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Synopsis 

  For the purpose of producing a cold-rolled steel sheet with non-aging 

property and deep drawability by continuous annealing, the effect of strong 
carbide forming elements such as Ti and Nb on the mechanical properties 

of extra-low-carbon steel sheets was investigated. It has been clarified 

that the effect of carbide forming elements is classified into three groups 

with respect to content of carbon and carbide forming elements (X). 

  (1) The range of high content of carbon and/or carbide forming elements 

(C > 0.005 wt%, X(at% )/C(at% ) > 1) : Conventional interstitial free 
steels (IF-steels) are included in this range. Precipitation of carbides 

occurs at the high temperature range in Y phase and the influence of hot-

working conditions on the mechanical properties is small. 

  (2) The range of medium content of carbon and carbide forming 
elements (C=0.0030.005 wt%, X(at%)/C(at%)~1: The me-

chanical properties strongly depend on hot-working conditions because 

carbides such as NbC and TiC start precipitation during hot-rolling. 

Acceleration of carbide precipitation through the high reduction and high 

speed hot-rolling decreases the number of fine carbides depositing after 

hot-rolling, with the result that the ductility and the Lankford-values of 

the cold-rolled and continuous-annealed steel sheets are improved. 

  (3) The range of low content of carbon and carbide forming elements 

(C< 0.003 wt%) : Precipitation of carbides occurs very little during 
hot-rolling in r phase. In the steel sheets with no carbide forming element, 

the improvement of mechanical properties by lowering carbon content is 

relatively small because the planar anisotropy is extremely large even in 

lower carbon steels. Niobium is the most effective element among Nb, 
Ti, Cr, V and W for decreasing the planar anisotropy. This mainly 

results from the fact that the grain size of hot bands effectively decreases 

by the effect of solute niobium. The effect of carbide forming elements in 

solution becomes important in this range.

I. Introduction 

  Continuation of the production processes is the 

trend in the modern steel industry. A continuous an-

nealing process for cold-rolled steel sheets is a good ex-

ample. This process greatly increases the productivity 

and improves the uniformity of products compared 

with a conventional box-annealing process. All the 

cold-rolled steel sheets are expected to be produced by 

the continuous annealing process in the near future. 

  Most of cold-rolled steel sheets are applied to form-

ing uses. Especially, for the use of automobile panels, 

excellent ductility and drawability, and good anti-

aging property are required. Up to now, box-

annealed low-carbon aluminum-killed steel sheets or 

decarburized and denitrogenized steel sheets by open-

coil annealing have been used for these uses. The 

same level of aging property as in box-annealed sheets 

is hardly obtained by continuous-annealing with low 

carbon aluminum-killed steel.1'2j On the other hand, 

the open-coil annealing method cannot be adopted

in continuous annealing because it takes a long time 
for decarburizing and denitrogenizing. 

  It has been well known that extra-low-carbon steels 

(0.0050.010 wt% C) added excessive Ti3~ or Nb4,5~ 
in comparison to content of carbon (and nitrogen), 
so-called interstitial-free steels, produce non-aging and 

ultra-deep drawing steel sheets. Since titanium and 
niobium have a strong affinity for carbon in steels, 
carbon in solution which deteriorates the mechanical 

properties of cold-rolled and annealed steel sheets 
can be effectively reduced by stabilizing as stable 

carbides such as TiC and NbC. As for the interstitial-

free steels, very little solute carbon exists before cold-
rolling and recrystallization annealing, that is, at the 

stage of hot bands. Thus, the steel is compatible 

with a continuous annealing process as well as a box 
annealing process. 

  From a metallurgical view point, the precipitation 
behavior of the carbides becomes important in the 

above mentioned Ti- or Nb-added interstitial-free 
steels. The precipitation behavior under hot-rolling 

in Y phase, especially, might be significant because 
most of the carbides deposit at the temperature range 

in r phase. On the other hand, it has been well known 

that hot-working (including hot-rolling) conditions 
strongly affect precipitation behaviors in Nb- or Ti-

bearing steels.6~ This results from that the deposi-

tion of Ti- or Nb-carbides is accelerated by strain in 
hot-working. However, few studies have been done 
on the effect of hot-working conditions on mechanical 

properties in Ti- or Nb-bearing cold-rolled steel 
sheets. The first purpose in this paper is to investi-

gate the influence of hot-rolling conditions such as 
rolling reduction and rolling speed on the mechanical 

properties of Ti- or Nb-added extra-low-carbon cold-
rolled steel sheets. 

  On the other hand, the steel making technology 
has progressed steadily to the point that an extra low 

carbon steel of 0.001 N0.005 wt% C can be produced 
with a reasonable production cost.' If this steel is 

applied to a continuous annealing process, the neces-
sary amount of carbide forming elements can be sig-
nificantly reduced.8~ In an extreme case, non-aging 

property can be achieved without the addition of 
carbide forming elements. However, it is expected 
that the precipitation behavior of carbides or the 
role of carbide forming elements might be different 

in this extra-low-carbon steel compared with con-
ventional-interstitial free steels. To clarify this is
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the second purpose in this study.

II, Experimental Procedures 

1. Materials 

  Both laboratory and plant experiments were per-

formed. The chemical compositions of materials 
used in both cases are shown in Table 1. All materials 

contain aluminum of 0.025 to 0.045 wt%. Labora-
tory materials of series I, II and III were vacuum-

melted 50 kg ingots. Materials in plant (series IV 
and V) were made with a bottom-blown converter 

and an RH-degasser. 
  The " effective " amount of titanium, Ti*(wt%), 

was defined as Ti*(wt%)=Ti(wt%)- (48/32)S(wt%) 
- (48/l4)N(wt%) because most of the sulfur and 

nitrogen were stabilized by titanium. Titanium-oxide 

was not considered because the oxygen in all the Ti-
bearing steels was proved to be stabilized by alumi-

num. On the other hand, the " effective " amount 
of other alloying elements such as niobium was 

defined as total content because very little their 
sulfides, oxides and nitrides were found. 

2. Hot-rolling 

  Using materials of series I, the effect of hot-working 
conditions on the mechanical properties of cold-rolled 

steel sheets was investigated. After being soaked at 
1 250 °C for 20 min, the forged ingots were hot-

rolled into 3.8 mm thickness where the rolling reduc-
tion and rolling speed were changed from 62 % to 

92 % and from 5 m/min to 40 m/min, respectively. 
The hot-rolling was started at 10001 100 °C and 

finished at a constant temperature (FT) above Ar3 
transformation temperature. The reduction of 62 %,

7O87 % and 92 % was given in 2, 3 and 5 passes, 
respectively. The air-cooled hot bands were heated 

at 700 °C for 5 h followed by cooling at the rate of 
30 °C/h to simulate an actual coiling process. 

  The laboratory materials of series II and III were 
used for examining the effect of alloying elements on 

the mechanical properties of cold-rolled steel sheets. 

After being soaked at 1 250 °C for 20 min, the forged 
ingots were hot-rolled into 3.8 mm thickness where 

the rolling reduction, the rolling speed, and the finish-
ing temperature were 87 %, 40 m/min and 880 °C, 
respectively. The hot bands were treated in the 

same manner described above to simulate an actual 

coiling process. 
  The factory-made slabs were hot-rolled into 3.2 mm 

thickness by a hot strip mill where slab-reheating, 
finishing and coiling temperatures were 1 220 °C, 

880 °C and 700 °C, respectively. 

3. Gold-rolling and Annealing 

  The laboratory-made hot bands were cold-rolled 

into 0.8 mm thickness (reduction 79 %) and annealed 
at 830 °C for 40 s followed by cooling at the rate of 

10 °C/s. 
  The factory-made hot bands were cold-rolled into 

0.8 mm thickness (reduction 75 %) and annealed at 
820 °C for 30 s followed by cooling at the rate of 

20 °C/s with no overaging treatment in a continuous 
annealing line. 

4. Mechanical Properties, Microstructures and Textures 

  The annealed steel sheets were finally temper-
rolled at a reduction of O.5'0.8 % and their me-

chanical properties were tested using the JIS No. 5 
specimen (25 mm width, 50 mm gauge length). The

Table 1. Chemical compositions of materials used. (wt%)
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r-value was calculated by measuring the widths at 

three points of a tensile specimen after stretching by 
15 %; this method corresponds to ASTM-E517-B. 

Total elongation (El) and r-value were examined in 
the three directions of 0 deg (L), 45 deg (D) and 

90 deg (T) to the rolling direction. The average 

value (El, r) and the planar anisotropy (4E1, 4r) were 
calculated by the following equations. 

               El = (EIL+EIT+2EID)/4 ...............(1) 

                      r = (rL+rT+2rD)l4 .....................(2) 

             4El = (ElL+EIT-2EID)/2 ...............(3) 

                    d r = (rL+rT-2rD)/2 .....................(4) 

  Aging index (AI) was tested by measuring the dif-
ference between the flow stress at 7.5 % prestraining 

and the lower yield stress after subsequent heating at 

100 °C for 30 min. Non-aging property is ensured 
when AI is lower than 30MPa. Aging indices of hot 

bands were measured by the same method. 
  Microstructures and textures of hot bands and 

annealed sheets were investigated as follows. 

  (1) Crystal grain size: The cross section to the 
rolling direction was observed by optical microscopy. 

  (2) Precipitate: The morphorogy and dispersion 
were observed by transmission electron microscopy. 
Precipitates were also electrolytically extracted and 

then analyzed. 

  (3) Texture: (200) pole figures at the mid-plane 
in thickness were measured by reflective X-ray 

technique.

III. Results 

1. Effect of Hot Working Conditions on Mechanical Prop-
   erties 

  With using materials of series T shown in Table 1, 
the effect of hot-working conditions on the mechani-
cal properties of cold-rolled and annealed steel sheets 

were investigated. Figure 1 shows the mechanical 

properties of the steels B and E plotted against hot-
rolling reduction and speed. Hot-rolling with high 
reductions and high speeds markedly increases r-

value and elongation in both steels. The relationship 

between hot-rolling reduction and the r-values of Nb-
bearing steels among the steels of series I is illustrated 
in Fig. 2. The r-value strongly depends upon hot-

rolling reduction only in the steel B (0.005 wt% C, 

Nb(at%)/C(at%)=1) but not in the other steels. 
  The optical and transmission electron micrographs 

shown in Photo. 1 exhibit the effect of hot-rolling 
reduction on the microstructures of hot bands in the 

steel B. The grain size of the hot bands becomes 
smaller at the higher reduction. The size of the 

precipitates becomes larger and its dispersion be-
comes sparse at the higher reduction. Figure 3 

shows the effect of hot-rolling conditions on the par-
ticle size distribution of hot bands in the steel B. 

Hot-rolling with higher reduction and higher speed 
exceedingly decreases the number of fine precipitates 

smaller than 10 nm and increases the number of 

precipitates larger than 30 nm. However, there was

not so clear distinction 

and textures of the hot 

different conditions.

with regard to aging indices 

bands hot-rolled under the

Fig. 1. Machanical properties of cold-rolled and annealed 
       steel sheets plotted against hot-rolling reduction and 

      speed in the steels B (0.005 wt% C, Nb(at%)/C 

      (at%)=1.0) and E (0.004 wt% C, Ti*(at%)/C 
      (at%)=1.2).

Fig. 2. Effect of hot-rolling reduction on -r-values of cold-
       rolled and annealed steel sheets in the Nb-added 
      steels of series I (Table 1).
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  In order to investigate the influence of hot-working 

conditions on the behavior of carbide precipitation, 
chemical analysis of electrolytically extracted precipi-

tates was performed on the steel B treated under 
the various thermo-mechanical conditions. Figure 4 

shows the effects of hot-rolling conditions and thermal 
history on the niobium content as precipitate in the 

steel B. No niobium-precipitate was detected in the 
specimen soaked at 1 250 °C followed by water-

quenching (WQ). The hot-rolling, finished at 900 °C 
and followed by water-quenching, provides precipi-

tation of niobium-compounds. The amount of nio-
bium content is larger as the specimen is hot-rolled 

with the higher rolling reduction and speed. Nio-
bium-oxides and niobium-sulfides were not found in

any of the specimens. Furthermore, according to 

the chemical analysis of nitrides shown in Table 2, it 

is concluded that most of niobium-precipitates in the 
specimens hot-rolled and water-quenched are nio-

bium-carbides. On the other hand, the niobium 
content of the specimens hot-rolled and subsequently 
air-cooled is nearly equal to the niobium composition 
of the steel B independent of the hot-rolling conditions. 

Thus, the amount of niobium-precipitates depositing 
after hot-rolling in the specimen hot-rolled with lower 

reduction and speed was approximately twice as large 
as that in the specimen hot-rooled with higher reduc-

tion and speed. 

  Photograph 2 shows the dispersion of precipitates 
in the specimen hot-rolled with low reduction and low 
speed and followed by air-cooling (steel B). Most 

precipitates are smaller than 10 nm and the precipi-
tates in rows as shown in Photo. 2(b) were frequently 

observed. On the contrary, in the specimen hot-

rolled with higher reduction and speed and subse-

Photo. 1. Optical and transmission electron micrographs showing the 

  effect of hot rolling reduction [(a) and (b) : 62 %, (c) and 

   (d) : 87 %] on grain size and dispersion of precipitates in hot-
   rolled sheets of the steel B (hot-rolling speed: 40 m/min, 

   finishing temperature: 950 °C).

Fig. 3. Effect of hot-working conditions on precipitate size 

       distribution of hot-rolled sheets in the steel B (0.005 

     wt% C, Nb(at%)f C(at%)=1.0).

Fig. 4. WQ Air-cooled 

Effect of hot-working conditions on niobium content 

as precipitate in the steel B (0.005 wt% C, Nb(at%)/ 

C(at%)=1.0).

Table 2. Analysis 

tracted.

of precipitates 

(wt%)

electrolytically ex-
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quently air-cooled, no precipitates in rows were found 
and the particles were coarse. 

2. Effect of Carbide Forming Elements on Mechanical 
   Properties 

  If carbon content becomes less than 0.003 wt%, 

a continuously annealed steel sheet might exhibit 
excellent properties even without any carbide forming 
elements. Figure 5 shows the relationship between 

carbon content and the mechanical properties of the 
steel sheets with no carbide forming element (steels of 
series II in Table 1). For the steels with carbon con-

tent less than 0.002 wt%, the aging indices become 

smaller than 30 MPa which ensures a substantial non-
aging property. El and r-value increase with de-

creasing carbon content. Those changes, however, 
are relatively small, in considering the large change 

of carbon content. Total elongations and r-values in 
the longitudinal (L) and transverse (T) directions 

increase with a decrease in carbon content. Total 
elongations and r-values in the diagonal direction (D) 

are lower than those in the other directions irrespec-
tive of carbon content. Thus, for the extra-low-

carbon steel sheets with no carbide forming element, 
the planar anisotropy of the mechanical properties is 

very large. 
  Figure 6 demonstrates the effect of carbide forming 

elements on the planar anisotropy of total elongations 
and r-values in the steel sheets with Nb, Ti, V, W and 

Cr added (series III, C=0.002 wt%). Niobium is 
the most effective element among these carbide form-
ing elements for lowering the planar anisotropy of 

the mechanical properties. 

  On the basis of the above results, commercial-
scale experiments were performed with the steels of 

series IV in Table 1. The effect of niobium content 
on the mechanical properties of the continuous-

annealed steel sheets is shown in Fig. 7. The addition 
of a small amount of niobium (0.005 to 0.010 wt%) 

to extra-low-carbon steels markedly improves total 

elongations and r-values in the diagonal direction (D). 
Thus, the planar anisotropy (d El, J r) markedly de-

creases. In addition, the average mechanical prop-
erties (El, r) increase with an addition of a small 

amount of niobium. When niobium content exceeds

0.015 wt%, El slightly decreases and 
?-value saturates. 

  Figure 8 shows (200) pole figures

the increase of 

of continuously

Photo. 2. Transmission electron micrographs showning thepreci pitate dis-

   persion of the specimen hot-rolled with low reduction and low speed 
   and followed by aircooling (steel B, reduction: 62 %, speed: 

   5 m/min, finishing temperature: 900 °C).

Fig. 5. Influence of carbon content on mechanical 

properties and their planar anisotropy of 
extra-low-carbon steel sheets with no car-

bide forming element (steels of series II).

Fig. 6. Planar anisotropy of mechanical properties plotted 

against effective amount of carbide forming elements 

(C~0.002 wt%, steels of series III).
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annealed sheets of the plant-made steels F and G. 
The steel F, Nb-free steel, has intensive textures from 

{l 10}(001> to {210}(001> besides a texture of {l1l} 
X110>. For the steel G (0.006 wt% Nb), the intensity 
of the former orientations is weak. On the contrary, 

the steel G has more intensive texture consisting of 

{l 11}/f ND than that of the steel F. 
  This result suggests that planar anisotropy of me-

chanical properties results from a recrystallization 
texture. The factors affecting the recrystallization 

texture of the plant-made steel sheets were investi-

gated as follows. 
  Optical microstructures of the hot bands in the 

steels F, G and H are shown in Photo. 3. Niobium 
addition of 0.006 wt% decreases grain size of hot 

band notably. Figure 9 denotes the effect of niobium 
content on grain size and aging indices of the hot 
bands. The ferrite grain rapidly becomes fine in the 

range of very low niobium content. However, the 

aging index linearly decreases with an increase in 
niobium content. 

  Large difference in the dispersion of precipitates 
was not observed in the hot bands of the steels F and 
G. According to the X-ray analysis of the electroly-

Fig . 7. Effect of niobium content on mechanical properties 

     and their planar anisotropy of extra-low-carbon 

    steel sheets (C=0.002 wt%, steels of series IV).

Fig. 8. 

(200) pole figures showing the effect of niobium 
content on recrystallization texture of cold-rolled 

and continuous-annealed steel sheets [(a) Nb-free 

(steel F), (b) Nb=0.006 wt% (steel G)].

Fig. 9. Grain size number and aging index of hot-rolled 

       sheets plotted against niobium content (steels F ;G 

       and H in series V).

Photo. 3. 

Optical microstructures 

sheets in the steels F(a),

of the 

G(b)

 hot-rolled 

and H(c).
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tically extracted precipitates, most of the precipitates 

in both steels were identified as A1N and MnS. The 

amount of Nb-carbonitrides was extremely small in 

the steel G. Furthermore, serious distinction was 

not found in the textures of hot bands and cold-rolled 

sheets before annealing.

Iv. Discussion 

1. Effect of Hot-working Conditions on Mechanical Prop-
   erties 

  Firstly, precipitation behaviors of NbC in Y phase 

are discussed. Table 3 shows niobium content as 
NbC at 900 °C calculated as equilibrium solubility 

products9-12) in the steel B(0.005wt%C-0.039wt%Nb). 
Narita and Koyama,9) Irvine et al.10) and Meyer11) 
have shown that precipitation of NbC does not occur 

at 900 °C in r phase. This is inconsistent with the 
results shown in Fig. 4. On the contrary, the niobium 

content calculated on Smith's solubility product12) 
is near to that of the specimen hot-rolled with high 

reduction and high speed and followed by water-

quenching from 900 °C (see Fig. 4 in Sect. III.]). 
Although a precipitation process during hot-rolling 
is not in a state of equilibrium, the following Smith's 

solubility product was adopted to discuss the pre-
cipitation behavior of NbC in r phase. 

     log [Nb wt%][C wt%} = -9100/T+3.7 ......(5) 

  Figure 10 illustrates the equilibrium solubility prod-
ucts in a Nb-C system at 900 and 1 000 °C calculated 

by Smith's formula. The compositions of the steels 
shown in Fig. 2 are superimposed in Fig. 10. In the 

case of the steel A, precipitation of NbC does not oc-
cur in r phase. In the steels C and D, the steels con-

taining high content of niobium and/or carbon, NbC 

precipitates above 1 000 °C. The precipitation of 
NbC in the steel B only occurs in the low temperature 

range of 900 to 1 000 °C. This is related to the fact 
that the mechanical properties only of the steel B 

strongly depended upon hot-working conditions as 
shown in Fig. 2. 

  Next discussion concerns the influence of hot-
working conditions upon the dispersion of precipitates 

in the steel B shown in Photo. 1 and Fig. 3. Hot-
working accelerates deposition of carbonitrides due 

to strain-induced precipitation.6,13'14) This explains 
the reason why the amount of niobium as NbC and 
nitrogen as A1N in the specimens hot-rolled to large 

reduction with high speed and water-quenched sub-
sequently was larger than that in the specimens hot-

rolled to small reduction with low speed (see Fig. 4 

and Table 2). The size of carbonitrides precipitating 
during hot-rolling becomes larger than that precipi-

tating after hot-rolling because the temperature range 
of deposition is higher in the former case. Further-

more, in Fig. 4 it is shown that the amount of niobium-

carbonitrides precipitating after hot-rolling is smaller 

when a specimen was hot-rolled to larger reduction 
with higher speed. Thus, in this case, the number of 
fine precipitates depositing after hot-rolling decreases 

(see Photo. 1 and Fig. 3). On the contrary, upon

hot-rolling by small reduction with low speed, most of 

the niobrium-carbonitride precipitates form after 
hot-rolling, resulting in the increase of the number of 

fine precipitates less than 10 nm and precipitating in 

raws due to deposition at r/a phase boundary during 

r -> a transformation (see Photo. 2(b)). 
  On the other hand, thermal history after hot-
rolling besides hot-working conditions might affect 
dispersion of carbonitrides in hot bands. In the case 

of hot-rolling by small reduction at a low speed, the 

effect of thermal-treatment after hot-rolling is ex-

pected to be significant because the precipitation still 

progresses after hot-rolling. However, it seems that 
heat-treatment after hot-rolling does not change the 
dispersion of precipitates in the hot bands. This is 

deduced from the comparison Photo. 2(a) (hot-rolled 
with reduction of 62 % and speed of 5 m/min and air-

cooled) and Photo. 1(b) (hot-rolled with the similar 

conditions as Photo. 2(a) and simulated an actual 
coiling process). 

  Most of fine precipitates in hot bands are retained

Table 3. Content of 

equilibrium 

the steel B

niobium as NbC calculated 

solubility products at 900 °C 

(0.005wt%C-0.039wt%Nb).

as 

in

Fig. 10. Equilibrium solubility products at 900 °C and 

    1 000 °C of Nb-C system calculated on Smith's 

    formula.12~ The compositions of Nb-added steels 

    series T are superimposed.
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in the continuously annealed steel sheets because fine 

precipitates in hot bands hardly coarsen during rapid-
heating and rapid-cooling. Fine and dense precipi-
tates in steel sheets generally promote formation of 

non-uniform dislocation structures during plastic de-
formation, as to deteriorate the elongation. On the 
other hand, some of fine carbonitrides in hot bands 

easily decomposes by cold-rolling, and consequently 
the dissolved carbon and nitrogen restrain the de-

velopment of {l1l} recrystallization texture.15) 

  Summarizing the above discussion, when carboni-
trides start to precipitate in the temperature range of 
hot-rolling, hot-working conditions strongly affect 

the precipitation kinetics and the resultant distribution 
of precipitates in the hot bands. Thus, the mecha-

nical properties of the annealed sheets are significantly 
influenced by hot-working conditions. The similar 

phenomenon was also observed in the other steels 
containing carbide forming elements such as Ti. 

2. Effect of Carbide Forming Elements on Planar Ani-
   sotropy of Mechanical Properties 

  The planar anisotropy of the mechanical properties 
in an extra-low-carbon steel sheets is remarkably im-

proved by means of a small amount of niobium or 
titanium addition. Especially, the effect of niobium 

addition was large. Addition of niobium caused 
changes in (1) grain size and (2) aging index of hot 
bands. According to the results described in Fig. 9 

(steels of series V), the grain size was found to de-
crease rapidly in the range of very low niobium con-
tent. Thus, the improvement in planar anisotropy 

of mechanical properties is closely related to grain-
refining of hot bands. 

  It has been well known that niobium has an ex-
tremely strong grain-refining effect. Recrystalliza-

tion of austenite (r) phase during hot-rolling is re-
strained in Nb-added steel.16-1s) The suppression of 
recrystallization results from (1) dragging of solute 

Nb16) or (2) precipitating of fine NbC(N).17) The 
latter effect is important to ordinary carbon steels 

containing carbon over 0.05 wt%.19) According to 
Fig. 10, precipitation of niobium carbides does not 

occur at the above 900 °C in the niobium-bearing 
steels of G and H (series V) used in the experiment of 
Sec. III. 2. The influence of NbC precipitating after 

hot-rolling on grain size of hot band is negligibly 

small because the amount of NbC in hot bands of 
the steel G was little as mentioned in Sec. III. 2. Thus, 

it is concluded that grain-refinement of the Nb-added 
hot bands (the steels G and H) results from restrain 

of recrystallization by dragging of solute niobium. 
  Matsuo et al.19) studied the effect of grain size of 

mother sheet before cold-rolling on recrystallization 

behavior of pure iron. The recrystallization texture 

depended on the grain size of mother sheet, while the 

grain size hardly affected the cold-rolled texture. 
Fine grain specimen exhibited strong {l11}<Oll> re-

crystallization texture. As for the coarse grain speci-
men, recrystallization texture with {110}(001> orienta-

tion noticeably developed. When the grain size of 
mother sheet decreased, the number of {l11}<Oll>

oriented grains nucleated around grain boundaries 
increased in contrast to a decrease in the nucleation 
of {110}(001> orientated grains in the grain interiors. 

Based on these results, they concluded that mother 
sheet with fine grain was advantageous for the de-
velopment of {l1l} recrystallization texture because 
inhomogeneously deformed region around grain 

boundary was favorable for the nucleation of {l1l} 

recrystallized grains. 
  r-value and its planar anisotropy are closely related 

to the texture of a steel sheet. Concerning elongation, 

Itoh and Kanzaki20) reported that total elongation 
was high in the tensile direction where r-value was 

high, and non-uniform elongation was especially 
strongly interrelated to r-value. It means that the 

planar anisotropy of El and r-value essentially depends 
on the texture of a steel sheet. 

  Nb-free steel, which had large planar anisotropy 
of mechanical properties, exhibited strong texture 
with {110}(001> and neighboring orientations (<001> 

//RD). It has been calculated that {l l0}(001> orien-
tation reduces r-value in the diagonal direction.21) 

Figure 11 illustrates the r-values calculated by the 
method of Kitagawa et al.21) for the {110}(001> 

{210}(001> orientations. It was assumed that slip 
systems with Schmid factor higher than 0.1 were ac-

tivated. The r-values in the diagonal direction are 
extremely low in these orientations compared with 

{l11}(Oll> orientation. The large planar anisotropy 
of mechanical properties in Nb-free steel results from 

the strong texture with {110}<00l> and the neigh-
boring orientations. Therefore, the grain-refinement 
of hot bands caused by niobium addition leads to the 

decrease of the {110}<001> and the neighboring orien-
tations and to lower the planar anisotropy of me-

chanical properties. 

  On the basis of above discussions, the effect of 
strong carbide forming elements on the mechanical 

properties of an extra-low-carbon cold-rolled steel

Fig. 11. Relationship between angle 

    and r-values calculated on the 

   systems with Schmid factor 

    activated.21~

to rolling direction 

assumption that slip 

higher than 0.1 are
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sheets is classified into the three ranges with respect 

to carbon and alloying content as described in Fig. 
10. 

  Range I: Conventional interstitial free steels (IF-

steels) are included in this range. Since precipitation 
of carbides occurs in the higher temperature range 
than that of ordinary hot-rolling, influence of hot-

working conditions on the mechanical properties is 

small. 
  Range II : Mechanical properties strongly depend 

on hot-working conditions because carbides start to 

deposit at the temperature range of hot-rolling. 
  Range III : Carbides precipitate very little during 
hot-rolling in 7-phase. Solute effect of the carbide 

forming elements becomes important. 

V. Conclusion 

  The effect of strong carbide forming elements such 

as Ti and Nb on the mechanical properties of extra-
low-carbon steel sheets is classified into three groups 
with respect to content of carbon and carbide forming 

elements (X). 

  (1) The range of high content of carbon and/or 
carbide forming elements (C>0.005 wt %, X(at%)1 
C (at%) > 1) : Conventional interstitial-free steels (IF-

steels) are included in this range. Precipitation of 
carbides occurs at the high temperature range in r 

phase and the influence of hot-working conditions on 
the mechanical properties is small. 

  (2) The range of medium content of carbon and 
carbide forming elements (C=0.003-'0.005 wt%, 

X(at%)/C(at%)~ 1: The mechanical properties 
strongly depend on hot-working conditions because 

carbides such as NbC and TiC start precipitation 

during hot-rolling. Acceleration of carbide precipi-
tation by the high reduction and high speed hot-

rolling decreases the number of fine carbides deposit-
ing after hot-rolling, with the result that the ductility 

and the Lankiford-values of the cold-rolled and con-
tinuous-annealed steel sheets are improved. 

  (3) The range of low content of carbon and car-
bide forming elements (C<0.003 wt%) : Precipita-
tion of carbides occurs very little during hot-rolling in 

r phase. In the steel sheets with no carbide forming 
element, the improvement of mechanical properties 

by lowering carbon content is relatively small because 
the planar anisotropy is extremely large even in lower 
carbon steels. Niobium is the most effective element

Research Article

among Nb, Ti, Cr, V and W for decreasing the planar 

anisotropy. This mainly results from the fact that 

the grain size of hot bands effectively decreases by the 

presence of solute niobium. The effect of carbide 
forming elements in solution becomes important in 

this range.
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