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The effect of grain refinement on the mechanical properties
of a micro alloyed steel
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High strength low alloy steel was produced by electric arc furnace, vacuum degassing, ladle treatment and continuous casting route. The stec
was hot rolled by applying a schedule to simulate industrial control of hot rolling procedure for the production of plates as closely as possible
in laboratory level, in order to investigate the effect of applying different strain rates onto hot rolling procedure in the range of temperatures
between 1250 to 90C. After the hot rolling procedure, the plate was spray cooled at a cooling rateCéd o a temperature of 65G and

then cooled to room temperature. The results showed a grain refinement as a function of the strain rate increases frofmahtbe® s
consequence an increase in mechanical properties of: yield strength and ultimate tensile strength; and keeping almost constant the ductility
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PACS: 61.66.D; 81.20.G; 81.60.B; 61.72.M; 62.20.F

1. Introduction casting. The controlled hot rolling procedure was performed
on a Fenn reversible mill (0.127 m roll, 25 tones of load and
High strength low alloy (HSLA) steels for structural and .17 m/s of rolling speed).

pipeline applications are now produced by thermomechani- Samples of 0.0300.010<0.30 m were heated at 125D

cal controlled rolling and spray cooling processes [1]. The in—at a heating rate of 02€/s, soaked for 90 minutes and imme-

creased strength of HSLA steels has been associated with difg a1y hot rolled as shown schematically in Fig. 1. In order
ferent strengthening mechanism; one of the mostimportanti§, -ntrol the temperature during the roliing and cooling op-

the grain refinement, which can be obtained by the control Ofarations, a Pt/Pt-13% Rh thermocouple was welded to one
the rolling condition and by the addition of small quantities

of micro alloying elements which improve both strength and
tough_ness at t.he same time [2]. It can be mentioned, that tl}e 1098C in 5 passes, reaching 46 % of total deformation
chemistry of pipeline steels needs to be redesigned, such thal?his operation was foII'owed by a cooling period until a tem—,
it responds to the control of the thermomechanical process-

ing, which is applied to steel slabs to produce an appropriateaerature of 1050C was reached, this temperature was fixed

; o regarding the solubility of niobium carbonitride in austen-
microstructure through the control of the recrystallization ef-. . ) X
; ite as reported in reference [7]. The final rolling procedure
fect and transformation process.

During rolling together with a cooling procedure. iust af started at 1050C and ended at 89C, achieving a total de-
g rofing fog . 'Ng proce UStal ¢ mation of 42% in 5 passes. During the hot rolling exper-
ter the last finish of hot rolling pass, it is possible to achieve . .
. . ~ " “"Himents, rolling strain rates of 1, 3 and 8'swere separately
the required yield strength and toughness of modern pipelines . )
. . -tested for each rate employed. Immediately after the last final
steels demanded by the oil and gas industry [3-6]. The main_;. .
. . rolling pass, the plates were spray cooled at a cooling rate of

focus of this work is to present results on the response of

Fe-C-Mn-Nb slab of steel to a controlled hot rolling schedule C/s until a temperature of 650 was reached and then, the

. . . . . lates were let to cool in air until room temperature.
using different rolling strain rates followed by spray cooling P P
on hot rolled plate in function of the resulting microstructure,
grain size refinement and mechanical properties.

end of each specimen.
The rough rolling of the slab was performed from 1260

TABLE I. Chemical composition of the steel under study (in wt. %)

. C Si Mn P S Cr Ni
2. Experimental procedures
0.044 0.271 1.69 0.0091 0.0016 0.0103 0.240
The composition of the steel under study is shown in Ta- Vv Cu Mo Al B Nb Ti

ble I. It was obtained by feeding 100% sponge iron to an g gp10 0.2170 0.25 0.0310 0.0001 0.0554 0.014
electric arc furnace, deslagging and poured into a ladle fur- As Pb Sb ca N Ceq

nace at a temperature of 168D for secondary refinement.
The process also includes vacuum degassing and continuoug'0070 0.005 0.0018 0.0037 0.0016 0.0040 0.40
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Heating rate Soaking Temperature 3. Results and discussion
—(0.4°Cls) (1250°C)
1200 Rough rolling '11 Scanning electron microscopic observations carried outin the
o Cooling period slab revealed a microstructure which consisted mainly of fer-
< 1000 . _ rite grains with some TiN precipitates as is shown in Fig. 2,
® Ar. _| Final rolling - . :
5 3 these TiN precipitates showed a sigel0 nm.
® 800 Spray cooling The microstructure of a slab after being hot rolled at a
a Arp— (5°Cls) strain rate of 15! and the resulting plate accelerated to cool
g 600 at 3C/sec is shown in Fig. 3a. As can be observed, the mi-
~ crostructure consisted of bainite hot bans2d wide with a
2 400f bainite grain size of 122m, while Fig. 3b shows some bai-
> Air cooling nite feathers where it is observed the presence of precipitates
("4 to room temperature which were identified by STEM-microanalysis and diffract-
200 ing patterns (EDP) as ¢4Cs and Nb(C,N).
In Fig. 4a, it is shown the microstructure of a slab after

0 1' 5 being hot rolled at a strain rate of 3'sand the resulting plate
Time (hr) accelfer.ated to cool at’E/sec._The microstrgqture cgnsi_sted
of bainite hot bands 2@m wide with a bainite grain size
FIGURE 1. Heating, soaking and rolling of the slabs and cooling of 9 yum. In Fig. 4b, it is shown the bainite microstructure
of the plates, where Aris the temperature at which transformation \here it is observed some precipitates of Nb(C,N) identified

of austenite to ferrite or to ferrite plus cementite is completed dur- by STEM microanalysis and diffracting pattern shown in the
ing cooling and Ag is the temperature at which austenite begins to inset of Fig. 4b

transform to ferrite during cooling. . . .
9 g Figure 5a shows the microstructure of a slab after being
hot rolled at a strain rate of 8% and the resulting plate ac-

o

(011)- (002) e celerated to cool at®®/sec. The microstructure consisted of
) ] = | s bainite hot bans 1am wide with a bainite grain size refine-
. JO11) ment of 4um. In Fig. 5b, it is shown the bainite grains with
o118 ‘ J precipitates of Nb (C;N ) in the matrix and grain boundaries.

Regarding microstructure, in the as-cast slab, it was ob-
served the presence of rectangular/cuboids of TiN precipi-
tates. Garcia and coworkers [8] have observed these kind of
larger size particles (size range up tqu81) and identified
them as almost pure TiN. On the other hand, in bainite feath-
ers, it was observed the presence of precipitates which were
identified by STEM microanalysis as $€s and Nb(C,N).
These precipitates showed an average particle size of around
e 8 v 10 nm. Akhlaghi [9] and Ghosha [10] studied the structure

—_— and properties of high strength low alloy steels, and under
similar cooling conditions they reported the presence of NbC
and/or NbN, in agreement with our results.

Table 1l shows the mechanical properties reached after
hot rolled of slabs at different controlled strain rates plus ac-

Microstructure of resulting plates was observed under #&elerated cooling. As can be observed and with reference to
scanning electron microscope Stereoscan 440 and a scdfe target properties, the hot rolling procedure accompanied
ning transmission electron microscope Jeol 2100, both miby the cooling of plates by means of an accelerated cooling
croscopes were equipped with EDAX microanalysis. TheProcedure, reached target properties equivalent to an API X-
Flat tensile (ASTM E-8) tests were conducted on an Instror80 steel grade.

1125 (10 ton) test machine, employing only a strain rate of  Also as has been mentioned [11], state of the art HSLA
5x1073 s~! at room temperature. Charphy V notch testssteels have a minimum yield strength of 550 MPa and are
were performed according to ASTM A370 at room temper-usually micro alloyed with Ti and Nb, where Ti levels are
ature. An optical microscope coupled to an image analyzehigh enough to form TiN to remove the N from solid solu-
was used for quantitative determination of grain size, and voltion and the excess of Ti is available to enhance precipitation
ume fraction of bainite, which was carried out by measuringstrengthening of fine carbides formed by the micro alloying
10 fields per sample at 100 X. This accounted for a total anaelements. Nb additions play a critical role in delaying recrys-
lyzed area of about 6 mtrper specimen. tallization during the last stage of the hot rolling procedure.

FIGURE 2. As-cast microstructure of the steel under study; the in-
set shows the electron diffraction pattern (EDP) of TiN precipitates
in a-Fe matrix.
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TaBLE Il. Mechanical properties of plates cooled in different media.

Strain rate 0.2%YS UTS Elongation Charphy Grain Size
(s (MPa) (Ksi) (MPa) (Ksi) (%) (Ft-Lb) J) ( pm)
1 600 87.0 738 107.0 215 85 115 12
3 624 90.5 767 111.2 211 79 107 9
8 638 925 785 113.8 20.7 75 102 4
Target (552-655) (80-95) (621-690) (90-100) 20 min 78 105
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FIGURE 3. a) Bainite microstructure obtained after hot rolled of the slab at a strain rate bitsl accelerated cooling of the plates %€k
with a grain size refinement of 32m ; b) Inset shows the EDP with axe zone [1,0,0] of small precipitates ©£fCgrinto bainite feathers
(shown by arrows).

5°C/s with a grain size refinement of.8n; b) Inset shows the EDP with axe zone [3,2,0] of small precipitates of Nb(C;N) in to bainite grains
in matrix and grain boundaries (shown by arrows).

In this work, both Ti and Nb were observed as TiN andthese desirable beneficial effects, it is necessary to dissolve
Nb(C,N) precipitates with a cubic and a more or less spherithe Nb(C,N) during reheating of the slab and then to con-
cal morphology, respectively. trol its precipitation properly in the subsequent rolling and
The optimum ratio of Ti:N or best grain refinement hascooling process [14,15]. Here the precipitation of Nb(C,N)
been suggested to be close to the stoichiometry value ofas controlled during the thermomechanical processing of
3.42:1 [12], and in this work a Ti:N ratio of 3.5:1 was the slab by initiating the final rolling procedure at around
achieved. Regarding the addition of Nb, it has a profoundl051°C, taking into account the Nb, C and N contents of the
effect on the improvement of properties through grain refinesteel.
ment and precipitation hardening [13]. In order to obtain
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FIGURE 5. a) Bainite microstructure obtained after hot rolled of the slab at a strain rate dfésl accelerated cooling of the plates ¥E5
with a grain size refinement of 4m ; b) Inset shows the EDP with axe zone [1,0,0] of Nb(C;N) precipitates in matrix and grain boundaries
(shown by arrows).

400 1DDQ+ the increase of yield strength with strain rate is slightly higher
2 8§ §'§;.'§E§H°s for steels of lower strength and is also higher at higher strain
1200 Py rates (>1/s). On the other hand, as can be observed in Fig. 6,
T 1000 - I 6 DP800 by applying a controlled thermomechanical processing fol-
S s00 o lowed by an accelerated cooling procedure to an HSLA steel,
® L 9 Present results it was possible to obtain higher properties than DP-steels.
% 600 s
g 4""'——}_:—’/ 4. Conclusions
200% 1. The chemical composition of the steel under study re-
0 sponded positively to the controlled thermomechanical
10?16 10" 10° 10! 10” processing and the applied cooling media allowing to

Strain rate (s) reach target properties equivalent to a steel API X-80

FIGURE 6. Yield strength as a function of strain rate. 5L grade and higher properties as compared with some

DP-steels.

Regarding the steel grade under development, it can be 2 The yield strength as a function of strain rate showed
mentioned that the target properties of the resulting high- a positive strain rate dependence, increasing the yield
strength ferrite-bainite steel were achieved through the appli- strength as the strain rates increased.
cation of a thermomechanically controlled hot rolling sched-
ule employing a strain rate of 87§, followed by an ac- 3. After the hot rolling of the slabs and accelerated cool-
celerated cooling procedure ensuring values of 0.2% YS of ing of the plates, the microstructure consisted of ferrite
638 MPa, 785 MPa of UTS, 20.7 % of elongation and 75 plus bainite grains with a grain size refinement ¢frd
Ft-Lb of absorbed energy due to a contribution of grain size allowing better target properties.

refinement, solid solution hardening, dislocation hardening,
precipitation strengthening and transformation hardening. Acknowledgments
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