontent in

the microstructure.

4.2.3 Mo del predictions

Predictions were made by varying input variables over a basesteel compo-

sition of 0.2C-1.5Mn-1.0Si-0.5Al-0.02P-0Mo-0Cu(all in wt%), intercritical

annealingparametersof 780� C, 300s and bainite transformation conditions

as 400� C, 500 s. Both carbon and manganeseare known to be austenite

stabilisers [Pickering, 1978]. Therefore as expected, both carbon and man-

ganeseare bene�cial for increasing austenite fraction (Figure 4.7(a)-(b)).

Similarly, the addition of copper to thesesteelscan also increaseaustenite

content [Kim et al., 2002](Figure 4.7(f)). This is probably becausecopper

reducesthe driving force, � G, for the transformation of austenite to fer-

rite. Therefore theseelements seemto a�ect the retained austenite content

through the thermodynamic stabilit y of austeniteover ferrite.

Additionally , silicon, aluminium and phosphorousare known to help

retain austeniteby suppressingcementite formation during the bainite reac-

tion. Figure 4.7(c) depictsthis role of silicon on increasingretainedaustenite

fraction. However, with 1 wt% silicon, the addition of aluminium up to about
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Figure 4.4: Model predictions compared with the actual databasevalues
during (a) training and (b) test.

1 wt% doesnot appear to have any marked e�ect on the retained austenite

fraction (Figure 4.7(d)). Predictions with higher aluminium content are as-
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Figure 4.5: (a) Variation of noise (� ) with increasing hidden units. (b)
Variation of the combined test error with number of models in committee.

sociated with large uncertainties suggestingmore data are necessaryin this

rangeof the input space.Molybdenum increaseshardenability and therefore
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Figure 4.6: Signi�cancesof the input variables(A-K) for the retainedausten-
ite fraction model, A: carbon, B: manganese,C: silicon, D: aluminium, E:
phosphorous,F: molybdenum, G: copper, H: intercritical annealingtemper-
ature, I: intercritical annealingtime, J: bainite transformation temperature
and K: bainite transformation time.

is likely to increaseretained austenite fraction. Figure 4.7(e) depicts only a

very subtle e�ect of molybdenum on increasingretained austenite fraction,

with large uncertainties.

Figure 4.8(a) depicts the variation of retained austenite fraction with

intercritical annealingtemperature. It is generallybelieved that higher inter-

critical annealingtemperatureproducesmoreaustenitebut with lessstabilit y

(due to lower carbon content) whilst stabilit y increasesbut the amount of

austenite decreasesat lower temperatures [Gallagher et al., 2003]. There-

fore, an intermediate annealingtemperature is generallyconsideredto max-
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Figure 4.7: E�ect of the alloying elements on retained austenitefraction: (a)
carbon, (b) manganese,(c) silicon, (d) aluminium, (e) molybdenum and (f )
copper.

imise retained austenite content in the �nal microstructure. However, Kim

et al. [2001]reported higher retained austenite content with an intercritical
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Figure 4.8: E�ect of heat treatment parameterson retained austenite frac-
tion: (a) intercritical annealingtemperature and (b) time; (c) bainite trans-
formation temperature and (d) time.

annealing temperature lower than the intermediate. This was ascribed to

the greaterstabilit y of the austeniteproducedat a lower intercritical anneal-

ing temperature. Predictions from the present model suggest,either a high

or a low intercritical annealing temperature for obtaining greater retained

austenitecontent (Figure 4.8(a)).

Unlike interstitial carbon, the di�usion of substitutional solutesneeds

longer times. Increasing intercritical annealing time favours more e�cien t

partitioning of the substitutional soluteslike manganesein austenite. Man-
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ganese,like carbon, stabilisesthe austenite. This can therefore increasethe

retained austenitecontent in the �nal microstructure (Figure 4.8(b)).

The e�ect of bainite reactiontemperatureand time on retaining austen-

ite is depicted in Figure 4.8(c)-(d). Lower bainite transformation tempera-

tures mean a slower rate of bainite formation. For a given transformation

time, the amount of bainite formed is lessat lower transformation temper-

atures. This will leave more untransformed austenite. Also, transformation

ceaseswith highercarbon enrichment in the untransformedausteniteat lower

temperatures (T0 criterion of the incomplete reaction phenomenon). Thus

austenite becomesmore stable at lower transformation temperatures. But

this cannot be expected at an intermediate time. It is therefore likely that

the increasingtrend of retained austenite content with lower bainite forma-

tion temperaturesarisesfrom the larger amount of untransformed austenite

due to the slower bainite reaction kinetics.

As the bainite transformation progresses,the residual austenite gets

enriched with carbon. This imparts stabilit y against subsequent marten-

sitic transformation, thus increasing the retained austenite content (Fig-

ure 4.8(d)). On the other hand, the amount of untransformed austenite de-

creaseswith increasingtime. It follows that the amount of retainedaustenite

will be maximum at an intermediate time dependingon transformation tem-

perature [Jacqueset al., 2001b;Nakagaito et al., 2003].Figure 4.9 illustrates

this e�ect in a 0.2C-1.5Mn-1.5Si(wt%) steelwith intercritical annealingpa-

rameters 780� C and 300 s. Retained austenite fraction maximises at an

intermediate bainite reaction time for both the transformation temperatures

of 350� C and 375� C.
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Figure 4.9: Variation in retained austenite volume fraction with bainite re-
action time at transformation temperature of (a) 350� C and (b) 375� C.

4.3 Mo del for carb on in retained austenite

4.3.1 Database

Data usedfor the model madefor predicting the carbon content of retained

austenite are presented in Table 4.22. Figure 4.10 presents the distribution

of each of the input variablesagainst the output.

4.3.2 Mo del characteristics

As expected, increasingthe number of hidden units reducesthe noise level

(Figure 4.11(a)). However, the test error doesnot tend to decreasecontin-

uously with increasingmodel complexity (Figure 4.11(b)). The optimum

number of models in the committee was found to be seven, when the test

error is minimum. The model appears to perform reasonablywell, during

2Data used are due to De Meyer et al. [1999a]; Itami et al. [1995]; Jacqueset al.
[2001a,b,c, 1999]; Kim et al. [2002]; Matsumura et al. [1992, 1987b]; Nakagaito et al.
[2003];Wang et al. [2004];Zae�erer et al. [2004]
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Inputs Min. Max. Average S.D.
Carbon / wt% 0.1100 0.3920 0.2676 0.1150
Manganese/ wt% 0.8300 1.6600 1.3019 0.1813
Silicon / wt% 0.3400 1.9900 1.2150 0.5284
Aluminium / wt% 0.0000 1.5000 0.1879 0.3982
Phosphorus/ wt% 0.0000 0.0400 0.0025 0.0058
Copper / wt% 0.0000 0.5100 0.0051 0.0506
IA temperature / � C 730 830 773.2778 25.9773
IA time / s 60 360 286.9697 50.8797
IT temperature / � C 350 450 392.6263 28.4305
IT time / s 0 9725 578.7222 991.3905
Output Min. Max. Average S.D.
Carbon in retained austenite / wt% 0.49 1.8793 1.1949 0.3836

Table 4.2: Data usedto model the carbon content of retained austenite, IA:
intercritical annealing and IT: isothermal transformation to bainite, S.D.:
standard deviation.

both the training and testing step (Figure 4.12(a)-(b)).

Figure 4.13shows the model-perceived signi�cance of each of the input

parameters. Bainite reaction time appears to exert the strongest in
uence

on the carbon content of retained austenite.

4.3.3 Mo del predictions

Predictionsweremadevarying each input parameterover a basecomposition

of 0.2C-1.5Mn-1.0Si-0.5Al-0.02P-0Cu(wt%); intercritical annealingparame-

ters of 780� C, 300 s and bainite transformation conditions of 400� C, 500 s.

Figures 4.14(a)-(d) demonstratethat the results for carbon, aluminium and

silicon are uncertain while manganeseshows an inversetrend. Manganese

shifts the T0 curve to lower carbon contents and hencereducesthe carbon

content of retained austenite.
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Figure 4.10: Distribution of data in the input spacefor the carbon content
of retained austenitemodel.



88 4.3 Model for carbon in retained austenite

N
oi

se

 0.04

 0.08

 0.12

 0.16

 0  4  8  12  16  20
Number of hidden units

(a)

 0.4

 0.8

 1.2

 1.6

 0  4  8  12  16  20
Number of models

C
om

bi
ne

d 
T

es
t E

rr
or

(b)

Figure 4.11: (a) Variation of noise (� ) with increasingnumber of hidden
units. (b) Variation of test error with number of models in the committee.

Carbon may also be expected to have a similar e�ect as manganese.

But this is apparently missing in Figure 4.14(a). The concentration of car-
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Figure 4.12: Model predictions comparedwith the actual databasevalues
during (a) training and (b) test.

bon in austenite before bainite formation is not the same as that of the

bulk steel composition. During intercritical annealing, carbon in austenite
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Figure 4.13: Signi�cancesof the input parameters(A-J) to the models for
predicting carbon content of retained austenite, A: carbon, B: manganese,
C: silicon, D: aluminium, E: phosphorous,F: copper, G: intercritical anneal-
ing temperature, H: intercritical annealing time, I: bainite transformation
temperature, J: bainite transformation time.

increasesdue to ferrite formation. However, manganesein the austenite

formed during intercritical annealing is most likely to remain sameas that

of the bulk composition. This is becausepartitioning of manganeserequires

a longer time than partitioning of carbon. It seemsthat carbon enrichment

of retained austenite is a�ected by the bulk manganeseconcentration but

not bulk carbon content of the steel. It may thereforebe inferred that car-

bon enrichment in retained austenite is a�ected by the factors that can alter

bainite reaction kinetics. This is also apparent from the e�ect of the heat

treatment parameterson the carbon content of retained austenite, as illus-
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Figure 4.14: E�ect of alloying elements on the carbon content of retained
austenite: (a) carbon, (b) silicon, (c) aluminium and (d) manganese.

trated in Figure 4.15.

Austenite formed at a higher intercritical annealing temperatures is

leaner in carbon. This can acceleratethe subsequent transformation to bai-

nite, resulting in rapid carbon enrichment of the residual austenite (Fig-

ure 4.15(a)). Similarly, with a longer holding period during the intercritical

annealing,austenite gets enriched more with carbon and manganese,hence

gaining stabilit y. Subsequent transformation of austeniteto bainite becomes

sluggish,which explainsthe lower carbon enrichment at longerholding times

of intercritical annealing(Figure 4.15(b)).
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Figure 4.15: E�ect of heat treatment conditions on the carbon content of
retained austenite: intercritical annealing(a) temperature and (b) time; bai-
nite transformation (c) temperature and (d) time.

Bainite transformation at a lower temperature should result in more

carbon content of the retained austenite (as expected from T0 criterion).

This is observed up to a particular temperature, below which the carbon

content appears to fall, as can be seenin Figure 4.15(c). At low tempera-

ture, transformation kinetics can be slow. Thereforethe progressof bainite

formation may not be su�cien t to enrich the retained austenite with car-

bon. With an increasein bainite reaction time, carbon in retained austenite

increasesinitially (Figure 4.15(d)). However, prolongedholding times may
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result in somemarginal lossof carbon, possibly due to cementite precipita-

tion. Predictions for longer holding times are however associated with large

uncertainties, limiting con�dence in the predicted behaviour. More experi-

ments are necessaryin this region to con�rm the predicted behaviour and its

cause.

Figure 4.16 depicts the variation of carbon in retained austenite with

progressof bainite reaction at two di�erent temperatures for 0.2C-1.5Mn

(wt%) steel made with either 1.5 wt% silicon or aluminium. Carbon in re-

tained austeniteappearsto attain a maximum valueat an intermediate time

for both the steelsat both temperatures. The maximum carbon content is

higher at the lower transformation temperature for each steel. Furthermore,

the maximum carbon content is higher for the aluminium-containing steel

than that madewith silicon. Both thesepredictions can be accounted for by

the T0 criterion of bainite transformation theory and can thereforebe judged

to be reasonable.

4.4 Summary

Neural network techniqueshave beenadopted to createmodels for predict-

ing the retained austenite fraction and its carbon content as a function of

processingparametersand composition of TRIP-assistedsteels.

Elements that tend to stabiliseausteniteover ferrite appear to increase

the �nal retained austenitecontent. Retention of austenite is due to the car-

bon enrichment of the residual austenite after bainite formation. Therefore

the rate of bainite formation seemsto have a strong in
uence on retaining

higher austenite fraction. Any factor that alters the rate of bainite transfor-
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Figure 4.16: Variation in carbon content of retainedaustenitewith bainite re-
action time for 0.2C-1.5Mn-1.5Si(wt%) steelat transformation temperature
of (a) 375� C and (b) 425� C; for 0.2C-1.5Mn-1.5Al(wt%) steel at transfor-
mation temperature of (c) 375� C and (d) 425� C.

mation a�ects retained austenitecontent in thesesteels.

The carbon content of retained austenite is primarily controlled by the

extent of bainite transformation. However, the maximum carbon enrichment

of the retainedaustenitecanalsobe in
uenced by altering the T0 point, with

suitable alloying additions or the bainite formation temperature.

The model for retainedaustenitefraction wasfurther usedto formulate

an optimum combination of silicon and retained austenite contents in these

steels,asexplainedin the following Chapter.



Chapter 5

� -TRIP steel

In TRIP-assistedsteels,silicon helps to retain austenite by suppressingthe

precipitation of cementite. The carbon partitioned into the austenite,follow-

ing the formation of bainite, remainsthere and permits it to be retained at

room temperature. However, there is no quantitativ e theory to estimate the

exact concentration of silicon necessaryto prevent cementite. The silicon

can be detrimental to the surfaceproperties of automobile steels. So it is

important to optimise both the silicon and the retained austenitecontents.

The work presented in this chapter beganwith the aim of �nding an

optimum combination of silicon and retained austenite but the computa-

tional methods usedgave surprising and interesting results. This stimulated

experiments which led to the discovery of a new concept in TRIP-assisted

steels.

To describe the story in a logical manner, the optimisation technique is

explained�rst. This exploits the neural network model presented in Chapter

4. The �nal part dealswith the designand testing of a steelwith a radically

di�erent microstructure.

95
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5.1 Optimisation

Numerical models can be used to optimise the chemical composition and

processparameters of a material in order to achieve the appropriate mi-

crostructure or properties [Murugananth et al., 2004]. This is done by the

repeated interrogation of the numerical model in order to attain a speci�c

output, in a processcalled optimisation (Figure 5.1).

The �rst step is to identify the target, the design variables i.e., the

input variablesof the numerical model that are to be varied and the param-

eters which should not be altered during the calculations. An initial set of

input variablesis chosenand is usedto evaluate the output parameter. The

di�erence between the calculated output and the target is then used as a

�tness for purposeparameter. If the �tness is not satisfactory, the optimiser

algorithm decidesthe direction in which the designvariablesshould be var-

ied and the wholeprocessis then repeated. The processterminates oncethe

required degreeof �tness is attained.

Optimisation methods are classi�ed as linear or non-linear, basedon

the function relating the variables of the model [Nelder and Mead, 1965].

In practice, linear functions are seldomobserved. Sequential quadratic pro-

gramming, downhill simplex methods, geneticalgorithms represent someof

the non-linear methods of optimisation [Epogy, 2003].

Genetic algorithm

Geneticalgorithms carry out the optimisation by mutation or recombination

and selection [Epogy, 2003]. A point is �rst chosen in the design space.

A family of points is subsequently generatedaround the initial one. This
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Figure 5.1: Flow diagram of the optimisation process.

is called mutation. By contrast, in the recombination process,values are

exchangedbetween a random number of points. Theseare done in such a
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way sothat the points move in a direction allowing the objective function to

be optimised. The best of all the points is �nally selectedas the solution.

5.2 Optimised TRIP-assisted steel

A geneticalgorithm was usedin the present work to formulate an optimum

chemicalcomposition of TRIP-assistedsteel,given the objective of maximis-

ing the retained austenitefraction and keepingthe silicon addition to a min-

imum. A neural network model was createdrelating the retained austenite

fraction to the concentrations of di�erent alloying elements and the process

parametersof these materials, as described in Chapter 4. The model was

coupled with commercial software, Epogy [2003], to carry out the optimi-

sation process.The coupling and optimisation was carried out at Nanyang

TechnologicalUniversity, Singapore by Dr M. Murugananth.

Concentrations of all the alloying elements, except phosphorous,were

allowed to vary. The intercritical annealingtemperature and the isothermal

bainite reaction temperature were alsochosenas designvariables. However,

the dwell time at these temperatures was kept constant. The uncertainty

in the model prediction was consideredas a constraint, with a maximum

permitted value of 20%.

The algorithm converged to an alloy with the chemical composition

Fe-0.4C-2Mn-0.5Si-2Al-0.5Cu-0.02P(wt%), with a microstructure estimated

to contain 41� 20 vol.% of retained austenite,after intercritical annealingat

840� C followed by bainite transformation at 300� C.

The alloy is rich in carbon, manganese,aluminium and copper. Each of

theseelements is known to help retain austenite[Girault et al., 2001;Jacques
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et al., 2001a;Kim and Lee,1999;Sakumaet al., 1991a;Shi et al., 2002].The

concentrations of theseelements were therefore increasedby the algorithm

while reducing the silicon content, as required by the objective. The result

obtained thereforeappearsto be physically meaningful.

5.3 Thermo dynamic calculations

Amounts of various phasesin equilibrium asa function of temperature were

calculatedfor the optimised alloy using MTD ATA with the SGTE database.

Ferrite, austenite,cementite and liquid wereallowed to exist. The resultsare

presented in Figure 5.2. The alloy starts to solidify by forming ferrite, which

reaches a maximum of about 85 wt%. This is called � -ferrite. Austenite

starts to form thereafter with the amount of � -ferrite decreasing.However,

the calculations indicate that austenite can never exist as a single phasein

the alloy. With cooling, the amount of austenite increasesand attains a

maximum of about 80 wt% beforeit starts to decomposeto allotriomorphic

ferrite.

Figure 5.2 alsorevealsthe alloy to exist as a mixture of about 54 wt%

austenite and 46 wt% ferrite at 840� C, the predicted intercritical annealing

temperature for the optimum alloy. The chemicalcomposition of the austen-

ite formed at 840� C was calculated to be Fe-0.67C-2.54Mn-0.53Si-1.35Al-

0.013P-0.51Cu(wt%). Temperaturesat which the austenitecanbe expected

to start transforming into bainite and martensite were calculated using the

MAP STEEL MUCG73 program to be 354� C and 160� C respectively. Both

the predicted intercritical annealingand the bainite reaction temperature of

300� C thereforeappear reasonable.
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Figure 5.2: Calculated amounts of di�erent phasesas a function of temper-
ature for the optimised alloy.

Retention of austenite in thesesteelsis due to its carbon enrichment

after the bainite reaction. Bainitic ferrite grows without any di�usion but

excesscarbon subsequently partitions to the residual austenite [Bhadeshia,

2001]. The reaction can be sustained till the free energy of the austenite

becomesequal to that of the ferrite. This happens when the mole frac-

tion of carbon in residual austenite becomesxT 0. This is calculated by the

MAP STEEL MUCG73 program to be 0.0497(i.e., 1.115 wt%) at 300� C,

for the austenite formed during intercritical annealingat 840� C.

The initial mole fraction of carbon in a fully austenitic sample, �x, can

be related to the �nal volume fractions and carbon content of the bainitic
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ferrite and austeniteas,

�x = v� x � + v
 x 
 (5.1)

where v� and v
 are the volume fractions of bainite and austenite in the

microstructure with mole fractions of carbon x � and x 
 respectively.

The mole fraction of carbon in the austenite formed at 840� C is cal-

culated to be 0.0312. Substituting �x = 0:0312,x 
 = 0:0497and assuming

x � = 0 in the above equation, the volume fraction of austenite remaining

untransformed after bainite reaction at 300� C is calculated to be 0.628. As-

suming the densitiesof bainite and austenite do not vary signi�cantly, the

calculationssuggestthe �nal weight fraction of retainedausteniteto be0.628.

However, in the present case,the initial weight fraction of austenite in the

material before the bainite reaction was only 0.54. Thus the �nal retained

austenite weight fraction, and hencealso the volume fraction, can be ex-

pectedto be 0.339. This austenite is expected to contain 1.115wt% carbon

and henceto be stable against further decomposition into martensite. The

thermodynamic calculation therefore seemsto be in reasonableagreement

with the predictions madeby the geneticalgorithm.

Figure 5.2 indicates that the optimum alloy can never be fully

austenitic. This could be due to the aluminium which stabilises � -ferrite

and forms 
 -loop in the phasediagram. This is not generallydesirableas it

prevents the steel from becomingfully austenitic. However, TRIP-assisted

steels in any casecontain allotriomorphic ferrite which can, in principle,

be substituted with � -ferrite. This de�nes a new classof steels,designated

� -TRIP. Experiments were therefore carried out using alloys basedon the

optimum composition with the objective of using the � -ferrite to design a
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new microstructure and to test the properties.

5.4 Exp erimen ts

Materials

Basedon the optimised composition, four alloys designatedA, B, C and D

were madein laboratory with chemical compositions as shown in Table 5.1.

Alloy A was preparedin a vacuum melting furnace and in a small quantit y

of some50 g. This wasmadesimply to establishproof of concept. The other

threealloysweremadeas50kg ingots in air-melting furnace. The three larger

melts were madebecauseit was di�cult to get the desiredcomposition.

Allo y C Mn Si Al P Cu
A 0.41 2.42 0.46 1.57 0.26 0.42
B 0.36 1.96 0.73 2.22 0.022 0.52
C 0.42 1.91 0.62 2.30 0.022 0.53
D 0.43 1.90 0.63 2.16 0.022 0.52

Table 5.1: Chemicalcompositions of the alloys madefor experiments.

Heat treatmen t

Samplesof alloys A and B in the as-castcondition weresealedin quartz tubes

containing a partial pressureof argon for heat treatment in an air furnace.

One set of the alloy A sampleswas tempered at 300� C for 1 h, 2 h and 4 h

respectively. Samplesof the alloys A and B were also subjected to two-step

heat treatment, involving initial heatingto a temperature in the (� + 
 ) phase

region followed by an isothermal dwell at a lower temperature, in order to
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obtain bainite. Details about the heat treatment parametersare described

in the following section.

Characterisation pro cedures

Microstructures of the samplesin both as-castand heat-treated conditions

werecharacterisedusingoptical and �eld emissiongun scanningelectronmi-

croscopy (FEGSEM). Sampleswere polishedusing standard metallographic

techniquesand etched with 2% nital solution. The electron microscope was

operated at a 10 kV acceleratingvoltage.

X-ray di�raction testsof the sampleswerecarriedout with a scanrange

of 40� -120� at 0.5� intervalsand a 5 sdwell at each step. Cu-K � radiation was

used and the operating voltage and current were set at 40 kV and 40 mA

respectively. Sampleswere polished, etched with 2% nital and then once

again just �ne polishedbefore�nally putting into the di�ractometer.

Mec hanical tests

The bulk hardnessesand the microhardnessof the constituent phaseswere

recordedwith 10 kg and 50 g load respectively.

Uniaxial tensile tests were carried out with the heat-treated samples

of the alloy B, at room temperature and 100� C. Specimenswere machined

from the heat-treated blocks with circular cross-sectionof 5 mm diameter

and 30 mm gaugelength. The sampleswere deformed with a strain rate

of 2.8� 10� 5 s� 1. An extensometerof 10 mm gaugelength was attached to

the specimentested at room temperature. However, this could not be used

for the high temperature test. Samplescut from near the fracture surfaces

were used for X-ray di�raction studies in order to measurethe fraction of

austenite remaining at fracture.
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5.5 Results and discussion

Allo y A

Figure 5.3 presents the equilibrium phasefractions as a function of temper-

ature for alloy A, as calculated using MTD ATA with the SGTE database.

This predicts signi�cant quantities of � -ferrite to be retained during solidi�-

cation of the alloy. The microstructuresof the alloy in the as-castcondition

are presented in Figure 5.4, showing light-etching elongatedgrainsof ferrite.

The morphologyis that of dendritesof � -ferrite formed directly from the liq-

uid during solidi�cation. The micrographsalsoreveala dark-etching residual

phase,the nature of which is not clear from Figure 5.4. FEGSEM images,

presented in Figure 5.5, indicate this residual phaseto be martensitic.

The microhardnessesof � -ferrite and the residual phasein the as-cast

microstructure and the bulk hardnessvaluesare presented in Table 5.2. The

high hardnessof the residualphaseis consistent with that of the high-carbon

martensite [Bhadeshiaand Honeycombe, 2006].

Phase Hardness / HV
� -ferrite 296� 20

Residualphase 801� 57
Bulk 412� 25

Table 5.2: Microhardnessof the constituent phasesand the bulk hardnessof
the as-castsample. The valuesrepresent the averageof 20 readingsin each
caseand the error bar represents onestandard deviation.

The hardnessdata of Table 5.2 wereusedto estimate the volume frac-

tions of the constituent phasesin the as-castsampleusinga rule of mixtures.

Assuming the microhardnessesof the � -ferrite and the residual martensitic
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Figure 5.3: Calculated amounts of phasesin equilibrium for alloy A.

phaseare H1 and H2 respectively, the bulk hardness,Hb, of the samplecan

be expressedas:

Hb = vH1 + (1 � v)H2 (5.2)

where,v is the volume fraction of � -ferrite. A point count method was also

usedto measurethe phasefractions. Assumingthat the densitiesof the two

phasesare not signi�cantly di�erent, the measurements e�ectively represent

the weight fraction of each phase,aspresented in Table 5.3. Errors reported

in the point count measurements represent � 1� .

Figure 5.3 indicates a maximum of about 80 wt% � -ferrite to form at

1400� C in equilibrium with liquid. Austenite forms on further cooling, lead-

ing to a decreasein the � -ferrite content. Table 5.4 shows the calculated
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(a)

(b)

Figure 5.4: Optical micrographsof alloy A in the as-castcondition.

phasefractions and the chemical composition of the � -ferrite and the liquid

existing in equilibrium at 1400� C. The experimentally determined fraction

of � -ferrite in the as-castmicrostructure appearscomparablewith that cal-
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(a)

(b)

Figure 5.5: FEGSEM imagesrevealingthe martensite-like platesin the resid-
ual phase. Someof the plates contain a midrib which is consistent with
high-carbon martensite.
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Phase Weight fraction
from hardness from poin t count

� -ferrite 0.77 0.74� 0.04
Residualphase 0.23 0.26� 0.01

Table 5.3: Weight fractions of the constituent phasesin the as-cast mi-
crostructure.

culated, Table 5.4. It therefore appearsthat the alloy solidi�ed by forming

� -ferrite upto a temperature of around 1400� C.

Phase Amoun t / wt% Comp osition / wt%
C Mn Si Al P Cu

Ferrite 79.5 0.2 2.1 0.4 1.7 0.2 0.4
Liquid 20.5 1.2 3.7 0.7 1 0.2 0.4

Table 5.4: Calculated amounts and the chemical composition of the phases
in equilibrium for the alloy A at 1400� C.

The liquid coexisting with the � -ferrite at 1400� C is rich in carbon (Ta-

ble 5.4). The austenitethat will form from the liquid, and hencethe marten-

site, can be expected to inherit the high carbon content. This supports the

high hardnessof the residualmartensitic phasein the as-castmicrostructure

(Table 5.2). However, there must alsobe someausteniteremaining untrans-

formed, due to its high carbon content. X-ray di�raction wasusedto detect

the presenceof austenite and the analysiswas carried out with the help of

X'Pert Plus softwarewhich usesthe Reitveld re�nement method dueto Wiles

and Young [1981]. This gave about 7.8� 0.7 wt% of retained austenite to be

present in the sample.

A set of as-castsamplesof the alloy wastemperedat 300� C for varying

time periods, mainly to con�rm the high carbon content of the martensitic
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residualphase.The microhardnessof the phasewasfound to decreasedrasti-

cally with increasein tempering time, asillustrated in Table5.5. The average

valuesof 20 readingswith the error as one standard deviation are reported

in Table 5.5.

Figure 5.6 shows the FEGSEM imagesobtained from a temperedsam-

ple. Comparedto the as-castcondition (Figure 5.5), the residualphaseafter

tempering appearswith better contrast (Figure 5.6). This might be due to

carbide precipitation from the martensite during tempering, increasingthe

interfacial areaper unit volume thereby resulting in more intenseetching.

Temp ering time / h Microhardness / HV
0 801� 57
1 655� 23
2 606� 30
4 529� 36

Table 5.5: Drop in microhardnessof the residual martensitic phase with
tempering time at 300� C.

The two-stepheat-treatment of the as-castsampleswerecarried out to

producea microstructure comprisedof � -ferrite, bainite and austenite. Cal-

culationsusingMTD ATA with SGTE databaserevealedalloy A to consistof

60 wt% austenite in equilibrium with 40 wt% ferrite at 810� C (Figure 5.3).

Samplesof the alloy werethereforeheatedat 810� C for 12h followedby a sec-

ond isothermal hold at 300� C for 6 h. The MAP STEEL MUCG73 program

wasusedto determinethe time and temperature of the bainite reaction. The

chemical composition of the austenite formed at 810� C was calculatedusing

MTD ATA and usedas the input to the MAP STEEL MUCG73 program.

Figure 5.7 revealselongatedgrains of � -ferrite and a dark-etching sec-
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(a)

(b)

Figure 5.6: FEGSEM imagesof the sampletemperedat 300� C for 4 h.
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ond phase,the nature of which is not clear. The FEGSEM imagesof the

sampleare presented in Figure 5.8. It appearsthat the secondphaseis made

up of bainite and retained austenite. The presenceof about 14.3� 0.7 wt%

retained austenite is revealed by X-ray di�raction analysis. This is, how-

ever, seento be lessthan both the amount of retained austenitepredictedby

the genetic algorithm and that calculated using the bainite transformation

theory. The carbon content of the retained austenite was estimated to be

1.35� 0.02 wt% from the lattice parameter of austenite, using the equation

proposedby Dyson and Holmes[1979].
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(a)

(b)

Figure 5.7: Optical micrographsof alloy A heat-treated to form bainite.
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(a)

(b)

Figure 5.8: FEGSEM imagesof the heat-treatedsampleof alloy A revealing
bainite.
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Allo y B

As expected from Figure 5.9, the microstructure of the alloy in the as-cast

condition revealsthe presenceof � -ferrite, embeddedin a dark-etching resid-

ual phase(Figure 5.10(a)). The microhardnessof the residual phasein this

alloy was recordedas 382� 22 HV and that of the � -ferrite as 214� 8 HV.

Unlike alloy A, the residualphaseof this material doesnot thereforeappear

to be martensitic. Figure 5.10(b) revealsthe residual phaseto be pearlite.
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Figure 5.9: Amounts of phasesin equilibrium at di�erent temperatures for
the alloy B, calculatedusing MTD ATA with SGTE database.

Samplesof alloy B weresubjected to the two-stepheat-treatment. Fig-

ure 5.9 revealsthe alloy to exist as a mixture of 45 wt% ferrite and 55 wt%

austenite in equilibrium at 940� C. Sampleswere thereforeinitially heatedat
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(a)

(b)

Figure 5.10: Microstructures of the as-castsample of alloy B, (a) optical
micrograph and (b) FEGSEM image.
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940� C for 12 h and were subsequently allowed to transform into bainite at

300� C for 3 h.

Figure 5.11depictsthe microstructuresof the heat-treatedsample.The

distinct morphology of the � -ferrite is seento have been retained after the

heat-treatment, alongwith the formation of bainite. The presenceof retained

austenite in the heat-treated sample was con�rmed with X-ray di�raction

analysis,which revealed13.5� 0.9wt% of retainedaustenitecontaining about

1.17� 0.03wt% carbon.

The microhardnessesof � -ferrite and bainite along with the bulk hard-

nessof the heat-treated sampleare presented in Table 5.6. Hardnessdata

and point counts wereusedto estimatethe fractions of � -ferrite and bainite,

as described previously. Assuming that the densities of � -ferrite and the

bainitic phaseare approximately equal, the measurements e�ectively rep-

resent the weight fraction of each phase, as presented in Table 5.7. The

fraction of bainite is seento be in reasonableagreement with that of the

austenitepresent at the intercritical annealingtemperature, calculatedusing

MTD ATA (Figure 5.9).

Phase Hardness / HV
� -ferrite 267� 9
Bainite 519� 13
Bulk 385� 40

Table 5.6: Microhardnessesof the constituent phasesand the bulk hardness
of the heat-treated sampleof alloy B.

Heat-treatedsamplesof the alloy B weremechanically testedusinguni-

axial loading. The properties observed at room temperature are impressive

with 23%total elongationand an ultimate tensilestrength of 1000MPa (Fig-
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(a)

(b)

Figure 5.11: Microstructuresof the heat-treatedsampleof alloy B, (a) optical
micrograph and (b) FEGSEM image.
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Phase Weight fraction
from hardness from poin t count

� -ferrite 0.53 0.43� 0.02
Bainite 0.47 0.57� 0.03

Table5.7: Weight fractions of � -ferrite and bainite phasesin the heat-treated
sampleof alloy B.

ure 5.12). The 0.2%proof stresswas recordedas 700MPa. There has been

no signi�cant necking of the sampleat fracture suggestingthat the elongation

hasmostly beenuniform (Figure 5.13).

The true stress-strainplot in Figure 5.12showssteadystrain-hardening

continuing until fracture. This could be due to the transformation of re-

tained austenite into martensite during straining. The X-ray analysisof the

samplecut from near the fracture surfaceof the tensile specimenindicated

7.0� 0.8 wt% of austenite to exist. During straining, the austenite content

wasthereforereducedto half of that in the undeformedcondition. The trans-

formation of austenite into martensite during straining might have played a

key role in
uencing the properties.

Figure 5.14 depicts the stress-strain curve recorded for the sample

tested at 100� C. The more gradual slope of the elastic part of the curve

as comparedto the room-temperature tested sample is simply due to the

absenceof any extensometer.Comparedto the properties at room temper-

ature, the strength of the material remainedunaltered but total elongation

was reducedsigni�cantly when tested at 100� C. The true stress-strainplot

in Figure 5.14indicatesthat the strain-hardeninghasnot beenvery e�ective

unlike the specimentested at room temperature. This might be due to the

enhancedstabilit y of austenite at the higher test temperature. The X-ray
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Figure 5.12: Stress-straincurve of the heat-treated material at room tem-
perature.

Figure 5.13: No necking is observed implying the elongation is mostly uni-
form.
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analysiscon�rmed about 13.0� 0.7 wt% retained austenite to be present in

the specimen after fracture. This is about the sameas that of the heat-

treated state, suggestingthat there hasbeenno transformation of austenite

during straining.
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Figure 5.14: Stress-straincurve of the heat-treated material at 100� C.
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Allo ys C and D

Figure 5.15indicatesboth the alloys C and D canbe expectedto have a sim-

ilar phasetransformation behaviour as that of the alloys A and B. However,

it is surprising to observe that noneof thesematerials revealedthe presence

of � -ferrite in the as-castcondition. Figure 5.16 depicts the light-etching

allotriomorphic ferrite formed along the prior austenite grain boundariesin

alloys C and D. The morphologyof the ferrite grains in thesematerials is in

sharp contrast to that of the elongated� -ferrite grains, asobserved in alloys

A and B.

The absenceof � -ferrite in as-castmicrostructures of alloys C and D

couldbedueto the cooling pattern during solidi�cation. Figure 5.15suggests

that � -ferrite forms during solidi�cation up to around 1400� C. At lower tem-

peratures,austenite starts gaining stabilit y over ferrite. A fast cooling rate

during solidi�cation can bring down the temperature rapidly below 1400� C,

thereby avoiding the chanceof forming � -ferrite. This might have led to the

solidi�cation of the alloys C and D forming austenite,which hastransformed

partly to allotriomorphic ferrite during subsequent cooling.

5.6 Summary

TRIP-assistedsteelsare madewith silicon, which helps retaining austenite.

However, silicon leadsto many di�culties during processingand deteriorates

the surfacequality of the steel. A geneticalgorithm coupled with a neural

network model yielded an optimised chemical composition which is low in

silicon content but rich in aluminium, manganeseand copper.



122 5.6 Summary

Experiments to con�rm the calculationsgave surprising results. Some

of the alloysdemonstratedanenhancedtendencyof � -ferrite formation during

solidi�cation, as expected from phasediagram calculations. However, there

was no evidenceof the presenceof � -ferrite in the as-castmicrostructuresof

someother alloys, which could be due to the di�erence in cooling pattern.

The as-castsamplesof the alloys containing � -ferrite wereheat-treated

to form microstructures containing � -ferrite, bainite and retained austen-

ite. The heat-treated sampleswere found to possessimpressive mechanical

propertiesat room temperature. However, increasedstabilit y of the retained

austenite at higher temperature might have beenresponsible for impairing

the ductilit y of the specimentested at 100� C.
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Figure 5.15: Amounts of phasesin equilibrium at di�erent temperatures
for the (a) alloy C and (b) alloy D, calculated using MTD ATA with SGTE
database.
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(a)

(b)

Figure 5.16: Optical micrographsfrom the as-castalloys C and D showing
allotriomorphic ferrite along the prior austenitegrain boundary.



Chapter 6

Mec hanical Stabilisation

Austenite can be induced to transform to martensite above the M S tem-

perature by stressor strain. This induced transition is widely believed to

be the causeof the excellent mechanical properties, especially the formabil-

it y, of TRIP-assistedsteels.Stressaddsto the thermodynamic driving force

whereasplastic strain a�ects the kinetics of the process.Defectscreated in

austenitedue to strain provide additional nucleation sites. However, growth

of martensite plates can be hindered by defectsin austenite and excessive

deformation can even halt the transformation, in a phenomenonknown as

mechanical stabilisation. The purposeof the present chapter is to study the

role of stressand strain on martensitic transformations.

6.1 Mec hanical driving force

Martensitic transformation during deformation of austenitewas �rst discov-

ered by Scheil [1932],the thermodynamicsof which was explainedby Patel

and Cohen[1953]. Stressmakestransformation possibleabove the M S tem-

125
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perature by supplying the shortfall of the necessarythermodynamic driving

force. This is illustrated schematically in Figure 6.1. The freeenergychange,

� G1, available at the M S temperature is the critical driving force necessary

for transformation. At a temperatureT1 aboveMS, the magnitudeof the free

energychangedue to transformation, � G2, is lessthan the critical driving

force, � G1. Martensite can only be formed at this temperature by supply-

ing additional energy of a magnitude U, so that U + � G2 = � G1. This

can be done by applying stress. The work done by external stressadds to

the available chemical free energychangeas a mechanical driving force for

transformation at any temperature.

Figure 6.1: A shortfall in driving force for martensitic transformation above
the MS temperature can be compensatedfor by the application of stress.

Transformationof austeniteto martensite is accomplishedby a perma-

nent shape deformation. This is characterisedby an invariant-plane strain

deformation with � and s as the dilatational and shearcomponents of the

shape deformation respectively. The mechanical driving force due to an ex-
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ternal stress,� , can then be expressedas:

� Gmechanical = � N � + � s (6.1)

where � N is the normal component and � is the shear component of the

applied stressresolved along the direction of the sheardisplacement of the

shape deformation. Both � N and � act on the crystallographic plane of

austeniteon which the plate of martensite forms (Figure 6.2).

Work doneby the shearcomponent of the applied stressis always ex-

pectedto bepositive whereasthat dueto the normal component may bepos-

itiv e (in tension) or negative (compression). In steels,the shearcomponent

of the shape deformation is much higher in magnitude than the dilatational

component. Thus the observed e�ect of stressarisesmainly from the work

done by the shear component. However, hydrostatic stress interacts only

with the dilatational component and therefore is not very e�ective for in-

ducing transformation in steels.Hydrostatic compression,in fact, suppresses

transformation since in steels, there is a volume expansionon martensitic

transformation.

6.2 Role of strain

As is apparent from Figure 6.1, the higher the temperature above M S, the

greater the stressrequired to initiate transformation. It is possibletherefore

that abovea critical temperatureaustenitewill beplastically deformedbefore

transformation, which is often referredas strain-induced transformation.

Plastic strain in austenite createsdefects that can act as additional
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Figure 6.2: Resolved normal and shear components of the external
stress[Bhadeshia,2001].

nucleation sites for transformation. This is in contrast to the stress-assisted

transformation that starts from the samenucleation sitesasathermal trans-

formation but with the thermodynamic assistanceof external stress.Plastic

strain thus rendersa kinetic advantage over the thermodynamic contribu-

tion of the accompanying stress[Lecroiseyand Pineau,1972;Manganonand

Thomas, 1970;Olson and Cohen,1972;Venables,1964].

Transformation from plastically strained austenite has beengenerally

observed to occur at a stresslevel lower than that expectedfrom the contri-

bution of stressalone. There is a di�erence in opinion regardingthe causeof

such an observation:

� Olson and Cohen[1979]ascribed this behaviour to the higher potency

of the nucleation sitescreatedby plastic strain.

� Onodera and Tamura [1979]explainedthe samebehaviour in terms of

the stressconcentration at defects,which may reach the critical stress

required for transformation, even when the magnitude of the applied

stressis less.
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In spite of the nucleation advantage, plastic strain in austenite may

actually act to retard transformation. Defectsgenerateddue to strain can

hinder the growth of martensite plates. This is generallyexplainedin terms

of the martensite-austeniteinterface structure, which is madeup of a set of

screwdislocations,asdepictedschematically in Figure 6.3 [Christian, 2002].

Growth of a martensite plate involves translation of the glissile inter-

face,which can be madesessileby obstacleslike grain boundaries.Plates of

martensite are therefore never observed to traverseaustenite grain bound-

aries. Smallerdefectslike isolateddislocationsresist the motion of the inter-

facebut can often be incorporated into the lattice of martensite. However,

heavy dislocation debris in austenite generatedby severe plastic deforma-

tion can halt the transformation. This is known as mechanical stabilisa-

tion [Bhadeshia,1999b;Breedisand Robertson,1963;Leslieand Miller, 1964;

Machlin and Cohen,1951;Raghavan, 1992].

6.3 Mathematical form ulation

The purposehere is to developed a theory to predict the critical strain nec-

essaryfor causingmechanical stabilisation of austenite. The problem is one

of balancing the force required to sustain the motion of the transformation

interfaceagainst the resistancedue to the dislocation debris in austenite.

Dislo cation theory

At low homologoustemperatures,plastic deformation is causedby the trans-

lation of dislocations. The resultant plastic strain � is givenby [Honeycombe,
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Figure 6.3: Model of austenite-martensiteinterface (after Frank [1953]), a
screw dislocation with a lattice Burgers vector is necessaryat every sixth
atomic closed-packed plane to match the atomic rearrangements [Christian,
2002].

1984]:

� = �bL (6.2)

where� is the dislocation density, b is the Burgersvector and L is the average

distancemoved by the dislocations.

For a given dislocation density, the spacingbetween the dislocations

is given by l = � � 1
2 . Under these circumstances,the mean shear stress

� required to move dislocations past each other is given as [Honeycombe,

1984]:

� =
Gb

8� (1 � � )l
=

Gb�
1
2

8� (1 � � )
(6.3)



131 6.3 Mathematical formulation

whereG is the shearmodulus and � the Poisson'sratio. On combining with

equation 6.2 and noting that the force per unit length is � b,

� b =
Gb

3
2

8� (1 � � )

r
�
L

(6.4)

The meanfree distanceL must decreaseas the plastic strain increases

[Barlat et al., 2002]:

L =
� D

� + D�
(6.5)

where D is the original grain sizeof austenite prior to straining and � is a

coe�cien t about equal to 1� m [Barlat et al., 2002].

Besidesdislocation strengthening,solid-solutionhardeningaddsto the

total resistanceto interface motion [Olson and Cohen, 1976a-c;Ghosh and

Olson, 2001]. Solid solution hardening coe�cien ts for various solutes in

austenite have been reported for tensile strength by Irvine et al. [1969].

These values can be converted into shear stress equivalents � S using the

Trescacriterion.

Chemical driving force

The stress� T driving the motion of the interfaceoriginatesfrom the chemical

free energychange� G of transformation [Olson and Cohen,1976a-c]:

� T = � � G (6.6)

where� is a constant assumedto be equal to unity and � G = G
 � G� i.e.,

the magnitude of the driving force which is a function of temperature and

the chemical composition of the alloy.
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Lattice distortions due to the accommodation of the shape deforma-

tion accompanying transformation must be accounted for in terms of stored

energy. The magnitude of this is given by Christian [1979] to be about

600J mol� 1. This hasto be subtracted from the freeenergychangeof trans-

formation (obtained using MTD ATA), in order to determinethe stressdriv-

ing the interface motion. The magnitude of force per unit length available

for driving the austenite-martensiteinterfacecanbe obtainedby multiplying

� T with the Burgers vector b.

Mo del

Mechanical stabilisation occurs when the force driving the interface equals

that opposingits motion:

� T = � + � S (6.7)

b� G =
1

8� (1 � � )
Gb

3
2

r
�
L

+ � Sb (6.8)

This equationcan now be usedto calculatethe critical strain for mechanical

stabilisation.

6.4 Results and discussion

The key input to the model for calculating the critical strain necessaryfor

mechanical stabilisation is the freeenergychangeaccompanying the transfor-

mation of austeniteto martensite, � G. The freeenergychangeis a function

of temperature and the composition of the steeland can be calculatedusing

the software MTD ATA. The software accessesthe thermodynamic database

SGTE to calculatephasestabilities and freeenergies.The freeenergyvalues
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obtained from MTD ATA were reducedby 600 J mol� 1 to account for the

stored energyof martensite. The magnitudesof di�erent constants usedin

calculationsare listed in Table 6.1.

Property Value
Shearmodulus of austenite 8 � 1010 Pa

Poissonsratio 0.27
Burgersvector 2:52� 10� 10 m

Table 6.1: Valuesof constants usedin the model.

6.4.1 Austenitic stainless steels

A range of chemical compositions of austenitic stainlesssteelsare listed in

Table 6.2. The reasonfor varying the nickel concentration was to study the

e�ect of the chemicaldriving force for transformation on the stabilisation to

martensitic transformation. All the calculations were carried out allowing

for solid-solution strengtheningand for a variety of temperatures.

Alloy C Mn Si Cr Ni Mo N
Alloy 1 0.05 1.5 0.75 18.0 6.0 0.0 0.03
Alloy 2 0.05 1.5 0.75 18.0 8.0 0.0 0.03
Alloy 3 0.05 1.5 0.75 18.0 10.0 0.0 0.03
Alloy 4 0.05 1.5 0.75 18.0 12.0 0.0 0.03
316L 0.01 0.53 0.75 17.1 11.9 2.0

Table 6.2: Chemical compositions (wt%) of di�erent austenitic stainless
steels.

Figure 6.4 shows the chemical driving force (beforethe subtraction of

the 600J mol� 1 stored energy)ascalculatedusingMTD ATA. It is seenthat

theseare very largedriving forces,especially for 300K which is normally the
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ambient deformation temperature. The original grain sizewas taken to be

40 � m.

The critical strain calculatedusing the model for each alloy at di�erent

temperaturesis presented in Figure 6.5. It can be seenthat the strain values

are very large, ranging from � =2.9{4.5. The strain values increasewith

decreasingnickel concentration i.e., increasingthe free energychange,� G,

of transformation.

Figure 6.4: Free energy change in di�erent alloys as listed in Table 6.2 at
di�erent temperatures.

In physical terms, this meansthat the meanfreepath L hasto be very

small, lessthan 1 � m, as illustrated in Figure 6.6. Huge plastic strains are

required to achieve the necessarydefectdensity, sosuch a result may at �rst
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Figure 6.5: Calculated strain to initiate mechanical stabilisation at di�erent
temperaturesfor various alloys.

sight seemunlikely. However, experiments carried out with 316L austenitic

stainless steel deformed to a true strain of � = 6:3 con�rms that severe

deformationis indeednecessaryto mechanically stabilisethe austenite[Wang

et al., 2005].

Figure 6.7 shows the curve obtained by �tting to experimental data

from the 316L experiments [Wang et al., 2005]. It was demonstratedthat

thermodynamically the alloy should be able to transform completely into

martensite, were it not for the fact that the deformed austenite becomes

mechanically stabilised. In fact, the amount of strain-induced martensite is

limited to 57%, with much of this formed at low strains before the onset

of stabilisation. On the basis of the �tted curve (Figure 6.7), the onset of

mechanical stabilisation, i.e. the strain at which strain-induced martensite

ceasesto signi�cantly increasewith strain, is about � = 2 � 3.
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Figure 6.6: Variation of the mean free path with strain for mechanical sta-
bilisation, open circles for 400K and �lled circlesfor 300K.

Figure 6.7: Experimental �tted curvefor strain-inducedmartensiteformation
in 316L stainlesssteel [Wang et al., 2005].



137 6.4 Resultsand discussion

The calculated data for 316L are presented as points in Figure 6.5;

they show that the critical strain for mechanical stabilisation is 3.45, 2.25

and 1.45 for the temperatures 300, 400 and 500 K respectively. The large

strain data of the experiments arebasedon wire drawing and it is conceivable

that the temperature risesby around 200 K during the deformation [Wang

et al., 2005].The calculationsare thereforeconsistent with the experimental

data. Furthermore, the analysisshows that large strains neededto achieve

stabilisation is due to the large values of � G for transformation in such

stainlesssteelsat the deformation temperature.

6.4.2 TRIP-assisted steels

In TRIP-assisted steels, high-carbon retained austenite transforms to

martensite during deformation. In order to calculate the strain required

to causemechanical stabilisation in thesesteels,the chemicalcomposition of

the retained austenitegrains must be known precisely.

Thesesteelsare intercritically annealedin the (� + 
 ) two phaseregion

prior to the bainite reaction. Retained austenite gets enriched with carbon

subsequent to the bainite reaction. The carbon content of retained austenite

is generallyreported for thesesteels[Itami et al., 1995;Jacqueset al., 2001c;

Sugimotoet al., 1992b;Tomita and Morioka, 1997]. However, substitutional

solutesdo not partition during bainitic transformation. Therefore, the con-

centrations of theseelements in the �nal retained austeniteremain the same

asthat beforethe bainite reaction. The dwell time during intercritical anneal-

ing is very short and soequilibrium partitioning of the substitutional solutes

is very unlikely. By contrast, the carbon concentration can be expected to
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attain equilibrium in austenitewithin the short intercritical annealingperiod.

The substitutional solute content of the retained austenitecan be calculated

using MTD ATA, assumingthe existenceof equilibrium and paraequilibrium

during intercritical annealingseparately.

The thermodynamic driving force for transformation of austenite to

martensite was calculated using MTD ATA at the temperature of deforma-

tion. Retained austenite grains in thesesteelsare generally reported to be

very �ne (about 1 � m) [Jacques,2003]. Thesevalueswereusedas inputs to

the model to determinethe critical strain necessaryfor mechanical stabilisa-

tion (Figure 6.8).
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Figure 6.8: Critical strain necessaryfor onset of mechanical stabilisation in
high-carbon austeniteof TRIP-assistedsteels.

As seenfrom Figure 6.8, the critical strain for onsetof mechanical sta-

bilisation in thesesteelsdecreaseswith increasingcarbon content of retained
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austenite. This is due to the lower chemical driving force for martensitic

transformation for higher carbon containing austenite. A range of critical

strain valuesare predicted for each carbon level: the upper and lower limits

arise from the existenceof the equilibrium or paraequilibrium partitioning

of the substitututional solutesduring intercritical annealing. However, the

range of predicted strain values is small in magnitude, possibly due to the

subtle di�erence between the equilibrium and the paraequilibrium concen-

trations of the substitutional solutesin the austenite.

Figure 6.8 further demonstratesthe occurrenceof mechanical stabili-

sation at small plastic strain in austenite with carbon content higher than

about 1.1 wt%. It appears therefore that transformation of austenite with

such a carbon level can never be strain-induced. Interestingly, high-carbon

austenite is known to be the hardest phasein the microstructures of these

steels[Furnemont et al., 2002]. Austenite might thus be thought to remain

unstrained till the late stageof the deformation. It might be possiblethere-

fore that high-carbon austenite in thesesteelstransforms to martensite due

to the e�ect of elastic stressrather plastic strain.

Stress-assisted transformation

Stressprovides the shortfall in the chemical driving force for transformation

to occur. However, the magnitude of the assistancerenderedby stressde-

pendson the nature of the stressstate. For a simple uniaxial loading, the

stresscoe�cien t is reported by Olson[1982]to be0.86J mol� 1 MPa� 1. With

this value, the total driving force(chemical+ mechanical) can be calculated

as a function of temperature using MTD ATA.
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Figure 6.9 illustrates the total thermodynamic driving force for trans-

formation at di�erent stresslevelsfor a hypothetical composition of austenite

as Fe-1C-2Mn-2Si,all in wt%. The �gure revealsthe remarkable increasein

the total driving force of transformation due to stress. The diagram also

helpsto understandthe e�ect of a given stresslevel in terms of an equivalent

thermal undercooling necessaryto achieve the sameadditional thermody-

namic driving force. For example,application of a stressof 400 MPa may

be consideredas an equivalent undercooling of 55 K, resulting in additional

transformation.
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Figure 6.9: Total driving forcefor austeniteto martensite transformation for
Fe-1C-2Mn-2Si(wt%) austeniteat di�erent stresslevels.

It can thereforebe arguedthat the in
uence of stresson the extent of

transformation canbecomputedin a similar way to athermal transformation,
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using the empirical equation given by Koistinen and Marburger [1959]:

1 � � = expf� C(M S � TQ)g (6.9)

where � is the martensite volume fraction at temperature TQ and C is a

constant equal to 0.011K � 1. Knowing the MS temperature of austeniteand

the equivalent thermal undercooling produced by a given stress level, the

fraction of austenite transforming to martensite can be calculatedusing this

equation.

Table 6.3 presents data, reported by Jacqueset al. [2001d],that have

beenusedto calculate the in
uence of stresson transformation of austenite,

using the principle described above.

Sample Athermal � 0 
 R C in 
 R MS

(vol.%) (vol.%) (wt%) (K)
L30s 7 8.8 0.61 351(calculated)
L60s 5 8.1 0.68 341(calculated)
H360 � 0 7.9 0.85 298(stated)

Table 6.3: Data for decomposition of residualausteniteto martensite during
cooling to room temperature, 
 R is retainedaustenite[Jacqueset al., 2001d].

The MS temperature for sampleH360 has been indicated by Jacques

et al. [2001d]to be closeto room temperature i.e. 298 K, as only a small

amount of martensite was detected in this sample. On the other hand, the

MS temperaturesfor samplesL30sand L60swerecalculatedusingKoistinen-

Marburger equation, based on the reported amount of transformation at

298K.

Stresslevels corresponding to di�erent strain values,at which the re-

tained austenite volume fractions were reported, were worked out from the
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relevant true stress-straincurve. These values are presented in Table 6.4.

The table alsoshows the expectedretained austenitefractions, ascalculated

consideringthe thermodynamic e�ect of stressalone.

Sample Stress/ MPa Calculated 
 R vol.% Reported 
 R vol.%
L30s 375 5.4 6.5

463 4.9 4.8
593 4.1 3.6
659 3.8 2.7
794 3.2 1.9

L60s 379 5.0 7.9
466 4.5 5.3
572 3.9 5.3
639 3.6 3.2
698 3.3 2.2
769 3.0 1.6

H360 500 4.0 6.0
710 3.0 4.8
830 2.6 3.6
914 2.3 3.4

Table6.4: Calculatedamounts of retainedaustenite(
 R) and the correspond-
ing amounts as reported by Jacqueset al. [2001d]at each stresslevel.

Table 6.4 reveals the reported extent of transformation is higher than

that calculatedfor samplesL30sand L60s. There is no contention of mechan-

ical stabilisation at the carbon levels of thesesamples(Figure 6.8). Plastic

strain in austenitecreatesdefectsthat act asadditional nucleationsites. This

can be consideredto drive the transformation to a greater extent than that

expected from the e�ect of stressalone.

By contrast, transformation has beenreported to a lower extent than

the computedonesfor sampleH360. Austenite in this samplecontains about

0.85wt% carbon. The high carbon level of austenite in H360sampleimplies
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a high hardnesslevel [Furnemont et al., 2002].Thus austenitein this sample

might not have strained plastically. It is possiblethereforethat transforma-

tion hasbeendue to the e�ect of stressalone.

6.4.3 Bainitic steels

One of the fascinatingaspectsof the bainite reaction in steelsis the sub-unit

mechanism of its growth. A platelet of ferrite grows to a limited sizeeven

though there is no impingement with obstaclessuch asaustenitegrain bound-

aries. The transformation then propagatesby the nucleation and growth of

another sub-unit, the collection of sub-units being known as a sheaf [Hehe-

mann,1970].The reasonwhy each platelet only growsto a limited sizeis that

the shape deformationaccompanying transformation is plastically accommo-

dated in the austeniteadjacent to the plate [Bhadeshiaand Edmonds,1979].

This results in the creationof an intensedislocation debriswhich rendersthe

interface immobile, as illustrated in Figure 6.10.

Calculationswerecarried out for a Fe-0.4C-3Mn-2Si(wt%) steel,which

is alsothe material from which the micrographin Figure 6.10originateswith

a transformation temperatureof 623K. As pointed out previously, the stored

energyhas to be subtracted from the free energychangeof transformation.

For bainite, the magnitudeof this is givenby Bhadeshia[1981]as400J mol� 1.

The results of calculationsare presented in Table 6.5.

The shearstrain associated with the growth of bainite is estimated to

be about 0.26 [Swallow and Bhadeshia,1996]. This, in comparisonwith the

calculateddata, canbe expectedto be su�cien t for onsetof local mechanical

stabilisation, and hencea sub-unit mechanism of growth. Furthermore, the
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Figure 6.10: Intensedislocation debris at, and in the vicinit y of the bainite
(� ub)-austenite (
 ) interface, the steelhasa chemicalcomposition Fe-0.43C-
3Mn-2.12Si wt% and is transformed at 623 K [Bhadeshia and Edmonds,
1979].

Temperature / K Critical Strain
500 2.1
600 0.6
650 0.06

Table 6.5: Strain necessaryfor mechanical stabilisation in the bainitic steel.

length of the sub-unit is expected to becomelarger and this is qualitativ ely

consistent with experimental data on bainite, the platesbecomemoreslender

asthe transformation temperature is reduced(� G increased)[Garcia-Mateo

et al., 2003]. It may be further noted that martensite forms in this steel

below about 500K [Bhadeshiaand Edmonds,1979].
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6.4.4 A thermal martensite

Austenite on cooling starts transforming to martensite only below a critical

temperature, MS. This temperature varieswith chemicalcomposition of the

steel. Most of the commonalloying elements, exceptaluminium and cobalt,

are known to depressM S. Finer austenite grain sizesalso lead to a lower

MS temperature [Raghavan, 1992]. This is generally believed to be due to

the hardening of austenite due to �ner grain sizes,hindering the growth of

martensite. Transformation from plastically deformedaustenite in a simi-

lar way can be expectedto start at lower temperature, as reported in a steel

of composition Fe-0.75C-1.02Mn-0.28Si-0.11Cr-0.05Ni-0.015S-0.009P-0.08Cu

(all in wt%) [Maalekian et al., 2006]. This is becasueof the strengthening

of austenitedue to a higher dislocation density than that in the undeformed

condition. A methodology is described in this section to calculate the de-

pressionof the MS temperature causedby prior plastic strain in austenite.

The theory for mechanical stabilisation relies on balancing the force

required to move the austenite-martensiteinterfacethrough a forest of dislo-

cationsagainstthe forcedueto the chemicalfreeenergychange(� G) driving

the interface:
Gb�

1
2

8� (1 � � )
= j� Gj (6.10)

whereb= 0:252nm is the magnitudeof the Burgersvector, G = 8� 1010 Pa

is the shear modulus of the austenite, � = 0:27 is its Poisson'sratio and

� is the dislocation density. The extra driving force, �(� G), necessaryfor

transformation in a plastically deformedsamplecan be expressedas:

Gb
8� (1 � � )

[�
1
2 � �

1
2
0 ] = �(� G) (6.11)
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wherethe dislocation density � hasa value � 0 at zeroplastic strain.

� G for transformation of austenite to ferrite without a composition

change was calculated using MTD ATA for the Fe-0.75C-1.02Mn-0.28Si-

0.11Cr-0.05Ni-0.015S-0.009P-0.08Cu(wt%) steel as a function of tempera-

ture:

� G = 7:0337T � 5218J mol� 1 or �(� G) � 7:0337� T (6.12)

whereT is the absolutetemperature. The equationappliesover the temper-

ature range450-510K. The above expressionthereforerelatesthe magnitude

of the changein available driving forcedue to the presenceof dislocations in

the austenite, �(� G), with the corresponding reduction in the M S temper-

ature, � T.

It follows that the depressionof the transformation temperature can

be calculated as a function of the change in the dislocation density of the

austenite. However, it would be useful to be able to estimate the change

in MS as a function of plastic strain rather than dislocation density. It

is necessarytherefore to derive a relationship betweenplastic strain (� ) and

dislocation density, which will necessarilybeapproximate. Sotwo alternative

methods were attempted as follows:

Data from Vodopivecet al. [1999]are usedto obtain an empirical rela-

tionship as:

� = 2 � 1013
| {z }

� 0

+2 � 1014� m� 2 (6.13)

In the alternative approach, it is assumedthat only 5% of the plastic

work is stored in the material, both due to changesin the austenite grain
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surfaceper unit volume, � SV , and due to the expectedchangein dislocation

density. By balancing the plastic work stored against the energyof defects

created,we obtain:

0:05� y � ' � 
 
 � SV + � � � (6.14)

where � y is the yield stress of austenite (measured to be 30 MPa at

1000� C [Maalekian et al., 2006]), � ' 0:5�b 2 is the dislocation energy per

unit length and � 
 
 is the austenite grain boundary energy per unit area.

The magnitude of grain boundary energymust vary with the chemical com-

position of alloy and temperature. In absenceof the actual data, this has

beentaken to be 0.6J m� 2 [Murr et al., 1982].

For axisymmetric compression[Zhu et al., 2006],

SV

SV0

=
[8e� + 4e� 2� ]

1
2 + 1

3[e� � + 2
p

e� ]

1 + 2
p

3
(6.15)

The value of SV at zerodeformation is given by SV0 = 2=d
 whered
 = 26�

3� m is the meanlineal intercept de�ning the austenitegrain size[Maalekian

et al., 2006].

The stored energy due to deformation is simply calculated using the

term on the left-hand side of equation 6.14. Removing the component due

to the changein SV (equation 6.15) from equation 6.14 gives the changein

dislocation density.

The predicted depressionin the martensite-start temperature with in-

creasingprior plastic strain in austenite is shown in Figure 6.11. The calcu-

lated trends comparewell with the measuredvalue.
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Figure 6.11: Calculatedchangein M S asa function of plastic strain in austen-
ite prior to its transformation, the points represent experimental data.

6.5 Summary

The role of stressand strain on martensitic transformation hasbeenstudied.

A theory hasbeendeveloped to calculatethe critical strain necessaryfor the

onsetof mechanical stabilisation in steels. The chemical composition of the

alloys along with the transformation temperature are usedas key inputs to

the model.

The theory has beenusedto demonstratewhy large strain valuesare

necessaryto stabilise certain stainlesssteelsat ambient temperature. The

theory alsohelpsto interpret the sub-unit mechanism of bainite growth and

the depressionof M S temperature with prior plastic strain in austenite. The

theory indicates the possibility that high-carbon austenite in TRIP-assisted

steelsmight actually transform to martensite due to stress, rather strain,

during deformation.



Chapter 7

Formabilit y

TRIP-assistedsteelsareexpectedto possessenhancedformabilit y. This is the

abilit y of a material to beshaped,an abilit y related to plasticity. Formability

is characterisedby di�erent test methods. The purposeof the present chapter

is to study the in
uence of simplemechanical propertiessuch asthe strength

and elongationon formabilit y.

7.1 Stretc h-
angeabilit y

Several methods have beendesignedto characterisethe forming abilit y, one

of which is the hole expansiontest. During this test, a hole is �rst made

in the steel blank. The hole is then allowed to expand under a punch until

cracks appear on the surface. The ratio of the increasein diameter to the

initial diameter is called the hole expansionratio. The higher the ratio, the

better is the stretch-
angeabilit y of the steel.

Thereareexamplesof strongsteelstestedfor stretch-
angeabilit y [Mat-

sumura et al., 1992;Sudo et al., 1982]. Each of thesematerials possessesa

149
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similar ferrite-rich microstructure with a dispersion of a hard phasewhich

could be martensite or bainite or both. The steelsmay alsocontain retained

austenite.

Therehasbeenmuch research in understandingthe e�ect of microstruc-

ture on the stretch-
angeabilit y of thesesteels.For example,delayed strain-

inducedtransformation of the retained austeniteinto martensite is known to

improve the properties[Sugimotoet al., 1999].Volumefraction, hardnessand

distribution of the hard phasemay alsoin
uence the performance[Hasegawa

et al., 2004]. It has even been possibleto achieve superior hole-expansion

ratio over the multiphase steelsby using either fully bainitic or martensitic

steels[Sugimotoet al., 2002a,b,2000].

However, there is no proper understandingon the in
uence of the sim-

ple mechanical properties, such as strength and elongation, on the stretch-


angeabilit y. During a tensile test, the specimen �rst undergoes uniform

deformation. But plastic instabilit y sets in when the work-hardening can

no longer compensatefor the increasedstressdue to the reduction of cross

section. The resulting non-uniform strain is generally not consideredto be

usefulduring forming, asthis might degradethe aestheticof the formedcom-

ponent. To study the relationship betweenthe tensilepropertiesand the hole

expansionratio forms the aim of the present work.

7.2 Neural net works

Neural network analysiswasadoptedin this study. This represents a general

method of regressionthat �ts a non-linear function to experimental data.

Details of the method can be found in Chapter 4.
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Analysis

The data presented in Table7.1aredueto Fanget al. [2003a,b];Hasegawa et

al. [2004];Sudoet al. [1982];Sugimotoet al. [1999].They originate from steels

with microstructuresof ferrite-martensite or ferrite-bainite, with or without

retained austenite. The data were usedto create models for predicting the

holeexpansionratio (� ) againstvariouscombinations of the tensileproperties

viz. yield strength (YS), ultimate tensilestrength (UTS), uniform elongation

(UEL), total elongation(TEL), yield ratio (YR) and the strength-elongation

product (UTS-UEL and UTS-TEL).

Each variable in the databasewas normalisedas

xn =
x � xmin

xmax � xmin
� 0:5 (7.1)

wherexn is the normalisedvalueof the variable x, with xmin and xmax asthe

minimum and the maximum valuesrespectively. The databasewas divided

randomly into two halves. Each model was trained using one half of the

dataset. The other half was usedto test the performanceof the model with

unseendata.

7.3 Results and discussion

The �rst model was created with the YS, UTS, UEL, YR and UTS-UEL

as the input parameters.Figure 7.1(a) illustrates the reduction in the noise

level with increasingnumber of hidden units. The �nal model is formed

as a committee of models basedon the minimum combined test error on

increasingthe number of networks (Figure 7.1(b)). The �nal committee in
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Inputs Minimum Maximum Average S.D.
YS / MPa 335 783 444 92

UTS / MPa 484 1028 675 155
UEL / % 8 39 18 7
TEL / % 10 43 27 8

YR 0.49 0.82 0.67 0.09
UTS-UEL / MPa-% 6992 29715 12192 6113
UTS-TEL / MPa-% 9016 32379 18069 6894

Output Minimum Maximum Average S.D.
� / % 9 151 65 45

Table 7.1: Data usedin the analysis,S.D. represents standard deviation.

this casewas madeof only onesub-model.

Figure 7.2 comparesthe measuredhole expansionratios with the cor-

responding model predictions made over the entire dataset. In general,the

predicted hole expansionratios comparewell with the corresponding mea-

suredvalues,but there area fewoutliers. However, the uncertainty is seento

be large. The model-perceived signi�cancesof the input variablesin
uencing

the hole expansionratio are presented in Figure 7.3. As can be seen,UTS

gainedthe maximum importance followed by the YS and the YR. Contrary

to generalbelief, UEL and UTS-UEL were perceived to be insigni�cant.

The apparent irrelevanceof the UEL and the UTS-UEL might be real.

This is because,the attainment of UTS in the 
o w curve implies the end of

UEL. Therefore,UTS and UEL are actually not independent variables. To

test this hypothesis,two separatemodelswerecreated. Oneof thesehad the

UTS with the UEL as the input variableswhile the other had the YS with

the UEL. Both thesemodelswere found to consistof only onesub-model in

the �nal committee.
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Figure 7.1: Variation of (a) noiselevel, � , with increasingnumber of hidden
units and (b) combined test error with number of models in committee.
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Figure 7.2: Predicted hole expansionratios comparedwith the measured
valuesusing the model with YS, UTS, UEL, YR and UTS-UEL asthe input
parameters.

Figure 7.3: Signi�cancesof YS, UTS, UEL, YR and UTS-UEL as the input
variables.



155 7.3 Resultsand discussion

(a)

(b)

Figure 7.4: Signi�cancesof (a) UTS and UEL and (b) YS and UEL as the
input variables.
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Figure 7.4 shows the signi�cancesof the variablesas perceived by the

model. The signi�cance of UEL was indeed boosted in the presenceof the

YS, as comparedto that with the UTS. However, its magnitude remained

small (Figure 7.4(b)). This indicates a possibility that the TEL could be a

better parameter than the UEL in describing the hole expansionratio. A

model was thereforecreatedwith YS, UTS, TEL, YR and UTS-TEL as the

input variables. The �nal committee of the model was found to have eight

sub-models.

Figure 7.5 presents the signi�cancesof the input variablesasperceived

by each sub-model in the �nal committee. UTS, UTS-TEL and TEL were

found to exert considerablein
uence on the hole expansionratio, while YS

and YR did not gain any importance. However, the signi�cances for each

input parametersvary in di�erent sub-models.

Figure 7.5: Signi�cancesof YS, UTS, TEL, YR and UTS-TEL as the input
variables.
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Figure 7.6 depicts the predictions made using this model over the en-

tire dataset. The predicted valuescomparewell with the measuredvalues.

Furthermore, the magnitudesof the error bars associated with the predic-

tions using this model are much reduced as compared to the �rst model

(Figure 7.2). There are no signi�cant outliers in the predictions. All these

suggest,the model with the TEL as an input performs appreciably better

than the onewith the UEL as an input.
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Figure 7.6: Predicted hole expansionratios comparedwith the measured
valuesusing the model with YS, UTS, TEL, YR and UTS-TEL asthe input
parameters.

The above results indicate the importance of UTS, TEL and UTS-

TEL in controlling the hole expansionratio. This appearsto be physically

reasonable,giventhat the holeis allowedto expanduntil cracks appearon the

surface.This thereforetests the abilit y of the material to deform plastically
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until fracture, albeit locally. Two di�erent models were therefore created

with the input parametersasUTS and UTS-TEL in onecasewhile UTS and

TEL in the other.

From Figure 7.7, the signi�cancesof both UTS-TEL and TEL can be

seento beappreciable,although quantitativ ely theseare lessthan that of the

UTS. In each case,the model consistedof only one sub-model. Figure 7.8

shows that the predictions made over the entire dataset comparewell with

the corresponding measuredvalues.

These models were used further to predict the variation in the hole

expansionratio asfunction of UTS, TEL and UTS-TEL. Figure 7.9 and Fig-

ure 7.10present the resultsassurfaceplots with the correspondinguncertain-

ties which were between10-25. At constant UTS-TEL, the hole expansion

ratio seemsto be higher at lower UTS (Figure 7.9(a)). This might be due to

the higher TEL (keepingUTS-TEL the same). However, at the sameUTS,

the ratio is seento be decreasingwith increasingUTS-TEL, ultimately be-

coming constant with UTS-TEL exceeding20000MPa-%. This is therefore

not consistent with the bene�cial e�ect of the total elongation.

Figure 7.10(a)illustrates a moredrastic reduction in the holeexpansion

ratio with increasingUTS as comparedto Figure 7.9(a). At constant UTS,

the ratio is however seento remain almost constant with increasing total

elongation, although a positive correlation betweenthe stretch-
angeabilit y

and TEL could be imagined ideally.
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7.4 Summary

The present work identi�es the ultimate tensile strength to be the most

important tensileproperty in
uencing the holeexpansionratio. The uniform

elongationlosesits signi�cance asan input to the model, which alsoincludes

the ultimate tensilestrengthasa variable. This is becauseboth the properties

appear to be identical with respect to the 
o w curve.

The stretch-
angeabilit y deteriorates with increasingultimate tensile

strength. Total elongation might be thought to be important, as hole ex-

pansion tests rely on the cracking of the surfacewhile expanding the hole.

However, the present work suggeststhat increasingtotal elongation,keeping

the ultimate tensile strength same,might not be bene�cial.
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(a)

(b)

Figure 7.7: Signi�cancesof (a) UTS and UTS-TEL and (b) UTS and TEL
as the input variables.
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Figure 7.8: Predicted hole expansionratios comparedwith the measured
valuesusing the modelswith (a) UTS and UTS-TEL and (b) UTS and TEL
as the input parameters.
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Figure 7.9: Predicted variation in (a) the holeexpansionratio with UTS and
UTS-TEL and (b) the corresponding uncertainties.
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Figure 7.10: Predicted variation in (a) the hole expansionratio with UTS
and TEL and (b) the corresponding uncertainties.
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Conclusions

TRIP-assistedsteelshave the advantage of large uniform elongationin spite

of the high strength. This makesthem suitable for making carswith lighter

body weight but adequatesafety. The steelscontain some10-30vol.% high-

carbon retainedaustenitein ferrite-rich microstructures. The transformation

of austenite into martensite during deformation is generally believed to be

responsible for the properties of these steels. This is despite the fact that

the martensite that forms in thesesteelsmust inherit the carbon of austenite

and henceshould be brittle.

It hasbeendemonstratedherethat the �ner martensite platesare bet-

ter able to resist cracking. In TRIP-assistedsteels,retained austeniteexists

in a �nely divided state with the grain sizeof around 1 � m. The martensite

that forms from this austenite therefore remains with a �ne plate sizeand

henceis not a liabilit y for thesesteels,in spite of its high carbon content.

To maximise the properties, the stabilit y of the retained austenite

should be such that it transforms progressively during deformation. Car-

bon content of the austenite in
uences its stabilit y. Retained austenite vol-
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ume fraction and its carbon content are thereforeimportant microstructural

parametersin
uencing the properties of thesesteels. Using published data,

neuralnetwork modelswerecreatedrelating theseparameterswith the chem-

ical composition and the heat treatment conditionsof thesematerials. These

modelswere found to be capableof illustrating the e�ects of various factors

on the retained austenite fraction and its carbon content, as expected from

the metallurgical principles.

The retainedaustenitecontent in steelstransformedto bainite increases

with the addition of silicon. However, silicon leadsto complicationsduring

processingand deteriorates the surfacecondition of the steel. The neural

network model, along with a geneticalgorithm, wasusedto formulate an al-

loy, lean in silicon concentration yet capableof retaining austenitein copious

amounts. The computational methods gave rise to a new type of material,

here designated� -TRIP steel. The alloy shows an enhancedtendency for

� -ferrite formation during solidi�cation and cannot be madefully austenitic.

Usually the ferrite, that constitutesthe microstructure of TRIP-assistedsteel,

is generatedout of the allotriomorphic transformation of austenite. By con-

trast, the present alloy givesan opportunit y to substitute someof the allotri-

omorphic ferrite in thesematerials by � -ferrite.

Experiments usingalloys basedon the optimisation calculation demon-

strated the formation of � -ferrite during solidi�cation. These alloys were

further heat-treatedproducing radically di�erent microstructurescontaining

� -ferrite, bainite and retained austenite. Specimensin heat-treated condi-

tions recordedimpressive mechanical properties at room temperature. How-

ever, the ductilit y deteriorateswhen the tests are doneat 100� C. This could
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be due to the enhancedstabilit y of the retained austenite against transfor-

mation into martensite at the high temperature.

The transformation of the retained austenite into martensite during

deformation could be either due to stressor strain. Stressgenerallyadds to

the driving forcewhile plastic strain retards the growth of martensiteplates,

eventually causing the mechanical stabilisation of the austenite. A theory

capableof predicting the critical strain necessaryfor the onsetof stabilisation

has been developed. Using the theory, it has been possibleto explain the

requirement of the large strain for stabilising certain austenitic steelsand

the sub-unit mechanismof bainite growth. Calculations involving the theory

indicate that the high-carbon retained austenitein TRIP-assistedsteelsmay

actually transform due to stressrather strain. Further experimental work

is necessaryto clarify the role of stressand strain on the transformation of

retained austenite in thesesteels.

There are various complex tests to assessthe formabilit y of these

materials. However, there has been no proper attempt in understanding

theseresults in terms of the tensile properties. Published data on stretch-


angeabilit y of thesesteelswereanalysedusingneural networks. It hasbeen

shown that the ultimate tensile strength of the steel is the most important

criterion in
uencing the stretch-
angeabilit y.
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