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Abstract. The choreograply of atoms during the courseof the bainite transformation has
major consequencesn the dewelopmen of structure. In particular, the scaleand extert of the
structure is dependen directly on the fact that the atoms move in a disciplined fashion. This
information canbe exploited to dewelop uncorvertional alloys - for example,rail steelswhich do
not rely on carbidesfor their properties,and the hardestewer bainite which canbe manufactured
in bulk form, without the needfor rapid heat treatment or medanical processing.

In tro duction

"High performance'in the presen cortext meansalloys which are stronger than 1200MPa
and yet possesgoughness,trib ological properties, favourable responsesto large strain rates,
resistanceto fatigue and are cheapto manufacture. It would be nice to be able to designsudh
alloys without recourseto trial and error [1, 2, 3]. The designprocesswould naturally involve the
simultaneousoptimisation of many vairables;this is now possiblefor bainitic microstructures([4,
5]. It is shown in this paper that the theory of bainite can be usedto create exciting alloys.
The examplesdiscussedcover rails and protective armour; others are discussecelsewherg5].

Carbide{F ree Bainitic Steels

Convertional upper bainite consistsof a non{lamellar mixture of bainitic ferrite plates with
intervening particles of cemettite. The microstructure is generatedsequetially: the platesgrow
without di usion but the excesscarbon is then partitioned into the remaining austenite[6, 7].
Given time, this carbon-enricdhed austenite decompsesinto a mixture of cemetite and ferrite
(Figure 1). The cemetite is detrimental to properties, but its precipitation can be prevented
by adding su cient siliconto the steel[8, 9], to leave a microstructure of bainitic ferrite plates
and carbon{enriched residual austenite (Figure 1).

The retained austeniteis in two forms, the desirable Ims betweenthe ne plates of ferrite
and blocks betweendi erent crystallographic variants of bainite, Figure 2.

A microstructure sud asthis hasadvantages.The absenceof cemetite reducesthe chances
of cleavageor void nucleation. Unlike martensite, the bainite doesnot derive its strength from
dissolhed carbon, which meansthat it is more resistart to tempering. The heat treatment
required to generatethe microstructure is simple, and yet has a scalewhich is lessthan a mil-
lionth of a meter; this cannot usually be achieved without complex processingMicrostructure
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Fig. 1: Stagesin the formation of upper bainite; cemenite can be preverted by adding silicon.

Fig. 2: Carbide-free upper bainite. (a) Films of austenite between the plates of ferrite. (b)
Coarseblocks of retained austenite [10, 11].

re nement is an ideal way of optimising both strength and toughness.The Ims of austenite,
intimately dispersedbetween the ferrite, are bu ers to the propagation of cradks. Austenite
alsois a barrier to the di usion of hydrogen. Finally, bainitic steelsof this kind are cheap{ all
that is requiredis su cient siliconto suppresscemettite.

In practice, steelswith this apparertly utopic microstructure canbe brittle [10,11]. The large
blocks of austenite betweenthe sheaes of bainite are relatively unstable and transform into
high{carbon, untempered martensite under the in uence of applied stress,thereby enbrittling
the steel. How can theseislandsbe eliminated?

Design

The situation can be recoveredonceit is realisedthat the blocks of austenite arise becausehe
bainite reaction stops before equilibrium is readed. Di usionless growth cannot be sustained
oncethe carbon conceitration of the austenite readesthe T, curve of the phasediagram, i.e.,
XT1,. This curve is the locus of points whereaustenite and ferrite of the samecomposition have
idertical free energieq5].
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Fig. 3: (a) De nition of the T, curve. (b) Lever rule applied to the T, curve to determine the
permitted fraction of bainite.

The thermodynamic limit (To) can be manipulated to minimise the troublesomeblocks of
retained austenite: the substitutional solute cortent can be altered to shift the Ty to higher
X1,; the transformation temperature (T) can be reducedto increasexr,; the averagecarbon
conceltration X of the steelcanbe reducedto increasethe fraction of bainite and henceconsume
the blocks of austenite. All thesecasesare expressedn the following equation:

vV, = KXo X (1)
X7, X,

whereV | is the maximum fraction of bainite that canform andx , is the carbon that remains
in the bainitic ferrite after the excesdasbeenpartitioned into the residualaustenite. The alloy
designphilosopty is thereforesimple:V , must beincreasedo sud that the blocks of austenite
ceaseto cortrol the toughness.

Notice that the strength of the microstructure dependson its scale{ the platesof bainite get
ner asthe transformation temperature is reducedand the strength of the austeniteincreased
[12, 13. The major componert of strength increaseswith the inverseof the plate thickness.

Rail Steels

A designbasedon the T, curve leadsto a remarkable improvemert in toughnesg[10, 11]. This
philosopty hasled to the dewlopmen of a carbide{free bainitic rail, the details of which are
descriked in [14, 15], which for bainite can be accourted for asin [16]. The composition of one
of the alloys thus designeds Fe{0.4C{1.5Si{2.0Mn{0.25Mowt%, the molybderum beingadded
to prevert prior austenite grain boundary embrittlement due to phosphorus.

The newrails designedn this mannerhave superior wearresistancgFig. 4); unlike any other
rail steel,they reducewear on the wheels[17, 18]. Tests have shavn dramatic improvemens
in the rolling cortact fatigue life (Fig. 4); whole wheel/rail tests shoved crad initiation at
two hundred and twerty thousand cycleson traditional pearlitic premium rail, whereasafter a
million cycles,the newrail steelwascradk free whenthe test wasterminated to permit further
trials to take place[18]. The carbide{freebainitic rails are weldableusingthe thermit and ash
butt welding processes.



66 High PerfamanceBainitic Steels

Wheel M Rail

Bainite Bainite

Martensite

Martensite g

::S:S:S:j Pearlite

Pearlite g

0 20 40 60 80 100 0 200 400 600 800 1000 1200
Rolling Contact Wear Rate kilocycles to Crack Initiation
(mg/m of slip)
(a) (b)

Fig. 4: (a) Wear and (b) rolling-contact fatigue resistancedeterminedin whole-wheeltests, of
carbide-freebainitic rail steels;data from Jerath [17].

During wear, there is a transfer of material betweenthe cortact surfaces,followed by de-
tachmernt of particlesfrom the transfer layer. The high toughnessof the bainitic rail cortributes
to wear resistanceby reducing generationof wear debris [19]. The steelshave a softer transfer
layer whilst retaining a high bulk hardness.The absenceof brittle cemerite particles must also
cortribute to the improved rolling{contact fatigue resistance.

Rails; Temper Embrittlemen t

Rail sectionsare hot-rolled and cortinuously cooled from the austenitic state. Ordinary rail
steelsare pearlitic; pearlite colonies,can grow acrossaustenite grain boundaries.In doing so,
they destroy the structure that existsat thoseboundariesand remove them aspotertial sources
for the segregationof impurity atoms sud as phosphorus.

By cortrast, the coordinated motion of atomsaccomparning displacive transformationscan-
not be sustainedacrossaustenite grain boundaries.Therefore, Widmanstatten ferrite, bainite,
acicular ferrite and martensite are all con ned by austenite grain boundaries.A vestigeof the
austenite grain boundary* therefore remainsin the microstructure when the transformations
are displaciwe. This is illustrated sdhematically in Fig. 5, which shows austenite grain bound-
aries as hard barriers to martensite ( 9 whereasthe allotriomorphs of ferrite ( ) are able to
consumethe austenite boundarieson which they nucleate,by growing into both of the adjacen
grains.

Impurity segregationto prior austenite grain boundariescan causeintergranular failure at
thoseboundaries.This segregatiorand assaiated temper embrittlementoccursduring relatively
slow cooling through 600 C or isothermal holding around that temperature. Fig. 5b shows a
Fe-0.26C-2.11Si-2.27Mn-1.59Cnt% carbide-free bainitic rail steel which has been temper-
enbrittled by heattreatment at 500 C for 5 h. Failure hasoccurredat the prior austenitegrain
boundaries[20].

Temper enbrittlement phenomenaare most prominert in strong steelswhere the applied
stresscan reac high magnitudes before the onset of plasticity. The problem of temper em-
brittlement in strong rail-steels becameprominent during their dewelopmen stage;the larger
sectionrails tendedto have much lower toughnessthan thosewhich cooled more rapidly dueto
their smaller sectionsizes.lt hasbeenassumedhat the embrittlement occursdue to phospho-

la prior austenite grain boundary
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(@)

Fig. 5: (@) Martensite ( 9 is hindered by austenite grain boundarieswhereasallotriomorphic
ferrite () is not. (b) Failure at the prior austenite grain boundary (seetext for details).

rus and it is not practicable to completely remove this elemem when making rail steels.The
alternative is to introducebetween0.2{0.5wt.% of molybderum. Molybderum hasbeenshown
to retard temper enmbrittlement [21, 22 23, 24]; the e ect is greater e vanadium is also added
[25]. It was beliewed at one time that molybderum scarangesphosphorus,but experimerts
have failed to con rm this medanism[26. Elemens sud as molybderum and vanadium must
be used cautiously becausetheir addition can lead to an increasein strength, which in turn

cantrigger a reduction in toughness.Their usemust thereforebe compensatedby appropriate
adjustmerts in the conceitrations of other solutes.This is why carbide{free bainitic rail steels
cortain a conbination of 0.15-0.25wt% of Mo or V. This hasallowed temper enbrittiment to

be cortrolled without the needfor puri cation.

Typical performancedata are illustrated in Fig. 4 and Fig. 6. In pearlitic steelsthe tough-
nessdependson the pearlite colory size,which is relatively coarseeven when the interlamel-
lar spacingis reduced. Thus, although the wear resistancecan be improved by re ning their
microstructure, the toughnessis relatively poor. By cortrast, the carbide-freemicrostructure
contains ne plates of ferrite mixed with austenite and henceis tough. The high toughness
cortributes to wear resistanceby reducing the rate of production of wear debris [19]. During
weatr, there is a transfer of material betweenthe corntact surfaces,followed by detachment of
wear particles from the transfer layer. The bainitic steelshave a softer transfer layer whilst
retaining a high bulk hardness.The absenceof brittle cemetite particles must also cortribute
to the improved rolling{contact fatigue resistance.

Finally, it is worth pointing out that the bainitic rails can be joined using convertional
thermit or ash{butt welding techniques.In the latter cortext, the electrical resistanceof the
bainitic rails is found to be around 15% greater than pearlitic rails [28], presumably because
they contain austenite (Fig. 6) and a larger density of dislocationsthan pearlitic rails. The rails
are now in service,Fig. 7, Table 1.

Extremely Strong Bainitic Steels

It clearly is possibleto eliminate cemenite leaving a microstructure of just bainitic ferrite
and carbon-enriched retained austenite. Blocks of retained austenite whosesizeis coarserthan
desired can be avoided using the Ty criterion. It has in this way been possibleto adieve
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Fig. 6: (a) Toughnesof a carbide-freebainitic rail steelwith a strength of 1266MPa, hardness
391HV. The comparisonis againstan ordinary pearlitic rail steel.[27] . (b) Electrical resistance
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of a variety of microstructures[29].

Table 1: Characteristicsof the new rails and assaiated data for the Swissand French applica-
tions (Howard Smith, Corus). \gt" standsfor grosstonnes.Cant refersto the height by which
onerail (of a pair of parallel rails) is elevated relative to the other, to compensatefor additional
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forceswhich arisewhen a train travels on curved track.
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SwissRailways

French National Railways

Composition / wt%
Composition / wt%
UTS/ MPa
Elongation/ %

Brinell Hardness
Curve Radius/ m

Cant / mm

Installation date

Trac type

Tonnage/ gt per annum

0.3C 1.25Si1.55Mn
0.5Cr 0.15Mo
> 1200
> 13
360{390
449
120
November 1999
Freight
30 10°

0.2C 1.25Si1.55Mn
0.5Cr0.15v 0.15Mo
> 1100
> 14
320{340
1140
124
Decenter 1998
Mixed
15 10°
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Fig. 7: Carbide{free bainitic steelin service.(a) 300tonne torpedotruck on the new alloy, in
the U.K. (b) SwissRailways using newrails. (c) Frendh National Railways using new rails. The
last two photographscourtesy of Howard Smith, Corus[30].

the highest conbination of strength and toughnessewer aciieved in a bainitic steel, that is,
1600MPa and 130MPam*? respectively [31, 32]. Theseproperties comparewith those of the
nickel and molybderum{rich marageingsteelsat a cost someninety times cheaper. But how
can the strength of carbide{free bainitic steelsbe improved further?

It is known that the scaleof the bainitic microstructure decreasess the driving force for
transformation and the strength of the austeniteare increased12]. One way of simultaneously
increasingthe driving forceand the strength is to reducethe transformation temperature.

Figure 8 shavs examplecalculationsof the the bainite{start (Bs) and martensite{start (Ms)
temperaturesasa function of the carbon concerration; the calculationshave beencarried out
asin [5, 33. It is clear from thesecomputations that bainite can in principle be produced at
ambient temperature (there is in fact no lower limit to the B s temperature); howeer, the time
would be many certuries to adhieve bainite at room temperature in the alloy considered.

For practical purposesa transformation time of say tens of days is reasonable Experimerts
consisten with the calculationsillustrated in Fig. 8 demonstratedthat in a Fe-1.5Si-2Mn-1C
wt% steel, bainite can be generatedat a temperature aslow at 125 C, sud that the di usion
distanceof an iron atom is an inconceiable 10 1" m over the time scaleof the experimert!

What is even moreremarkableis that the platesof bainite that grow are only 20-40nm thick
[35, 36, 37, 38]. The slenderplates of bainite are dispersedin stable carbon-enriched austenite
which bu ers the propagationof cradks, Fig. 9. The microstructure hasnow beencharacterised,
both chemically and spatially to an atomic resolution [39], con rming earlier results [40] that
the ferrite retains a large excessconcertration of carbon, probably trapped at defects.

Ultimate tensile strengths of 2500MPa in tension have beenroutinely obtained, ductilities
in the range 5-30%and toughnessin excessof 30-40MPam®™. All this in a dirty steelwhich
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Fig. 8: Calculatedtransformation temperatures[33]and times to initiate transformation at Bg
asa function of the carbon concertration [34].

Fig. 9: Fe-0.98C-1.46Si-1.89Mn-0.26Mo-1.26Cr-0.09M%, transformed at 200 C for 5 days.
(a) Optical micrograph. (b) Transmissionelectron micrograph.

has beenpreparedby air melting and hencecortains inclusionsand poreswhich would not be
there whenthe steelis madeby any respectable manufacturer. The bainite is alsothe hardest
ewer achieved, 700HV. The simple heat treatment involves the austenitisation of a chunk of
steel (say 950 C), gertly transferring into an oven at the low temperature (say 200 C) and
holding there for ten days or soto generatethe microstructure. There is no rapid cooling {
residual stressesare avoided. The size of the sample can be large becausethe time taken to
reach 200 C from the austenitisation temperature is much lessthan that required to initiate
bainite. This is a major commercialadvantage [41].

It is cheapto heat treat somethingat temperatureswhere pizzasare normally cooked. But
supposethere is a needfor a more rapid process.The transformation can easily be accelerated
to occur within hours, by adding soluteswhich decreasethe stability of austenite. There are
two choices,aluminium and cobalt, in concenrations lessthan 2 wt%, have been shown to
acceleratethe transformation in the manner descriked. Both are e ectiv e, either on their own
or in combination [38].
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Much of the strength and hardnessof the microstructure comesrom the very smallthickness
of the bainite plates. Of the total strength of 2500 MPa, some 1600 MPa can be attributed
solelyto the nenessof the plates. The residueof strength comesfrom dislocation forests, the
strength of the iron lattice and the resistanceto dislocation motion dueto soluteatoms.Because
there are many defectscreated during the growth of the bainite [5], a large conceiration of
carbon remainstrapped in the bainitic ferrite and refusesto precipitate, probably becausat is
trapped at defects[4(].

Strong Bainite: Armour

Whereasthe ordinary tensile strength of the strong bainite is about 2.5GPa, the strength
has beenreported to be as high as 10GPa at the very high strain rates (10’ s 1) assiated
with ballistic tests[42]. The strong bainite has therefore found application in armour. Fig. 11
shaws a seriesof tests conductedusing projectiles which are saidto be \one of the more serious
battle eld tests" (the details are proprietary). Figs. 11a,bshav experimerts in which an armour
systemis tested. A 12mm thick sampleof the bainitic steelis sandwihed betweenvehiclesteel,
the whole cortained in glass{reinforcedplastic. In ordinary armour the projectile would have
penetrated completely whereasthe bainite has preverted this; the steeldid howewer crak. By
reducing the hardness(transforming at a higher temperature), it was possiblefor the armour
to support multiple hits (Fig. 11cwithout beingincorporated in an armour{system.
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Fig. 10: Ballistic test on the bainitic armour alloys [42]. Departure from the straight line indi-
catesplasticity and the horizontal axis represets projectile velocity.

The ballistic masse ciency BME of an armour is de ned as
massof ordinary armour to defeata given threat @
massof test armour to defeatsamethreat

Fig. 11dshowvsthat the BME of the strong bainite exceedditanium armour and compareswith
the alumina [43].

BME =

Conclusions

Many aspects of bainite can now be calculated without recourseto experimerts, asa function
of the chemical composition and heat treatment. This is particularly so for silicon{rich steels
in which the upper bainite forms without the precipitation of cemetite. Alloys producedusing
the theory have beendemonstratedto exhibit somequite remarkable properties at low cost.
The future of thesealloys is promising.
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(@) (b)

© (d)

Fig. 11: Fe-0.98C-1.46Si-1.89Mn-0.26Mo0-1.26Cr-0.09%%, transformedat 200 C for 5 days.
(@) 12mm thick sampleof bainite betweentwo plates of ordinary vehiclearmour, with a layer
of glass{reinforcedplastic. Arrow indicates the path of the projectile. (b) Rear view, shaving
lack of penetration. (c) Lower hardnesshainitic armour - remainsintact following multiple hits.
(d) Comparisonof armours. After D. Crowther and P. Brown.

| am grateful to Prof. Jose Maria Rodriguez-ltake and the Conferene organisersfor their
support.

References

[1] Bhadeshia, H. K. D. H., \Hyp erbolic Tangerts and Alloys of Iron", Materials World, 7 , pp.
643-645,1996.

[2] Bristowe, P. D. and Hansip, P. J., \In troduction to Materials Modelling", Intr oduction to Mate-
rials Modelling, editor Z. H. Barber, Maney, pp. 1-14, 2005.

[3] Bhadeshia,H. K. D. H. and Sourmail, T., \Successand Failure of Models", Japan Sciety for the
Promotion of Scienc, 44, pp. 299-314,2003.

[4] Christian, J. W., Theory of Transformations in Metals and Alloys, Part 11, 3rd edition, Pergamon
Press, Oxford, pp. 1089-1181,2003.

[5] Bhadeshia,H. K. D. H., Bainite in Steels 2nd edition, IOM Communications, London, 2002.

[6] Hehemann,R. F., \The Bainite Transformation", Phase Transformations, ASM, USA, pp. 397-
432,1970.



High PerfamanceBainitic Steels 73

[7] Takahashi, M. and Bhadeshia,H. K. D. H., \A Model for the Transition from Upper to Lower
Bainite, Materials Scien@ and Technolayy, 6, pp. 592-603,1990.

[8] Deliry, J., \Noveau carbure de fer transformation bainitique danslesaciersaus carbonesilicium",
Mem. Sci. Rev. Metallurg., 62, pp. 527-550,1965.

[9] Pomey J., \Reveru de la martensite et reaction bainitique inferieure - casdesaciersau carbon-
silicium et desaciersau carbone", Mem. Sci. Rev. Metallurg., 63, pp. 507-532,1966.

[10] Bhadeshia,H. K. D. H. and Edmonds, D. V., \Bainite in Silicon Steels: A New Composition{
Property approad, Part 1", Metal Sciene, 17, pp. 411-419,1983.

[11] Bhadeshia,H. K. D. H. and Edmonds, D. V., \Bainite in Silicon Steels: A New Composition{
Property approad, Part 11", Metal Sciene, 17, pp. 420-425,1983.

[12] Singh,S.B. and BhadeshiaH. K. D. H., \Estimation of bainite plate-thicknessin low-alloy steels",
Materials Sciene and Engineering A, 245A, pp. 72-78,1998.

[13] Bhadeshia,H. K. D. H., \Developmeris in Martensitic and Bainitic Steels: Role of the Shape
Deformation"”, Materials Scien® and Engineering A, 378A, pp. 34-39,2004.

[14] Bhadeshia,H. K. D. H. \Novel Steelsfor Rails", Encyclopaedia of Materials: Sciene and Tech-
nology, Elsevier SciencelLtd., pp. 1-7,2002.

[15] Jerath, V. and Bhadeshia,H. K. D. H., \Impro vemerns in and relating to carbide{free bainitic
steelsand methods of producing such steels", British patent 9501097.1.

[16] Takahashi, M. and Bhadeshia,H. K. D. H., Materials Transactionsof JIM, 32 pp. 689-696,1991.
[17] Jerath, V., private communication, 1991.
[18] Yates, J. K., \Developmert of New Rail Steels", Scien® in Parliament, 53, pp. 2-3, 1996.

[19] Pitt, C. E., \W ear and Microstructure Relationshipsin Carbide-Free Bainitic Rail Steels", Ph.D.
Thesis, University of Cambridge, 1999.

[20] Chang, L. C. and Bhadeshia,H. K. D. H., Unpublishel work, University of Cambridge, 1993.

[21] Briant, C. L. and Banerji, S. K., \In tergranular failure in steel: role of grain boundary composi-
tion", International Metals Reviews, 232, pp. 164{199,1978

[22] Schulz, B. J. and McMahon Jr., C. J., Temper Embrittlement of Alloy Steels, STP 499, American
Scciety for Testing and Metals, p. 104,1972

[23] McMahon Jr., C. J., Cianelli, A. K., Feng, H. C. and Ucisik, A. H., \T emper Embrittlement of
Ni-Cr Steelby Sn", Metallurgical Transactions A, 8A, pp. 1059-1061,1977

[24] Yu, J. and McMahon Jr., C. J., \E ects of Composition and Carbide Precipitation on Temper
Embrittlement of 2.25Cr1Mo Steel”, Metallurgical Transactions A, 11A, pp. 291-300,1980.

[25] McMahon Jr., C. J. and Qu Zhe, \E ects of Tempering Reactionson Temper Embrittlement of
Alloy Steels", Metallurgical TransactionsA, 14A, pp. 1101-1108, 1983.

[26] Krauss, G. and McMahon Jr., C. J. Martensite, eds.G. B. Olson and W. S. Owen, ASM Inter-
national, Materials Park, Ohio, U.S.A., pp. 295-322,1992.



74 High PerfamanceBainitic Steels

[27] Jerath, V., Mistry, K., Bird, P. and Preston, R. R.British Steel Report Collaborative re-
searty, University of Cambridge (H. Bhadeshia) and British Steel Corporation, Report
SL/RS/R/S/1975/1/91A pp. 1-43,1991.

[28] Smith, H., private communication.

[29] Radclie, S.V. and Rollason,E. C., \The kinetics of the formation of bainite in high purity Fe-C
alloys", Journal of the Iron and Steel Institute, 191, pp. 56-65,1959.

[30] Boulanger, D., 6th World Congress of Rail Resarch, WCRR 2003, in Edinburgh, Septenber
2003.

[31] Caballero, F. G., Bhadeshia, H. K. D. H., Mawella, K. J. A., Jones, D. G. and Brown, P.,
\Bainite in Silicon Steels: A New Composition{Prop erty approad, Part I", Materials Sciene
and Technolayy, 17, pp. 512-516,2002.

[32] Caballero, F. G., Bhadeshia, H. K. D. H., Mawella, K. J. A., Jones,D. G. and Brown, P.,
\Bainite in Silicon Steels: A New Composition{Prop erty approad, Part 11", Materials Sciene
and Technolayy, 17, pp. 517-522,2002.

[33] Bhadeshia,H. K. D. H., \Rationalisation of ShearTransformationsin Steels", Acta Metallurgica,
29, pp. 1117-1130,1981.

[34] Bhadeshia,H. K. D. H., \A  Thermodynamic Analysis of Isothermal Transformation Diagrams",
Metal Sciene, 16, pp. 159-165,1982.

[35] Caballero, F. G., Bhadeshia,H. K. D. H., Mawella, K. J. A., Jones,D. G. and Brown, P., \V ery
Strong, Low{T emperature Bainite", Materials Sciene and Technolay, 18, pp. 279-284,2002.

[36] Garcia-Mateo, C., Caballero, F. G. and Bhadeshia, H. K. D. H., \Low Temperature Bainite",
Journal de PhysiqueColloque 112, pp. 285-288,2003.

[37] Garcia-Mateo, C., Caballero, F. G. and Bhadeshia,H. K. D. H., \Hard Bainite" 1SIJ Interna-
tional, 43, pp. 1238-1243,2003.

[38] Garcia-Mateo, C., Caballero, F. G. and Bhadeshia, H. K. D. H., \Acceleration of Low-
Temperature Bainite", ISI1J International, 43, pp. 1821-1825,2003.

[39] Peet, M., Babu, S. S., Miller, M. K. and Bhadeshia, H. K. D. H., \Three-Dimensional Atom
Probe Analysis of Carbon Distribution in Low-Temperature Bainite", Scripta Materialia 50, pp.
1277-1281,2004.

[40] Garcia-Mateo, Peet, M., C., Caballero, F. G. and Bhadeshia,H. K. D. H., \T empering of a Hard
Mixture of Bainitic Ferrite and Austenite", Materials Sciene and Technolayy, 20, pp. 814-818,
2004.

[41] Bhadeshia,H. K. D. H., \Large Chunks of Very Strong Steel", Mil lenium Steel, 5, pp. 25-28,
2004.

[42] Hammond, R. I., Proud, W. G., \Do esthe pressure-induced ! phasetransition occur for
low-alloy steels", Proceedings of The Royal Scciety of London, A460, pp. 2959-2974,2004.

[43] Crowther, D. and Brown, P., private communication, 2004.



