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Abstract: The strengthening mechan isms of hot-rolled st eels micro-alloyed with Ti (ST-TQ500) and Nb-Ti ( NT­

TQ500) we re investigated by examining th e micro structures of st eels using optical microscope (OM), scanning elec­

tron micro scope (SEM) and tran sm ission electron micro scope (TEM) . The results revealed almost no diff erences in

th e solute solution st re ngthe ning and fine-g ra ined strengthening of th e two steels , wh ereas th e contributions of pre­

cipitat ion strengthen ing and dislocation strengthen ing we re different for ST-TQ500 and NT-TQ500. The measured

pr ecipitation strengthen ing effect of ST-TQ500 was 88 MPa high er than that of NT-TQ500; this differ ence wa s pr i­

marily attributed to th e s t ro nger precipit ation effec t of th e T i-eontaining nano seale part icles. The dislo cation

streng thening effec t of ST-TQ500 was appr oximately 80 MPa low er than th at of NT -TQ500. This is thought to be

related to diff erences in deformation behavior during th e finishing rolling stage; the inhibition of dynamic recrystalli ­

zati on from Nb in NT -TQ500 CNb-T i) may lead to higher dens it y of dis locations in the m icrostructure.
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The strengthening of steel has be come impor­

tant in the a u tom ot ive industry, con s t r uc t ion m a­

chinery ind us t ry , an d other industries because it can

reduce the mass of equipment to save energy an d re­

duce em issions ' {t' ". M icro-all oyi ng ' Y': is t h e addition

of t race ele men ts (such as N b , T i and V) to t radi­

tional C-Mn steels or low-alloy steels. In t his man­

ner, micro-a lloyed el ements combined with t he ther­

m al m echanical control process (TMCP) technol ogy

can con t rol the precipita tion behavior of mi cro-a l­

loyed s teels. For exam ple , grain refinement and pre­

cipi ta tion strengthening can b e used to cont rol the

siz e, morp ho logy, and distribution of carbide and

nitride a t different temperatures and to improve the

strength of s teel w ithout loss of toughness or form­

ab ili t y.

Previous studies have shown that the strengthe­

ning effect is obvious w hen two or more types of mi­

cro-a lloyed elements (e. g. , Nb-T i and Nb- V) are added

to steels [1-4 ] . At present, N b-Ti-micro-alloyed steel

is com m on ly us ed in construction machinery'< '".

However, steel production costs are increasing sig ­

ni ficantly w it h the rising prices of ore an d raw mate­

rials. N b , V, and Ti a re the three most commonly

us ed m icro -a lloying ele men ts. A mong t hes e three el­

emen t s , Ti is t he least common ly us ed; thus, the

production of h igh-strength steels m icro-alloyed

w it h only Ti has recently attracted more a tt en tion

from res earchers and producersl'<' ". To date , h igh­

s trength steels micro-alloyed with Ti at levels of 450­

650 MPa have been produced via com pac t s trip pro­

duct ion (CSP) [5-7] . However, there are lack of sys­

tema t ic studies on the Ti-micro-alloyed steels using

tradi tional thick-s lab product ion processes, parti cu ­

larl y studies on the strengthening mechanisms of Ti­

mi cro-alloyed hi gh- s t reng th steel. Consequently,

this study focused on the strengthening mechanism

of T i-micro-a lloyed h igh-s t reng th steel prod uced by
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the t ra dit ional "thick s la b + hot ro lling" hot- s t ri p

process. The properties of Ti-m icro-a llo ye d h igh­

s trength s teel w ere co mpare d wi t h those of N b-Ti ­

micro-alloyed high-streng th steel.

1 Experi mental

1. 1 Chemical composition and production process

T he yield st rengt h level in the t wo expe r imen ta l

a lloys was 500 M Pa. T he steel m icro-all oyed with T i

only was lab el ed ST-TQ500 , an d the steel micro-a l-

loyed w it h Nb-Ti was lab el ed NT -TQ500. The cor­

res po nding che mical compositions are listed in Table l.
The pro duc tion route was as fo llows : hot m eta l

pre trea tmen t-sm el t ing-argon treatment- LF p ro­

cessing- cont in uo us casting - hea t ing- descal ing r>

ro ugh rolling-finish rolling-cooling-coiling. T he

pla te thickness was set to 12 mm. Bo t h ST-TQ500

and N T -T Q500 w ere processed by the fo llowing roll­

ing parameters : finish ro ll in g temperatures of 850 ­

900°C an d coiling te m peratures of 570 -590 °C.

Table I Chemical compositions of the ST-TQ500 and NT-TQ500 steels mass %

Ma teria l C Si Mn P S Nb Ti AI N

ST-TQ500 0.071 0.07 1. 68 0.0 1 0.005 0 0.08 0.01 O. 0010

NT-T Q500 0.070 0.07 1. 71 0.0 1 0.005 0.01 0.01 0.01 O. 0015

1. 2 Microstructure and mech an ical testing

Tensi le speci mens were prepared with r ectangu­

la r cross-section dim en sions of 12. 5 mm X 56. 5 mm

an d were tested at roo m te m perat ure un der a strain

rate of 1 X 10- 4
S - I. Sa m ples for toughness testing

w ere m ach in ed in to s ta ndard Cha rpy V-not ch speci ­

m ens w it h dim en sions of 10 mm X 10 mm X 55 mm.

T he t esting te mperat ure was set as - 20°C .

M icros tructu ral observation was perform ed on

the longi tudinal sections of the samples ta ke n fr om

the tail s of coi ls usin g optical m icro scopy ( O M ),

scanni ng elec tron m icro scopy ( SEM ), and t ransmis ­

sion el ec t ro n m icroscop y ( T EM) . The m icr ost ruc­

t ures of samples cut from the 1/ 2 and 1/4 surfaces

of the cast bill et were a lso examined. Sa m ples for

T E M wi t h diamet er s of 3 mm w ere prepared as fo l­

low s : the samples were init ia lly abraded to th icknes­

ses of 40 p.m ; t hi n film s were then prepared by elec-

t ropoli shin g with a 5 vo l. % perchloric ac id-glacia l

ace t ic aci d so lutio n. T EM was per formed using a JEM­

2100 m icroscop e.

2 Results and Discussion

2. 1 Microstruct ures

2. 1. 1 O ptica l m icro st r uctures

Fi gs. 1 ( a) and 1 ( b ) show the opt ica l mi cro­

graphs of the 1/4 longitudinal surfaces of NT-TQ500

and ST-TQ500 , respectively. The microstru ctures we re

mainly composed of quasi-polygona l ferrite wi th ano ma ­

lies in the grain boundaries, obvious ly different fro m

typ ical po ly go na l ferri te, w hic h exhibit s smoo t h and

straight grain bo undaries. Sm all amounts of ca rbides

we re observe d in the grain interio rs an d boundar ies

of NT-T Q500 and ST -TQ500. The m ean g rai n siz e

of fer rite in NT-TQ500 was m easured to be 3. 8 p.m ,

close to that of ST-TQ500 ( 3. 9 p.m ) .

Fig. 1 Optical micrographs of the NT-TQ5 00 (a ) and ST-TQ500 ( b ) samp les

2.1.2 Subm icro scale p reci p it ates

T o further analyze the differen ces bet w een the

carbi des of N T -T Q 500 and ST -T Q500, energy dis­

persive spec t ro m ete r ( EDS) w as us ed to co m pa re
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the chemical compositions of the two steels. The ar­

rows in Figs. 2 (a) and 2 (b) indicate the typica l ap ­

pearances of the second phases on the submicron

scale; the corresponding EDS spectra shows that

these phases correspond to carbides/nitrides contai-

ning N b and Ti. Peaks corresponding to nitrogen

w ere not detected in the EDS spectra, which is at­

tributed to a discrepancy in the collecting signals of

the electron beam, particularly when the nitrogen

composition is low in the second phases-' ".

(<:) (d)

b Fe Fe
ocr.
0:
~
.5

Ti Ti Fe
C A 1\111 1\111

2 3 4 5 e 7 4 5 s 7
Em'rgylkeV

Fig.2 SEM images of NT-TQSOO (a) and ST-TQ SOO (b) and EDS resu lts of second- phase particles of

NT-TQSOO (c) and ST-TQS OO (d)

The second phases of ST-TQ500 w ere mainly

distributed at the grain boundaries, which were more

homogeneous than those of N T -TQ500 . The dimen­

sion of second phases for ST-TQ500 (0.2 -0.5 fJ-m)

was a lit tle lower than that for NT-TQ500.

2. 1. 3 Nanoscale precipitates in the grain interiors

In addition to the sub micron-sized second pha­

ses, nanoscale pr ecipitates wer e observed in th e grain

interiors. The TEM images in Figs. 3(a) and 3(b) show

spherical or ellipsoidal precipitates in NT-TQ500;

thes e are typical of Nb(CN) with an FCC structure-' ".

The average size of the nanoscale precipitates was

calculated to be 19.3 nrn , and the volume fraction

was det ermined to be 3. 1 vol. % using Image-Pro

plus software.

Figs. 4 ( a) and 4 (b) show the TEM images of

the precipitates in ST-TQ500. As shown in the rec ­

tangular region in Fig. 4 (a), a large amount of

nanoscale-second phases were uniformly distributed

in the grain interiors, which are more clearly shown

Fig. 3 TEM images of nan oscale precipitates in the grain interi ors of NT-TQS OO
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Fi~. 4 TEM images of submicron-scale precipitates (a) and nanoscale precipitates in the grain interior of

ST-TQ500 (b) and size distribution of the precipitates (c)

In the m agnified image in Fig. 4 ( b ) . Because of the

small particle size, their com posit ion co uld no t be

m easured qu antitatively by EDS, as reported previ ­

ou sly[9] . The nanoscal e particles were globular in

shape with size below 10 nm. Based on their shapes ,

sizes , and dis tribu tion, these par ticles w ere specula ­

ted to be TiC[9]. Fi g. 4 ( c) shows the size dis tribu­

tion of the nanoscale carbides. The av erag e siz e and

corresponding volume fr action were 12. 5 nm and

6. 8 vol. % , re spectively. Particles with size smaller

than 10 nm acc oun ted for approxima tely 58 % of

these particles.

(c)

Fe

Diamond-shap ed par ticles with dimension of ap­

proximately O. 2 fJ.m (indicat ed by the bl ack ar rows

in Fig. 4( a) ), characteristic of the TiN phas e, w ere

a ls o ob served in the g ra in in teriors. The m ajority of

the TiN par ticles were submicron scal e, and few mi­

crosca le TiN par ticles were found in ST-TQ500.

Consequently, the microstructures of th e 1/4 and 1/2

surfac es of the cast billet of ST-TQ500 w ere exam ­

in ed (Fig. 5 ) . Only sev eral microscal e TiN particl es,

which were likely precipitated from liquid, were de­

tected in the 1/2 surface.

A ccording to the equa tion proposed by Turk-

Nil

2 3 4
Energy/keV

Ti

5

l\ln

6

Fe

7

Fig, 5 Typical microscale TiN particle (a) , magnified image (b) and corresponding EDS results (c) on the

1/2 surface of the ST-TQ500 cast billet
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Not e : R d,- Yield strength; R m- T ensile strength;

A-Elong ation-to-failur e ; A kv ( - 20 'C )-Charpy

imp act ene rg y at - 20 "C.

dogan[lOJ, log [Ti ] [ N ] = 6. 4- 17 040/T , the so lu­

t ion temperature T of T iN in liqu id was ca lc ula te d

to be 1 226 °C (for m ass percentages of Ti ( [ Ti j )
and N ( [ N ] ) of O. 08 mass% an d O. 004 mass% , re­

spectively ). Thus, the majority of s ub m icron-scale

Ti N part icles sho uld precipitate below the so lidus

temperature. T his is because of the low nitrogen

con tent ( about 40 pp m) and ap propriate secondary

cooling tech nique in the con t in uo us cast ing p rocess.

These s ubm icron-scale T iN par t icl es effect ive ly in­

hibit g ra in g rowt h an d cause Ti to re main in the m a­

trix, con t ri buti ng to the precipi ta tion of Ti- bea ri ng

nanoscal e particl es.

2.2 Strengthening mechanisms of Ti- and Ti-Nb-mi­

ern-alloyed high-strength steels
T he st rengt he n ing m echanisms in m icro-al ­

loyed ferrite high-st ren gth st eels mainly include solute

solution strengt hening , dislocation st ren gt hening, fine

gr ain st rengthening and precipi tation strengt heni ng-' v' ".

T able 2 shows that the m ech anical p rop erti es of ST­

T Q 500 , s uc h as s t r ength , plas tici ty, and tough­

ness, w ere close to those of N T -TQ500. In the next

sect ion , the strengthening mechanisms for ST-TQ500

and N T -TQ500 were compa re d qu an ti ta ti vel y.

2. 2. 1 Solute sol ut ion strengthe ning

According to previo us st udy l": , the resistance of

latt ice P-N stress in the matrix of the low-carbon s teels

ST-T Q500

NT -T Q500

is given as foll ow s : ~O' o = 48 M Pa.

M any s t udies hav e confir m ed that the in crease

in yield s t rengt h in dilute so lute so lut io n ~O' , is gen­

era lly ca used b y so lute solut ion , as described by the

follo wing formula[llJ :

~O' , = 37w [MnJ + 83w [SiJ + 59w [AIJ + 38w[cuJ +

llw [MoJ + 33w[ l\:iJ - 30w [c,J + 680w [I'J +

2 918w[I\:J (1)

w here, W[MJ re presents the m ass percen t of solute

so lution elements (M =Mn , Si , "' , N ) . The con t ri­

b ution of so lute solution st re ngt he ning was evalua ­

ted to be 65. 7 and 64. 3 M Pa, representing 10. 9 %

and 10. 7 % of the overa ll yield s t r ength , for N T ­

TQ500 and ST-TQ500 , respecti vel y.

2. 2. 2 F in e g ra in st reng thening

The effect of fin e grain strengthe n ing IS de­

sc ri bed by the H all-Per ch equa t ion as foll ows[IIJ :

~O' g = k y X d - 1
/

2 ( 2)

w here , ~O' g is quan t ity of fin e grain st re ngthening ;

k , is the coe ff icient in the equat ion; and d is the av ­

erage fe r ri te grain size. F or la rge-an gl e grain bound­

a r ies, k y is 15.1 -18.1 MPa • mm l
/

2
[l l] . Zho u et

a l. [IIJ selec ted 16. 5 MPa· mrn!" and W ang[9J chose

16. 2 M Pa • mrn!" in their studies. The averag e valu e

of 16. 35 M Pa • mm !" was used in this st udy . The

effect of fin e grain strengthe ni ng was evalu ated to be

265. 2 and 263. 6 MPa , re present ing 44 . 1% and

44 . 2 % of the overa ll yield s t rengt h, for N T -TQ500

and ST-TQ500, res pect ively. In ot her w ords, the

fin e g rain st re ngthe ning effe ct for NT -TQ500 is

clo se to tha t for ST-TQ500; the diff eren ce is on ly

1. 6 MPa.

2.2.3 P recipitation strengthening

The images in Figs. 6 ( a) and 6 ( b ) show the in­

teractions between precipitates and disl ocat ions fo r

N T -T Q 500 and ST -T Q500 , resp ect ively. Bending dis-

12 601 685 21. 0 123/1 35/1 38

12 596 671 21. 5 168/1 80/1 59

Thickness/ R'L/ R m / A / A h ( - 20 'C ) /

mm MP a MPa % J

Mechanical properties of ST-TQSOO and NT-TQSOO

Steel

Table 2

Fig. 6 Typical TEM images showing the interaction between precipitates and dislocations in
NT-TQSOO (a) and ST-TQSOO (b)
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loca tion join ts and disloca tion lines , caused by pin­

nin g of t he second phases , a re obse rved. These fea ­

tures a re typical of t he so -call ed "passing-by" m ech ­

anism between the second phases and dislocat ions.

T he Orowan strengthening mecha n ism IS de­

scribe d as foll ow s[12] :

~O" p = 8 . 9 9 5 XI 0 3 X p/2 /d Xln( 2.417d ) ( 3 )

w here, ~O" p is the qua n ti ty of precipitation strengt h­

ening, M Pa; f is the vo lume fr action , vo l. %; and

d is average diameter of the second phases , mm.

T able 3 lis t s the effect of precip itat ion strength ­

en in g evalua te d by the Orowan m ech anism. T he siz e

and volume fr act ion of precipit at es w er e ca lc ula t ed

using Image- P ro plus so ftware-' :" , The effect of p re­

cipitatio n st re ngthe n ing acco unted for 32. 9% and

18. 4 % of the overall yield strength in ST -T Q500

and NT-T Q500, res pect ively. The ca lc ula t ed results

a re in good ag reem en t wi th the m icrostructural ob­

servat ions, w hich reveal s a h igher volum e fraction

of nan oscal e precipi ta tes in ST -T Q500 than in N T ­

TQ500.

Table 3 Comparison of precipitation strengthening in

NT-TQSOO and ST-TQSOO

Bra nd NT-TQ500 ST-TQ500

Species CNbT iHCN) T iC
Intergranula r

S tr uct ure FCC FCC
nano

Average volume fraction 3. 1% 6. 8 %
precipitates

Avcra gc size 19. 3 nm 12. 5 nm

Precipitation strengt hening 110 MP a 198. 2 MPa

2. 2. 4 D isl oca t ion strengthe ning

Disl ocation st reng t heni ng is ano t her im po r ta n t

strengthe n ing mechanism in micro-a lloyed ferrite

steel[2.9.11]. Dislocation strengthening res ults from the

elastic in teraction bet w een den se disl ocations formed

because of def ormation during the hot-rolling

process. This in teraction en hances the resistance of

m oving dis locations and conseque n tly strengthens

the steel.

Fi g. 7 s ho ws the typ ical dis location configura­

tions of NT-T Q500 and ST-T Q500. Dense bend ing and

Fig. 7 Typical dislocation configuration morphologies of NT-TQSOO ( a) and ST-TQSOO (b )

tangle d disloca tion lin es we re observed in the grains

of N T -T Q500. H igh fract ions of nanoscal e precipi ­

tates we re di s per sed near the bending disloca tions or

aro und disl ocation nod es. Co mple te -disloca tio n ce l­

lul ar structures formed in the region locali zed with

intensive di sl oca tions. Fig. 7 ( b) shows the typical

disl oca tion struct u res of ST -TQ500; it s di sloca tio n

den si ty is lower than that of NT -T Q500. More over,

regularl y arrange d cellu lar structures with sizes of O. 7­

2. 0 p.m we re form ed .

Based on the orig inal theory of work hard ening ,

the s t rengt hen ing m echanism of cell ular s ubs truc ­

ture[12], that slipping len gth is associat ed wi t h in­

cr eased defor m ation-F ". In pa r tic ular , the disl oca ­

t ion leng th becam e sho rter to freel y expand for­

w ard, as the K-R source. T his m ech anism is in good

agreement with previo us results[12] , wh ich rev eal es

a lin ea r rel at ionship bet w een t he true s tress and the

reciprocal value of av erage fr ee di sl ocation length. It

sho uld be noted that these studies were based on

single-crystal sa m ples an d the res ults are not app li­

ca ble to the pol ycrys talli ne m ateri al s st udie d herein.

Becaus e of the lack of rel evant data, the s t r engt he­

n ing m ech anism co uld not be qua nti ta tively m eas­

ured in thi s st udy. Moreover , d isl ocat ions w ere non­

un iformly distributed in NT-TQ500 and ST-T Q500

(Fig. 7) . Conseq uen tl y , it is difficul t to quanti tatively

m easure the cont r ibution of di sl oca tion in teraction ,

pa r ti cul arly in regi ons wit h h ig h densi ti es of di sl oca­

t ions.

Becaus e of limit ed co ntri butions of t exture and

other facto rs to s t rength , the disl ocat ion s t re ngt he-
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ning ~ad of NT-TQ500 and ST-TQ500 can be cal cu ­

la ted as fo llows:

~ad = ayS - ~a o - ~a , - ~a g - ~a p (4)

where. a y S is the tested yield strength. ~ad was cal­

culated to be 26.9 and 107 .1 MPa, representing

4. 5% and 17. 9 % of the overall yield strength. for

ST-TQ500 and NT-TQ500. respectively.

This calculated result is reasonable in compari ­

son with the values reported in the literatures[14. 15J.

The contribution of dislocation strengthening was

calculated to be 46. 1 MPa for a dislocation density

of 2.8 X 10 13 m Zm " in the 2J 330 plate[]!]. In addi ­

tion. the difference in yield strength was as high as

100 MPa between the same bat ch of Q690D plates[15J •

which was suggested to be re lated to the contribu­

tion of dislocations. The differences in the dislocation

strengthening between NT-TQ500 and ST-TQ500 are

discussed below.

The dislocation density in hot-rolled strips is

mainly associated with accumulative deformation

during the hot-rolling process. In general. the larger

the rolling r eduction and the lower the finishing

temperature. the greater the contribution of disloca­

tion strengthening to yie ld strength is. For N b- bea r­

ing NT -TQ500. the dynamic recrystalli zation tem­

peratures of high-Nb-bearing steels are in the range

of 900 to 950 °C [l6J. In contrast. the dynamic recrys­

tallization temperatures for high-Ti-alloyed steel

range from 800 to 850 °C [16J . Moreover. the resist­

ance to deformation of Ti-alloyed steels is much

lower than that of high Nb-alloyed steels[16J. which

is attributed to the stronger resistance to softening

in austinite in case of Nb-alloyed alloys. In this study.

the finishing rolling t emperature ranged from 850 to

900 °C. In other words. during finish rolling. no re­

crystallization occurred in NT -TQ500. whereas dy­

namic re covery or even recrystalli zation occurred in

ST-TQ500. This difference in the rolling process re­

sulted in a higher density of dislocations and a stron­

ger dislocation strengthening effe ct in ST-TQ500.

3 Conclusions

(1) A high-strength steel micro-alloyed with

Ti (ST-TQ500) was developed using a traditional

"thick slab + hot rolling" production process. The

mechanical properties. including strength. pl as ti city

and tough ness . were compared with those of Nb-Ti­

micro-alloyed NT-TQ500 .

(2) The microstructure ST-TQ500 consisted

m ainly of polygon ferri te with avera ge grain size of

3. 9 p.m. The av erage siz e and volume fraction of Ti­

containing nanoparticles were 12. 5 nm and 6. 8 vol. % •

respectively. and 58 % of the nanoparticles were less

than 10 nm in size. In terms of s trengthening mecha­

nisms. grain refining strengthening. precipitation

strengthening. solute solution strengthening. and

dislocation strengthening represented 44. 1 % . 32. 9 % •

10. 9 % . and 4. 5 % of the overall yield strength. re ­

spectively.

(3) Comparing the strengthening mechanisms

of ST-TQ500. NT-TQ500 revealed similar solute solu­

tion strengthening and grain refining strengthening

effects. The precipitation strengthening effect of ST­

TQ500 was approxima tely 88 MPa higher than that

of NT -TQ500. which was rel ated to a stronger pre ­

cipitation effect of Ti-containing nanoparticles. The dis ­

location strengthening effect of ST-TQ500 was 80 MPa

lower than that of NT -TQ500 be cause of the s tron­

ger inhibition of aus ten ite re crystallization and high­

er density of dislocations.
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