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Abstract: The industrial level production of ultrafine grained (or ultrafine ferrite) ferrous alloys was investigated
through three examples of steels that complied with the EN 10149-2 Euronorm and were produced by advanced con-

trolled hot rolling techniques. The steel samples were tension tested and chemically analyzed, and the microstructure

was evaluated through quantitative metallographic techniques to determine parameters such as yield stress, amount of

microalloying elements, strain hardening coefficient, grain size, and grain size distribution. These steels were micro-
alloyed with Ti, Nb, and Mn with ASTM grain sizes of approximately 13—15. The careful control of chemical com-

position and deformation during production, giving a specific attention to the deformation sequences, austenite non-

recrystallization temperatures and allotropic transformations during cooling, are indispensable to obtain steels with an

adequate strain hardening coefficient that allows cold working operations such as bending, stretching or drawing.
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Though the most important industries for the
21st century are thought to be the development of
advanced materials (also known as new materials),
information technologies, artificial intelligence, and
biotechnology™’
in quality and properties in steel have maintained
this material as a leader in all industrial applica-
tions'®), More specifically, the use of structural ma-
terials in the second half of the 20th century included
the competition between Fe-C alloys and other me-

» price reductions and improvements

tallic materials, which resulted in advanced steels
that respond to large production necessities. The in-
terest in Fe alloys is based upon other things, in its
changes during solid state transformations, restora-
tion and recrystallization, and texturest.

For example, there is an ongoing activity in the
steel industry to develop new methods to produce
high strength low alloy (HSLA) structural steels
with lower cost and improved properties. The use of
heat treatments such as normalizing and quenching
and tempering, and more recently, thermomechani-
cal controlled rolling processing techniques ( TM-
CRP) and the use of continuous annealing processing
lines (CAPL) have been developed to produce fine
ferrite grain sizes in final products. These techniques
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have shown a significant improvement in strength, frac-
ture toughness, and weldability through the refinement
of ferrite grain size (up to 12 ASTM G, d,~5 pm),
which was the grain size lower limit reachable in the
industry 30 years ago'*)., However, the Hall-Petch
equation predicts that a reduction from 5 to 1 ym
should increase the yield strength of a given steel up
to 350 MPa and decrease the impact transition tem-
perature (ITT) up to —100 C™), In this study, the
results of current commercial techniques like TM-
CRP are presented, which improve properties and
allow the replacement of some costly alloy steels
with either-plain carbon or microalloyed/low alloyed
carbon steels, demonstrating that the industrial pro-
duction of fine, equiaxed ferrite grains with d==2—
3 pm is possible.

Thermomechanical processing such as con-
trolled rolling, controlled cooling and direct quench-
ing save energy in steel manufacture by minimizing
or even eliminating the heat treatment after hot de-
formation, thereby increasing the productivity for
high grade steels. It generally demands a change in
alloy design and frequently reduces the productivity
of the hot deformation process itself, but makes it
possible to reduce the total amount of alloying addi-
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tions and to improve strength, toughness, and weld-
ability, whilst sometimes producing new and benefi-
cial characteristics in the steel.

A large amount of the rolled steel products cur-
rently produced are of the microalloyed type. These
steels are usually soaked at high temperatures when
roughing deformation is carried out. In the case of
conventional controlled rolling (CCR), rough roll-
ing is followed by fast cooling and finishing passes
are carried out at temperatures where the austenite
remains un-recrystallized. The microalloying ele-
ments, which remain in solution (partially or com-
pletely) during rough deformation, start to precipi-
tate after finishing deformations at low tempera-
tures. Nb, Ti and V are the most commonly used
microalloying elements and during cooling, they
combine with C and/or N to form carbide, nitride
and/or carbonitride precipitates. These fine precipi-
tates play an effective role by retarding recrystalliza-
tion (and therefore, increasing the recrystallization-
stop temperature) that usually follows deformation
and thus, helps to retain the accumulated strain and
deformed structures of austenite grains,

1 Experimental

The research was made in three HSLA steels in

the form of sheet with different thicknesses, ob-
tained by TMCRP in its raw hot rolled state: S355
(4.5 mm), S460 (5 mm) and S550 (3.5 mm). The
chemical composition and mechanical properties es-
tablished by the EN 10149-2 (1995) Euronorm are
presented in Table 1 and Table 2, whereas the chemical
analysis of the hot rolled strip in mass percent is given in
Table 3. The values for C and S were analyzed in an
LECO CS444 system by the combustion method; for
the remaining elements, an ARL 4460 optical emis-
sion spectrometer was used, and Table 3 indicates
the average of three measurements,

To determine hardness, tests were made fol-
lowing the UNE-EN 1S06507-1 standard,. which
specifies the Vickers scale (HV). A GNEHM OM-
150 universal model durometer was used with a load
of 100 N, and the results, average of five measure-
ments in each sample (in the rolling plane surface),
are presented in Table 4.

Tension and resilience properties were evaluated
by machining samples from the strip with a calibra-
ted length of 100 mm, a gauge of 50 mm, width of
10 mm and thickness of 3 mm, in accordance to
UNE-EN 10002-1 standard. The samples were tested
in an INSTRON 1195 universal machine, equipped
with a load cell of 100 kN. Engineering yield stress,

Table 1 Chemical composition of thermomechanically rolled steels

Material

Name number we/% wMa/ % ws/% we/% ws/%Y  wa/%  wne/ %2 wv/%D wn/ %P wme/ % ws/%
S355 1.0976 <0.12 <1.50 <0. 50 <0. 025 <0. 020 =0. 015 <0. 09 0. 20 <0.15 - -
S460 1.0982 <0.12 <1.60 <0. 50 <0. 025 <0. 015 =0. 015 <0. 09 <0. 20 <0.15 — -
8550 1.0986 <0.12 <1.80 <0. 50 <0. 025 <0.015 =0.015 go 09 <0. 20 <0.15 — -

Note: 1) If ordered, the sulphur content should be less than 0.01%; 2) The sum of Nb, V and Ti should be less than 0. 22%.

Table 2 Mechanical properties for thermomechanicaily rolled steels

Minimum percentage elongation at fracture

Minimum mandrel

Name Material Minimum yield Tensile diameter when
number strength/MPa strength/ MPa? i +<3 mm, If 23 mm, . o
Lo=80 mm? Lo=5.65 / 5, bending at 180
8355 1.0976 355 430—550 19 23 0. 5¢
$460 1.0982 460 520—670 14 17 : 1z
S550 1. 0986 550 600—760 12 14 1.5¢

Note: 1) The values for the tensile and bending tests apply to longitudinal test pieces and transverse test pieces, respectively; For

thickness £>>8 mm, the minimum yield strength can be 20 MPa lower; 2) L, is the initial length of the tension test sample;

3) S, is the initial width of the tension test sample.

Table 3 Chemical composition of investigated steels

(mass percent, %)

Steel C Si Mn P S Al Ti Nb \% Cu N

S355 0.06 0.01 0.32 0.011 0. 009 0. 026 0. 002 0.023 - 0.015 0. 056
S$460 0.07 0.01 0. 60 0. 009 0.013 0.036 0. 062 0.043 - 0.016 0. 042
S550 0.07 0.19 1.55 0.016 0. 004 0. 029 0.070 0. 048 0. 005 - 0. 045
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Table 4 Mechanical properties of investigated steels

Steel S355 S460  S550
HV10 - 160 181 220
Equivalent ultimate tensile strength from

hardness/MPa 553 607 710
Yield strength/MPa 405 532 630
Ultimate tensile strength/MPa 549 603 711
Total elongation/ % 34 22 21
Yield strength/Ultimate tensile strength  0.74 0.88  0.89
Strain hardening coefficient 0.13 0.12 0.11

engineering ultimate tensile strength and total elon-
gation were measured and the ASTM E-646-78
standard was used to determine the tensile strain
hardening coefficient n, from the engineering stress
(s) -strain (e) curve (Fig.1), using the Ludwik-
Hollomon power curve mathematical expression o=
Ke*, where o, ¢ are the true stress and the true
strain, respectively, and K is a constant.

Metallographic characterization was carried out
on the transverse section parallel to the rolling direc-
tion, after mechanical grinding, 6 and 1 um diamond
paste polishing and final polishing with 0. 05 ym y-a-
lumina solution. The Nital-2 reactive was used to
etch the samples, which were observed in a Nikon-
Epiphot metallographic optical microscope. Due to
the fact that in all cases, magnifications higher than
100 were used (as these are ultrafine ferrite steels-
UFF, qualitative determination of the ASTM G
number, was made using the formulat® .

G=G'+6.64 « lg% ¢))

where, G' is the ASTM grain size measured as if the
micrograph was taken at a magnification of 100; and
M is the actual magnification of the micrograph.

For quantitative metallographic analysis of grain
size (mean linear intercept) and volume fraction of
the minority constituents (pearlite), a Buehler Om-
nimet image analyzer system connected to the Nikon

$355 (3.4 um)

0 5 10 16 20 25 30
%

Fig. 1 Engineering stress-strain curves for investigated steels

Epiphot microscope was used, in accordance to the
ASTM E112 standard and the expanded version
E1181-02. The measurement of the mean linear in-
tercept is automatically performed by the equipment
on lines traced on the micrograph at 0°, 45°, 90° and
135° from the rolling direction. Volume fraction f,
of the pearlite phase is measured by point counting
analysis on the micrographs using a mesh of dots
with an optimal gap in order to avoid that two con-
secutive dots are placed in the same pearlite colony.
The number of dots measured was at least 396,
which results in f,/6,=0. 05, where g, is the stand-
ard deviation in statistical analysis, resuiting in a
confidence level of 95% for the pearlite volume frac-
tiont™. The relationship between ASTM G grain size
and the mean linear intercept L, in the case of the
ferrite phase, was calculated with the formula:
G=—3.356—6. 6441gL (2)

2 Results and Discussion

The micrographs taken from transverse sections
parallel to the rolling direction of S355, S460 and
S$550 steels show common characteristics (Fig. 2):
slight banding of the microstructure in the rolling di-
rection, pancake structure of the ferrite caused by
the controlled rolling process with elongated grains
in the rolling direction, totally recrystallized struc-
tures, and very small volume fraction of pearlite.

The grain morphology in S355 [Fig. 2 (a)] is
considerably different from those of samples S460
and S550 [Fig.2 (b) and (c)], as the latter two
steel samples show evidently elongated grains,
which also explain their higher yield strength and ul-
timate tensile strength (Table 4), regardless of the
sheet thickness. In Table 4, the estimated ultimate
tensile strength values obtained from the hardness
are also compared with the tension test ones, resul-
ting in very similar numbers.

Fig. 3 presents the ASTM G grain size frequency
histograms for three typical sets of micrographs of
the investigated steels, resulting in the data for G,
sd standard deviation and L indicated in Table 5. It
is clear that these are UFF steels with L of approxi-
mately 1.9 pm for S460 and S550, and a slightly
higher value (approximately 3.1 pm) for the Nb mi-
croalloyed S355. The grain size distribution is very
similar in samples S460 and S550 [Fig. 3 (b) and (¢)],
whereas sample S355 shows a more symmetrical and
wider distribution [Fig. 3 (a)], which results in a
larger amount of small grains in S460 and S550, and
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Fig. 2 Captured image of S355 steel (a), S460 steel (b), and S550 steel (¢)
1400 Table § Microstructural measurements for
@ three investigated steels
1000 } Steel S$355 S$460 S550
£+ of pearlite/ % 3.9 6.9 2.4
600 | ASTM GV 13.0—13.5 14.5—15.0 14.5—15.0
ASTM G? 13.32 14. 70 14.75
sd? 1. 67 1.54 1.63
200 > 3.09 1.92 1.88
4 008 Note: 1).Qualita.fively estimated vélue; 2) Values measured
®) using the image analyzer system.
3000 | )
g sented for UFF steels, in an attempt to develop high
g 2000 | strength along with high fracture toughness materi-
§ als® " In a recent work at the Max Planck Institu-
'é 1000 | tel?, ultrafine grains of 1 —2 pm were achieved in
Z plain carbon steels by combining a hot deformation
4 008 - stage, followed by a heavy warm deformation and fi-
© nal controlled cooling. The carbon content of the
3000 | steels examined ranged from 0.17% to 0.31% so
that a fine cementite dispersion could be achieved in
2000 | the ferrite matrix which helped to stabilize the ultra-
fine grains particularly during the long high temper-
1000 ature period while cooling. These materials resulted
in yield strength of 590 MPa, ultimate tensile
0 > S o N @ w e g o5 B strength of 660 MPa, and elongation of 19%.
® 4 g4 A S b & o The techniques used by the authors just men-
ASTM G tioned, ARB (accumulative roll-bonding)[®?, DSIT

Fig. 3 ASTM grain size distribution in S355 steel (a),
$460 steel (b), and S550 steel (¢)

therefore a higher yield stress as indicated in Table 4,
independently from the amount of second phase par-
ticles enhancing resistance.

Table 5 presents the fraction volume of pearlite
and the qualitative estimate of the ASTM G grain
size obtained by patterns, in accordance to the
ASTM E-112 standard, in micrographs with magni-
fication over 600.

In recent years, several reports have been pre-

(dynamic strain induced transformation)!®?, CRA
(cold rolling and annealing)!**!, RTA (rapid trans-
formation annealing)!'?}, are all based on some type
SPD (severe plastic deformation) process. This is
not the case of steels obtained by TMCRP, where
the final thickness reduction (finishing) is only of
50% (e=0.7). Furthermore, none of these tech-
niques have yet surpassed the laboratory level, As
indicated by Howe!™®?, it may be deduced from all
this work that UFF steels have an “Achilles’ heel”,
as they tend to exhibit unstable plasticity upon
yielding, restricting its potential industrial applica-
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tions: they show uniform elongations (e,) and very
low strain hardening coefficients (e, = n<<0.1),
which makes them unviable for forming processes
such as bending, stretching, and drawing at room
temperature. The tensile curves for many UFF
steels obtained in a laboratory scale (grain sizes as
small as 0.5 pum have been reported)™” usually
show a local elongation zone normally denominated
“Liuders effect” (formation of Liiders bands) , which
results in fracture, This behavior is typical in effer-
vescent steels not treated with Al/Ti, and in ferrous
and non-ferrous alloys with ultrafine grain sizet®'7,
as shown in Fig. 4 (Morrison and Miller"®), from
Lesliet'*)),

To explain the low ductility of the UFF steels,
the results presented by Morrison and Miller!*®
must be considered (Morrison law), in which.#n is
related to the mean grain size d (equivalent to the
mean linear intercept, L) by the equation;:
= o ®
results in the following: if d=0.010 mm, »=0. 25
and if d=0. 0005 mm, n=0.09<C0.1, as shown in
Fig. 5 (Morrison and Miller'’®, from Lesliel™!),
which means that the material has lost its capacity to
strain hardening. Moreover, professor Bhadeshial'®
indicates that the apparently insatiable desire for fi-
ner microstructure has resulted in mixed outcomes in
the field of structural materials: simple grain refine-
ment leads to unacceptable poor ductility because the
capacity for work-hardening is lost. Nevertheless,
bulk nanostructured steels, microalloyed with Ti,
Nb and V, obtained by TMCRP with good proper-
ties have been commercialized, based on its success
in the y—a stress or strain induced transformation to

n

900
0.37 um
800
] 0.57 pm
% oot | N
§ 0.70 um
o
Z 500
400
0 . . N .
0 10 20 30
Elongation/

Fig. 4 Effect of grain size on elongation for tension test

0.30
=
5
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Fig. 5 Variation of uniform elongation with grain
size in low-carbon steel

enhance work hardening and anisotropic grains to
boost the total amount of interfaces per unit vol-
ume, This phenomena must be taken into account,
as a normal very small grain size (<1 pm) in its re-
crystallized state loses its capacity to strain harden
and has %<a and thus, if deformed, immediately
shows liidering effect and fracture without any plas-
tic uniform deformationt'”?,

Fig. 6 schematically illustrates the three stages
of the controlled-rolling process and the microstruc-
tural change accompanying deformation in each
stage. In stage 1, coarse austenite (a) is refined by
repeated deformation and recrystallization (b),
though the steel transforms to relatively coarse fer-
rite (b'), except when using “Ti technology” which
allows, before rolling is performed, the refinement
of homogenized austenite grain size. During stage 2,
elongated, unrecrystallized austenite deformation
bands are formed (c) and ferrite nucleates on the de-
formation bands as well as y-grain boundaries, resul-
ting in fine o grains. In this case, “Nb technology” has
to be used in order to accumulate deformation within
the austenite when rolling happens at a temperature
below the non-recrystallization temperature, T, ,
which is a fundamental parameter in the process. In

(b)
@Recrysmﬂized grains

Tor
3 (c) Non-recrystallized grains
% 4 An @ deformation bands
el j Ferrite with
\ sub-structure
\ ) | ey @
8 P
Large and ~ . l /
equiaxed grains Equiaxed grains
Deformation

Fig. 6 Schematic diagram of controlled rolling process
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the case 9f stage' 3, deformation in the a-‘)’ dual- 1g(0. 04%% X 0. 08) = —7 530_*_3‘ 1
phase region continues the process started in stage T
2, and results in a substructure. If, in a comple- T,.,=1388 K(1115 C)
mentary way, “V technology” is used, a structural TiC
precipitation hardening of V,C; will occur in the fer- lg(wrwe) = '—7’1900_}_2. 75 D
rite phase.
Summarizing, controlled rolling procedures in- 1g€0. 07X 0. 08) = —7 000+2, 75

clude the reduction on the rapid recrystallization re-
gion (stage 1), a delay on the rolling between stage
1 and stage 2, and a reduction in the final non-re-
crystallization region (stage 2). Optionally, deform-
ation below A,; (stage 3) or accelerated cooling may
be followed. Accelerated cooling after hot rolling is
currently being recognized as a further advanced
in the hot
process. This cooling process is characterized by ac-

thermomechanical treatment rolling
celerated cooling in a y—q transformation range just
after controlled rolling. It has been shown that the
accelerated cooling refines the « grain size and thus
further improves both the strength and toughness.
In industrial practice, when fine recrystallized v is
deformed by 50% (e==0.7) in the non-recrystallized
region, the resulting grain size, under careful cooling
conditions and coil design, is higher than 12 ASTM G
(d,<5 um), which compared to common normalized
products with a 10 ASTM G (d,&10 pm) grain size,
at their best, is a considerable improvement('*J,

As indicated by Perosanz!'?, the solubility
products of the mentioned carbonitrides, as well as
of other chemical compounds (AIN, MnS, V,C;),
result in limit solubility temperature of the carboni-
trides, non-recrystallization temperature of the aus-
tenite and y—> a allotropic transformation temperature
during cooling, with values close to (¢<(6 mm):

1) Starting precipitation temperatures T,
TiN
—14 400

lg(wT;'wN)=—T+5.0 (4)
1g(0. 07 X 0. oos>=fw+s.o
T,.=1703 K(1430 C)

Nb(C,N)

12 677
1g[wm we o }= 6T 049 26 )
[ 0. 04 [ 0. 08-+12X0: 00517 _ —6770 4, o6
14 T

T,=1431 K(1158 C)

NbC
lg (bt we) = —77::’3°+3. 11 (6)

T
T,.=1399 K(1126 C)
2) Non-recrystallization temperature (T,,)
T.. =867+ 464wc+ (6 445wy, — 644w ) +
(732wy —230w?) + 890w (8
T..~867+37.12+257.8—128. 8+
62.3=1095.4C
3) Y— a transformation temperature during
cooling (T,,) for t=5 mm:
T4, =910—310wc —80wm, +0. 35(—8) €))
Ty, =910—310X0. 08—80X 1. 5-0. 35X (5—
8)=910—24.8—120—1. 05764 C
As mentioned, it is well established that the
precipitation of Ti and Nb carbonitrides plays a very
important role in controlling austenite grain growth
during soaking and roughing operations and the pre-
cipitation of Nb carbonitrides retarding recrystalliza-
tion at temperatures of finished controlled rolling
operationst®), It is well known that in the tempera-
ture range of interest, diffusion of carbon and nitro-
gen is some orders of magnitude faster than the dif-
fusion of titanium and niobium. Therefore, Ti and
Nb are expected to be the rate controlling ele-

ments? ~23,

3 Conclusions

Recently, the production and commercialization
of UFF steels in their raw hot rolled state by TM-
CRP is a reality, Grain sizes range from 2 to 3 ym
(ASTM G 14). The yield stresses are up to 700 MPa,
and the uniform elongations are higher than 10%.
These UFF steels are weldable owing to their low
carbon content and they have low impact transition
temperatures below 0 C. These steels are used in
construction and in reinforcement parts for the auto-
motive industry.

The achievement of these properties is the re-
sult of a careful control of chemical composition, in-
cluding microalloying, the know-how acquired in the
TMCRP, and giving a specific attention to the de-
formation sequences, austenite non-recrystallization
temperatures, and Yy — a allotropic transformation
temperature during cooling,
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These steels show ductility and forming capacity
superior to the ones obtained by other techniques
which, even worse, have not yet reached the indus-
trial level, nor the commercial distribution.
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