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Abstract : Using th e simi lar compositions of th e T i-micr oall oyed high -s treng th s tee ls produced by the thin-s lab casting

pr ocess of co m pact st rip produ ction (CSP) , four thermo- mechanical cont rol processes (TMCP) afte r th e simulate d thick

slab casting, i. e. the t wo hot ro lling rou tes and t he two coo ling processes, we re designed , aimi ng at achi eving the

sa me mechan ical prop ert ies as the thin strip products. The final microstructures after the four T MCl' processes were ex 

ami ned by optica l m icroscop e (OM ), scanning elect ro n m icro scope ( SEM) and transm iss ion elec tron m icro scope

(TEM). T he ten sil e pro pe rties and Cha rpy impact ene rgy were measured co rresponding ly. St ra in-i nduce d T iC precip

itati on was found in the two- stage roll ing ro ute wit h the fin ish rolli ng te m perature at low levels, leading to grain re 

finem ent due to the pinning effect duri ng austenite recrystallization. Precip itat ion hard en ing in ferr ite was observe d

when a period of isothermal hold ing was applied after hot ro lling . It co uld be conclude d that both finish ro lling tem

perature and the subsequent isothe rma l holding temper ature we re crucia l for th e achieved s t re ng th level du e to th e

combined effect of grain ref inemen t and pr ecip itat ion hardening. A t the sa me time , it was found tha t the isothermal

hold ing led to poor impact toughness because of rem ark abl e precipi tation har dening. Therefore , it was suggeste d tha t

the precipi tation kinet ics of titanium carbides in both austenite and ferr ite sho uld be investigated in future.

Key words: t he rmo - mecha ni ca l cont ro l process ; co mp act st rip production ; ti tanium car bide ; gr ain re fine me nt ; pre
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R ecently, the hot-rolled steels hav e been exte n

si vel y s t udie d to exhi bit hi gher st re ngt h lev el for the

further mass reduction of s tructural s tee l compo

nen t s in the com bination of therm o-mecha n ica l con

trol process (TMCP ) and micro alloying technologies[1-3].

As an economical and effect ive mi cro alloying ele 

ment, t it anium has att racte d more and more a t te n 

tion in recent years[4-6], because it has a lot of bene

ficial influen ces on the mi cros tructural ev olut ion

during manufacturing pro cess and the fin al m ech ani

ca l pro pe r t ies of steel pro d uc ts. F or exa m ples , Ti ,

j us t like boron element, so me t imes is del ib erat ely

adde d to im prove the ho t ductili t y of lo w- alloyed and

Nb-con tained m icro alloyed s teel s to av oid the sur

fac e crack ing during con ti n uo us cast ing , because the

addit ion of T i ofte n induces nuclei of prec ip it at ion at

high temperature in aus te n ite [7-9] ; eit he r addi t ion of

Ti a lone or together wit h niobium or molybdenum,

m akes the hot rolled s teels obtain yield strength

hi gher than 700 MPa as a lready dev eloped [lO-13]. P ar

ticularly , precipitation of TiC has been inten sivel y

in ves ti ga ted during hea t trea tment s s uc h as annea 

ling[14] and tem pe ring'P' even wit hin a strong m agnet ic

field[l6] . R ecently, the hot roll ed s teel with yield

s t re ngth of 700 MPa has been s uccessfully produced

via the compact s t ri p production ( CSP) process and

T i-mi cro alloying technologyC 17-20] , and the p recipi ta

tion beh avio r of T iC and st re ngthening m ech ani sm

hav e been in ves tiga ted [18.l9] .

An excelle nt s tructural m a teri al demands high

st re ngth and s upe r io r tough ne ss simul taneously;

unfortunately, st re ngt h and toughness a re ge ne ra lly

mu tu ally ex cl usive . Al though the high strength

steels hav e been developed by using Ti-micro alloying

t echnology and their s t re ngt he ni ng m echanism has

been clarifi ed, the m ech anism on toughening w as

scarce ly repo rted. Moreover, mo st of the st udies we re

ac t ua lly for the hot rolled s t rip products which w ere
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produced by hot rollin g in tandem rolling m ill , fo l

lowed b y laminar coo ling and coi ling. However , the

m edi um and heavy steel pl a tes un derwent diff eren t

coo ling routes afte r the end of lamin ar coo ling.

T he refore , the different T M CP processes co uld be

designed and their effe ct s on the m icr ostructures and

prop er ties co uld be systemat ica lly in ves ti ga ted .

In th is st udy , the Ti-microalloyed hi gh

s trengt h steels which had the sa m e chem ica l co mpo

si tio n and w ere a ll pro d uc ed in the CS P process lin e

w ere inv es t iga t ed, but rather different T M CP routes

we re applied to simulate the medium and heavy pl a te

product ion . T he m ech ani cal proper ti es an d m icro

s t r uc t ure , pa r ticula rl y precipi ta tion beh avior, were

exam ined ; the effe ct s of d iff erent TMCP processes

we re analyze d ; the strengthe n ing-toughening mech

anism of T i-micr oalloy ed st eel w as discu ssed .

1 Experimental Materials and Procedures

The hot- roll ed T i-m icr oalloyed high strength

s teel s t ri p was s ucc essfull y produc ed indus trially in

the CSP process lin e of Zhuj iang St eel Co. , Ltd. ,

whose p ro cess is shown sc hemat ica lly in F ig. 1. T he

liquid steel was teemed fr om the tundis h into the

thin s la b caster , in which it was solidi fied in to a con

t inuou s sla b wi t h a thickness of 60 m m . A fter it was

cut in to a sp ec ified length, the s to cks of slab w ere

then di rec tly cha rged in to the tunnel furnace and

soake d at 1150 °C for about 20 min before tande m

roll ing. Si x- s tand fini shing train was em ployed to

pro d uc e s uc h a thin hot rolled s t rip w ith the thick 

ness of 4 m m , which then en te red the run-out table

for the ac cele ra ted cooling us ing s pra ye d water mist

until coi ling. The fin ish rollin g temperature and coi l-

CSP mold
Soa king furnace

Hot-strip mill Cooling line Coiler

lim lim miHmr TIm
111I1 1111 1 11I11 11 111 11I 11

o

Fig. 1 Schematic diagram of compact strip production process

ing te m perature were 880 °C and 600 °C , res pectively.

Such a steel strip produced in the steel indus t ry was

cit ed in this paper as a ref eren ce for co mparison .

Besides , a s t eel was a lso m el ted in a vacuum in

d uction furnace, with it s composit ions being close to

those of the reference steel an d given in Table 1. The

m el t was cast into ingot in vacuum , from wh ich two

pieces of slabs were cut wit h dimension s of 150 mm X

150 mm X 200 mm. They w ere then hot-rolled to the

thickness of 20 mm on a lab oratory four-high revers

ing mi ll. Four T M CP pro cesses we re employed in

this study , as detail ed below .

Table 1 Chemical compositions of investigated steels m ass %

Investi gat ed steel C Si Mn P S Cu Cr Ni Ti N

Refer en ce ste el st rip 0.0 5 O. 23 I. 10 0.008 0.001 0. 25 0. 55 O. 15 O. 12 O. 006 5

Developed stccl plat e 0.05 0. 27 0.96 0. 007 0.003 0. 26 0. 19 O. 19 0. 11 O. 003 2

The s labs we re fir stl y hea ted to 1200 °C , held

for 90 m in fo r solut ion treatment and then coo led in

ai r to the s ta r t ro lling tem perature ( SR T ) of 11 50 °C.

The ho t ro lli ng p ro cess was composed of eleven pas

ses, in wh ich the init ia l and fin al thickness is 150

and 20 mrn , res pectively. Two ro ll in g st rategies were

ado pt ed by consideri ng the aus teni tic recr ystall iza

t ion and s t rain-i nd uc ed precip it ation to diff erent ex

tents: (1) Si ngle-s ta ge ro lli n g sched ule. The eleven

roll ing passes were fully co mplete d in the t empera

ture range of 11 50 - 1 030 °C. ( 2 ) T w o-stage rollin g

sc he dule. The s lab was fir stly ro lle d into 75 mm in

th ickness after fiv e passes a t 1 150 -1 030 °C , the n

cooled in a ir to 900 °C , and further ro lled into th e

thi ckness of 20 mm in six passes with the fini sh ro ll 

ing temperature ( FRT) of 850 °C. Subsequently, the

steel pl a tes were coo led wit h sprayed water a t abou t

20 °C/ s to the fin al coo ling tem pera t ure ( F CT) of

600 °C w ith two coo ling p ro cesses . One is that the

pl at e was dir ectly coo led in ai r ( A C ) to roo m t em

perature. T he ot her is that the pl ate was put in to a

muffle furnace for the iso t her mal holdin g (IH ) a t

600 °C fo r 60 m in, and then cooled in ai r to room

te m perat ure. The detailed parameters of four differ-



Issue 6 Effects of TMCP Schedule on Precipitat ion, Microstructure and Properties of H igh Strength St eel 595

ent TMCP procedures a re lis ted in T ab le 2.

Specimens for t ensile t ests w ere cut from the

plates in the longit udinal direction and w ere tes ted at

room temperature on a Zwick Z450 machine ac cord

ing to the ASTM E 8M-04 standard. Charpy impact

tests were performed at the temperature of 20 °C, 0 °C ,

- 20 °C , and - 40 °C , respectively, for sub-si ze Charpy

V-notch (CVN) specimens wit h size of 5 mmX 10 mmX

55 mrn , w hich were machined from the middle part

of the roll ed plates along the transverse direction, and

cond uc ted on a Zwick /Roell RKP machine in ac cord

ance w ith the st andard m ethod in ASTM E 23-02.

Tabl e 2 Actua l roIling and cooling parameters of exper imental steels

Steel T MCP code SRT j"C FRTj"C FCT j"C Subsequent rou te

Reference steel TR 1 150 880 600 T an dem ro lling and coiling at 600 'C

Develop ed steel plate A l 5- AC 1 139 1 014 58 1 Sing le-s tage rolling followed by air cooling

B l S-IH 11 39 1 014 581 Single-s tage rolling followed by isoth er mal holding

C 2S-A C 11 52 852 585 Two-s tage rolling followe d by air cooling

D 2S-1H 11 52 852 585 T wo-stage ro lling followed by isoth er mal holding

Metallographic specimens were cut from pl ate

parallel to the roll ing direction. They were ground ,

po lis hed and fina lly etche d with 3 vol. % nita l before

they w ere observed under a LEICA OM 2500M op ti 

cal microscop e (OM) and a JSM-7001F field emission

scanning electron microscope (SEM) . Thin foils were

a lso prepared from the specimens. They were elec

tropolished on a twin-j et po lisher, using a so lution

of 90 vol. % ethanol and 10 vol. % perchloric acid before

they were exam ine d using a JEM-2100 transmission

electron mi croscope (TEM) operated a t 200 kV.

2 Results

2. 1 Mecha nica l prop erties

The m echanical properties of expe r imen tal

steels a re given in T able 3. The reference steel and

Plate 0 exhibit almost the same tensile properties

with the yield strength both more than 700 MPa,

and have the similar TMCP parameters as shown in

Table 2. The s trength of produced pl at es de creases

with the sequence of 0, B , C and A. The difference

in yield strength of Plates A and 0 exceeds 250 MPa,

suggesting that the TMCP parameters significantly

influence the m echanical property of developed

steels. The yield s trengths of Plates Band Care

644. 3 MPa and 508. 3 MPa, respectively . I t can be

confirm ed that subsequent cooling routes have sig 

nificant effe cts on the strength of expe r imen ta l steels

in comparison of Plates A and B or C and O.

Table 3 gives the data of CVN absorbed ene rgy.

I t can be seen tha t P late C has much higher impact

energy a t the temperature from - 40 °C to 20 °C th an

Plates 0, A and B. The single-stage ro lling schedule

with high finish ro lling temperature (l014 °C ) obvi

ously results in worse toughness. Moreover, under

the same rolling cond ition, isothermal aging at 600 °C

leads to de creased CVN absorbed energ y a t the same

temperature. T he absorbed en ergy of t he reference

s teel at - 20 °C is 15.7 J , while that of P late 0 is

11.7 J.

Ta ble 3 Mecha nica l properties of developed steel plat es and reference steel

Yield strength! T ensile streng th! Yield Elon gation! Ab sorbed cnerg y/}
Steel

MP a MP a rati o % 20 'C o 'C -20 'C - 40 'C

Ref erence steel 730. 0 80 5. 0 0.9 1 26. 0 15. 7

Pl ate A 461. 3 697.7 0. 66 20. 2 8.7 7. 0 5.7 4.0

Plate B 644. 3 791. 3 0. 81 21. 8 3.7 4.0 3. 0 2. 7

Plate C 508. 3 730. 0 O. 70 23. 3 175. 7 98. 3 50. 7 34. 1

Pl ate D 719.7 808 . 0 0.89 23. 5 28. 4 21. 7 11. 7 4.9

2. 2 Microstructure
Fig. 2 shows the op ti ca l micrograph at the mid

thickness of the reference steel. I t s mi cros tructure is

composed of qu asi-polygonal ferri te grains, in which

some grains elongate along the rolling dir ection. Elec

tron backscattered diffraction (EBSO) was used to

det ermine the micro-texture of reference steel with a

s tep of O. 5 p.m. Fig. 3 shows EBSO orien tation m aps

and frequency distributions of ferrite grain boundary

misorientation. In tercep t method was us ed for the

grain siz e m easurement and the av erage siz e of grains

with high angle boundaries ( >1 5°) is 3. 3 p.m, which
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Fig. 2 Optical micrograph of the reference steel

IS co nsid ered as the va lid grain s ize o f H all-Petch

equat ion. The percentage of high angle boundaries is

56. 4 %.
Optical microgr aphs of the developed st eel plates

are presented in F ig. 4. It can be se en t ha t t he micro

s tructures are significantly in fl uenced by the di ffer

ent ro lling schedules. Two-stage ro lli ng with low

finish ro lling temperature of 852°C (Plates C and D)

dramatically leads to grain refine m ent co mpare d to

single-s tage ro lling a t h igh ro lling temperature

(Pla tes A and B). T he m icrostruct ures of Plat es A

and B are composed of granular bai n ite and pol ygo

nal fer rite ; however , the primary m icrost ructural

co nsti tuen t of Plat es C and D is m ainly quasi-polygo-

60

(c)

10 20 30 40 50
:'liso ril'nl a lion angll'/ (O)

0.30r---------------,

0.26

;~ili~I~~~I~~I~ 0.22
.g 018'"' .
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~ 0.10. =
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o

Fig. 3 EBSD orientation maps of the reference steel ( a . b ) and frequency distributions of ferrite grain

boundary misorient ati on (c)

\-

.• / . "'*

(a) Pla te A ; (b) P la te B ; (cJ P la te C ; (d) P la te D.

Fig. 4 Optical micrographs of develop ed steel plates subj ected to different TM CP schedules
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nal ferrite grains. It is noted that the further cooling

mode after laminar water-cooling has little influence

on microstructures . Isothermal holding at 600 °C

just slightly leads to grain grow th in comparison

with the direct air-cooling, and the primary mi cro

structural constituents in Fig. 4 a re similar. SEM mi

crographs of experime ntal st eels are shown in Fig. 5.

The size of martensi te/ austenite (M/ A) constit uen t is

sev eral microns in the case of single-stage rolling,

whereas, its siz e is much smaller in Plates C and D

that a re subj ected to the two-stage rolling. U nder

the same rolling condi tion, isothermal holding obvi

ously leads to the decr ease in number and size of M/ A

islands in comparison with the direct air cooling.

Ca) Pl a te A ; Cb) Pl at e 13 ; CcJ Pl at e C ; ( d) Pl at e D.

Fig. 5 SEM images of developed steel plates subjected to different TMCP schedules

2.3 Precipitates
TEM micrographs shown in Fig. 6 clearly ex

hibit a cell -like distribution of sev eral tens nanome

ter particles in Plates C and D subj ected to two-stage

rolling with lower finish rolling temperature (8 52 °C),

implying that the prec ipitates nucleated on disloca

tions or on dislocation sub-structures . However,

this kind of particles can hardly be observed in steel

Fig. 6 TEM micrographs of particles in plate subjected to lower finish rolling temperature
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plate subjected to single-stage rolling at high tem

perature.

Fig. 7 shows transmission electron micrographs

of developed steel plates. It can be seen that under

the same rolling condition, large amount of nanom

eter particles exist in the steel plate subjected to iso-

ther m al aging at 600 °C. However, this kind of par

ticl es are fewer in the specimen air-cooled directly to

room t emperature.

Representative TEM mi crograph of nanometer

precipitates in the reference steel is given in Fig. 8.

Electrolytically extracted phase analysis shows that the

( a) Pl at e C, direct air cooling; (b) Pla t e D, isoth er mal ag ing at 600 'C for 60 m in.

Fig. 7 TEM micrographs of developed steel plates

25.---------------------,

Fig. 9 Size distribution of MX phase in the reference steel
Fig. 8 TEM micrograph of nanometer particles in

reference steel
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total amount of precipitation phase MX (M = Ti , Mo ,

Cr; X=C, N) in the reference steel is 0.0793 mass%.

The particles of MX ar e in the size range of 1- 300 nm,

as measured by the X-ray small angle scattering method.

The size distribution of these particles is shown in

Fig. 9. The mass fraction of particles smaller than 10 nm

accounts for 33.7 % of the total MX precipi tates.

3 Disc ussion

3. 1 Titanium carbides
Titanium exhibits a strong tendency to form

oxides and sulfides as well as nitrides and ca rbides in

steel. The solubility product of titanium compounds

indicates that the precipitation sequence of th em in st eel

is Ti20 3 -~TiN-~Ti4C2S2 -~TiC with decreasing t em

perature. The developed steel was melted in a vacu 

um induction furnace, and the contents of oxygen and

sulfur were very low. TiN precipitates at hi gher t em

perature; thus, only titanium carbides are discussed

as follows . The solubility products of TiC in a usten

ite and ferrite can be expressed as followsC21J.

log(w cTiJw CCJ) y= -7000 /T +2.75 (1)

log(w cTiJw CcJ) a= -9 57 5/T +4.40 (2)

The contents of titanium, nitrogen and carbon

in th e developed st eel are O. 11 mass %, O. 0032 mass%

and 0.05 mass%, respectively. Amount of Ti available
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for TiC form ation was ca lc ulated as W[TiJ = O. 11 

(48/14) XO. 00 32 =0. 099. The solution temperature

(T) of TiC in developed st eel was calculated as 1112 °C .

The slabs were reheated at 1200 °C for 90 min be

fore hot rolling. Therefore, TiC can be fully dis

solved in developed s teel before hot rolling.

According to Eq. (1), the theoretical precipita

tion temperature of TiC in the developed steel is

1112 °C, but the act ua l precipitation behavior de

pends primarily on precipitation kinetics. Wang et

a l. [22J investigated a 0.05 % C-O. 10 % Ti (mass %)

high-stren gth low-alloy (HSLA) steel, having simi 

1ar composition with the developed steel, and found

that the precipitation of TiC did not occur at 975 °C

and the nucleation of s t ra in-induced TiC precipitati

on was a very rapid process in the temperature ran ge

of 900 - 92 5 °C. Obviously, titanium carbides in

Plates A and B can hardly precipitate at the finish

rolling tem pera t ure of 101 4 °C. Thus, grain refine

ment could only be ac h ieved through austenite re

crys tallization during the rolling passes in Plates A

and B; however, higher t emperature allows the

growth of recrystallized austenite grains between

different passes, we akening the grain refinemen t

effect. On the other hand, strain-induced TiC pre

cipi ta tion took pl ace a t low temperature during the

second rolling stage in Plates C and D. The fin e par

ticles effe ct ivel y retard recovery and recrystallization

of deformed aus tenite, thus help to re tain the accu

mulated strain and deformed s tructures of aus ten ite

grains, consequently leading to an in crease of nucle

ation sites for Y-~a phase transformation and favor 

ing the refinement of the finial microstructure. For

this reason, g rain siz e of Plates C and 0 subj ected to

two-stage rolling was remarkably reduced as com

pared to those of Plates A and B whose finish rolling

temperature was 101 4 °C. This gives a re asonable

explanation for the grain refinement of Plates C and

o shown in Figs. 4 and 5 and for the strain-induced

precipitation shown in Fig. 6. Therefore, strain-in

duced TiC precipitation plays an important rol e in

influencing mi crostructural evolu tion during the ho t

rolling of Ti-microalloyed steel pl ate. However, pre

cipitates formed in austenite are subj ected to a rela

tively fast coarsening and lose coherency with aus

tenite during transformation to ferrite, so their

hardening effect ca n be ignored.

M ao et a l. [23J investiga ted the O. 5Mn-0. 112Ti

(mass%) st eel and found that its start and finish trans

formation temperatures at th e cooling rat e of 20 °C / s

were 800°C and 600 °C , respectively. As similar

composition and cooling rate were adop ted in the ex

perimental steel, it can be concluded that y -~ a

transformation has been completed during water

cooling after hot rolling. According to Eqs. (1) and

(2), the equilibrium solubility of TiC in aus tenite a t

852 °C is 3.37 X 10- 1 and that in ferrite at 600 °C is

2. 70 X 10- 7
• After hot rolling, rapid cooling of ex

perimental steels on run-out table will inhibit the

precipitation of titanium carbides and lead to a high

degree of supersaturation in ferrite m atrix. Isother

mal holding at 600 °C can promote TiC fully precipi

tating from supersaturated ferrite solid solutions be

cause the equilibr ium solubility at this temperature

is extremely low. However, air cooling directly

lead s to a high degree of supersaturation in ferrite

m atrix; thus, nanometer particles can hardly be ob

served in Plates A and C.
It can be confirmed that the cooling route after

water cooling be comes the crucial st age for TiC pre

cipitat ion in Ti-microalloyed steel. Solubility gap of

TiC in different phases promotes Y/ a interface pre

cipitation during transformation, or titanium car

bides may nucleate in supersaturated ferrite. It is

noted tha t different cooling routes after water cool

ing a re adop ted for strip production or medium and

he avy pl ate production. In present work, the option

of isothermal holding was based on coiling process of

strip production, and dir ect air cooling simulated the

cooling route aft er water cooling during medium and

heavy pl ate production. It is obvious tha t isothermal

holding is beneficial for TiC precipitation in com pa r

ison with direct air cooling. Too low coiling temper

ature will lead to insufficient precipitation, but too

hi gh coiling temperature can coarsen the precipitates

and lower their strengthening potential. Carbide pre

cipitation under the condition of continuous cooling

was investigated and more ca rbide can precipitate

from the supersaturated solid-solution ferrite at the

relatively slow cooling rates [24J. Thus, direct air

cooling is not beneficial to TiC precipitation because

of relatively high cooling rate. Wang et al. [25J found

that the precipitation kinetics of nano-size TiC parti

cles in ferrite depended on the annea ling tempera

ture, and interface precipitation happen ed at high

t emperature such as 700 °C, 725°C, and 750 °C,

but carbides randomly distributed in the ferrite ma

t r ix after annea ling at 650 °C and 675 °C. This im

plies tha t transformation aff ects TiC precipitation,

interface precipitation takes place during Y-~a trans

formation and dispersed precipitation forms in the

ferri te m atrix after transforma tion.
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3. 2 Strengthening and toughening mechanism
The relationship between yield strength and m i

crostructure can be predicted by the following equa 

tion.

a =ao+ a , + a g+ a p+ a rl (3)

where, ao is the lattice friction stress wi th the value

of 48 MPa; and a , , a g , a p ' and a rl are the strengthe

ning effe ct s caused by solid solution, grain refine

ment, precipitation and dislocation, respectively.

Grain refinement hardening effect can be calcu

la ted by the well-known Hall-Perch equation
a

g
=k yd - l/2 (4)

where, d is the av erage ferrite g rain siz e; k , is con 

stant and its valu e is O. 55 MPa • ml/2(17. 4 N/ mm' '" )

for HSLA steels. The calculation results show th at gr ain

refinement effect for the reference steel is 303 MPa.

The well-known Ashby-Orowan model is widely

used to calculate the precipitation hardening effe ct[26].

a (MPa) = 5.9H . ln [ x J ( 5)
p :r 2.5X10 - 4

where, f is the vo lume fraction of precipitates; and

x is the m ean diamet er of particles in micron. Calcu

lating from the results of el ectrolytically ext ra cte d

phase ana lysis for the reference steel, the precipi ta

tion hardening effect of nanometer TiC particles is

about 158 MPa.

The resul ts revealed that the reference steel is

stren gthen ed mostly by combined effe ct s of grain re

fin ement and prec ipitation hardening. Although dis

lo cation hardening and solid solution hardening can

not be overlooked, the difference between developed

steel pl ates is small er when the conventional TMCP

parameters are adopted for the same compositions.

Therefore, the strengthening m echanism of devel

oped steel pl ates is discussed on the basis of grain

refinement and precipita tion hardening.

It can be concl uded from the previous discussion

that lower finish rolling temperature ( 852 °C) leads

to fin er grain siz e, and isothermal holding at 600 °C

promotes the precip it ation of nanometer TiC. Pl ate

D underwent the similar TMCP parameters as the

reference steel, so its yield s trength exceeds 700

MPa because of remarkable g ra in refinement and re

markable precipitation hardening. The yield strength

of Plate A is the smallest because of high finish roll 

ing temperature (101 4 °C) and air-cooling directly

after water cooling. Strength of other steel pl ates

lies between them. Table 4 shows the stren gthening

and toughening m echanism of developed steel plates.

The values in parentheses a re the difference between

the properties of P late A and other pl ates.

It is well known that grain refinement is the only

Tabl e 4 Effects of grain refinement and precipitation on stre ngt h an d toughness

It em Reference ste el Pl ate 0 Pl ate C Pl ate 13 Pl atc A

Grain refin ement Remark abl e Remark able Rcmarkab le No No

Precipi tation har deni ng Remark abl e Remarkable No Remark abl e No

Yield strcngth / MP a 730 (2 68. 7) 719.7 ( 258. 1) 508. 3 (1 7) 611 .3 ( 183) 16 1. 3

Ab sorbed ene rgy at - 20 'C / J 15. 7(10) 11. 7 ( 6) 50.7 (15) 3.0 ( - 2.7) 5. 7

m ethod to simultaneously improve both strength and

toughness. However, precipitation hardening severely

impairs the impact toughness of structural m aterials.

It can be cle arly seen from T able 4 that Pl ate B dem

onstrates the worst toughness because of w eaker

grain refinement and remarkable precipitation hard

ening, but Plate C boasts the best toughness be cause

of remarkable grain refinement and few precipitates.

Although yield strength of reference steel and Pl ate

D excee ds 700 MPa through g rain refinement and

precipitation hardening, unfortunately, the impact

toughness of them is unsatisfactory, m ainly due to

the precipitation hardening of TiC particles.

T itanium carbides m aybe nucleate in austenite

during hot rolling, at the Y/ a interface during trans

formation, or in supersaturated ferrite. Strain-induced

pr ecipitation plays an important role in grain refine

ment. Interface precipitation and dispersed precipita

tion in ferrite a re the m ain sources for precipitation

hardening. It is noted that strain-induced pre cipitation

during hot rolling would adv ersely affect the pr ecipitati

on hardening effect by reducing the amount of titanium

and ca rbon in solut ion. TMCP condit ions should be

con t roll ed to favor either s train-induced precipitation

in austeni te or precip it ation in ferrite, in order to ob 

tain better strength and impact properties simultane

ously. Previous res earches on precipitation behavior

and precipitation kinetics of tit anium ca rbides were

only fo cused on either strain-induced precipirati 

on[27.28] or interface precipitation and dispersed pre

cipitation in ferrite[29.30] . The relationship between

th e two kinds of pr ecipitation and th e effects of titanium
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carb ides on st re ngth and to ug h ness were sca rcely re

ported eit he r. In order to obtain a better s t rengt h and

impact prop erties , more T MCP schedules sho uld be ex

tensively in ves ti ga ted in fu t ure.

4 Conclusions

(1) Grain ref in ement was ac hi ev ed in Plates C

and D , w hi ch w ere s u bjec ted to lower finish rollin g

te m perat ure ( 852 °C) , because stra in-induced pre

cipitation inhi bited recovery and recrys talli za tion of

deformed austenite. Isoth ermal hold ing at 600 °C pro

mot ed the precipit ation of nanomet er TiC in Pl at es B

and D ; howev er , s upersat ura ted t it anium and ca r bo n

had no enough time to precipita te in the di rectly air

cool ed Pla tes A and C.

( 2) The yield strength of P late D , which adopted

the si mi la r TMCP pa ra m eters as the ref erence steel ,

exceede d 700 MPa. Plate A , which was rolled a t

h igh fini sh ro ll ing te m perature (1 01 4 °C) and air

coo led directly after wate r cooling , showed the mini

mum yie ld strength. Plate B showed superior tough 

ness to o t hers becau se of remarkable g ra in ref in e

m ent and w eaker prec ip it ation hardenin g.

( 3) Ti-microalloyed stee l is strengthened mostly

by the com bined effects of grain ref ine ment and pre

cipi ta tio n harden ing. U nfor t unately , the la tter obv i

ous ly impairs the impact tou ghness.
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