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Abstract— Niobium-microalloyed steel has become a standaatemnal in plate and strip for line pipe,
automotive and construction use. The effects ofrotlad rolling parameters and microcontent Nb lo@ t
mechanical properties of medium carbon steels wtrdied in this work. For these purpose two steel
grades, with and without niobium, was planed andrasteelmaking and continuous casting, rolling
process was done. Then, laboratory investigatiarth s microstructure, mechanical properties and
grain size analysis were performed. Tensile and@hienpact tests specimens were machined out of the
central part of the rolled billets. The microsturet of the specimens was examined for each
experimental condition using optical microscopy.eTlesults indicate that, increasing the reheating
temperature above the dissolution temperature o)(@® N) improved the impact energy values. By
increasing the cooling rate from 0.5 to 1.5°C/shltensile strength and impact toughness were ingatov
High elongation percent was also observed on sampleeated at higher temperature and/or cooled with
the higher cooling rates. The obtained mechanicapgrties were related to the characteristics of
microstructural components including acicular terrretained austenite, pearlite and ferrite.
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1. INTRODUCTION

Microalloyed steels due to high surface quality bovad through a judicious control of thermomechanicalgessing
with low production cost, by removing heat treatmstep parameters (Kundu A 2010; Wang LJ 2008; Yu Q 2004)
after rolling, and environmental considerations auvitable Typically, niobium has a threefold influence on the
alternatives for quench-tempered steels. These Isste@echanical properties of steel: 1) grain size esfiant
experience completely-controlled cooling after ingl or during hot forming, 2) precipitation hardening argj
forging process. However components made of mirpadi  lowering the y to o transition temperature (Ar3). Grain
steels have always suffered from lower toughnedsesa refinement is the only mechanism that simultangousl
compared to their quenched and tempered countes. @dris  increases strength, toughness and ductility. Tiésemakes

has

limited their applications particularly for egf Nb the most effective microalloying element, eveadded

components where both high strength and toughneigssmall quantities. Nb(C, N) precipitates that éndfermed
properties are required (Matlock D K 2005; Kundu2@10). and grown at high temperature and in austenitegopeesvent
The first generation of microalloyed steels (C—Mnstéels) from grain coarsening in the subsequent stage df ho
had ferrite—pearlite microstructures and the lowgtmess deformation. Other diffusion controlled process,ttbacur
values were associated to the inherent cleavageifeamode Wwith solution of niobium in austenite, are retagliof y to

of pearlite. Therefore researches have been focused transformation that cause to increase nucleatiderote and
eliminating or minimizing the amount of pearliteattcan be reduce grain growth rate, forming of quasi-equinate
formed during post cooling. In recent years, thendr has structures like bainit and finally appearance viimg Nb(C,
been to modify the ferrite—pearlite microstructwigh high N) precipitates during transformation that beinghem@nt
impact toughness microstructures such as aciceitetef interface cause to increase strength with predipita

hardening mechanism (Klinkenberg C 2006; Medina S F
1999; Abad R 2001). In the present article theuirfice of
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thermomechanical process parameters (reheating
temperature, cooling rate) and chemical compositinrthe
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2. EXPERIMENTAL EQUIPMENT, MATERIAL AND
PROCEDURE

The material used in this investigation was produire an
electric arc furnace equipped with semi-automaliarging
system. Secondary steelmaking operations were npeefbin
a ladle furnace with vacuum degassing units to iakie
oxygen as well as inclusion modification capalgBti For
improving mechanical properties of primary
guantitative amount of niobium would be added toeagel
composition of these steel. For this purpose gfteparation
melting of base composition in an electric arc &om, in
steel making process two grades (1, 2-3) of thesssswith
and without niobium provided, as shown in table, @nd
then in continuous casting process, blooms produeitl
cross section 230*250nfmThen in heavy section mill the
blooms were hot rolled to 125*125mnbillets. Finally in
light section mill the billets hot rolled to 65 mdiameter
bars out of which the specimens used in this ingatbn
were machined out. Steel bars were inspected bynetizg
particles inspection method to identify and remaomey
possible surface cracks.

Table 1. Chemical composition of steel investiggted%).

Designation C Si Mn S Nb N
1 036 | 042 ]| 1.08 | 0.01 - 130
2 0.30 | 0.39 | 0.98 | 0.006 | 0.036 | 220
8 030 | 0.39 ] 0.97 ] 0.015 ] 0.041 | 145

To reveal prior austenite grain boundaries andet@rmine
the effect of reheating temperature on austenigngsize,
specimens with 15 mm diameter and 25 mm height thigir
axis parallel to the axis of the bar were prepdrech the as
received material. They were then heated in antredat
furnace with SiC heating elements between 10003@0IC
for 25 min followed by water quenching. The speaime

steel

selection of the reheating temperature was madh thi¢
objective to study the effect of smaller austemjtain size
and larger carbonitrides (reheating at 1180°C) ugeiarge
austenite grain sizes and very fine carbonitridapof
cooling from 1240°C) on final mechanical properti8pecial
pyrometer was used to measure the temperaturee dfilets
at the exit of the walking beam furnace. The speasrwere
then immediately started to deform as shown scheatlytin
Fig. 1. After 17 passed rolling and 93% reductibarea, the
bars with 65mm diameter were produced. The asddibrs
were then cooled to room temperature with differaotling
rates. These were approximately air cooled (0.57Giad
water-spray with forced air cooled (1.5°C/s). Ténsand
impact test specimens were prepared from the cefttke
deformed bars according to ASTM E8 and E23 stargjard
respectively. Metallography samples, perpendicutarthe
rolling direction, were extracted from the extresstof the
impact test specimens. They were then cold mouined
bakelite, polished, and etched with 5% natal. Aricap
microscope instrumented by image analysis softwass
used for microstructure examination.

A
(@)
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were then tempered at 450°C for 4 h to improve ngraiFig. 1. Schematic diagram of thermomechanical [gsice:
boundary etching. After usual grinding and polighin (1) Reheated to (1180,1250 °C) at a rate of 10 (®)sHeld
operations they were etched in saturated aquedusiospof  for 20 min in reheating temperature; (3) gap timeetceiving
picric acid with addition of CuCI2 at 70°C. Digitpictures billets from furnace to mill; (4) Deformed at tempires
were prepared by using optical microscopy and aeeragenerally between (1150- 980 °C) (5) cooling aftaling
austenite grain sizes were measured using therlineacept process (0.5, 1.5 °C/s).
method according to ASTM E112 standard.
The dissolution temperature of Nb carbonitrides was
estimated using the following relationships progbday
Tamura (1), Prasad (2) and Adamczyk (3) whose steel
compositions are the closest to the one used m whlirk  Figures 2 and 3 show the variation of Charpy ichgaergy
(Tamura M 2001; Prasad S N 20@@lamczyk J 2004). and elongation percent with chemical compositicmpling
rate and reheating temperatures. The results irdittzat,

3. RESULTS AND DISCUSSION

Log[Nb][C]=-(6661/T)+2.54 D impact energy increases with increasing coolinge,rat
reheating temperature and with modification of cloamn

Log(Nb)(Cf¥(N)®**=-(9800/T)+4.46 2) composition. As indicated in Fig. 2 impact energgreases
from 73 to 85 J when cooling rate increases frof t0.

Log[Nb][C]=-(7290/T)+3.04 3 1.5°C/s for billets with 0.041 Nb reheated at 12Z20ft is

interesting to note that, for the latter sample, sample with
The above relationships lead to dissolution tempeea cooling rate (1.5°C/s) and 0.041 Nb, the elongafpencent
between 1185°C to 1225°C for both of microalloyedluring tensile testing approaches 24.5%, which esgmts
compositions. The billets were reheated to 1180°C240°C very good ductility. However the specimen withoub Bnd
in a continuous walking beam furnace for 60 min.e Thhigh content of C shows different behavior.
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Figures 2 and 3 show the variation of charpy imgaergy 550 4
and elongation percent with chemical compositicopling
rate and reheating temperatures. The results iteditizat,
impact energy increases with increasing coolinge,rat
reheating temperature and with modification of cloain
composition. As indicated in figure 2 impact enenggreases
from 73 to 85 J when cooling rate increases fromnt0.1.5
°C/s for billets with 0.041 Nb reheated at 1240 iCis 400
interesting to note that, for the latter coolinghdition (i.e. 0 ! 2 3
1.5°C/s) the elongation percent during tensile ingst SampleNumber
approaches 24.5%, which represents very good iyctil Fig 4 Variation of yield strength with Rolling
However the specimen without Nb and high contentCof Parameters.

shows different behaviour.
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0 1 2 3 Fig.5. Variation of tensile strength with Rolling
Sarnple Number Parameters.

Fig. 2. Variation of charpy impact energy withlirg Figure 6 and 7 show the variation of mean austegign
parameters. size with reheating temperature. As indicated, rédreating

temperatures between 1000 and 1150°C the averatenéa
grain size increases slightly, passing from 47u4080°C to

?25 X gg;izgz ™ 80 um at 1150";:. However, a sudden ipcrease isncdrke
8}23 Reheating= 1180°C //:ji/ after 1200°C, which bec_ome_s even more |mportam25_0°c
£ —_ Reheating= 1240°cl’/f// where the average grain size reaches 145um. Té@lyl
21 // indicates that, the lower end dissolution tempeeatf (Nb)
& yd (C, N) precipitates is in the vicinity of 1200°Chd obtained
19 ‘; e results confirm that, the dissolution temperatuirgNb) (C,
17 e N) precipitates is in the interval 1200-1220°C asdjrted

based on relations reported previously.

-
[S2]

SampIeZNumber

Fig. 3. Variation of elongation with rolling paraters.

The influence of thermomechanical processing paters®n
yield and tensile strengths are illustrated in Figand 5. The

Austenire Crain Size (um)

results indicate that, yield strength decreasel imitreasing 104 7 -
cooling rate for both reheating temperatures winitgeasing __,__._.-#"/

cooling rate and reheating temperature results ithehn N S

tensile strength values. o . . . .

Fig 6. Variations of austenite grain size versueeging
temperature.
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Fig 7. Optlcal mlcrography of austenite grain
size in different reheating temperature.
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with less need to diffusion than products, suclieaste and
pearlite, that are diffusion controlled (Wang YW 120
Shanmugam S 2007; Bhadeshia H. K. D. H 1999). Kinal
by initially increasing austenite grain size, th&cleation of
acicular ferrite is promoted and the amount of |teais
reduced as can be observed by comparing Figs. &t) and
8(e), 8(f).

Increasing cooling rate, decreases the diffusione tiand
reduces the transformation temperature, thus higitthe
effectiveness  of reconstructive mechanisms.  Also,
transformation at lower temperatures enhances atis
mechanisms and therefore promotes shear transiommat
products such as acicular ferrite (Bhadeshia HDKH 1999;
Lourenco N.J 2001; Bhadeshia H. K. D. H 2006).

As reported in Fig. 2, charpy impact energy incesawith
increasing cooling rate and reheating temperaflinés can
be attributed to the volume percent of pearlite anttular
ferrite as well as to the size of (Nb) (C, N) paes. Acicular
ferrite has a chaotic type structure and its minétitional
thin plates deflect crack propagation whereas jtears
susceptible to cleavage fracture. Thus, increasicigular
ferrite and decreasing pearlite, improves signifigaimpact
toughness values. Specifically, increased acicdérite
content obtained at higher cooling rates and réfgpat
temperature should improve Charpy impact energy
(Bhadeshia H.K.D.H 1999; Bhadeshia H. K. D. H 2006;
Fuentes M. D 2003; Matlock D.K 2001; Babakhani A @)
Acicular ferrite is usually accompanied with sonstained
austenite. So, the microstructures of the specinerisgs.
8(d-f) consisted of acicular ferrite with signifitavolume
percent of retained austenite. The latter transforto
martensite during deformation, so increase plastic
deformation and result to higher percent elongatidhe

The influence of rolling parameters on the propgnsf the decrease in yield strength with increasing cooliatg, as
microstructure to produce semi-equilibrium phases ibserved in Fig. 4, can be related to thever content of
illustrated in Figs. 8(a-f). For instance, the rostructure of pearlite, presence of low strength ferrite, and s@ustenite
the second sample reheated at 1180°C and 0.5°@l;go in agreement with results reported by other ingastirs.
rate is composed of polygonal ferrite, pearlite andlso, the higher yield strength of specimens wi4Q°C
quantitativeacicular ferrite (Fig. 8(c)) but by increasing thereheating temperature compared to those reheatetidarC
reheating temperature to 1240°C the volume peradnt can be related to the precipitation of NbC disstldeiring

pearlite and granular ferrite decreases and acidelaite
increased (Fig. 8(d)). Increasing the cooling ftatel.5°C/s
eliminates almost all the pearlite and granulariteerand
replaces them by acicular ferrite as can be obdeirvé-igs.
8(f).

At the higher reheating temperature, the increasehe
amount of acicular ferrite (Fig. 8f) can be relatén
significantly higher austenite grain sizes of theedmen.

reheating at 1240°C, which does not exist at theeio
reheating temperature. By contrast, the highedysttength
obtained for specimens without Nb, reheated at 108hd
cooled with 0.5°C/s can be attributed to the preseof a
higher volume percent of pearlite. Therefore, impgkes
without Nb where the microstructure consists maioly
pearlite, this constituent determines the yieldersjth;
whereas, in samples consisting Nb, precipitatese hidne

Reheating at 1180°C and 1240°C produces mean #estemajor role in determining the yield strength. Therease in

grain sizes of 85 and 145um, respectively. Withpees to
transformation, austenite grain boundaries areepred sites
for the nucleation of proeutectoid ferrite, pearind bainite.
Consequently, with larger austenite grains, fewsrleation
sites will be available for the above phases aeddiffusion
controlled transformation process becomes limitéd. a
result, upon transformation, intragranular nuctaatwill be

tensile strength with cooling rate observed forhbtheating
temperatures (Fig. 5), may be related to the toansdtion of
retained austenite (presents in acicular ferribe)nartensite
during uniform straining. The higher resistancerartensite
to deformation increases strain hardening and ultilpdtes
tensile strength (DeArdo AJ 2009; Altuna MA 2009pez
B 2008; Topcu O 2009; Jorge-Badiola D 2010).

promoted in expense of grain boundary transformatio

products. It is well known that, acicular ferritaateates on

inclusions located at the interior of austeniteirgaby a
combination of displacive and reconstructive meddran
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1180°C 1240°C

Fig 8. Showing Optical Micrography of Various Saewl(a,b): Sample Number (1,2), (c, d): Sample Nem2h(e,
f): Sample Number 3. Cooling Rate in all Microgina was 0.5°C/s (expect f that was 1.5°C/s)

4. CONCLUSION

Hot rolling processing parameters to obtain high

= Increasing reheating temperature from 1180 to 1240°
decreased considerably pearlite content in samples

strength-high impact toughness Nb microalloyedIstee consisting Nb, while the volume percent of acicutarite

were optimized.
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increased. The high volume fraction of aciculariferas
well as the presence of very fine Nb(C, N) preeigs
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