Description Bainite steel and nethods of manufacture thereof [0001] This

i nvention relates to bainite steel and nethods of making the sane. In

parti cul avoi2o10/a305¢l ated to, but not linmted to steels wgTiGEb@®/ds50947ar nour .
The invention also relates to transitlon microstructures which can | ater be
processed into bainite steel. [0002] A nmainly bainitic steel is
conventionally one having at |east a 50% bainitic ferrite structure.
Bainite i'i cla? ified into two groups, upper and | ower bainite. [0003]
Upper bai ?ﬁcé'plénfree of carbide precipitate within the bainitic ferrite

grai ns buaifiigy stel and Métheds Bf aranufidtirdtheredthe boundaries. [0004] Lower
bainite has carbide precipitated inside the bainitic ferrite grains at a

char act erlP8@1]c Thiigjinventon elatgsaiorbainitmsigel ard meibeds phinakingthesaraepindes

precipitated a A danies.. [ . |y e Gt [ inite
has been descrit%k@&fl%o#v\% %Aétgg%’rr?@%?tgéﬁvﬁgeté%g%@% gﬁ#@&‘%ggﬁ’ﬁgﬁiﬁ ?he rest
bei ng aust eni t épveéritionhdist relstRsd teaisitioh mivrestasctutdshivhichlvaintateribei ¢ ferrite
at a concentration beyond that consistent with equilibrium there is also

partial partitiRspeerpeskintnb@ipie stRQ) t he residual austenite. Such bainite
teel h ' i 1 b | it i
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specific e expression u al'n such steel.
[ 0006] WO 01/ OFertit® 6tracluFélE Bairiies Alas sifledSnisTivd-GRUPSEapE) aridlona#r2001
descri bes and ‘,il ains a mainly bainite steel. Although this material has | ow

all oy costs co '®d to other known hard arnour steels, manufacture

I nvol ves i Mo : | oG ith e i to
bai i 1 6 PP, et bARRIISHRLS BF CarRR proeifige Withh he beltifO RRITRILIRg, | <
bai nite steel imutahaphaes gartiddé pradipitated abthe beyndariesl or shape. As result

3pos. 3200008 dSbranhalie heseprtite Arociigred nsifl B Panfig See BPlns Al e
characteristic angle to the grain boundaries. There may also be carbides
precipitated at the boundaries.

[0005) More recently carbide free bainite has been described in which comprises
between 90% and 50% bainite, the rest being austenite, in which excess
carbon remains within the bainitic ferrite at a concentration beyond that
consistent with equilibrium; there is also partial partitioning of carbon into
the residual austenite. Such bainite steel has very fine bainite platelets
(thickness 100nm or less). In this specification the expression “Super
Bainite Steel” is used for such steel.

[0006] WO 01/011096 A (THE SECRETARY OF STATE FOR DEFENCE)
15/02/2001 describes and claims a mainly bainite steel. Although this
material has low alloy costs compared to other known hard armour steels,
manufacture involves heating for long periods, particularly in the
transformation to bainite with resulting high energy costs and production
timescales. This bainite steel is also very difficult to machine, drill or
shape. As result its industrial usefulness is limited.

[0007] Japanese patent application JP05-320740A describes a lower bainite steel
which is not carbide free.

[0008] The current invention provides a Super Bainite Steel which is
comparatively economical to manufacture. Manufacturing processes are



[0008] The current invention provides a Super Bainite Steel which is
conparatively econom cal to manufacture. Manufacturing processes areal so
descri bedwbenswim3enabl i ng easi er machining, drilling angCraBogpsosri ng the
manuf act uri ng process. [0009] In the present invention a Super Bainite
Steel conprises constituents by weight percent: carbon 0.6%to 1.1%
manganese 0.3%to 1.8% nickel up to 3% chromumO0.5%to 1.5% nolybdenum

up to 0.5% va i ! 0 t f i
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bal ance iron sguéingdhe hitfiuadtudhg iprpeesst i es. [0010] Such steel can be very
hard, 550HV to 750 [001 1] S|I|con Is preferred to alumn

cost gr ol®fRPlahy thQ)Pre§§§b'n(‘!f3"H% areunas Rainiie, Stegl merbqﬁééqoé‘stﬂ“@ﬁ’&ém m woul d
not, therefore,, @ﬁt’}?ér&% {e used. The practical mnimumsilicon content is
0. 5% by wei ght ViR Ul d not exceed 2% by wei ght. Excess silicon
r;an;jﬁrs Eﬂe procee_arbdlnfOB%l‘;d1t1%controI [0012] Preferred ranges of sone
0 e other constituents e S Bai nite Steel, by weight percent,
are: manganese 0. %ﬂgé‘nfsggb?’ HPO@# m 1.0%to 1.5% nol gbdengmtg 0.2%t0
0.5% vanadi um O. g,@(bpugtfg%[oom] The presence of nol ybdenum sl ows the
pearlite transformation ‘therefore, makes the final transformation to
bai nite easier aschtwmunx@&%tmﬂaﬁ%;ornation to pearlite is reduced. The

presence of vanadi u oqy]/k?dednsun% %%qgrbeg%
vanadium up to 0.2%;
together with sufficient silicon and or aluminium to render the bainite
substantially carbide free;
with the balance iron save for incidental impurities.

[0010] Such steel can be very hard, 550HV to 750HV.

[0011] Silicon is preferred to aluminium both on cost grounds and for ease of
manufacture, for armour steels aluminium would not, therefore, normally
be used. The practical minimum silicon content is 0.5% by weight and it
should not exceed 2% by weight. Excess silicon renders the process
difficult to control.

[0012] Preferred ranges of some of the other constituents of the Super Bainite
Steel, by weight percent, are:

manganese 0.5% to 1.5%;
chromium 1.0% to 1.5%;
molybdenum to 0.2% to 0.5%;
vanadium 0.1% to 0.2%.

[0013] The presence of molybdenum slows the peatlite transformation. It
therefore, makes the final transformation to bainite easier as the risk of
transformation to pearlite is reduced. The presence of vanadium aids
toughness.

[0014] By varying the manganese content, it has been found that rate of transition
to bainite can be varied, the higher the manganese content the slower the
transition. However, from a practical point of view it has been found that a
manganese content of about 1% by weight percent provides a sensible



[ 0014] By varying the nmanganese content, it has been found that rate of
transition to bainite can be varied, the higher the manganese content the
sl ower t hwotznemEBESHON. However, froma practical point eCTxdBwydsodaas been
found that a manganese content of abdut 1% by wei ght percent provides a
sensi bl econprom se between speed of transition (and thus | ower energy
costs) and the ability to control the process. In reality, the manganese

0. 9% and 1. 196 By bLoiee BuNSbPerRLY ahefioRiolthus usr SRy BBERT on.
the word "abouthdith®kbiity & el the praess! indlealify, theomangBbess eontdne, quot ed
figures. [0015] Super Bainite Steels made with constituents within the
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formation of pearlite froma tenperatur auste tic transition
t enperature tooaa\mwéﬂmmrdbswmlck andasualhsabeves2@nm thmkj)andture but

bel ow t he bai n e start ratur hol ding the steel at a tenperature
wi thin that &%ERE‘”ZL (ﬁ@i‘ﬁr [0018] Additional steps nay be

I ncl uded 00 “I'ﬁla'S’u difite Stéél@ﬂbs&?d@d"ﬁel% SeRPstdritRily decdilgader | sed

in the p eV| us paragraphs into a fully pearlite state; reheatlng t'he steel
to a fully auseesienite. state; [0019] The steel is then cool ed and

transfor s, descri bed reV| us r.agraph 0 tensite
Start teRBBrA: i anoter aepethithe PARIoH:R BRUAHA 28 hamtodile o 1P,
conposi tion. | gaq*ﬁfergféeyﬁ,mmhgssté‘%oﬁeveral conpositions are

cooling a steel having a composition as characterised in the previous

paragraphs sufficiently quickly to avoid the formation of pearlite from a

temperature above its austenitic transition temperature to a

temperature above its martensite start temperature but below the

bainite start temperature;

holding the steel at a temperature within that range for up to a 1 week.
[0018] Additional steps may be included:

initially cooling a steel having a composition as characterised in the

previous paragraphs into a fully pearlite state;

reheating the steel to a fully austenitic state;

[0019] The steel is then cooled and transformed as described in the previous
paragraph.

[0020] The martensite start temperature varies considerably depending on the
exact alloy composition. lllustrative examples for several compositions are
shown in the Figures described below. For practical purposes the
transformation temperature would be above 190°C to ensure that
transformation took place reasonably quickly.

[0021] Additional steps may be included:

reheating the steel in its pearlite form to austenitise it, and



shown in the Figures described bel ow For practical purposes the
transfornmati on tenperature woul d be above 1900C to ensure that

t ransf or msiDi2or0/t18@3k pl ace reasonably qU| ckly. [0021] Ad@criGaay/sveps nay
be included: reheating the steel in i*t's pearlite formto austenitise it,
andal l owi ng the steel to cool again sufficiently slowy into a fully
pearlite phase. [0022] This step can be repeated. [0023] Anot her possible
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steps. [0024] Norpgpddey, in practice, when pearlite formation steps are

carried out the steel will be allowed to reach anbient tenperature. [0025]
It is a [0922]r Ehiststepeaphsdepsatsscri bed in the preceding paragraphs that

as pearl t I | ive
caso | nldeRe) Afofer PosSPlk HeR fE afiiga e stedtin AR DeafidTomly il bt 1C,
that can be soadne asithe stamprrarqbtthe fihacaustbnitisation and Bubsdquetti | | ed or
formed prior to sale wiith the purchaser having only to carry out the final

austenitising HﬂGSfPFfHﬁH‘P@ISWI on steps, or the producer could carry out the

hi f t I ke th
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may Ibe hot rol ‘stﬁél\Mﬂl Ibealltbwe%to marﬂm‘mt 'tbm:qubter?pere{tm@ﬂtNO{ mal |y rol Ited t
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nmost econoni ca out ours conproni se between econonmic
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transformation steps, or the producer could carry out the machining,
drilling or forming, with the purchasers left to undertake the final steps to
transform the steel to Super Bainite Steel.

[0026] The steel may be hot rolled whilst in an austenite phase.

[0027] Normally rolled steel made in this way will be cut into lengths prior to
transformation to Super Bainite Steel.

[0028] It has been found that the transformation to Super Bainite Steel best takes
place between 8 hours and 3 days, although most economically in about 8
hours. A good compromise between economic manufacture and hardness
is obtained if the transformation step is within the temperature range 220°C
to 260°C and ideally at 250°C.

[0029] If the steel is in thick plates, (above 8mm thick), temperature distribution
within the steel when it reaches the bainite transformation temperature
may not be uniform. The temperature at the centre of the plate, in
particular, may remain above the desired transformation temperature with
the result that uneven transformation properties are obtained. To
overcome this, the steel concerned is cooled from its austenitisation
temperature to a temperature just above the temperature at which
transformation to bainite will start and held above that temperature until



may not be uniform The tenperature at the centre of the plate, in
particular, may remain above the desired transformation tenperature with

t he resulwotzheoiseseven transformati on properties are obrarmaINs0@Ier cone
this, the steel concerned is cooled fromits austenitisation tenperature to
a tenperature just above the tenperature at which transformation to bainite

will start and heI d above that tenmperature untilthe steel is substantially
unlformlnte or.e.rec rmencn o0olin nto the bainite
{Fans or ot | ontael SiHPB iR SARERR0T taftn iefirep Belelb datotfimeMelice

Bai nite Steel ééémfgjin'ﬁﬂtﬁé’bélhﬁe tr2nefiri@ifioh ﬂéﬁbéﬁathf@fﬁfg@’ mation step
timescal es that are nuch shorter than those described in WO01/01 1096, with
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super Bal®i3¥ Wheare Suner Baiaite Sieelds namfactureskas,describad abaveandtiest ance
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thi s condi ti oncpinpositionsioftihe steels nsedifardiusitative pusposagare given Table 1
(attached).

[0033] Examples 1 and 2 are of steel prepared in accordance with WO
01/011096. Example 3 is of steel in accordance with this invention. The
alloys were prepared as 50 kg vacuum induction melted ingots
(150x150x450mm) using high purity raw materials. After casting ingots
were homogenised at 1200°C for 48 hours, furnace cooled, cropped and
cut in to 150mm thick square blocks. These were subsequently reduced to
a thickness of 60mm by hot forging at 1000°C and immediately hot rolled
at the same temperature to produce 500x200 mm plates with a thickness
of 25 mm. All plates were furnace cooled from 1000°C. In this condition
plates exhibited a hardness of 450-550 HV.

[0034] Plates were softened at 650°C for 24 hours and furnace cooled to reduce
their hardness to below 300HV. This allowed test materials to be prepared
using conventional machining operations thus avoiding the need to employ
specialised techniques required for high hardness steels.

[0035] Several 10mm cubes of material were removed from the central region of
each plate. These samples were austenitised at 1000°C for 1 hour and
then bainite transformation heat treated at 200-250°C in an air
recirculation oven for up to 400 hours before being air cooled. Samples



[0034] Plates were softened at 650C for 24 hours and furnace cooled to
reduce their hardness to bel ow 300HV. This allowed test materials to be

pr epar ed weizng/asrteent i onal machi ni gg operati ons thus avordiBrgo%dsedsneed to
enpl oy speci alised techniques required for high hardness steels. [0035]
Several 10mm cubes of material were renoved fromthe central region of each
pl ate. These sanples were austenitised at 10000C for 1 hour and then

bainite t f ti heat t ted at ,200- 250 ,0C in . i i ti
oven Tor Up. t o AU CHO ML aFoEstestagNg: Polstirdd & sinrariser BREhath “hal T,
mount ed, gr ounfgrdiRlss BBt ﬂagdrileéélwwa‘ﬁie%mémw&h PPRKEAY KEEREsS fé%‘té}g

Har dness was determined with a Vickers hardness tester using a pyram dal
i ndenter and ausiigkypyremidaliisdeniet @ntds 3@ kg loadiel emindestsware miadedgi on of

each sample w {h th an. hardness val Jheln n i_ndi Lve. [0036]
Speci nen bl an k&hﬁgﬁrﬁq&%@gﬁfﬁ%ﬁmg%ﬁ @ﬁgaggﬁi?éﬁ%s&g&éﬁélblé%@d at
10000C and har ggagcafindiddivg>00C for various tinmes by which, based on the
above hardness trials, the transformation of austenite to bainite was

c_on?] i dﬁr &01?61 Spesingen hianks svereTemsived fram eagh spifened mpie: astenitised 8t dance
A or . . ©
Corpr essi on ¢ PRI 28 HreReh B Sob2e0 S VAR fibs BRSHIB based on,

hei ght of 6nmm ghe abeve Rartncskerials, the-transformatircof dwstenitgtobaihite wasdar d
V-not ch Charpy speci nens was ornmed_on  a 300J Charpy testi.ng machine.
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of hardness wi ranstormation tenperature was nea
exhi bi t ed pr onepaciaterisaChenpregsioA testingwas lcartdsteut wding Ginrhiiametesbser ved

after 110 hours at, 2000C whi.ch is .consistent with t nset of, the bainite
transf or mat i on SREEEIEASWIED gyheightof @W@tim‘g.ra{-%a?é;ﬁ%%ﬁ Srgpag’(stes ing

subsequent |y 1 G 4gnBARHY.RIFCrardy Sidianeh Otk bh ahadie ond of

bainite formation, I ncr 660HV after a total of 400
hours. Charpy testing machine. All tests were conducted at room temperature

with impact and tensile results being presented as the average of three
tests.

[0037] The variation of hardness with transformation temperature was measured.
Example 1 exhibited pronounced hardening. A minimum hardness of 600
HV was observed after 110 hours at 200°C which is consistent with the
onset of the bainite transformation determined by X-ray experiments.
Hardness values subsequently rose to 640HV after a further 100 hours,
marking the end of bainite formation, and slowly increased to 660HV after
a total of 400 hours.

[0038] Although an increase in transformation temperature to either 225°C or
250°C reduced bainite transformation times in Example 1 to 100 hours
and 50 hours respectively, this was accompanied by a decline in the
hardness observed.

[0039] Example 2 was similar to Example 1 but had additions of cobalt and
aluminium:; it also exhibited pronounced hardening. The time required to
achieve a hardness of 650HV at 200°C was reduced from 400 hours fo
200 hours. Higher temperatures were again associated with shorter
transformation times with a hardness of 575HV being achieved after 24
hours at 250°C as opposed o 48 hours in Example 1. Although using



[ 0038] Al though an increase in transformation tenperature to either 225C or
2500C reduced bainite transformation tinmes in Exanple 1 to 100 hours and 50
hour s reswoecbivEBosd t hi s was acconpani ed by a decline i RCTIGB2h@vdmags
observed. [0039] Exanple 2 was siml dr to Exanpl e 1 but had additions of
cobalt and alum nium it also exhibited pronounced hardening. The tine
required to achieve a hardness of 650HV at 200C was reduced from 400 hours

to 200 hours epperatures were agai.n a soci ted with shorte

transf or rratloncpgﬂﬁén% YUY YR SUCARSSER i (P ﬁ ﬂf%ﬁ'} ri]tl gl?hours
at 2500C as opwgrné@oﬂ&mmwdh@ammlanﬂtogétné?%abm&dnﬁ%ﬂ?@kt and

al um ni um was successful in reducing heat treatnent times, the high price
of both cobalt P&@QBS&FWHBWQY@Q@@'H%W%IUWIWIH@ make@(amrgleacqmmgf

steel alloys i %L‘au[i&#gg al um ni um nake Exanple 2 conmercially unattract | ve.

[ 0040] Exanpl e %uper Bainite Steel that is the subject of this

i nvent i ofj00403hiEXangsle 3, m@SagemBamiteSteérmat theublect o@th@mv@nﬂ@hﬂness of
690HV was achi eved after. 24 hours at 2000C conpared to 650-660HV in

Exanpl es 1 and €xhikitedsa lzlgbemb@rdrﬂ@és§hamExam!%ﬁ1%%2n£¢hafﬁn9§$@66%%ve of
250 C a hardne Oécl‘ﬁé\gé%%%%?tf REAK d@dzcﬂ‘f b‘%orﬂé% u redé?](mgrlﬁas Exanpl es

1 and 2 failed 10 reac even after sever ours. [0041] The
tensil e proper Hxamplés E)Gﬂrctﬂaftér 200400 urst Ar a ansfommagion ttenPerat@feOofC f or
various tines oGi d of bainit ormation are shown
o Table 2 (at SROGH haAPSs OFBAGHYINES [oRT i gt DR PAUSVGRIERS al | oy
gently decline t RS | ar
decline in tengwﬂs]térgn t faﬂﬂzd Hbggéétgggrgyg@é\lé\{f h t%e é@chelﬁ}d?%arr of the
Exanpl e 3 trandioorsred for 8 hours at 2500C. However, the tensile duct| lity

f all d. 2500C 2 i h
ot ori o 104" TrelEBSISbropeties $BRxnbR. T2 AT A hatentt at 240, of i o o
transfornmed at 23068GoevdHdis tfifles B@s@élgié@%ltl’\ @h@?éﬁd of bamitdtRfsformation

Transformation to Super Bainite steel
are shown in Table 2 (attached). ThlS shows that the proof strength of

each alloy gently declined with increasing transformation temperature. A
similar decline in tensile sirength was also observed, with the exception of
the Example 3 transformed for 8 hours at 250°C. However, the tensile
ductility of alloys transformed at 250°C was 2 to 3 times greater than that
of material heat treated at 200°C.

[0042] Testing illustrated that materials transformed at 200°C exhibited the
highest levels of hardness. Transformation to Super Bainite steel at 250°C
may be appropriate in practice as this facilitates quicker formation of more
ductile material without incurring significant reductions in strength. The
benefits of this approach are most visible in Example 3C, the subject of
this invention, treated at 250°C which, because of its increased ductility,
was able to work harden to a tensile strength of 2098 MPa, i.e. the highest
tensile strength of all the alloys studied.

[0043] The impact properties of Examples 1, 2 and 3 showed that all exhibited
low values of room temperature Charpy impact energy which varied
between 4-7 Joules.

[0044] It is the ability of materials made using the method of the invention to form
a high volume fraction of ulira-fine, interstitially hardened bainite steel
which allows them to exhibit strength levels comparable to those of the



may be appropriate in practice as this facilitates quicker formation of
nore ductile material w thout incurring significant reductions in strength.
The benefwO=0wf018d¢%its approach are nost visible in ExanpPeTZR20a4s08ab) ect
of this invention, treated at 2500C Which, because of its increased
ductility, was able to work harden to a tensile strength of 2098 MPa, i.e.
the highest tensile strength of all the alloys studied. [0043] The i npact

properties of amples 1, .2 apd .3 showed.that -all exhipited | ow val ues of
room t enper at ugﬁ‘)@% Wr‘%‘%ﬁ eeé“r‘r_é’?" y\'{aﬁ '@WF@%%P&%O‘Z@%@MUI es.
[0044] It is tigy@Bihbta L@liik@%é?ébﬁﬁ?%_i@@l@‘*{#é"{ﬁge}, SatBRABAT tRé id\)é%ﬁop

i nvention to forma high volunme fraCtion of ultra-fine, interstitially
har dened bai ni 8 ablecto denthishwithbutwsing digh levelshiftexpeasiverajlofingevel s

conparable to tpegﬁé f thestronger maraging steels, with relatively | ow
consunpti ons off '?t%y. Furt hernore, unlike nmaraging steels (<75% Fe),

nat eri al $0045]t MaeliRVERIdrORillTeEfupiPt illutriifed With réfetdiid totthbtcbhipanyrie! s of
expensive alloying el ements. [0045] The invention will be further
i | lustrated wi drawiggsdrMbichio t he acconpanyi ng drawi ngs in which: [0046]

ool 1 oat [OSRGCE IR TR SHS B GaES pRRERE R3St ITECERARht or ocess
used in _conj ungandsatw'n_tWOQmMmﬁmjt inyentio_n. [OQ48] Fi gure 1C shows an
alternative manufacturing process used in conjunction with theit‘g‘)r esent

i nvent i ol@04Mofréigure; i slaows aBaRURACIEIRGNTRCEsS LBEGHE) EoniHREtinMmWith &€ di agr am
for a preferre I, arding to the invention show ng the inpact of
varying the na%é%éneggém%gﬁ@éht; it should be noted that precise diagranms

wi || var yo@48joFigurg 1®shiwes aargliesnativemahufdoturiigepitocesd 0864 if-cgnjuactiors hows
a tenperature/tine/transformation diagramfor a preferred steel according
to the inventi $AthHBgiRigsankiveNiONese showi ng the inpact of varying the

carbon ceniLat Fidure'Mows BReRPerstutdlfncRf&disaticiodiagrRantifor a preferred
steel according to the invention showing the impact of varying the
manganese content; it should be noted that precise diagrams will vary
according to the composition of the steel;

[0050] Figure 3 shows a temperature/time/transformation diagram for a preferred
steel according to the invention having 1% manganese showing the impact
of varying the carbon content; it should be noted that precise diagrams will
vary according to the exact composition of the steel;

[0051] Figure 4 shows a temperature/time/transformation diagram for a preferred
steel according to the invention having 1% manganese showing the impact
of varying the chromium content. It should be noted that precise diagrams
will vary according to the exact composition of the steel.

[0052] In figure 1A, the material is homogenized at more than 1150°C and air
cooled to a temperature of between 190 and 250°C. The sample illustrated
must be a small one having a high surface area. The sample is then
reheated to austenitise it at a temperature of 900 to 1000°C. This can be
achieved in about 30 minutes. It is then furnace cooled to a temperature of
190 to 260°C and held at that temperature for a period of one to three
weeks, although if held at a temperature of 300°C, the maximum time is
reduced to two weeks.



vary according to the exact conposition of the steel; [0051] Figure 4 shows
a tenperature/tinme/transformati on diagramfor a preferred steel according
to the i YERP1YH3WAvVi ng 1% nanganese showi ng t he i npact PET/GERPYHUIOP4 he
chromium content. It should be noted % hat preci se diagrans will vary
according to the exact conposition of the steel. [0052] In figure 1A, the
material i s honogeni zed at nore than 11500C and air cooled to a tenperature
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is then furnace cooled to a tenperature of 190 to 260C and hel d at that
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over 48 hours, for example. At this stage the coils can be de-coiled and cut

into plates or reheated to anneal it and before allowing it to cool to ambient
temperature. Once back to ambient temperature, room temperature in this
example, (RT in Figure 1B), it can be cut and machined, drilled and
shaped, before undergoing the final austenisation and the bainite
transformation step. At this stage it is in individual pieces and cools after
this austenitisation much more rapidly thus avoiding passing through the
pearlite phase. Once it has reached a temperature of 190°C to 260°C, it is
held at that temperature to allow the bainite transformation step to be
completed. The exact bainite transformation period required depends on
the manganese content of the steel, the lower the manganese content the
shorter the transformation time required. A preferred material containing
about 1% manganese can be transformed in 8 hours.

[0054] In Figure 1C, the steel is hot rolled whilst in an austenitic phase, either
immediately after casting from a hot melt or possibly after heating into the
austenite phase for homogenisation or deformation. The steel can then be
cut into plates. The plates can be air cooled. The rate of cooling is such
that the plates will reach the transformation temperature at an appropriate



exanple, (RT in Figure 1B), it can be cut and machined, drilled and shaped,
bef ore undergoing the final austenisation and the bainite transformation
step. At wbieleatiage it is in individual pieces and cool CafGB2DOKNUFDBIT
austenitisation nuch nore rapidly thdd avoidi ng passing through the
pearlite phase. Once it has reached a tenperature of 1900C to 26Q0C, it is
held at that tenperature to allow the bainite transfornmation step to be

conpl eted. The exact injte transfo tion_pert.i require epend n the
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manganese can be transformed in 8 hours. [0054] In Figure 1C, the steel is

hot rolled while@nvilormgntaust enitic phase, either inmmediately after casting
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manganese content is shown _in Fjgure 2. [0056] The final transformtion
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24 for 0.5% 1.63nwendthe. rigédnial teemmgriensiedhe esartensiteciaitemperatarésiare t o
mai ntain the tr a0 ObTHhe8'0, 22 and 24 for 0.5%, 1.0% and 1.5% by weight
manganese respectively. Failure to maintain the transformation
temperature within the range indicates by curves 10, 12 or 14 as
appropriate for adequate periods may risk partial transformation to
martensite. The curves 30 (for 0.5% by weight manganese), 32 (for 1% by
weight manganese) and 34 (for 1.5% by weight manganese) indicate
transformation to pearlite which is to be avoided in the final transformation
stage of the process. The bainite start temperature is the temperature
above which bainite will not from. In Figure 2, for bainite curves, 10, 12
and 14 the bainite start temperature is represented by the flat uppermost
portions of each curve.

[0057] As the thickness of the plate increases, the greater the chance of the
slower cooling at the centre of the plate allowing a partial pearlite phase to
form at the centre and a less homogeneous structure is obtained. This
can be avoided by following a cooling curve such as that marked 3, which
is for a 1% by weight manganese steel in accordance with invention. In
this case the temperature is reduced to one marked 4A just above the
bainite transition start temperature 12 and held just above that transition
temperature until the temperature within the plate is uniform. At that point



tenperature within the range indicates by curves 10, 12 or 14 as
appropriate for adequate periods may risk partial transformation to
mar t ensi two 20tw1sasrves 30 (for 0.5% by wei ght nmanganesePCTRB2069050%% by
wei ght manganese) and 34 (for 1.5% bylwmei ght nmanganese) indicate
transformation to pearlite which is to be avoided in the final
transfornmati on stage of the process. The bainite start tenperature is the
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[0059] Figure 4 similarly shows the bainite temperature/time/transition curves for
0.5% by weight chromium (line 90), for 1.0% by weight chromium (line 92),
and 1.5% by weight chromium (line 94). Quenching will convert the
material to martensite the transition temperatures are shown by lines 80,
82 and 94 for 0.5%, 1.0% and 1.5 by weight chromium respectively.
Failure to maintain the transformation temperature within the range
indicates by curves 90, 92, or 94 as appropriate for adequate periods will
risk partial transformation to martensite. Curves 100, 102 and 104 show
the pearlite transitions for chromium contents of 0.5%, 1.0% and 1.5% by
weight respectively. The bainite start temperature is the temperature
above bainite will not from. In Figure 4, for bainite curves, 90, 92 and 94
the bainite start temperature is represented by the flat uppermost portions

of each curve.



the bainite start tenperature is represented by the flat uppernost portions
of each curve, [0059] Figure 4 simlarly shows the bainite

t enper at we/2biomaddsaansi tion curves for 0.5% by wei ght circoGBzoydsiae 90),
for 1.0% by weight chromum (line 92)2 and 1.5% by wei ght chronium (line
94). Quenching will convert the material to martensite the transition
tenperatures are shown by lines 80, 82 and 94 for 0.5% 1.0%and 1.5 by
wei ght chrom um respectively. Failure to nmaintain the transformation
tenperature within the range indicates by curves 90, 92, or 94 as
appropriate for adequate periods wll risk partial transformation to
martensite. Curves 100, 102 and 104 show the pearlite transitions for
chr omi um cont ent sTa8F 1 BPmpgztion of Gegmalpa. ’;La"S%”b‘S’/"'QRg'f’ght respectively. The
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curve. Tabl e 1 Con[Fesist i[O 1 EqaaTPreys ] 5 Boi([Bys (wei ght 9% Tabl e 2:

Mechani cal properties of anples 1, 2 and 3 I'n the table: PS is Proof
Stress; UTS Is Utimate Tensile Strength El i Elongation RA Is Reduction of
Area HV I's VI cker abkiamdaassl pripertiésihvapyplauiaaess i s based on a 10nm x 10mm
speci nen (care needs _to be ta<e"| in com)arl son _of the Charpy nunber as 10mm

x 10mm usual |y usgef™ef iTg,ﬁ?é",Rﬁ: o Greg it KB 'Ia'ﬁ‘é%lt are quoted In sone
papers.) I n Tabl el 2 ex|dres” (ﬁpn)er(@, i Kl etk ERdarate to different
speci nens of Exanples |1, 2 an subjj ecfedfto t P9 f erent transformation
t emper at ur es | ndi catredCemtons &m 5 e pteet—jconpri sing by wei ght
percent: carbon O 6% tlo Z=%% | ¥a g}&nes-s Q. %% o] I.8% ]| nickel up to 3%
chr om um 0. 5% to %! nffUbdbsRae £8Iq ¥ vhnaflium up to 0.2%
sufficient silicop—artetmm—{wm{me 5T 1 o 5

2C | 25024 1537 [1933 | 11.3] 7 560 7

3A 20024 1678 | 1981 4,3 5 680 5

3C 250/8 1673 | 2098 8.0 5 640 5

in the table:

PS is Proof Stress;

UTS is Ultimate Tensile Strength

El is Elongation

RA s Reduction of Area

HV s Vickers Hardness

The Charpy numbsr is based on a 10mm x 10mm specimen (care heeds to be taken in
comparison of the Charpy number as 10mm x 10mm usually used, figures using Smm x Smm
specimen ars quoted In some papers.,)

In Table 2 examples, the sufflx lsetters relate to different specimens of Examples 1, 2 and 3

subjected to the different formatlon temperatures Indicated.




alumniumto render the bainite substantially carbide free, and the bal ance
Iron save for incidental inpurities. 2. Super Bainite Steel according to
claim1 iwol2aovmgosa silicon content in the range about @CHGHIYOMSIGNt toO
about 2% by wei ght, and no al um ni um133. Super Bainite Steel according to
claim1 or 2 characterised in that the manganese content is in range of
about 0.5% by weight to 1.5% by weight. 4. Super Bainite Steel according to
any preceding claimcharacterised in that the chrom umcontent is in the
range of “48 1.0% by weight to 1.5% by weight. 5. Super Bainite Steel
accor di ng. t g38y BRIrfie %ﬁgcéﬂnﬁh%gftgl\ﬁéfgﬁf béﬁ.‘én't rhalrbé\ﬁ Otéw tooll. yedenum
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that the maaianiaRMm f@?érﬂiér thé b@hﬁ!étsuﬂétémawlcﬁFBIdefﬁreeSahdfth@@aIErice igreel
according to any preceding claimhaving an average bainite platel et
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6. Super Bainite Steel according to any preceding claim characterised in that the
vanadium content is in the range of about 0.1% by weight to 0.2% by weight.

7. Super Bainite Steel according to any preceding claim characterised in that the
manganese content is about 1% by weight.

8. Super Bainite Steel according to any preceding claim having an average
bainite platelet thickness below 40nm.

9. Super Bainite Steel according to any preceding claim having hardness of
630HV or more,

10. A method of manufacture of a Super Bainite Steel including the step
transforming to bainite by cooling a steel having a composition according to
any one of claim 1 to 7 sufficiently quickly to avoid the formation of pearlite
from a temperature above its austenitic transition temperature to a temperature
above its martensite start temperature but below the bainite start temperature
and holding the steel with that temperature range for up to a week.

11. A method of manufacture according to claim 10, including, prior to transforming
to bainite, the steps of cooling the steel into a fully pearlite state and reheating

the steel to an austenitic state,



transformation to bainite. 14. A nethod according any one of clains 11 to
13 in which the steel is allowed to cool to anbient tenperature in its
pearlite wormo/a3054A nmet hod accordi nq to any one of cl aiP8/GB2049509%7
including the step of cutting, drillihg, forming or simlarly configuring
the steel as pearlite. 16. A nethod of manufacture according to any one of
clainms 10 to 15 in which the bainite transformati on tenperature is 1900C or

nore. 17. A _netphod of manufact di t f clai 10 16
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met hod acCoRraGintds GhictBlbhsidiniltionbr e siiteaiige! is cut into engths
prior to transtormation into bainite, 19. A nethod according to any one of
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about 8 hougs d 3.days, 20. A nmethod according to any one of clainms 10 to
17 in whi ch{f?Pgﬁ&F@P%ﬁ Bﬂ'nﬂq@ bainite takes place n about 8 hours. 2 1. A
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with reference to the acconpanying figures,
steel alloy is hot rollgg whilst 1% an gustenlte phase.
18. A method according to claim 17 in which the rolled steel is cut into lengths prior
to transformation into bainite.
19. A method according to any one of claims 10 to 17 in which transformation to
bainite takes place between about 8 hours and 3 days.
20. A method according to any one of claims 10 to 17 in which transformation to
bainite takes place in about 8 hours.
21. A method according to any one of claims 10 to 20 in which transformation
takes place within the temperature range of 220°C to 260°C inclusive.
22. A method according to claim 21 in which transformation takes place at 250°C.
23. A method according to any one of claims 10 to 22 in which the steel cools from
an austenite phase to a temperature just above the temperature at which
transformation to bainite will start and held above that temperature until the
steel is substantially uniform in temperature, before recommencing cooling into
the transformation temperature range.
24. Pearlite comprising a steel composition as set out in any one of claims 1 to 7.
25. Super Bainite Steel substantially as hereinbefore described.
26. A method of manufacture of steel substantially as hereinbefore described with

reference to the accompanying figures.



