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ABSTRACT

Effects of m icro -a lloying elem en t s and produ ction process on m icro st ruct ure , mecha nica l proper t ies
and precip itat es of 600 MPa grade rebar s we re s t ud ied by using pilo t test , me ta llog ra phic observa­

t ion , t ensile t es t , t he r mo dyna m ic calc ulation and t ra nsmi ss ion elec tron mic roscopy. T he resu lt s show

t hat t he t est ed s te els a rc com posed of ferrit e and pearl ite, in which t he cont ent range of pearl it e is
33 %- 15 %. For vana di um mic ro -allo yed steel, in terphase precipitation s t rengthening effect of V can

be pro moted and the yield st rength of t est ed s te els ca n be in cr eas ed with incr eas ing V con tent and de ­
creasing finishing roll ing t em pera t ur e. The tempera t ure of t erm ina ted cooling sho uld be more t ha n

700 'c wh en t he wa te r cooling is us ed. When niob iu m is added to t he s te el , m ore coa rse (Nb , V)C ,N
pr ecip itat es a rc gen era t ed a t high t em perat ur e , so t hat t he solid so lubility of pr ecip itat ed ph ases of

van adi um is redu ced and t he precipi tati on s t rengt hening effect of van adi um is we akened.

1. Introduction

In recen t years , the product ion an d consumption
of hot-rolle d steel re bar in Ch ina have been greatl y
increased wit h the rap id deve lopment of ur baniza­
t ion and cons t r uc tion ind us try. In accorda nc e wi t h
the research data of Chi nes e ind ust rial in for mation ,
the tota l steel re bar prod uct ion in 2013 has reache d
abo ut 2.06 X 106 t [IJ. A lt ho ug h the pro d uc tion of
steel re bar in C hi na has ac hieved rapi d growth, t heir
s truc t ures and varie ti es are in a rela tively low level ,
where in the amount of 400 MPa grad e (grade III)
s teel reb ars acco un ts fo r abo u t 90 % and the a moun t
of above 500 MPa g ra de (grade IV) steel reb ars ac ­
co unts for less than 5 % . On the cont rary, 500 M Pa
grade s teel reb a rs a re wi dely used in dev eloped
countries , an d the amount of 500 - 600 M P a g ra de
s teel re ba rs acco un ts for m ore t ha n 95 % . T he U ni t ­
ed S ta tes, Bri tain, Germ an y , A ustralia , F rance and
ot her m ajor indust ria liz ed co un t ri es have developed
600 MPa gr ade high strengt h steel rebars and 700 MPa
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grade steel reba rs are under act ive development. The ul­
tra-high strengt h steel re bars whose yield strength
is betw een 685 and 1 275 M Pa have been developed
in J ap an , to improve the se is mic resis tan ce of b uild­
ings and have a lready been ap p lied in high- r ise
buildin gs l'" , Russia added 600 M Pa grade s teel re­
bars into s te el pro d uct s tanda rd in 1993 and South
K orea ad ded 600 - 700 MPa high s t rengt h s teel re­
ba r s in to steel pro d uct standard in 2007 [3J. H owever,
for the cons truction of enginee r ing proj ects wi th a
h ug e b uildi ng size, co m plex function an d la rge in­
fr astructure, s uc h as h igh- r ise and super high-rise
bu ilding s , long-span bridges, and undersea tun nel con­
struction , the normal strength steel rebars used as the
m ain m ater ial s of buildin g s t r ucture are unable to
meet the dem and of we ight-red uct ion an d d urabili t y
of the build in g, so that better performanc e and
h igher s t re ngt h reb a rs are in urgen t need. The use
of high strength steel re bars can not only so lve the
pro blem of fat beams and co lu m ns of build in g s truc ­
ture , b ut a lso in crease the usab le construction area
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and make the structure design more flexible. Besides,
compared with the mainly used 400 and 500 MPa
grade steel rebars, 600 MPa grade high strength
steel rebars can save st eel consumption of 33.3% and
19.2 % respectively, and have a practical signifi ­
cance for ene rg y saving and em ission reduct ion'{".

At pres ent, the m ain production processes of high
strength steel rebars are T empcore treatment
(TMT process) and micro-a lloying. The TMT
process has been commonly us ed to improve the
strength of steel rebars in Europe, Russia, Austral­
ia and South Korea since the m ajority of them use
steel binding reb ars to connect[2,4]. India has also

carried out a lot of researches and applications in
TMT process[5,6] . Because of the common use of

we lding and sleeve connection in China, the main
production process is mi cro-alloying with add ition of
Nb or V w hich can refine the g ra in and control the
precipitation process to improve the strength and
performance of s teel rebars. In this study, tria l tes t
and transmission elect ron microscopy (TEM) were
conducted to ana lyze the effect of mi cro-alloying and
production process on the precipitation behav iors
and mech anical proper ties of 600 MPa grade high

Table 1
Ch em ical com pos ition of test ed s teels ( wt. %)

strength rebars, which ca n provide theoret ica l sup­
port for the optimal design of the composition,
process and industrial stable production.

2. Experimental Materials and Procedures

Three kinds of steels with different ch emical com­
positions w ere designed to study the effe cts of Nb,
V, and N contents on the stren gth and precipitation
behaviors, and w ere then smelted by a 150 kg m ed i­
um fr equency induction m elting furnace. The ch emi­
ca l com posit ions a re listed in T ab le 1. The casting
ingots were he ated to 1200 °c and then forged into
180 mmX 200 mm X 80 mm (length X wid th X height)
slab . Different finishing rolling temperatures and
cooling modes were used, and the ingots were fin al ­
ly rolled to the targe t th ick ness of 10 mm (reduction
ratio is 8) by a pilot two-high hot rolling mill and
the specific process sc heme was as fo llows: the in ­
gots w ere heated to 1 230 °c , ro ll ed with finishing
rolling temperatures of 900 and 1000 "C , and then
cooled by air and water. Air cooling was ca r ried ou t
again after the ingot was cooled to the target tem­
perature for simulating cooling bed. Actual process­
ing parameters of tes te d s teels a re shown in T able 2.

Ste el grade C Si Mn P S At N V Nb Fe

1 0.254 0. 71 1. 53 0.021 0.0 17 0.028 0.014 O. 14 Balan ce

2 0. 263 O. 59 1. 49 0.024 0.0 14 0.046 0.018 O. 17 Balan ce
3 0. 230 O. 58 1. 44 0.022 0.0 13 0.027 0.014 O. 14 0.043 Balanc e

Table 2
Actual process ing paramet ers of test ed s te els

F inishing
Coolin g

Water cooling
Num ber rolling terminal

tem perat urel'C
mode

tcm pcra ture Z'C

1-1 960-980 Air coo ling

1-2 930-950 Water cooling 690-760

1-3 900 Water cooling 680-740

2-1 980 - 10 20 Air cooling

2-2 1 000 Water cooling 690-780

2-3 900 Water cooling 620-670

3- 1 976 Air coo ling

3-2 960 -980 Air cooling

3-3 900 Air cooling

M etallographic sp ecimens were cut and embedded ,
then mechanically ground and polished. The micro­
structure was observed by using an OLYMPUS­
BX51 optical mi croscope after et ched w ith 4 vo l. %
nita!' The ferrit e grain size an d pe arlite content were
quantitatively ana lyzed by Image-pro plus software
while Ago non scale s tandard tensile specimens were
cut from the roll ed samples along the ro lling direc­
tion and were performed in a Zwick/Roell Z020 ten-

sil e tes ting machine at room temperature ac cording
to Chinese standard GB/T 228.1-2010. The TEM ob­
servation samples were cut by wire-e lectrode, then
m echanically ground to thin fi lms of about 50 p.m in
thickness, and finally punched to prepare round
disks of 3 mm in diameter. The disks w ere ele ctro­
pol ished in a solution of 95 vol. % eth ano l and 5 vol. %
perch loric ac id a t - 30°C by us ing a twin-jet po lisher
with the op erating voltage of 50 V . The precipitates
w ere observed by a Philips TECNAI F 30 field em is­
sion transmission el ectron microscope with an accel­
era t ing voltage of 300 kV.

The phase t ra nsit ion tem pera t ures based on ther­
m al expansion principle were measured with Gleeble
3500 thermal-mech anical simula tion testing m achine.
The sa m ples were cylinders with diameter of 6 mm
and length of 90 mm, and were he a ted to 1000 °c a t
a he a ting rate of o. 1 °C/ s.

3. Results and Discussion

3. 1 . M echan ical properties

M echanical properties of tested steels are shown in
Table 3 , where the values are the av erage results of
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Table 3
Mecha n ica l properties of t ested steels

N um ber R d.!MPa R m/MPa AgJ% A 80/%

1-1 604.3 79 1. 5 10. 97 24 . 52

1-2 629 . 5 804.9 10. 75 18. 56

1-3 677.8 858 .3 8. 57 15.94

2-1 643 . 4 833 . 4 10. 14 22 . 91

2-2 652.9 838 . 7 9.97 18. 39

2-3 559.6 733 . 7 9. 46 15. 31

3- 1 588 . 5 785. 7 11. 14 22. 88

3-2 582. 7 765.9 11. 91 21. 94

3-3 580. 4 757.4 11. 90 21. 59

GB1 499.2-2013
~600 ~7 3 0 ~7. 50 ~ 1 4. 00

standard requirem en ts

Not e : R d.-Yield st rengt h ; R m- T ensile st rengt h ;
A g,- U niform elonga tion ; A BO-P ereent age elon gati on.

two tensile samples t ested under the same condition.
It can be seen th at under the experimental condit ions ,
the tensile strength, un iform elongation and per centage
elongation all meet the standard of GB1499.2-2013
while the yield strength do es not m eet it in the sam-

pie Nos. 2 - 3 of vanadium mi cro-a lloyed s teels and
all samples of Nb-V micro-alloyed steels. Besides,
the high uniform elongation and percentage elonga­
tion also meet the requirem ents of th e HRB600E seismic
reinforcement.

3. 2. Microstru cture

In order to investigate the influence of water cool­
ing on the microstructure of tested steels, the micro­
structures of surface with and without water cooling
were analyzed. Figs. 1 - 3 show the mi crostructures
of tested steels under diverse process condi tions. I t
ca n be seen that the mi crostructure is com posed of
ferrite and pearlite, and there is no bainite and mar­
tensite under all conditions. In accordance with the
pearlite content in Fig. 4 and m echanical properties
in Table 3 , it can be found that the m echanical prop­
er ties are incomple tel y corresponding to the pe arli te
con te n t even if they have the same com posit ion.
Combined the ferrite grain siz e in Fi g. 5 with m e­
chanical properties in Table 3 , it can be found that th e

Fig. I.
(a ) 1-1 ; (b) 1-2 ; (e ) 1-3.

M icrostructure of tested s teel N o. 1 under d iff er ent proces ses.

Fig. 2.
( a ) 2- 1; (b) 2-2; ( e) 2-3 .

M icrostructure of te s te d steel N o. 2 under differ ent processes .

Fig. 3.
(a ) 3-1 ; ( b ) 3-2 ; ( e ) 3-3.

M icrostructure of tested s teel No. 3 under d iff er ent proces ses.
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3.3 . P recipitate p articl es m orpholog y

T he prec ipit ates m orphology and dist r ibution in
the fe r rite matrix and in the in terior of pearli te of the
specime n No. 1-1 are shown in Figs. 6(a ) and 6( b ) , re ­
spect ive ly. I t can be seen that in Fi g. 6( b ) , the p re­
cipit at es bas ically appear as a w ho le in the m or phol ­
og y of small and spars e pa r ti cles except pa r tia lly
coarseni ng precipi ta t es in the ferrit e m atr ix . F ig. 6
(c ) pres ents th e in t erp hase p r ecipi ta tio n m orph ol ­
ogy o f specimen N o. 1-3, wh ich indi ca tes that the
precip itates a re dist r ib uted un iform ly a nd de nse ly
in t h e ferrit e m atrix , w hi le Fig . 6 (d ) p resen ts the
d islo cat ion m or phol ogy o f specim en No. 1 -3 an d
s hows that fin e preci pi ta t es app ea r near th e disl o ­
ca tio n.

F ig. 7 (a ) pres en ts the pre cipi ta tes m orphology
distribution of vee, N ) and diffr act ion pattern of the
m at r ix in the speci m en No. 2-1. It can be seen that
the precipi ta tes in pa ra llel exhi bi t the typical in t er ­
phase prec ip it ation m ech anism, in w hic h so m e fine
precipi ta tes in short ro d- like shape are connected with

grain size and yie ld strength of tested steels do not
s trictly conform to the H all-Pet ch rel at ionship .
Based on the abo ve co ncl usions , the s t rengtheni ng
ways of tes te d steels w hic h playa decisive ro le in de­
ter mi n ing the s t rength a re neither so lid so lution
s trengtheni ng , phase transformat ion hard enin g, nor
grain ref in ement st rengt heni ng, but o t he rs .

3

3

--.

• Test ed steel No.1
o Tes ted stee l No.2
A Tested st eel No.3

2
Sample number

2
Samp le numb er

•

F erri te grain siz e of tested steels under differ ent

Pea rl ite co ntent of tested steels under di ffe ren t

48 .---- - - - - - - - - - - - - - --,

44

10.5 .-:.:--- - - - - - - - - - - - -,

32 L...L. -'- ...L.J

li.n L.J... ----''-- ...L.J

• Tes ted stee l No.1
• Tes ted stee l No.2r:~_~":"d"~l NO.' _

'E
~

Oi

'E 7.5
Oi

~ .-- ---

processes.

processes.

Fig. 5 .

Fig. 4 .

Fig. 6.
( a) ,( b) 1-1 ; (c),(d) 1-3.

P rec ip itates dis tribu tion and dislocation mor ph ology of tested steel No.1 under differe nt proc esses.

Fig. 7.
( a) 2-1; (b) 2-2 ; (e) 2-3.

Precipitates dist ribut ion of tested steel No.2 under diff eren t proc esses .
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each other. F ig . 7 ( b ) presents the precipitates di s t ri­
but ion of V ( C, N ) in the specimen No. 2-2 , fro m
which it can be see n that the dispersive and fin e pre ­
cipitates in parallel w ith s maller space between two
pa ra llel precipita tes a re distributed in the ferri te m a­
trix den sel y. Lik ew ise , F ig. 7 ( c) presen ts the pre ­
cipitates distribut ion of V (C, N ) in the specimen
N o. 2-3 , indica ti ng that the di spers ive and fin e pre­
cipitates are rel at ivel y sparse and distributed ran­
domly in the fe rri te m at r ix .

The precipi ta tes of the speci men N o. 3-2 are com ­
posed of short rod- like, round- like, square-like and
fine dispe rsi vel y di s t ribu ted dot-like particl es as il­
lus t ra ted in F ig . 8 (a ) . The energy spect rum analysis
res ult s dem ons t ra te that the length of about 200 nm
short rod- like and abo ut 25 nm small square- like
precip ita tes ( as ind ica ted by A in F ig . 8 ( a» are
(Nb ,V ) co mple x precipi ta tes. F ig. 8(d) shows the

energy di spersive spectrometry (EDS) analysis re ­
s ult. Si mi la rly , the diameter of abo ut 100 nm circu­
lar preci pi tates ( as in dicated by B in Fig. 8 ( a» is
(Nb , V, Ti ) co mpound prec ipitat es and its EDS
spec t r um is sho w n in Fi g. 8( e ) . Besides , t it anium
eleme n t may be brou ght fro m smel ti ng scrap m ater i­
a ls. T he dis persive and fin e particl es (as indicated by
C in F ig. 8 (a » are V ( C, N) precip ita tes whose EDS
spec t r um is sho wn in F ig. 8( f). F ig. 8( b,c ) presents
the prec ip it ates distribution of the speci m en N o. 3-3 ,
and it can be seen that the precipi ta tes are com posed
of round-like and small pa r ticl es. Fig. 8 ( g ) p resen ts
the co m po un d precip ita tio n of N b , V and T i which
appeared as circular p recipi ta tes of 100 nm in diame­
ter ( as in dicated b y D in Fig. 8 ( c ) and then t itani ­
um ele ment m ay be brough t from smelt ing sc ra p.
P recip ita tes of V ( C, N ) dis t ribu te sparse ly in the
ferrite m at r ix (as shown in F ig. 8 ( b » , and some of

1000 (d) !\In 1000 (e) MnFe Fe

SOO SOO

600 600

400 400

200 Fe

Nil Nb
Nh I Nh

.!!l 0
=: 0 5 10 15 20 0 5 10 15 20
iso (I) Mn 1000 (g) Mn

2 000 Fe Fe

SOO

1500
600

1000 Nh
400 NbC

~Fe
Ti

500 Fe 200
T~rFe Fe

C
V V!\I~ U\ I t~,

V M Gtl i ~
0 0

0 2 4 6 8 10 0 5 10 15 20
EnergylkeV

( a) 3-2 ; ( b) ,( c) 3-3 ; ( d) -(g) EDS of par t icles A, 13, C and D respectively .

Fig. 8. Precipit at es distribution and EDS ana lysis of tested st eel No.3 under diff erent processes.
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T here a re three precip it at ion ways to over-saturat ­
ed N b and V in the process of ro lling and coo ling :
(1) precipi tated from austeni te during t he hot ro ll ­
ing in the form of carbides, nitrides or carbonitrides,
(2) precipitated from t he phase boundary (inter­
phase precipitation) during the coo ling t rans for m a­
tion, and ( 3) precipi tated from t he ov er-sa turated
Ierr i t e ' 12.13J. According to the thermodynamics, nio­

bium has lower solid so lubility and higher precipita­
tion t emperature than vanadium in accordance with
the solid so lubility equations given in T ab le 4. The
range of precipitation temperature is shown in Fig. 9, in
which precipitation start ing temperature is defined
as a temperature with 5% precipitation whi le precip­
itation finishing temperature is defined as a tempera­
ture with 95% precipitation. The phase transition t em­
peratures m easured at t he heating rate of 0.1 eCl s
are used as a quasi-equilibrium phase transition tem­
peratures. T he qu as i-equilibrium phase transition
t emperatures of t ested s teels from t her m al expan­
sion are shown in Table 5. It can be seen from Fig. 9
and Table 5 that the carbides and nitrides (or carbo­
nitrides) of niobium are mainly precipitated in t he
austenite whi le those of vanadium are precipi ta ted in

Solid solubili t y equ a ti on

IgW[" bIW[,,] = 2. 80-8 500/T [8]

Igw [" bIW[CI = 3. 12- 7 900/ T [9]

Igw [" bl ( W [C] + 12/1 1w [I' I ) = 2. 26 - 6 770/ T [I OI

19w [vl w [,, ] = 3. 16- 8 330/ T [1l ]

IgW [VI W [C] = 6. 72 - 9 500 /T [1l ]

(a) c::::::::J NhN~Nh
1000
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:: ~ 600§
OIl 800
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...c,
O

c,
O

2 3

N b N

NbC

N b(C , N )

VN
VC

P recipit at ed

ph ase

them are coarsened ( as ind icated by C in Fig. 8(b)).

3. 4 . Analysis and disc ussion

Precipita tion hardening of micro-a lloying el ements
is the primary s trengthening mode in high-s trength
s teel rebars. Micro-a lloying elements Nb and V exist
in the form of so lid solut ion and precipitates to re­
fin e the microstructure and improve the strength by
hindering the recrys tallization and austenite grain
growth. Moreover, their carbide and nitride precipi ­
tates (or ca rbonit rides ) pl ay an im por tan t ro le in
improving the mechanical properties of the steel[7J.
Table 4 presents the solid so lubility form ulae of the
precipitated phases in t he austeni te.

Table 4
Solid sol ub ility equation of different precipitated phases

Steel grade

( a) Precipit ati on s tar ting tem perat ure; (b) Precipita tion finishing t em perat ur e.

Fig. 9. Precipitation temperatu res of different precipitation phases of tested s te els .

Table 5
Quasi-equilibrium phase transition temperatur es of

test ed s te els

S te el grade A " rC A '3rC

1 722.3 791 . 5

2 716.6 79 1. 1

3 723 .1 797 .0

Not e : A c1 and A ,,3 arc pearli te to aus te nite and ferri te
to a ust enit e quasi-eq uil ibrium ph ase trans it io n

tem peratures, res pec tivel y.

the phase boundary during the austenite to ferrite
transform at ion as well as in the ferrite after phase
transformation. N ev ertheless, t he stren gthening
effe ct mainly comes from the particles w hich partial ­
ly keep co herent with the m atrix and are precipitated

in the ferri te during or after the aus tenite to ferri te
transformation. The carbides and nitrides (or carbo­
nitrides) precipitated from t he aus tenite can playa
certain ro le in g rain refinement, whereas they may
reduce the solid solubil ity of the micro-alloying ele ­
m ents and precipitates in the ferrite and the phase
boundary, and then decrea se the yield s trength. Be­
sides, it can be seen from the comparison between
t he m echanical properti es given in Table 3 and pre­
cip itates shown in Fig. 8 that relatively coarse Nb(C,N)
precipitates are formed at higher tem pera t ure be­
ca use of the addit ion of niobium, whi ch resu lts in
t he reduction of the nitrogen content combined with
t he vanadium content and strengthening effe ct of va ­
nadium precipitation. T his is the reason for the yield
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strength decrease of tested steel No.3.
It can be seen from Fig. 9 that the precipita tion tem ­

pera ture range of VN is larger than th at of V C , that is
to say , it has a grea ter che mical drivin g force in the
format ion of V N conside ri ng fro m the thermod y­
namics. Each addi tion of O. 00 1 % nitrogen in vanad i­
um m icro -alloy ed s teel ca n result in a st re ngt h in cr e­
m ent of abo ut 6 MPa. T he addition of nit rogen can
not on ly accelerate the preci pi ta tion of V ( C, N ) , but
a lso reduce the av erage diameter of V ( C, N ) part i­
cles and increase the vo lu me fr action of fin e pa r ticl es
sign ifica n tly[14.l5J. A t the sa me ti me , the addit ion of

mi cro-alloying elements also in creases the whole so l­
id so lut ion te m perature , en larges the h igh p recipi ta­
t ion te m pe rat ure region and sign ifica n tly incr eases
the amount of precipi ta tes in the p rocess of te m pera­
t ure drop [16J. The combination of chemica l co m posi ­

t ion given in Tabl e 1 , mechan ical properties shown in
Table 3 and precipita tes shown in Fig. 7 ( a , b) illustrate
that the addition of va na di um and nitrogen incr eases
the precipita ti ons of fine VN, VC and V( C, N ) , im ­
proves the precipi ta ti on strengthenin g effect and
conse quently results in relat ively higher yield st ren gt h.
The carbides ( or n itrides ) of vanadiu m p recip ita ted
fr om the interphase and the over-saturated fer rite in
T MCP ( thermo- m ech anical co ntrol p rocess) have
strik ing p recipi ta ti on st re ngthening effect. It has
been studied that precipi ta ti on of vanadi um precip i­
tat es is not on ly related to the alloying el em en ts
con tent, but a lso has a grea t rel at ionship wi th the
coo ling process[17J. Moreover , it can also be see n
fr om t he thermod ynamic ca lc ulat ion results given in
F ig. 9 that V( C, N ) precipi tates of tested st eel No.2
begin to precipi tate w hen the temperature reach es
bet w een 1 000 - 1 100 °c and the nose temperature of
the sho r tes t prec ipi tation t ime is abo ut 820 °C[ISJ. In
concl us ion , becau se of t he higher cooling in tensi ty
or fas ter coo ling ra te ( specimen No. 2-3 shown in
Table 2 ) during the coo ling process , the resid en ce
t im e o f the stee l at h igh te mperat ure was too short
to full y precipitate carbo n itrides of vanadium that
m ostly ex ist in the steel in the form of so lid so lut ion
(as shown in Fi g. 7(c» , w hich results in the weake­
ning of the strengthening effect of va nadium p recipi ­
tat ion and the redu ction of the yie ld st re ngth of
specimen N o. 2-3.

According to the st udy proposed b y Bepari[19J , in­
terphase prec ipi ta tio n and dispersed prec ipi ta tio n ex­
is t a t the sa m e t ime in the conti n uo us coo ling
process of the s teel co ntaini ng O. 2 % va na di um , and
interphase precipi tation corresponds to t he s lower
coo ling rat e ; how ev er, d is per sed precipita tio n corre­
sponds to the low er va nadium con t en t ( less than
O. 1 % ) [20J . It ca n be seen fro m the co m bi na tion of

the chemical co m posi tion gi ven in T able 1 and p re­
cipitates shown in Fig. 6(a) that dispers ed precipita -

tion is the m ain precipi ta ti on way in the tested s teel
of the speci m en No. 1-1 ra ther than in terp hase pre­
cipi ta tion, so that the va nadi um precipi ta tion is not
sufficient to improve t he yield s trength as shown in
Table 3. N ev ert heless , t he low temperat ure defor m ­
a tion of the st eel can increase the dis location in tensi­
ty and vacanci es , and then increase the nucleation
position and diffu s ion coefficien t of precipi ta tion
forming el em en ts, w hic h res ult in t he acceleration of
the precipi ta tion proces s ' f!", F urthermore, it can be
seen fr om the p rocess param eters given in Tab le 2
that the tested steel of the spe cimen No. 1-3 has re l­
atively lower deformation temperat ure and an appro­
pria te cooling rate, which promote the form a tion of
p recipi ta tes and refinement as shown in F ig. 6 (c );
on the other hand, some precipitates are precipitated
nea r the dis locat ions and pin dis locations as shown
in F ig. 6 ( d ) . These tw o aspec ts make the yield
s trength to be improved grea tly.

4. Conclusions

( 1) T he microstructure of three kinds of H RB600 is
composed of fer rite and pearli te , in wh ich the pea rli­
te content is 33 % - 45 % . For V- bearing high strength
steel re bars , the yie ld strengt h of steel reb ars satis­
fies the requirement of Chinese standard GB1 499. 2
w he n the coo ling finishing temperature is controlle d
above 700 "C under water coo ling condit ion. T he
yield strengt h of ( Nb, V ) micro-alloyed h igh st rengt h
s teel rebars does no t sa tisfy that sta ndar d under ai r
coo ling co ndition.

(2) For a V-bearing high s t rength steel r eb ar ,
the yield s trengt h increases wi t h decreasin g finis hing
ro lling t emperature and increasing coo ling ra t e. Too
much coo ling intensi ty is detrim ental to the co m ­
plet e precipi tation of vanad ium and m akes prec ipi ­
ta tes become sparse and fine. Differen t precipi tation
ways correspond to differen t conditions. When the
vanadium co n ten t is less than 0. 15 % , dis persion
precipitation corresponds to t he co ndi tion with hi gh­
er fin ishin g ro lling temperature and lower cooling
rate, w hi le interphase precipi tation corresponds to
the cond ition that the fini sh ing ro ll ing temperature
is as low as 900 °c w it h the s low coo ling ne ar the
ferri te transformat ion temperature. W hen the va na ­
dium con ten t is more than 0. 15 %, dispersion pre­
cipita t ion cor responds to the condit ion wit h low er
finishin g ro lling t empera ture and faster coo ling ra te
w hi le in terphase precipi ta tion corresponds to the
condi tion wi th the s low coo ling near the ferri te
t ransformat ion temperat ure.

( 3) In the (Nb, V ) composi te micro-alloyed high
s trength steel rebar , precipitates are mainly co m ­
posed of coarse carboni tride co mpounds in the siz e of
100 - 200 nm and in t he for m of short ro d- like,
round-like and square-like shapes. T he precipi tation
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te mperat ure of niob ium is above 900 °C, so that the
s teel re bars are rolled in a fin ishin g ro lli ng tempera­
ture bet w een 900 - 1 000 °c , and then is coo led in
ai r. H er ein, this produc tion process has little influ­
enc e on the m echanical propert ies of t ested s tee l.
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