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Abstract A novel low carbon Ti–Nb microalloyed hot rol-

led steel with minimum yield strength of 700 MPa and good

balance of stretch-flangeability and impact toughness has

been developed by controlled thermo-mechanical process-

ing following thin slab direct rolling route. In the present

work, the effects of two coiling temperatures on the resulting

microstructure, micro-texture and mechanical properties on

this Ti–Nb microalloyed steel have been studied. It is

observed that increase in coiling temperature from 520 to

580 �C significantly affects the mechanical properties.

Higher dislocation density and increased precipitation along

with slightly smaller grain size is observed for 580 �C coiling

temperature resulting in about 50 MPa increase in yield and

tensile strengths as compared to 520 �C coiling temperature.

Keywords Microalloyed � High strength � Ti–Nb steel �
Precipitation strengthening � Hot rolled �
Coiling temperature

1 Introduction

Lighter weight vehicle for reducing CO2 emissions and

increased passenger safety in terms of better crash wor-

thiness have necessitated the need for developing hot rolled

thin steel sheets with high strength coupled with high

elongation for fabrication of automotive structural parts

such as long and cross members. In this regard, micro-

alloyed high strength low alloy (HSLA) steels are the most

potential solutions due to their ability to achieve final

mechanical properties in as rolled condition, thus elimi-

nating the need of heat treatment [1, 2]. Conventionally,

hot rolled steels with yield strengths of up to 500 MPa

consisting of only ferrite or ferrite and pearlite

microstructures have been microalloyed with Nb, Ti and V,

individually or in combination such that they are primarily

strengthened by solid solution hardening and grain refine-

ment by thermo-mechanical rolling combined with pre-

cipitation hardening [1].

The prevailing literature indicates that production of hot

rolled high yield strength (YS) steels have been realized

based on several alloying concepts [2–4]. Alloying elements

like Mn, Nb, V, Ti, Mo, Ni and Cu are commonly added for

the production of high strength steels to obtain the desired

microstructure and mechanical properties. Mao et al. [5]

studied the microstructure and mechanical properties of a

high strength grade and a reference grade weather resistant

steel (YS = 460 MPa), both produced by a six-stand Com-

pact Strip Production (CSP) mill, focusing on the precipita-

tion behaviour of the titanium carbonitrides and carbides.

The chemical composition of investigated high strength

steel was 0.05 %C–1.1 %Mn–0.23 %Si–0.12 %Ti–0.007

%N along with weather resisting elements which included

0.25 %Cu, 0.55 %Cr and 0.15 %Ni; the reference grade

differed in Ti content, which was kept at 0.016 %. Both types

of steels were cast into a thin slab caster with slab thickness

of 60 mm which was then directly charged into a tunnel

furnace and soaked for 20 min at 1150 �C before tandem

rolling into final thickness of 2–6 mm. The finish rolling

temperature and coiling temperature were controlled at 880
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and 600 �C respectively. The microstructure of high strength

steel was inhomogeneous and composed of quasi-polygonal

ferrite grains of 3.3 lm average size having a high disloca-

tion density and large number of 5–10 nm sized TiC (mostly)

precipitates resulting in high strength (YS = 700 MPa). Yi

et al. [6] investigated a high strength low carbon steel having

composition of 0.081 %C–1.74 %Mn–0.10 %Si–0.18 %Ti

and YS of 700 MPa, with the help of laboratory-scale

thermo-mechanical simulations. Using CCT curves (with and

without strain of 0.4), they showed that hot deformation

accelerated ferrite and pearlite transformations while

retarding bainite transformation. The formation of high

density defects in the austenite suppressed the bainite trans-

formation, especially when a sub-grain structure was formed

in austenite as a result of hot deformation. It was found that

increased cooling rate from finish rolling temperature to

coiling temperature increased the bainite fraction from 10 to

90 % resulting in increased strength and concurrent decrease

in total elongation from 26 to 20 %. TEM studies indicated

that the high strength was due to the tiny interlocked distri-

bution of bainitic ferrite laths and dispersion of fine TiC

precipitates. Wang et al. [7] have utilised Ti–Nb concept to

produce high strength steel with YS of 710–790 MPa range

and total elongation of 19 %. The experimental steel of

composition 0.11 %C–1.95 %Mn–0.2 %Si–0.12 %Ti–

0.08 %Nb–0.004 %N in wt% was hot rolled to 5 mm

thickness, in a 2-high reversing rolling mill, by reheating at

1270 �C and rolling at 950 �C, followed by cooling at a rate

of 15 �C/s to the coiling temperature of 550 �C, followed by

water quenching. The isothermal precipitation behaviour was

further studied in the range 400 �C to 650 �C, and it was

observed that a large number of\10 nm (Nb, Ti)C precipi-

tate, dispersed in the ferrite or bainitic ferrite matrix, resulted

in significantly improved strength of steel. Based on Ti–Mo

alloying concepts, Funakawa et al. developed a new class of

hot rolled 740 MPa YS steel with excellent stretch flange

formability by precipitation of nanometer sized carbides and

also by preventing large cementite and pearlite formation [8].

The steels had a base composition of 0.04 %C–1.5 %Mn–

0.2 %Mo with varying levels of Ti (0.012–0.18 %), such that

the small amount of Mo retarded the formation of both

pearlite and large cementite at grain boundaries. A UTS

value of 800 MPa was successfully achieved with 0.1 %Ti

addition with almost all the carbon being consumed to form

3 nm sized TiC precpitates.

The above mentioned few reports indicate that for devel-

oping low carbon steels with YS more than 700 MPa, grain

refinement as well as precipitation hardening must play

prominent roles. In this regard, the microstructures and

mechanical properties of the hot rolled strips are known to be

greatly influenced by the coiling temperatures, apart from

rolling reductions, finish rolling temperatures and cooling

rates on the run-out-table (ROT) [9, 10]. With the coiling

temperatures being closely associated with the precipitation of

major microalloying elements like Nb, Ti and Mo, its precise

control is of paramount importance to utilise the maximum

potential of precipitation strengthening and minimize varia-

tion in mechanical properties of hot rolled coils. However,

reports dealing with optimisation of coiling temperatures in

these high strength hot rolled strips are relatively scarce.

In the present study, a low carbon high strength Ti–Nb

microalloyed steel has been industrially produced at the CSP

mill of JSW Steel’s Dolvi works in India. The steel has been

coiled at two different temperatures and the effect of the

resultant microstructure on the mechanical properties (tensile,

stretch-flange ability and impact toughness) has been studied.

2 Experimental

2.1 Preparation of Hot Strips

The industrial heat was produced in a 200 MT Electric Arc

Furnace (CONARC) and the final chemistry was adjusted

in Laddle Furnace (LF) station. The liquid metal was

casted into 1250 mm width and 62 mm thick slab in a CSP

caster. The Compact Strip Production process is a combi-

nation of the thin slab casting and direct rolling processes.

The thin slab (50–70 mm thick) from CSP was first des-

caled, sheared to the desired length and then transported at

960–970 �C to a RLNG fired soaking furnace set between

1110 and 1150 �C where it was soaked for 15–25 min. The

slab was again descaled and hot-rolled using a 6-stand hot

rolling mill to 6 mm thick plates. The hot strips exited the

mill at temperatures between 800 and 900 �C in the aus-

tenitic condition and were then cooled on the run-out

table with water spray before being coiled at specific

temperature. In the present study, two strips were pro-

duced; one at lower coiling temperature of 520 �C (named

LCT sample) and the other at higher temperature of 580 �C
(named HCT sample). These temperatures were chosen

based on the usual coiling temperature range of

500–600 �C. Excessive temperatures might lead to oxida-

tion, decarburization and grain growth. Also, as the work

was done in industrial scale, too much experimentation was

not possible. The composition of the steel prepared at JSW

Dolvi Works is provided in Table 1. Table 1 indicates that

it was a low C, moderate Mn steel with Nb and Ti as micro-

alloying elements. The steel had a much high Ti:N ratio

(*16) than the stoichiometry for TiN (3.42).

2.2 Microstructural Characterization

Optical microscopy was carried out on the longitudinal and

transverse section of the sheets. Samples were prepared

using standard metallographic procedure and etched using
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2 % Nital solution. Transmission electron microscopy was

carried out using a Tecnai T20 TEM for which samples were

prepared using an ion milling equipment. EBSD scans were

carried on electro-polished surfaces (*500 lm 9 500 lm)

with the help of TSL-OIM system attached to FEI Quanta

200 HV W-filament SEM. The step size was kept at 0.4 lm.

While post-processing the EBSD scan data, only measure-

ment points with confidence index more than 0.1 were fur-

ther considered, such that for misorientation analyses and

grain size estimations, misorientations below 2� were

ignored. Further, misorientation angles of 2 and 15� were

imposed for delineating low and high angle grain boundaries

(LAGBs and HAGBs) respectively, such that grains were

considered to consist of minimum 15 pixels.

2.3 Mechanical Property Measurements

The hardness was measured using a micro Vickers hard-

ness tester (Model 420 MVD, Wolpert Wilson Instruments,

USA) with a 10 s dwell time and a load of 500 g. Quasi-

static uniaxial tensile tests were carried out on a servo-

hydraulic Instron tensile testing machine fitted with video

extensometer as per ASTM E8. The yield strength, ultimate

tensile strength, % elongation until UTS and total %

elongation were measured from the curve and reported.

Stretch flange formability was evaluated by the Hole

Expansion Test as per the ISO 16630:2009. A 100 mm

square sheet having a 10 mm diameter hole drilled in the

center were used. The hole was expanded by a cylindrical

punch until crack appeared at the hole edge. The hole

expansion ratio was evaluated using the following formula

[11].

%HER ¼ Df � Di

Di

� 100 ð1Þ

where Df is the final diameter and Di is the initial diameter. The

impact transition temperature tests were carried out in sub-sized

samples as per the ISO 148-1:2009 standard. All the mechanical

test result reported were the average of three test results.

3 Results

3.1 Effect of Coiling Temperature

on the Microstructure

Figure 1 shows the optical micrographs of the top surface

and the cross section of the hot strips. The microstructure

consists of polygonal ferrite. It is observed that the LCT

samples show a higher grain size compared to the HCT

Table 1 Composition of the steel

Element C Mn Si S P Al N Nb Ti Fe

wt% 0.045 1.58 0.25 0.004 0.01 0.038 0.0072 0.0063 0.12 Bal.

Fig. 1 Optical microscopy

images of the top surface and

cross section of the LCT and

HCT samples
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samples. Both the samples have fine grain size below

5 lm. The grain sizes have been measured from EBSD

images as explained in later section. It is also observed the

HCT samples have slightly smaller grain size compared to

LCT samples.

Figure 2 shows the TEM images of the samples. The

samples have been prepared parallel to the strip surface. It

is clearly observed that the HCT samples exhibit finer

grain size than LCT samples. Well formed grains of

polygonal ferrite are observed in the LCT samples. Fig-

ure 2 shows deformed grains in HCT sample, resulting

from high temperature coiling deformation. Pinning of

dislocations by nanosized precipitates can also be

observed in Fig. 2d. These precipitates are known to be of

the type (Ti, Nb)C [12–14] in advanced high strength

steels containing Ti, Nb and N. Misra et al. have men-

tioned that, the most of the precipitation of Nb and Ti

carbides take place in the austenitic phase which prevents

recrystallization of the austenite during hot rolling. This

results in very fine grained polygonal ferrite upon cooling.

The precipitation takes place throughout the cooling

phase up to coiling. The finest precipitates are formed

during coiling [9, 14]. Misra et al. [9] have characterized

the precipitates in these type of steels as four types:

1–1.5 lm intergranular rod-like (Fe, Mn)3C; 120–400 nm

Cuboid, round, oblong, or ellipsoidal (Ti, Nb)N;

10–120 nm spherical or plate type (Nb, Ti)C and 3–5 nm

needle-like (Nb, Ti)C. The present investigation does not

reveal any (Fe, Mn)3C type precipitates, but (Ti, Nb)N

and (Nb, Ti)C type precipitates are observed. Further

characterization can be done using a 3D Atom Probe. The

size and number density of the precipitates has been found

to be relatively higher in HCT samples. This is due to the

high temperature and low cooling rates (in case of HCT

sample) which promotes diffusion and precipitation. It is

noted that the slower cooling rate and higher temperature

in HCT sample also results in lower driving force for

nucleation. Thus the overall effect is observed as a small

increase in precipitate density in HCT compared to LCT

sample. Lower coiling temperature is achieved by higher

cooling rate of the strip after the finishing mill. These

precipitates are expected to inhibit grain growth and

contribute towards precipitation strengthening as is well

known in case of HSLA steels [15]. The relatively lower

amount of the precipitates in LCT samples lead to slightly

larger grain size. These lower precipitation and larger

grain size are expected to result in lower strengthening in

case of LCT sample compared to HCT sample.

Figure 3 shows the EDS data taken from a precipitate in

TEM showing the peaks corresponding Ti, C and Nb being

present in addition to Fe (from matrix). This confirms that

these precipitates are of the type (Ti, Nb)C, although exact

composition cannot be determined from EDS. More

accurate studies using 3D Atom Probe are required in order

confirm the composition of these precipitates.

3.2 Electron Backscatter Diffraction (EBSD)

Imaging

Figure 4 shows the EBSD [001] inverse pole figure images

of the samples. It is clearly seen that the grain size is very

fine, less than 5 lm. Figure 5 shows the grain size distri-

bution and the distribution of the grain misorientation

angle. With increase in CT from 520 to 580 �C, minor

Fig. 2 Bright field TEM

images of LCT (a, b) and HCT

(c, d) samples. Nanosized

precipitates pining dislocations

can be observed in d
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refinement in grain size in addition to a reduced width of

distribution can be clearly observed. The average grain size

reduces from 3.9 to 3.5 lm with increase in coiling tem-

perature. There is a reduction in low angle grain boundaries

(LAGB) fraction from *23 to *16 % with increase in

coiling temperature. The higher area fraction of larger

sized grains for lower CT sample as reflected in Fig. 5a is

also in concurrence with more microstructural hetero-

geneities noted in Fig. 4a.

It may however be noted that the effect of change in

CT on the final ideal BCC texture components (i.e. a-

fibre, represented by\110[ ||RD and c-fibre, represented

by \111[ ||ND) as evidenced by the {110} Pole

Figure Maps (Fig. 6) and the /2 = 45� sections of ODFs

for the two steels (Fig. 7), is trivial in nature. A pro-

nounced a-fibre with highest intensities at (112) \110[
and (223) \110[ is present with not-so-weak a-fibre

components of (554)\112[ in both the cases, which is in

concurrence with expected hot rolled texture evolution in

micro-alloyed steels [16]. It is noted that the deformation

takes place in austenite phase only and the transformation

to ferrite results during cooling on the run-out table which

results in this transformation texture. It is very commonly

observed in ferrite and ferrite/pearlite obtained by air

cooling of hot rolled austenite as mentioned by Hutchin-

son et al. [17].

Fig. 3 TEM EDS data taken

from a precipitate showing

presence of Ti, Nb and C

Fig. 4 EBSD [001] inverse pole figure image of a LCT and b HCT samples
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3.3 Mechanical Properties

Figure 8 shows the stress strain curve for the samples. The

mechanical properties of the sample measured from

microhardness and tensile test are presented in Table 2.

A yield strength of more than 700 MPa and ultimate

tensile strength above 750 MPa can be achieved in the

HCT sample. The strength and elongation characteristics

indicate that the LCT sample meet the mechanical property

requirements of standard EN 10149 S650MC grade,

whereas HCT sample meet the requirement of standard EN

10149 S700MC grade. It is observed that the HCT sample

shows better mechanical properties. The hardness also is

observed to be in tune with the mechanical property vari-

ation. The % elongation is found to be reasonably good and

on par with HSLA steels. The Charpy impact tests indicate

that the HCT sample is tougher compared to LCT sample.

The HCT sample shows a hole expansion ratio (HER)

value of 114 % which is similar to mild steel. The LCT

sample has higher HER value indicating better stretch

formability. It is known that presence of hard phases such

as martensite can reduce the HER as in case of Dual phase

steel despite of high elongation [11]. The difference in

hardness between ferrite and martensite in dual phase steel

affects the micro void formation and crack propagation

during hole expansion test [18, 19] Whereas in single phase

bainite steel, HER value is high but the elongation is low

[20]. The high HER value obtained in this steel is mainly

due ferrite dominated microstructure.

4 Discussion

4.1 Effect of Coiling Temperature

on Microstructure

The optical micrographs in Fig. 1 and EBSD images in

Fig. 4 clearly indicate that the microstructure consists of

polygonal ferrite grains. It is also observed that the HCT

sample has a slightly finer grain size. The TEM images in

Fig. 2 further confirm the fine grain size and increased

presence of precipitates in HCT sample. The increased

precipitation in case of HCT sample can be attributed to

slower cooling rate as well as higher temperatures at any

instant compared to LCT sample. This is expected to result

in increased diffusion of carbon in HCT samples. The

enhanced precipitation leads to pinning of grain boundaries

thereby reducing the grain growth and explains the smaller

Fig. 5 Variation of the grain

size and misorientation angle

from EBSD data analysis

Fig. 6 EBSD-based {110} pole

figures: a LCT and b HCT

sample
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grain size in HCT samples. It is observed from the current

studies that the coiling temperature can have significant

effect on the microstructure.

4.2 Strengthening Mechanisms in Nb–Ti Modified

Steels

It is observed that the difference between the YS of LCT

and HCT sample is about 60 MPa. This can be explained

based on the various strengthening mechanisms present in

micro-alloyed steels such as solid solution strengthening,

grain boundary strengthening, dislocation strengthening

and precipitation hardening [5, 15, 21]. Patel et al. have

observed that grain size refinement (*40 %) is a dominant

strengthening mechanism followed by dislocation harden-

ing (*22 %), precipitation hardening (*17 %) and solid

solution hardening (*15 %) respectively in these steels

[22]. Mao et al. [5] have summarized the strengthening

mechanisms for Ti-microalloyed steel having strength of

the order of 700 MPa. The strength of microalloyed steel

can be represented by the following equations:

rYS ¼ r0 þ Drss þ Drgb þ Drppt þ Drdis ð2Þ

Drss ¼ 4570 C½ � þ 4570 N½ � þ 37 Mn½ � þ 83 Si½ � þ 470 P½ �
þ 38 Cu½ � þ 80 Tiþ Nb½ � þ 0 Ni½ � � 30 Cr½ �

ð3Þ

Drgb ¼ kd�1=2 ð4Þ

Drppt ¼
5:9

ffiffiffi

f
p

�x
ln

�x

2:5 � 10�4

� �

; where f ¼ Ti½ �
100

VTiC

VFe

ð5Þ
Drdis ¼ 100aGb

ffiffiffi

q
p ð6Þ

Here, rYS is the yield strength of the steel (MPa), r0 is the

lattice friction stress (=48 MPa), Drss is solid solution

contribution (MPa), Drgb is grain boundary strengthening

Fig. 7 /2 = 45� section of EBSD-based ODF calculated for: a LCT and b HCT sample

Fig. 8 Engineering stress strain curve for the LCT and HCT samples

Table 2 Mechanical properties of LCT and HCT samples

Sample Hardness, HV0.5 YS, MPa UTS, MPa % Elongation Charpy impact energy (J) %HER

-20 �C -40 �C

LCT 226 ± 4 660 712 19 136 112 125

HCT 253 ± 6 720 762 20 200 144 114
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contribution (MPa), Drppt is precipitation strengthening

contribution (MPa), Drdis is the dislocation strengthening

contribution (MPa), the element in square brackets repre-

sents its weight percent, k is the Hall–Petch coefficient

(=17 MPa m1/2), d is the grain size (m), f is the volume

fraction of (Ti, Nb)C precipitates, �x is the average radius of

the precipitates (lm), V refers to specific volume

(=1/density, m3/kg), a is a constant (=0.38), G is shear

modulus (=8.3 9 104 MPa), b is the Burgers vector

(=0.24 nm) and q is the dislocation density (m-2).

The solid solution contribution remains the same for

both the samples and comes out to be *337 MPa for the

composition. The grain boundary strengthening contribu-

tion turns out to be 71 and 84 MPa respectively for the

LCT and HCT samples (increase of 13 MPa). Considering

precipitation to be complete in HCT samples, the volume

fraction (f) from Eq. (5) turns out to be (0.12/100) 9 (7.8/

4.98) = 0.0019. This corresponds to a strengthening of

27 MPa for 50 nm inter particle distance and 142 MPa for

10 nm inter particle distance. The precipitation of C from

the matrix is expected to lower the strength of the HCT

sample by some value as well. Mao et al. [5] have also

observed the precipitation hardening from TiC precipitates

as a dominant factor responsible for a yield strength

increment of approximately 158 MPa. It is generally con-

sidered that measurement of dislocation density is tedious

and often inaccurate. Hence, in most cases, the contribution

of dislocation strengthening is usually obtained by sub-

tracting all other contributions from the measured strength

value. Since annealed steel has a dislocation density of

about 4 9 1010 m-2 [23] we can assume the dislocation

density in the hot rolled steels to be of the order of

1011 m-2, which results in a strengthening effect of about

240 MPa as per Eq. (6). The small change in the disloca-

tion density between LCT and HCT samples indicate a

small difference in strength of the samples due to this

contribution. It is seen that rYS is calculated using Eq. (2)

and the calculated values comes out to be in the range of

700–800 MPa. Thus, the 60 MPa increase in the yield

strength of HCT sample can be attributed to the small

contributions from Hall–Petch effect, precipitation

strengthening and dislocation strengthening.

5 Conclusions

A Nb–Ti based hot rolled high strength steel with YS

720 MPa and UTS 760 MPa, with total elongation 20 %

was successfully prepared at JSW Steel. The following

conclusion could be drawn from the present study.

1. The microstructure of hot rolled Ti–Nb microalloyed

steel consisted mainly of quasi-polygonal ferrite. The

average grain size was below 4 lm.

2. High temperature coiled samples showed a 60 MPa

increase in YS and 50 MPa increase in UTS compared

to the low temperature coiled sample.

3. High stretch flange formability and high Charpy

impact energy values were observed for both the Ti–

Nb micro-alloyed steel.

4. Sample coiled at 580 �C showed a little finer grain

size, little higher dislocation density and slightly

higher precipitation of (Ti, Nb)C, compared to sample

coiled at 520 �C. This could be explained based on

higher temperature and slower cooling rates which led

to additional time for diffusion of carbon.

5. The increase in strength of the high temperature coiled

sample could be explained based on small contribu-

tions from grain refinement and precipitation

hardening.
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