WO 2010/ 013054PCT/ GB2009/ 050947 1 Description E3ainite steel and
met hods of manufacture thereof [0001] This invention relates to

bai ni te stgelzomndsodet hods of nmaking the same. In parti cpiyatpiobo/dsdosr
related to, but not limted to steelslisuitable for arnour. The

i nvention also relates to transition mcrostructures which can |ater
be processed into bainite steel. [0002] A mainly bainitic steel. is
conventionﬁl Ici. ﬁ{;e having at |least a 50% bainitic ferrite structure.
Bainite i s tlalaified into two groups, upper and | ower bainite.

LO_OO_B% _ Upfbsaint?é@bt &nd me‘ghc?ﬁ @ﬁmﬁmfbd:tdm tgeémfpi tate \tM t hijn t hteh
ainitic rai ns but ma ve, car e precipitated a e
boundar i esl.%%o%bfs 'EB@@#‘O%E'@’{P% b hagite awﬁl & fedaods ol aang tha gamee
bai ni tic ferriteagcdiSt BlreRitcd @] E%Jﬁi’t lifrited 1 feks élﬂtatbi@{]o@ afthBur. The
boundaries. There nay al so be carbides precipitated at the

boundaries. [00@Bjention@lsceieiates {o ransiianamicresirusiiras whidiecarblater be
descri bed in m'p@cﬁ%\%ﬁ?iﬁﬁ%@lkﬁ@é@@&? 90% and 50% bainite, the rest

bei ng austenite, excess carbon renmains within the bainitic
ferrite at[0a02jorcmainybainitictatye nslcomentionallyl criechdving ahleasiia 50%rbainitic

there is al so rt.al rtitliaqnjin f rhon into the resid
et oni Lo cuch iS5 it AR DhspTRHIRb M dToLPS, pbar 1S lower
(t hi ckness 100nmofiitel €ss). I n this specification the expression

"Super Bainite Steel" is used for such steel. [0006] WO 01/011096 A
(THE SECRE[@@@?J &ppsr MEltPGRff@EPEQE@)deJMPGQEQW'ﬂH%M bajaiicierdite graings
a mainl y bai ni { gfieelhavel dOHE BridbiuelbehbUodiagnbow al | oy costs
conpared to other known hard arnour steels, manutacture involves
heat i ng f d0004ind-oper baitite hesrdarkide précjpitated insider the daintinadertte grains at a

This bain te o Shpctetite Gl i oFl PRI, MY e B AR,
As result its i rp@etﬂpitétaﬁ avief boumiages.s |imted. [0007] Japanese

atent application JP05-320740A descr.i bes | ower bainite, steel which
's not carlBPOd flore repenisraride fiae bainiic han RPN Srscbed inBkich agmRIises

Bai nite Steel WheflledP 96 RR 5%\ RiniteS BIYRSL Béh%tgasmafiﬂ%mereexcess
Manuf acturi ng processes are WO 2010/ 013054PCT/ GB20091050947 2 al so

described her ei cagmabienajne wéhisrtheheiitia fagite et rIconagnizatienrhayend dnat
T
0.6%to 1.1% niing easicienl @ustznite. SudPbhainite &iek] bas very3ive beliniterplateleds 5%
to 1.5% ol ybd?{ﬁ?crpnlégs t1808m53¥)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



vanadiumup to 0.2% together with sufficient silicon and or
alumniumto render the bainite substantially carbide free; with the
bal ance i reo ®savasfser i ncidental inpurities. [0010] Suckcséemboesasy7be
very hard, 55011V to 750HV. [0011] SiRBicon is preferred to al um nium
both on cost grounds and for ease of manufacture, for arnmour steels

al um ni um woul d not, therefore, normally be used. The practical

m ni mum si | i con oy 0 i d 2%
by wei gt . Bxcelbunqraed nerTeRApIE! disiorMigorliing; Wiy R4 (RHREET

[ 0012] Pr ef er r eduringtfesmahutastaringfprotessot her constituents of the

Super Bai nj Steel, b i ght. pergent . are: n e 0, 59%.. %
ohr oni um 10081 ¥ espmtertin il SH%r Bhf SERESANies romthnls By
0.2% [0013] Thevepjiepepsesntof nol ybdenum sl ows the pearlite
transformation. It, therefoyre, rgg}(es the final transfornation to

bai nite easier as $HEOP0Kode 1 ansf ormation to pearlite i s reduced.

The presence of Vaﬁ@ﬂbﬁﬁé 'g_g%@g_b%ess. [0014] By varying the
manganese content, It has been found'that rate of transition to

bai nite can be var nieke! upte I%pher t he manganese content the sl ower

the transition. m%@éﬁ“'{{’g;‘{-%ﬂ%ﬁ 1pg:),;u:ti cal point of viewit has been

found that a manga of“2dbout 1% by wei ght percent provides

a sensi bl e conpr omchddeatmegntesPééld of transition (and thus | ower
energy costs) and the abi Iit%(i)gycontrol the process. In reality, the
0

manganese content, ¥ H Uy %ei ght percent is ainmed for, will

vary between about iddef%raith duffiderRbsilt®hGid drell@fiMium &8 rsndeh thdbainite
context of this invention, the word "about” inplies a possible

variation of + or sultsigntiednceridgiféeed figures. [0015] Super Bainite
steels made Wih confithd BaBhes ohWale § %nag&&sn?g@rﬁi ges have been
y TIRe atelets

found to have extrernel alnite plat atelet thickness on
aver age 4Jooiolr Suebstedlicak bemvery baed, 5E0HNde&520tn t hi ck) and har dness

f 630HV Wer. .[0016 h i i '
are subst RO RiFondt Pittred it ol oesst SO SRERESADE o
of Thg i n;/ﬁnti ?nna@f?aumd?@rmmmgimgl algmir_ﬂﬁm&mﬁd riogitheredore; eaimally
i ncl udes e steps of: _coolin ee vin cQ ion, \
characterised i rb%tqf@dpﬂh@ipm%ﬁgmjﬂpﬁﬁﬂl?%‘?q@?@d%%% %I V&Yﬁ@‘s&a&‘d it
avoi d the formatghgiqorRiBeed tQ% by RBIgAt. ERRSSilton rBRE¥S thé rocess

austenitic transition tenmperature to a tenperature above its
mart ensite st ar tdiffiewibterenniiod but bel ow t he bainite start tenperature;

weck. 001826 Sreflred BBBEL RS e el (st RAEFof i) ek B
steel having a Steplpby wWetghtgaperadmdraret eri sed in the previous

par agraphs into a full ear|] tare; reheating the steel to a
fully austenitic S{'rgs[r@?éngse B.é%?O%ﬁao,

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 pearlite transformation. I,
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



[0019] The steel is then cooled and transforned as described in the
previ ous paragraph. [0020] The nnartensite start tenperature varies
consi der abiwy deprs@dsng on the exact all oy conposition. p¢¥HEBicdabs0e
exanpl es for several conpositions are shown in the Fi gures descri bed
bel ow. For practical purposes the transformation tenperature would be
above 1900C to ensure that transformation took place reasonably

qui ckly. [0021] beked - | Y ' eel
M i1 pearl | 1 efaParBHenToetPEndil oftfisiph (G nUsTBART LGy o)
2010/ 013054PCT/ end titpAbitiydd tontral the wirargesshia retlity] theanangdnesgaiontent,

sufficiently slowy.. a full earlite ase, [0Q2 This s can
e repeated [ 0BV AT DSy pbrBRE < el 0PN waitherd sboltf 8k
its pearlite found 1TH%Dy weifRSperdometras i fifs 8b9Rx06 this ibverition, fHegdrd
austenitisation_and subsequent transformation steps. 024] Nornmal |y,

0
b act | oo, whAPOSEINTRIES SRSAIS VAR *oiTe |03 oG QuCteRdasrase
will be agﬂl d?hgef Bﬁﬁﬁe%lﬁma&eﬂﬁﬂ%aﬁéﬂﬁ@emé Qﬂﬁﬁ]théh)ré@rrﬁdfrﬁﬁéég e
ces e e s that as

of the pr cri in the preceding paragrap
pearlite, the shaw beamfmmdindiavaexiremely finmbainite plaietels (plat¢lel bickness

oroauct t hat. cadhgeleCiih BFtesg s B Plunty yaoho BASRTERH N,
drilled or forpﬁdrdlmissbfﬁmlsﬁlc_ﬁgnéétbat he pu][chase_r having only to
croatcor A’ EhR ot Sl ARSI bRErd e b
purchasers | eft g steipgler t ake the final steps to transformthe steel

to Super Bainite Steel. [0026} The steel may be hot rolled whilst in
an aust enil@@1 7 hksanothenaspeckiet the invention a metbed pf mgaufacture ol Supes

will be cut int ?ah,g%%tgé, iﬂ§th8és {r%hétté@ﬁf.orrmt lon to Super Bainite

Steel. [0028] | een found a e transfornati on to Super

Bai nite Steel bestcddikgs siteldavirg aveemp8sitionas charhacieriteddn tiad previogls
nost econom cally in about 8_hours. A .good copmpraqm se.between.
econoni o manuf act WA SRRV it Byl The oo oheita frogn
step is w thin thetelygjapatupd dhévd iEgesidmfiCiiansilion teraperatitead by at
250C. [0029] If the steel is in thick plates

] ) ,, .(above Ségngt hi ck%
tenperature di strilSHReEALTE abeye (hmagenyie sigdfemperalyy nite

transformation tenpangd Yiafk ¢ era%ré?e uniform The tenperature at the
centre of the plate, 1n particular, may remai n above the desired

transformati on t enpddingdhe staed At a temperature within thah eangie for Up$9 arinueelon

propertie 1 C js, the steel concerned is
cool ed friﬂﬁﬁs@ﬁ@'{;’@%@gﬁ{“%ﬁ%@%&%@ture to a tenperature just
above the tenper atinitiallytoolriged steebhading aaicimpositiontzs charactarisdd sitthe t
and hel d above that terrgerature

unti | .
2010/ 013054PCT/ CBARGHOBB FGREENS Mo a ful pearite state;
reheating the steel to a fully austenitic state;

[0019] The steel is then cocled 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
fransformation temperature would be above 190°C to ensure that
transformation took place reasonably quickly.

[0021] Additional steps may be included:

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



the steel is substantially uniformin tenperature, before
recommencing cooling into the bainite transformati on tenperature
range. [ 00®020iwo1sésk]l be noted that Super Bainite SteelprEcBI009/6809470
the invention involve transformation $tep timescales that are nuch
shorter than those described in WO01/011096, with significant
reductions in the energy consuned. [0031] Were Super Bainite Steel

does ot exceed saeonih e dediP¥Rar it PRy LOU ISR TR R <

60% and 80% by volphaseof a bainitic ferrite with excess carbon in

solution. T i nder _is subs tially a carbon-enriched austenite
phase ste[eqdbez'}hﬁﬁé C%Bﬁlr‘?%e ‘g thus nade is very hard, has high

bal I'i sti cges)] SAﬁBﬁl@r possible shay Fs'té @hﬁéthélstée@m s pearfitdforh. This® best
The Super Bainite Steel has no bl ocki nig austenite. [0032] Corrparatlve
@

tests of differdane pathe stepdrieriosthading austenidentian andeibseanpasi t i ons
of the steels u@ﬁ%féxﬂﬁaﬁqdé{é gative purposes are given Table 1

(attached). [00 ‘and 2 are of steel prepared in
accor danc §044j hNo@nally i peetce, Wp;b@rﬁteifermatlm steps are carded doahthe

with this inventio The all o e kg vacuum

i nduction nel tefit Pﬂﬂgit%e ?’W@d? ﬂﬂ%}’%@ ﬂgpﬁﬁgﬁgpurl ty raw

mat eri al s{oo4s e |§a$éat{]ﬂa ofitaeprocses @ebmmnltﬁe rédediitPfabiphd dhat as
hours, furnace cool ed, cr ogﬁqed and cut to

hi ck
bl ocks. These wBe&lite.thesiaehta QE@GB@&dt Qr"!?dtl%wﬁtﬁlg(‘:ﬂﬁﬁhsrg%ﬁﬁsﬁot
forging at 1000f, @n ﬁ%édr@errﬁ&ﬁé tﬁBPéildy% Lol cbhﬁnéramrpioeﬁwh@t B&®

to produce 500x200 tes with a thickness of 25 mMm pl at es
were furnace cobegaldrmatmomnwt It san besut,gnachined qmllad@sfc&mdmrmaoa

e sl ST 6 S0 i

hours and furnac ess to bel

This al | owed t egansfatraticrl steps dwehqe)pmmcedcmﬂd gty oot thet madihing,

machi ni ng operat,i.qons thus.avoi. enpl speci al i,sed

t echni ques requpPlg'ag PEFOTAingh Wi @tﬁﬁgyg ?h?‘f Hgggi?é/!@e@g%lgpl $Rro

cubes of materi ghnd¥BHA the SREER gﬁmgmté:s@b[ al region of each plate.
es were austenitised at 1000C for 1 hour and then bainite

These sanpl

transf or %Qzﬁl Reastes! mayvde bet rolied whilst in angystanitepb@secul ati on oven
for up to h i a‘?rdnri :

o10) b1 soidat DR e AEE S8 ibdRiih i e harl?@ B o | gins prior fo

pol i shed to a 1transioomeliey tof SuperBaimte Bteetiness t est ed. Hardness was

and a 30 KP4l ef e R RSt B S bl e See! BEF RIS,
sanpl e with theppramndnasengsoursdnt3 deysmnithakigh neasst lendmmmtcallyem @tﬁﬂﬁﬁ]

Speci men bl anks were renoved from each softened ate ust eniti
2 °3000C and hahHiieA SROGMBTIES Brtwean ssaBomICEany RIS aRd sl

on the above hay sdtgiﬁér‘nebﬁf tﬁbftran!ai&ﬁnhh@ﬂ§{éya€%hﬁ1mh@fteﬁf¢§raﬁmet ange 220°C

bai nite was cons have term nated. Tensile testing was
conduct ed i n actoR@@itandidenlly Be2%®Cevant Briti sh Standard using 5mm

di amtor AEAnTHRe SfRAVIOE Aehs (o BRI TRnPbfatil AfyBley

| npact testing within theasteki mthev-inmiache Ctieer haini@ﬁahsfemaﬂmstepma?@tumd

on a 300J Charpy testin chi Al tests t. room
t enperature wi t#"?yn'i')‘gcqeg‘gﬂ ﬂ@? fenperagire at @%?}gacig' 2 the
average of thregahpela, meQé’rﬁmeélﬁv‘éQhé@bm@éd ﬁénﬁ@ﬁﬂalﬁﬁﬁtemﬁdﬂature with
transformati on {enperature was neasured nple 1 exhihit

pronounced har d&e I’&;UltbhaﬁWWM@E?@H@%O%PTW‘W@/&@%B% rV%d after
110 hours at 200Gyl i RP0SL St i 1 ckBRATRR e SholcMichab

transformati on ray experinents ness va ues
subsequent |y rompaaﬁﬁﬁltb’aaémeraﬂuﬂa;usﬂ”dxoveﬂﬁe erapseraturarat whicht he end

transformation to bainite will start and held above that temperature until



[0041] The tensile properties of Exanple 1, 2 and 3 after hardening
at 200- 250C for various tines associated with the end of bainite
transf or matvio@oeangsshown in Table 2 (attached). This shewwckivadoshiue
proof strength of each alloy gently declined with increasing
transformation tenperature. A simlar decline in tensile strength was
al so observed, with the exception of the Exanple 3 transforned for 8

00 wao s BRER! s suBStahFAN ifiohH i tdmbgteflre So Bl ek MBS
gg 0éooc.h [ 0042] cff@lmg intp nhblba&iamrm]fdrﬁmonﬁempe?tm—etr?ag@f ?r med at
super - ba (008 o bethessnal §poskBaipls sirs 2ceorincpdee raienten el

facilitates qui frléﬁéfofrﬁé!ﬁ 58P tPhedRIeS tHatGrt rfudipsifiriaR tha ﬂ\B@é‘Hescnbed
incurring significant reductions in strength. The benefits of this

approach are no#t WQ&1/011096, with signilicagtre WBC?@SJE] theenergut qaqrgumed

was. ol o (00T IbrE el BalifeiSlee e P fadlieich dfEHERR S0t Ehd eV

hi ghest t ensi | etrahsfergatiorofenapdraiuine dads nyisexceedi260°C| ihe483ullige Supgact
properties of anpl 1.2 a d 3 ﬂ%\/\ed al . exhibited..l .

val ues of room%@%t@e%?ﬁpéa n %@?d gﬁ%%&"%i"@wf\?a?# @'Hcgpéf'(ﬁeen
4-7 Joul es. [ O0¢kh éxbes§cénb@nabsdalutudn qfheﬁ%h%'m@érﬁis gasEtantiElp G datBon-
met hod of the invention to forma vol une fraction of ultra-fine,

interstitially pafchasbausieniia P'@Sﬁsé@q% TAe Supar Baipie Sieehthys maderds yery
strength |evel sp ?H'%E%‘ﬂ:ﬁﬁbz&lﬁsﬂc‘ P@§i§ta‘?i@:eta*ﬁﬁ is é&ﬁﬁlﬂl%ﬁ sﬁﬁéﬁl@'a{%%(rﬁio%?' S,
oW cons

with relatively tions of ener urt
mar agi ng st eel ss(ee?SWG@Jpenaamltezﬁteeldfastﬂmdnlodvmauﬁﬂntiee able to do

The i nventD R et B O firerBRERle el WP ATt ORE i !
acconpanyi ng dr awinpgsitibns vhihelstedld @déd fdriitnstatilé\palposes ahegiven Table 1
manuf act uri ng process described in PCT patent application

W02001/ 11096; [éﬁ’?ﬂ?‘eﬁ)gure 1B shows a manufacturing process used in
conj unct i 3603’3 1t ExbhleY £aR802 éré\b?@.iée%reda%}ﬂﬁ'ﬂadﬁbﬁiﬂr%elﬁtm\ﬁ an

alternative manufacturing process used in conjunction with the
present inventi Qﬁlm[]@Qa.g%mnmﬁg@osz{gﬂgn accordance with this invention. The

tenperature/ti ”Elélfwen{% @h&!s@ggeaa&.% it i6h SHdiRd .ﬁ@ﬁg'

according to thei OW Nng act varyil ng
manganese cont e(t50x160x450rhoh) hemldn@dpumtatra\pmateﬂalsdﬁsﬁglr castingiingoty ar y

d h f 0
RO 110 0 0 OTRbh R A0 e o pote o
accordi ng to theu e B0RIM fsivk squakdtblouke ATieese whvsulsetbentyedatedfo

varying the carbon content: it should be no hat, .precj.se, di agr
will vary accor @ithigkness sfb0mmdy Mﬁ‘b’@ﬁ’l&‘?fo Ogr i 'ate[ygvg??&%s

Figure 4 shows g {P@@ﬁﬁéttéfhﬁéﬂa}]d@/ﬂa bﬂﬂ:ﬁfc@rmg@nﬁh ?ﬁt@é’%tﬁ%\ thickness

preferred steel "according to the invention having 1% manganese
showi ng the i npa;tﬂSmmvaHybial@ wiee finane enaledfroant000°E. knibig epngition

noted that pr ec r g to the exact
conposition of e%?%@ﬁgfﬁ%ﬁn%%#%ureoﬁg the material is

BO nogeni i 3@03‘4 ] Ptes Wae sbitehdkd amB(HCrfocm hedrg andifureaqeecaatied  refiuce
et ween

havi ng a hi gﬁng@?z‘ggg@dgggﬁfoa% M g‘ﬁ%ﬁ‘f@ﬁg@?@ﬂ'ﬂo be prepared

austeni ti se it %tr@ éd?f\’?@ﬁﬁé’ﬁé!h?‘ac‘?ﬁnu%)g él@taéﬁ@ﬂﬁs adiding e Msedelimey

i n about m nut furnace cooled to a tenperature of

190 to 260C and spemahsad telﬁht\!qu@ﬁfﬁqi@fﬁdrf@f high hardnasssiea$: one to three

1ok L OO sy Bk TR LRk RS o

Figure 1B il usteaghfate. Theed sartipics n@re ausesitised at 400@Cefar dlhat antle
then bainite transformation heat treated at 200-250°C in an air
recirculation oven for up to 400 hours before being air cooled. Samples




[0054] In Figure 10, the steel is hot rolled whilst in an austenitic
phase, either imediately after casting froma hot nelt or possibly
after heat wogoionignsg he austenite phase for honopgeni sat i BIT/GB2009/050947
deformati on. 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 transformati on tenperature at an appropriate WO

2010/ 013054PCT/ (B 9/.050947 10 point to allow.transftormtiaqn.to
Super Bai ni te STET optn Dl obieR bty pRlsni 1h & b iBlasdishing
Fggg g fl ITﬁd ?i r hamltrbss;tfe_ttém?gérunmf a@?gtﬁrﬂﬁgfecauitﬁ é?!i&e%@hhfdh%@_@téstter
e tenperature/tine/transfornation di agramfor Super nite
Steel s accor di n§SP8 & PEAMAALIAJSEIRGA 16 kBleAGieadndents Wers made e
manganese conte b i ! i i i
transformation ﬁeodﬁné‘atﬁg%@n?ﬂt‘ gf ttg%&ﬁ%ﬁﬁ? e“& l?\'(s)tﬁg] hn(;avéﬁw?%ﬂrdﬂﬁ? ﬁalg?é’te g‘ 9
(typically 6 totakem®ds indicelivesy curve 2. Here individual plates are
air coole L at . i e | "
Cypi car |y 1000 SPRRHTEH G0k pbReef Rl Tronh 886 S0 ORI Al tpnitised at
pearlite. |If nedésB84d snd hardemetiab @00250°C Howaticne tinwes hyowhieH, based on

hown by the || R AVl ronSgs bl T Ginshrielihal uBlpriE T8 Dgnne s

for 1.5% by wei ghhsifBRaan a0e Pmlindted I fendieasigasbbiduetsviart the
material to martensite, the martensite start tenperatures _are shown

by lines 20, 22agepidaucy withthesnglevand Britisly Starsiardysingiogm ditneighese
e ol Tea SN S el
e e ¥ angSPbierS CIREPA g il HAIGE YIRS S

wi thin the rang as opriate for
adequat e per i odspecimnens sithpmheight ofiGramsdter steain satetod 10881 dnyiactiesting
curves 30 (for 0.5%Db \ ght nese) . .32 r 1% i
manganese) and ygﬁéﬁd%ﬁé&;%ﬂ%@% S%%gﬂ%g&% 39#8 f@é? \éﬁ agéBOJ
transformation Uhaﬂﬂﬁfeksﬁlﬁ% msfthive. Al tésts beravondiasted at idoen femprature
transformation stage of the process, The bainite start tenper Eure is
the t enper at ur e WABdPPaghAhtengierasyltspeingRiesented s t era‘va%ﬁe threg,
bai nite curves, t%@s 12 and 14 the bainite start tenperature is
represented by the flat uppernost portions of each curve. [0057] As

t he t hi cki€887JofThetvariptien elp hardnesswith trepsfogmatien teraprratitig mes regasured.
sl ower cooling L OWANGL: i i e
phase to form aﬁ‘?h@?%i%? bigﬁgﬁhrc%r{q%ggéﬂhg@&%‘ﬁu@lr@&nrﬁﬁﬁ%@éeﬁﬁédd
obt ai ned. This ¢hAhwhe obgeivaddrtzy 110hboms atR09°Cadhicniy comsisterd with the

that marked 3, which or.a,1% i ght. man es teel i1n

accordance with Wﬁ%‘e‘?fttﬁ%ﬁ?'q‘tﬁ t@gp@%@‘éﬁ%ﬁﬂﬁf@r aﬁﬁgﬁkgﬁ?‘@?‘%‘*%‘a‘“&%d to
one marked 4A | yrded@RaiidesubrbgLiésy 088 6 BUORViRE b furheerol hows,12
and held just above that transition tenperature unfil the t%ggﬁ at .ure

within the pl at &arkingithe gnehof paingte Zermpsion; angygjowly increased to after
2010/ 013054PCT/ .11 (4B) the tenperature is reduced to a
point 5 within ﬁéeﬁ)rgggs géﬁgfi on range and held within that range to
al | ow t he [00a8}s fAlthough an inwebss ini transfarmaiios tpinpetaiuredosdher 225l e 3

he bai ni [ tielt. i L %, i
carbon 15 hown 2597 KedieBate Pais bl i igs inExapg W B il )
and for 0.8% by angaisDtiowrs idspechyely, this ids acdumngaried byaldectimminshe t he

material to martensite. The transition tenperatures are shown by
lines 50, 52 andaiingsgiobgensd. 0. 79 and 0. 8% by wei ght car bon

respectiv i | &ikHi )EBH(! M i Butt addiisrisfEebale nd
t enper at u?@bagfrﬁpghﬁﬂéﬁr\g%g%%ﬁ%%te %36/" Igﬂ’fr@?s 60, gz, _or 64 as .
appropriate for auhsigivet plsoiextibited prondusiced hardening. Thedins raauired oo

martensite. Curves. 70, ,72.an i ity

carbon contents '96.9@3}3%899% %W@é @ﬁ@éﬂé@e‘%@@q‘ %ﬁgﬁﬁuﬁsﬁg

bainite start tempaioursiiighsr tehperators wére yakb assodisted ith siwotter not
transformation times with a hardness of 575HV being achieved after 24
hours at 250°C as opposed {0 48 hours in Example 1. Aithough using
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cobalt and aluminium was successful in reducing heat treatment times, the
high price of both cobalt and aluminium together with the difficulty of
processing steel alloys including aluminium make Example 2 commercially
unattractive.

Example 3, the Super Bainite Steel that is the subject of this invention,
exhibited a higher hardness than Examples 1 or 2, A hardness of 690HV
was achieved after 24 hours at 200°C compared to 850-660HV in
Examples 1 and 2 after 200-400 hours. At a transformation temperature of
250°C a hardness of 630HV was recorded after oniy 8 hours whereas
Examples 1 and 2 failed to reach 600HV even after several hundred
hours.

The tensile properties of Example 1, 2 and 3 after hardening at 200-
250°C for various times associated with the end of bainite transformation
are shown in Table 2 (attached). This shows that the proof strength of
each alloy gently declined with increasing transformation temperature. A
similar decline in tensile strength 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.

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 ifs 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.

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 Jouies.

It is the ability of materials made using the method of the invention to form
a high volume fraction of ultra-fine, interstitially hardened bainite steel
which allows them to exhibit strength levels comparable to those of the
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stronger maraging steels, with relatively low consumptions of energy.
Furthermore, unlike maraging steels (<75% Fe), materials of the invention
are able to do this without using high levels of expensive alloying
elements.

The invention will be further illustrated with reference to the accompanying
drawings in which:

Figure 1A shows the manufacturing process described in PCT patent
application W0O2001/11096;

Figure 1B shows a manufacturing process used in conjunction with the
present invention.

Figure 1C shows an alternative manufacturing process used in conjunction
with the present invention;

Figure 2 shows a temperature/time/ftransformation diagram for 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;

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;

Figure 4 shows a temperature/ftime/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.

In figure 1A, the material is homogenized at more than 1150°C and air
cooled {0 a temperature of between 190 and 250°C. The sample illustrated
must be a small one having a high surface area. The sampie 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.
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Figure 1B illustrates a manufacturing process for a material of the present
invention that wilt transform to pearlite with a relatively slow cooling
process of about 20C/ minuie. However, this is not considered to be a slow
process, and one easily achieved economically in a steel mill. Typically, in
the production process the steel is allowed to cool from a high temperature
(above its austenite fransition temperature) as large thick plates, often in
stacks. The cooling rate is naturally about 2°C/ minufe, which is sufficiently
slow to enable a fully pearlite phase to form. The plates are then heated
again to above 850°C to austenitise them. The hot material is passed
through rolling mills to form strip steel, in this example, 6 to 8mm thick and
coiled. Obviously the thickness can be greater or less than the range given
to suit the customer's requirement. The thermal capacity of the coil
restricts the cooling rate sufficiently to ensure that pearlite is again formed
as the material cools to ambient (room in this case) temperature (RT). This
is conveniently achieved by allowing the coiled stee! to cool in air naturally
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 1900C 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,

In Figure 1C, the steel is hot rolied whilst in an austenitic phase, either
immediately after casting from a hot melt or possibly after heating info 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
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point fo aliow transformation to Super Bainite Steel to occur. This can take
place in a temperature controlled air recirculation furnace of other suitable
environment.

The temperatureftime/transformation diagram for Super Bainite steels
according to the invention showing the effect of varying the manganese
content is shown in Figure 2,

The final transformation from austenite to bainite is shown for thin plate
(typically 6 to 8 mm) thick by curve 2. Here individual plates are air cooled,
by separation of the plates; the cooling rate is typically 80°C/min for
example. This avoids transformation to pearlite. If necessary the cooling
rate should be controlled accordingly. The bainite transition for 0.5% by
weight manganese is shown by the line 10, for 1.0% by weight manganese
by line 12, and for 1.5% by weight manganese by line 14. Quenching will
convert the material to martensite, the martensite start temperatures are
shown by lines 20, 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
fransformation to peatlite 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.

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 sfructure 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
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(4B) the temperature is reduced to a point 5 within the transformation
range and held within that range to allow the transformation to bainite to
take place.

[0058] In Figure 3 the bainite temperature/time/transition curves for 0.6% by
weight carbon is shown by the line 60, for 0.7% by weight carbon by line
62, and for 0.8% by weight carbon by line 64. Quenching will convert the
material to martensite. The transition temperatures are shown by lines 50,
52 and 54 for 0.6%, 0.7% and 0.8% by weight carbon respectively.
Similarly failure to maintain the transformation temperature within the
range indicated by curves 60, 62, or 64 as appropriate for adequate
periods will risk partial fransformation to martensite. Curves 70, 72 and 74
show the pearlite transitions for cérbon contents of 0.6%, 0.7% and 0.8%
by weight respectively. The bainite start temperature is the temperature
above bainite will not from. in Figure 3, for bainite curves, 60, 62 and 64
the bainite start temperature is represented by the flat uppermost portions
of each curve,

[0058] Figure 4 similarly shows the bainite temperature/timeftransition curves for
0.5% by weight chromium (fine 90), for 1.0% by weight chromium (line 92),
and 1.5% by weight chromium (line 84). 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 24
the bainite start temperature is represented by the flat uppermost portions
of each curve.
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Table 1 Compoaition of Examplas 1, 2 and 3 {by welght %)

Allewy G [SI | My |Cr [Mo | Al 1Co v P s Fa
Example 1 }0.6¢ (1601 1.899 (1.2910.25] - - 0.1 j<005 =01} ~B4
Exampla2 |0,82 |1.55 | 207 |L.01 [025 |1.03 [1.61| 01 [<.005 |<07 | ~92
Example 3 {0.79 {1.55 [ 1.00 {1.01 [-25 01 [<.005 [<01 [~54.5

Table 2: Mechanical propertios of Examples 1,2 and 3

[ Exemple " Banite DZPS| UIS | B1% |RA% | Herdness | Charpy 4
Transformation | MPa | MPa HV30
Temperature °C/ {mensured at
Time thours)  [(Rped | Rmd | (&) | & | (Hva0) room
[temperature)
TA 2007400 684 (2008 | 31| 4 650 4
18 22500 1660 | 2048 | 44| 4 820 4
c 250/50 1625 | 1926 | 88 © 500 3
F7Y 2007200 7688 | 2000 | 33] 4 650 4
28 225770 625 |2072 | 65| & 620 5
2C 250724 1631 (1933 | 11.8] 7 550 7
BA 200729 1678 | 1901 43| b &40 5
30 250/8 1673 {2088 | 80] 5 640 [
Ih the table:

P$ Is Proof Streas)

UTS Is Ultimale Tenslle Strength

Elis Elongation

RA is Raductlon of Area

HV s Vickera Hardness

The Charpy number is besad on 2 10mm x 10mm opecimen {care necds to be faken In
camparisan of the Gharpy numbar as 10mm x 10mm usually used, figusas using Smm x Smm
epecimen ara quated In some papers.)

In Table 2 examples, tha sufiix lstlers relata to different specimons of Examples 1, 2 and 3

subjected fo tha diferent ransfamalion temperetures indicated.

(ITSIs Utimte Tensile Strength El

PCT/GB2009/050947



HV:1s Mal com Hardness The Charpy nunber is based on a | Om x 10nTn
$peci nen (care needs to be taken In conparison of the Charpy nunbers.
10mm x 10nmm usual |y used, Tryguros paha 5mm x 5mm speci nen are quoted
in sone papers.) In Table 2 exanples, the suffix letters relate to
di fferent specinens of Exanples 1, 2 andB 3 subjected to the different
transto |.en tenperatures |ndi cat ed. 13 Cains 1. Super Bainite
St eel cgﬁﬁ'm ng by weight percent: carbon 0.6%to 1.1% manganese

0.5%to 8% _nick up to, 3% chro um 0. 5% ybdenum

Do 0, oy SastRats Sisel Srontisng b WGBTS tarbsad 6% ln I, NATRERSS

iron save 59fo 1.8%, ARRERAlp oB% rdﬁrbrﬁﬁjm @Smﬁs‘yﬁﬁio[ybﬁémﬁh%| to@®R! di ng
to claim1 or 2 characterised in he man%%nese content is 1.5%

by wei ghvaradiyre p t°92°/SLPﬂJ@P"I§e§%1Q 3%St%‘éilthﬁ@é 8¢ Hen pavefoaingideniy 2
char act efrh[ﬁﬁﬁg; gn that the chromumcontent is in the range of 1.0% by
wei ght to 1.5% by weight. 4. Super Bainite Steel according to claim1
or 3 a of
" 20h By R BleB| BROIATE Y B Y e e Lo
any pr ecedmtﬁgt I&ﬁeﬁ%buwgﬁpéhsSed in that the vanadiumcontent is in

the range of 0.1% by weight to 0.2% by weight. 6. Super Bainite Steel
accor d@. n§uper Baipite)Bieebacasrding i @lalahapaatcaasagmsedm inthat theisbromil@anese

cont ent 'cnt@*?ﬂg ﬂ“@rﬁ?{ g\&lp@% welgh'ﬂ‘aﬁﬁféb?e Signtt €el according to

any prece i ng cFal m AEF ge baini T3t el et thi ckness

bel ow A0 I m
navi gt hvR %ﬁ%ﬂﬁ*‘%@%%ﬁﬁ'kﬁﬁ'ﬁ?ﬁ Gaim, 6 chatcr 8?@%%*%‘2%?‘8‘?'@*5?“?
Super Bakoitest iSirethe rangs ofd). 2% hyhweightdp 0.5%byfwerighitng to bainite by
cooling a steel having a conposition according to any one of claiml
to 6 suf SupedBaihije Gteetacoprding tovanyipreneding claim charagteripedin thatdher om a

transt or MR @%ﬂt@'&%‘e‘?g{*"‘uﬁfﬁ%béé G 20y wRBRLIRPRAWEGE D " e but
bel h d
transrr subet bl SIcBl poofdihg ‘@%’é’ﬁ%@@“@%‘aﬁﬁhﬁ?ﬂg‘eﬁﬁ Hferd
Wit hin t irengapeseccontentds albmgd % by wejght.o a week. 10. A net hod of

manuf acture according to claim9, including, prior to transformng to
bai ni t#&, Super Balepssstarel amdlngtqareypmedlmg alaim having ap averageibadnitet at e

and rehe ﬁaéé]?fr{h&ﬁﬂ q{%r'] ﬁm austenitic state. 14 11. A nethod of

manuf act eps of claim 10 are repeated one or nore

tines Cﬁ)::l gS?’E)SF %,Mgg &i{ﬂg t&éﬁ @'Pqu{’] ﬁ& E aﬁrﬂ hQ@ihB 'h]-":lf'dne%g f 830 B|[° 0

accor al m I s¥annea prior
the transiwemation to bainite. 13. A net hod accor di ng any one of
clainms 10 to 12 in which the steel is allowed to cool to anbient
t enper@&t e methodiof mapatachire ef & Super Bainite\Stael molidingdbe dtepgransiomingdice

of clal mti,ﬁ&ﬂg:bg &%,8 | nc%ﬁgwa%[ﬁé]g cOipBsifidn S4ickdiig o My brid H1aif 1 10 6

form ng
sufficiently quickly to avoid the formation of peariite from a temperature above its

austenitic transition temperature to a transformation temperature above its
martensite start temperature but below the bainite start temperature characterised in
that the said transformation temperature is 300°C or less and the steel is held within
that temperature range for up to a week.

10. A method of manufacture according to claim 9, including, prior to transforming to
bainite, the steps of cooling the steel into a fully peariite state and reheating the steel

to an austenitic state.



15. A method of manufacture according to any one of clains 9 to 14 in
whi ch the transformation tenperature is 190C or nore. 16. A nethod of
manuf acture according to any one of clains 9 to 13 in which the steel
alloy is hot rolled whilst in an austenijtye phase. 17. A nethod
according to claim16 in which the rolléd steel is cut into | engths
prior to transformation into bainite. 181A nethod according to any

one of ghai M Pethed b@maﬂuMueénntMﬁcH thaR&pRIofBhaind N0 bidRpbsteB @h¥REN
about 8 hours and 3, days. . A nethod according to any one of clains

9 to 16 |nmﬁkﬁW&W@rﬁ?ﬁﬁ&ﬁf‘b’mﬁéﬁpﬂeﬁthﬁsﬁﬁ?‘F%b%i'!i@ut 8 hours. 20. A

met hod according to any one of clains 9 to I n which transfornation

t enper atldr e iAmpihod I@écqfﬁ!ﬁ'géo gkim 3per b‘%‘@@ fhﬁcﬁ'@% isannegled pRoq g d

according fr Fhifalibe ) hdinhi ch transformation tenperature is 250C.
22. A netho accord@ng to any one of clainms 9 to 20 in which the

steel cqgls iy RENR a@b’&&%@'afn? oRBRBEai® 1 fHooTNE WAl tRe ksl is oW fohe

tenperature at which tranSformation to bainite wll start and held
above t hat cacttpRmbienttemparatyre imigs Basip form. subst antial Iy uniformin
tenperature, before recomencing cooling to a transfornmation

t enper atldr e iAmgthod ggeordisgdoarpots piglaims@do i18 énaldingihe istap afchiting.

drilling, or forming the steel pearlite.

18. A method of manufacture according to any one of claims 9 to 14 in which the

transformation temperature is 180°C or more.

16. A method of manufacture according to any one of claims 9 to 13 in which the

steel alloy} is hot rolied whilst in an austenite phase.

17. A method according to claim 16 in which the rolled steel is cut into lengths prior
to transformation into bainite.

18. A method according to any one of claims 9 to 16 in which the transformation

time is between about 8 hours and 3 days.

19. A method according to any one of claims @ to 16 in which the transformation

tfime is about 8 hours.
20. A method according to any one of claims 9 to 19 in which transformation

temperature is in the range of 220°C to 260°C inclusive.

21. A method according to claim 20 in which transformation temperature is 250°C.

22. A method according to any one of claims 9 to 20 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 to a

transformation temperature in a range below 300°C but above its martensite start

temperature holding it within that range until the steel has completely transformed
to Super Bainite Steel.



