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Abstract

An Al-killed/Cr-stabilized low carbon steel was produced in the steel industry using electric arc furnace, vacuum degassing, ladle treatment
and continuous casting route. The resulting slabs were then hot rolled at@1€dlled at 600C, cold rolled and annealed at 70QD. After
evaluation of the microstructure, texture and mechanical properties, the fully recrystallized coils fulfilled the target properties established b
the automabile industry.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction in the ferrite region followed by annealing recrystallization
resulted in strongex-fiber [11], and increasing the strain
Ultra low carbon Ti-stabilized interstitial free steel sheets rate during ferrite rolling enhances the development of this
(IF) have been developed for use in the automotive indus- texture[12]. Furthermore, lowering the rolling temperature
try because they meet the requirements for good drawability from 850 to 600 C also resulted in highey-fiber intensities
in order to produce panels with complex shajs This [10] which have an impact on the drawability of annealed
high formability has been achieved as a result of lowering sheets. This work shows results of an industrial trial of a
the interstitial carbon and nitrogen contents during the steel-low carbon Al-killed/Cr-stabilized steel which intended as
making practice and by the addition of stabilizing elements an annealed sheet for deep drawing applications in the au-
such as titanium and niobiuf2]. As a result, the ferrite  tomotive industry.
matrix of heavily cold rolled IF sheet steels, recrystallized
during annealing to a polycrystalline structure with a strong
v-fiber ((1 1 1)//ND) recrystallization texturg3]. Formation
of recrystallization texture in metals has been discussed ex-
ploring two mechanisms: (a) oriented nucleatjdhand (b)
selective growth[4,5]; which for high drawability steels,

2. Experimental procedure

An Al-killed/Cr-stabilized low carbon steel was produced
SEIES ) ! . g - at Ispat Mexicana by an electric arc furnace, vacuum de-
implies that the first mechanism will be doming6t7]; it gassing, ladle treatment and continuous casting route. The
has been show[8,9] thaty-fiber texture is nucleated at the  regyiting chemical composition of slabs is giverTable 1

grain boundaries and proceeds to grow consuming the de—the steel slab (250 mm in thickness) was reheated and hot
for.med ne|g_hbor|ng grains. In addmon, attention has been q|ed at an average temperature of 11@0achieving in
paid to the improvement of the final product by control- 14 steps 819% of accumulative hot-reduction, finishing the
ling hot rolling parameter$10]. For instance, hot rolling ¢ rolling operation at 840C. The resulting plate (5mm
in thickness) was air cooled in the runout table and coiled
* Corresponding author. at 600°C. After cold rolling, the sheet showed an accu-
E-mail address: carlosgr@servidor.unam.mx (R. Mendoza). mulated thickness reduction of 85%, ending with a thick-
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Table 1

Chemical composition of the Al-killed/Cr-stabilized low carbon steel (in wt.%)

C N2 Mn Al Si P S Ti Cr Nb

0.020 0.004 0.20 0.040 0.025 0.011 0.005 0.002 0.035 0.002

ness of 0.3mm. The sheets were isothermally annealed un-
der an argon atmosphere at 7@ from 1 to 300s. The
heating and cooling rate of annealed sheet specimens were
~10 and~80°C/s, respectively. The specimens were met-
allographically observed under a 440 Stereoscan scanning
electron microscope and a 2100 Jeol scanning transmissior
electron microscope, and the progression of recrystalliza-
tion was followed by a point counting technig{3]. Flat
tensile (ASTM E-8) tests on fully annealed specimens were
conducted on an Instron 1125 (10t) test machine at a strain
rate of 5x 10~3s~1. From the tensile test experiments in
the annealed condition, it was calculated the normal plas-
tic anisotropy ratio value at’ 045> and 90 with respect to

the rolling direction; from these values, the average plastic
anisotropy ratio value was obtained).(Texture measure-
ments on samples were carried out on a Siemens D500C
texture goniometer using cobalt radiation; the pole figures @
were measured up to a tilt angje= 80°; the steps were

A x = 2.5° in the tilt direction andA¢ = 4° in the azimuth
direction.

3. Results and discussion

The microstructure obtained in hot rolled plates is shown
in Fig. 1a obtained after hot rolling of the slab from 1100
to 840°C in 16 steps and an accumulative hot reduction of
81%, air cooled and coiled at 60CQ. The grain size obtained
under these conditions was about20.9 um. Figs. 1b and
¢ show SEM-micrographs of the as-cold rolled specimen.
As may be observed, the ferrite grains are flattened, and)
inside the grains, some shear bands can be observed. Thes
in-grain shear bands corresponded to the narrow regions of
intense shear that carry large strains during deformation and
appear to become the major deformation middg. In some
interstitial free-steels, it was observed that in-grain shear
bands were inclined principally at angles 0’385 to the
rolling plane[15]. In the steel sheet under study, the shear
bands were inclined-32° with respect to the rolling plane
and were relatively planar and parallel to each other within
the individual grains.

The grain boundary, after the cold rolling operation, re-
maining closely parallel to the sheet plane and when the
steel sheet was annealed, recrystallization initiated preferen-
tially in the region of the original grain boundary; spreading
from there into the adjacent grainsig. 29. It appears that
the coiling temperature of 60 in combination with the Fig. 1. Ferrite microstructure obtained in hot rolled plates, (b) and (c)
85% per cent of accumulative deformation was sufficient to flattened ferrite grains closely parallel to the sheet plane and inside the
induce recrystallization at 70C€ in 180 s Fig. 3). This re- grains, some shear bands are observed.

(c)
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(a)

Fig. 2. (a), (b) Ferrite microstructure of partially recrystallized sheets

(10%), where it can be observed that recrystallization initiates preferen-

tially in the region of the original grain boundary and (c) fully recrystal-
lized ferrite grains.

crystallization rate is significantly lower than the rate of re-
crystallization of Al-killed steels (i.e 100% of recrystalliza-
tion in 20 s[2]). This delay in the recrystallization time is at-
tributed to the contribution of chromium carbidésd. 2b),
which retarded grain boundary migration by a pinning ef-
fect of Cr-precipitate$16]. The ferrite grain size achieved
in samples with 100% of recrystallization was40.6 pm,
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Fig. 3. Recrystallization curve for annealed coils at 700

and the microstructure observed in this condition, consisted
of a nonequiaxed grain shapeid. 29.

Fig. 4shows{1 00} pole figures for the steel under study
in the hot rolled, cold rolled and annealed conditions. It may
be observed that, in the cold rolled shee{5&6 4} <22 5>
component neafl 11} <11 2> texture appeared which is a
typical cold rolled texture for extra low carbon interstitial
free steels. In a similar fashion, the annealed sheet showed
an appreciably strong texture than in the as cold rolled con-
dition, from {554} <22 5> component negil 11} <112>
to {211} <011>. As reported if16,17] during recrys-
tallization, the pinning force exerted by precipitates on the
grain boundaries is one of the most important factors control-
ling the recrystallization texture. For instance, Barnett and
Kesteng 18] report that for observations carried out in low
carbon, ultra low carbon and interstitial free steels, regard-
ing the presence of in-grain shear bands; the increasing den-
sity and severity of these in-grain shear bands lead to a bulk
recrystallization texture dominated Hy 11} <112> near
the normal direction—rolling direction (ND—RD), especially
when chromium was added to the low carbon stegl. 5
shows a STEM-photograph of a partially recrystallized mi-
crostructure, where the roll played by chromium-carbides
precipitates in retarding the recrystallization rate of the low
carbon Al-killed/Cr-stabilized steel and probably to the con-
tribution in the formation of 1 1 1} <1 1 2> textures may be
observed.

On the other hand, industrial considerations in automo-
tive technology are: (i) to improve safety and fuel efficiency
by reducing vehicle weight and (ii) to shorten the manu-
facturing process of body panels. To achieve those goals,
interstitial free steels have been hot rolled in the austenite
region. Reports show that when the finish discharge temper-
ature was lower than the/y transformation temperature,
the appearance of a coarse grain structure in hot bands and a
decrease in the intensity 1 1 1} texture in cold rolled and
annealed sheets was observed, resulting in a deterioration
of its drawability [19]. Further researc20] showed that
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¢ {554}<225> = {111}<211> + {211}<011> v {110}<001>

Fig. 4. {100} pole figures for the steel under study in (a) hot rolled, (b) cold rolled and (c) annealed conditions.

-

Fig. 5. TEM photograph of a partially recrystallized microstructure, where can be observed the roll played by chromium-carbides precipitaitésgn ret
the recrystallization rate of the steel.

Table 2
Chemical composition and mechanical properties of several IF steels
Steel C N Mn Al Si P S Ti Cr Nb Reference
A 0.0040 0.0020 0.16 0.043 0.008 0.010 0.010 0.078 - 0.003[21]
B 0.0042 0.0010 0.15 0.043 0.010 0.007 0.013 0.068 - 0.004[21]
C 0.0050 0.0070 0.08 - 0.10 0.022 0.002 0.23 17.20 - [22]
D 0.0035 0.0310 0.14 0.045 0.002 0.009 0.008 0.054 - 0.010[23]
E 0.0021 0.0039 0.24 0.011 0.026 0.098 0.008 0.024 - 0.041[23]
F 0.0015 0.0025 0.12 0.030 - 0.005 0.006 0.01 - 0.02 [24]
G 0.0030 0.0030 0.35 0.03 - 0.05 - 0.020 - 0.035 [24]
YS (MPa) TS (MPa) El (%) r n
A 175.2 308.2 47.9 212 0.230 [21]
B 178.6 309.6 43.8 1.69 0.220 [21]
C 285.0 490.0 30 1.86 - [22]
D 146.0 217.0 53.8 2.40 0.252 [23]
E 200.0 355.0 45.0 1.92 0.222 [23]
F 120.0 290.0 45.0 2.40 0.240 [24]
G 220.0 390.0 37 1.9 0.21 [24]
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Fig. 6. Mechanical properties of annealed coils. (a) Hardness Rockwell k) ()} 0.2% of yield strength, (YS), (c) tensile strength, (TS), (d) percent
of elongation, (El), (e) the average plastic anisotropy valdeafd (f) the strengthening hardening exponent,

hot rolling temperatures of interstitial free steels at 1060  ical modification to the steelmaking practice such as decar-
resulted in similar values of the average plastic anisotropy burization of molten steels by vacuum degassing, the use of
ratio as compared to those IF steels hot rolled at 200 100% sponge iron and stabilizing the steel with chromium.
However, the resulting mechanical properties of annealed
sheets may depend on the diversity of the steel composi-
tion, hot rolling process, finish discharge temperature, coil- 4,
ing, cold rolling process and annealing temperature. For in-
stanceTable 2shows some ultra low carbon steel composi- 1.
tions with their respective mechanical properties. As can be
observed, the most commonly produced steel corresponds to
the interstitial free steel with carbon contents up to 50 ppm
and nitrogen contents from 20 to 310 ppm, which have been 2,
stabilized with Ti and/or Nb additions. And in spite of hav-

ing similar compositions (i.e. steels A and B), only steels A,

Conclusions

The low carbon Al-killed/Cr-stabilized steel shows out-
standing behavior in terms of mechanical properties sug-
gesting its use as an annealed sheet in the automobile
industry.

Automobile target properties were achieved in annealed
sheets after employing low temperatures in the hot rolling
(1100°C instead of the typical 1250-120Q) and an-

D and F fulfilled target properties required in the automo-
bile industry (sedable 3. Regarding the steel under study,
Fig. 6 shows experimental results obtained in 15 industrial

nealing (700 C instead of the high recrystallization tem-
peratures of 850C, normally needed in interstitial free
steel) processes.

coils after being annealed at 700 and with a fully recrys- 3
tallized microstructure. Results are shown in terms of Rock-
well B hardness, (HRB), 0.2% of yield strength, (YS), tensile
strength, (TS), percent of elongation, (El), the average plastic
anisotropy value,”) and the strengthening hardening expo- 4.
nent, f). As shown inTable 3 the steel under study fulfills
target properties dictated by the automobile industry. This
achievement was obtained after introducing some technolog-

. The use of low rolling and annealing temperatures may
represent industrial advantages from the point of view of
reducing energy consumption of at least 20—40 MCall/t
per 100°C.

The use of chromium instead of titanium or niobium el-

ements to stabilize the low carbon steel (a part of the
steelmaking practice and hot rolling schedules) was ef-
fective in retarding its recrystallization rate, enhancing

formation of {111} <112> textures and in allowing

val >2.
Table 3 alues

Target properties to satisfy the requirements of the automobile industry
together with the average properties of the steel under study

Acknowledgements

0.2% YS (MPa) TS (MPa) Bl (%) n
138-173 242-345 46 >2 >0.21 The authors are grateful for the assistance of Mr. E.
1725 300.6 471 2.2 0.237

Caballero and Fis R. Reyes.



254

References

[1] C.M. Cady, S.R. Chen, G.T. Gray, D.A. Korezekwa, J.F. Bingert,
Metall. Mater. Trans. A31 (2000) 2439.

[2] D.O. Wilshynsky-Dresler, D.K. Matlock, G. Krauss, International
Forum for Physical Metallurgy of IF Steels-94, The Iron and Steel
Institute of Japan, May 1994, pp. 13.

[3] Y.Y. Hayakawa, J.A. Szpunar, Acta Mater. 45 (6) (1997) 2425.

[4] T. Urabe, J.J. Jonas, ISIJ Int. 34 (1994) 435.

[5] L. Kestens, J.J. Jonas, Metall. Mater. Trans. A27 (1996) 155.

[6] W.B. Hutchinson, Acta Metall. 37 (1989) 1047.

[7] E. Lindh, B. Hutchinson, P. Bate, Mater. Sci. Forum 157-162 (1994)
997.

[8] M. Abe, Y. Yokobu, Y. Hayashi, S. Hayami, Trans. Jpn. Int. Metals
23 (1982) 718.

[9] H. Inagaki, Trans. Iron Steel Inst. Jpn. 24 (1984) 266.

[10] M.R. Barrett, J.J. Jonas, ISI1J Int. 37 (1997) 706.

[11] T. Senuma, H. Yada, Y. Matsumura, K. Yamada, Tetsu-to-Hagané
73 (1987) 1598.

[12] S. Matsuoka, K. Sakata, S. Satoh, T. Kato, ISI1J Int. 34 (1994) 77.

[13] ASTM E112-82, ASTM, Philadelphia, Pennsylvania, 1991, p. 280.

[14] Y.B. Park, L. Kestens, J.J. Jonas, ISIJ Int. 40 (2000) 393.

[15] M.R. Barrett, J.J. Jonas, ISI1J Int. 37 (1997) 706.

R. Mendoza et al./ Materials Science and Engineering A368 (2004) 249-254

[16] T. Matsumoto, S. Hamanaka, T. Yamada, T. Tanaka, International
Forum for Physical Metallurgy of IF Steels-94, The Iron and Steel
Institute of Japan, May 1994, p. 269.

[17] C. Brun, P. Potou, P. Parniere, in: L. Brarefitt, P.L. Mangonon (Eds.),
Proceedings of the Metallurgy of Continuous Annealed Sheet Steel,
Dallas, Texas, 1982, p. 173.

[18] M.R. Barnett, L. Kestens, ISIJ Int. 39 (9) (1999) 923.

[19] I. Gupta, T. Parayil, L.-T. Shiang, in: R. Pradhan, G. Ludkovsky
(Eds.), Proceedings of Symposium On Hot and Cold Rolled Sheet
Steels, TMS-AIME, Warrendale, 1988, p. 139.

[20] O. Kwon, K.Z. Min, International Forum for Physical Metallurgy of
IF Steels-94, The Iron and Steel Institute of Japan, May 1994, p. 9.

[21] S.V. Subramanian, M. Prikryl, B.D. Gaulin, D.D. Clifford, S. Ben-
incasa, |. O'Reilly, ISISJ Int. 34(1) (1994) 61.

[22] H. Takechi, in: International Forum for Physical Metallurgy of IF
Steels, IF-IFS 94, The Iron and Steel Institute of Japan, 10-11 May
1994, Tokyo, p. 1.

[23] D.L. Cui, H.J. Wang, in: International Forum for Physical Metallurgy
of IF Steels, IF-IFS 94, The Iron and Steel Institute of Japan, 10-11
May 1994, Tokyo, p. 67.

[24] L. Meyer, W. Bleck, W. Muschenborn, in: International Forum for
Physical Metallurgy of IF Steels, IF-IFS 94, The Iron and Steel
Institute of Japan, 10-11 May 1994, Tokyo, p. 203.



	Evaluation of low carbon Al-killed/Cr-stabilized steel to be used in the automobile industry
	Introduction
	Experimental procedure
	Results and discussion
	Conclusions
	Acknowledgements
	References


