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CREATION OF AN EFFECTIVE TECHNOLOGY FOR THE PRODUCTION OF
COLD-ROLLED HIGH-STRENGTH LOW-ALLOY STEELS WITH HIGH
AND STABLE PROPERTIES. PART 2. COLD-ROLLED PRODUCTS

A.1. Zaitsev,' A.IL Dagman,2 A.B. Stepanov,3
A.V.Koldaev,' I.G.Rodionova,” and M. E. Orekhov® UDC 669.15-194.2

The structural state and mechanical properties of cold-rolled steel of strength class 340 MPa or grade
HC340LA of the current production, annealed in bell-type furnaces, were examined on the metals of
eight industrial melts. The results demonstrate the expediencies of using an economical alloying and
microalloying system and optimizing the technologies for smelting, hot and cold rolling, and recrystalli-
zation annealing of steel.

Keywords: high-strength low-alloy automotive sheet steels, composition, production technology, cold-
rolled products, recrystallization annealing in bell-type furnaces, microstructure, mechanical properties.

Cold-rolled high-strength low-alloy automotive sheet steels are currently leading among the existing types
of high-strength sheet automotive steels in terms of production and consumption in automotive engineering and
several other branches of technology and industry [1]. Indicators of their properties and quality are set at all
stages of treatment and steel processing. However, their final form is established at the stage of recrystallization
annealing [1-6]. Therefore, this work aimed to analyze the evolution patterns of the structure and mechanical
characteristics of hot-rolled steel, studied in detail in [7], during subsequent operations of cold rolling, annealing
in bell-type furnaces, and temper rolling.

The study object was metal samples taken from batches of current-produced HC340LA cold-rolled steel
annealed in bell-type furnaces from steels of eight different melts. The interval of change in the chemical
composition of the samples was C 0.01 wt.%, Mn 0.03 wt.%, Si 0.034 wt.%, P 0.006 wt.%, S 0.004 wt.%,
Cr 0.02 wt.%, Ni 0.00 wt.%, Cu 001 wt.%, Al 0.012 wt.%, Ti 0.00 wt.%, V 0.004 wt.%, N 0.001 wt.%,
Nb 0.004 wt.%, B 0.0001 wt.%, and Ca 0.0018 wt.%.

Cold-rolled steel was made from hot-rolled steel, whose structural state characteristics and properties were
studied in detail in [7], via surface etching and cold rolling with an average reduction of 52.9%. The range of
changes in the technological parameters of the cold-rolled steel annealing in bell-type furnaces and temper roll-
ing is presented below:
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Holding time at T exposure, h 15
Cooling time under heating hood up to 600°, h 8.5

Total processing time in bell-type furnaces, h 11
Exposure T, °C 20
Furnace type Stalproekt, LOI
Degree of temper rolling, % 0.04

The data indicate that the chemical composition, modes of cold rolling and temper rolling of cold-rolled
steel, dimensional characteristics of cold-rolled steel (thickness 1.2—1.6 mm, width 970—1110 mm), and weight
of rolls (16.26-20.77 tons) are rather close. At the same time, the parameters of the recrystallization an-
nealing mode in bell-type furnaces varied over a rather wide range, especially in terms of the heating duration
(6 to 23 hours), holding at an annealing temperature (16 to 31 hours), and processing in a bell-type furnace (40
to 51 hours) (vide ante).

The samples of annealed cold-rolled steel were taken from the beginning, middle, and end of the strips
wound into a roll to assess the effect of metal non-uniform heating on the properties of the resulting metal.
The study on the scanning electron microscopy, local X-ray spectral analysis of the characteristics of non-
metallic inclusions, and phase precipitates showed results close to those presented in [7] for hot-rolled steel.
This similarity indicates a low degree of their evolution at the stage of cold-rolled steel production.

The results of the study on the cold-rolled steel microstructure by light microscopy using a NEOPHOT 21
microscope are presented in Table 1 and Fig. 1.

Table 1 and Figure 1 demonstrate that the resulting cold-rolled steel has a small grain size (generally less
than 5 um), which should have a significant effect on steel hardening. For batches of rolled products 1, 2, 5,
and 6, annealed in the furnace of Stalproekt at 680°C, the grain size superiority in the samples of rolled products
taken from the middle of the strip is mainly characteristic, which indicates a great degree of preservation of the
structural inhomogeneity inherited from hot-rolled steel. Based on the results of [7], hot-rolled steel is charac-
terized by a significant heterogeneity of the structure over the cross-section of the rolled product with its signifi-
cantly greater dispersion near the surface as compared to that in the axial zone of the rolled product. This con-
dition is especially distinctive for rolled products of batches 5 and 6 (Table 1), which had a significantly shorter
duration (19 hours) of isothermal holding at the annealing temperature, compared to 31 hours for batches 1
and 2. This result is associated with the lower heating of the internal turns of the strip in a roll than that of ex-
ternal ones. Hence, the annealing mode of rolled products of batches 1 and 2, despite the short total duration, is
highly effective for achieving the structural homogeneity of the metal. The rolled products of batches 3, 4, 7,
and 8 were subjected to recrystallization annealing in LOI furnaces at 700°C under similar modes, with the dura-
tion of slow cooling under the bell increasing to 12 hours, except for a slightly longer duration (14.5 hours) of
the batch 3 annealing. The rolled stock of this batch has a larger grain size as compared to others. This indi-
cates the collective recrystallization and inexpediency of increasing the annealing time.

The results of testing the mechanical properties of cold-rolled steel on a HECKERTFP-100/1 tensile testing
machine according to GOST 11701-84 are presented in Table 2.

The data in Table 2 are in good agreement with the results of the acceptance tests of the mechanical proper-
ties of rolled products at the Novolipetsk Iron and Steel Plant [7], although slightly lower values were obtained
for relative elongation. In contrast to the Novolipetsk Iron and Steel Plant data, for rolled products of batches 1
and 2, close values of strength properties and relative elongation were obtained, which, compared to the rolled
products of other batches, has a maximum value. The rolled stock of batches 5 and 6, on the contrary, has min-
imal values of relative elongation, apparently due to the incomplete development of recrystallization processes
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Fig. 1. Microstructure of cold-rolled steel of the batches under study, x 400.
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Fig. 1 (continued). Microstructure of cold-rolled steel of the batches under study, x 400.

Table 1
Results of the Study on the Cold-Rolled Steel Microstructure

Buch-sample | g, um dy, dldy dyys m
1-1 574 3.95 145 485
12 5.99 4.1 146 5.04
13 5.59 3.93 142 476
21 5.53 3.98 139 476
22 59 443 133 5.17
23 63 43 147 53

3-1 6.1 39 1.56 50
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Table 1 (continued)

Batch-sample d,, um dy ’ d./ dy d,,, um
number*
3-2 5.1 3.8 1.34 4.45
3-3 52 3.7 1.41 4.45
4-1 4.7 33 1.42 4.0
4-2 52 33 1.58 4.25
4-3 52 34 1.53 43
5-1 59 3.8 1.55 4.85
5-2 6.2 3.83 1.62 5.02
5-3 6.01 3.87 1.55 4.94
6-1 53 3.56 1.49 443
6-2 59 3.66 1.61 4.78
6-3 53 3.58 1.48 4.44
7-1 55 3.7 1.49 4.6
7-2 5.4 3.7 1.46 4.55
7-3 5.05 3.8 1.33 443
8-1 5.16 3.6 1.43 438
8-2 54 3.64 1.48 452
8-3 59 3.83 1.54 4.86

Comments: *Second character at the sample number: 1 — beginning; 2 — middle; 3 — end of the strip.

Table 2

Mechanical Properties of Cold-Rolled Steel (Transverse Samples)

Batch-sample

Yield strength,

Ultimate strength,

Relative elongation,

number* MPa MPa %
1-1 371.1 4753 28.3
1-2 3589 468.5 274
1-3 3741 469.7 26.6
2-1 372.7 457.6 28.7
2-2 379.1 473.7 27.7
2-3 373.0 471.6 269
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Table 2 (continued)

Batch-sample Yield strength, Ultimate strength, Relative elongation,
number* MPa MPa %
3-1 384.8 467.2 25.8
3-2 400.3 486.5 26.1
3-3 403.2 489.2 249
4-1 386.9 467.9 26.7
4-2 404.8 489.1 259
4-3 386.1 468.6 26.6
5-1 403.5 502.7 239
5-2 384.8 486.6 23.6
5-3 393.6 498.7 24.5
6-1 389.5 4925 253
6-2 374.6 478.2 25.7
6-3 389.1 497.7 24.8
7-1 392.0 474.8 26.2
7-2 386.8 4704 25.8
7-3 392.2 477.1 26.3
8-1 380.2 4624 269
8-2 380.6 470.0 25.1
8-3 363.7 457.2 26.8
EN 10268 340-420 410-510 21

Comments: * Second character at the sample number: 1 — beginning; 2 — middle; 3 — end of the strip.

as a result of a shorter duration of isothermal exposure during the annealing of rolled stock. This finding is con-
sistent with the results of structural studies. For rolled batches 1, 5, and 6, synchronously with the change in the
grain size, the strength characteristics for the strip middle have minimum values compared to the values at its
beginning and end. For other batches of cold-rolled steel, the change in mechanical properties along the strip is
less significant, and there is no regular decrease in strength properties from the beginning to the end of the strip,
as in the case of hot-rolled strips [7]. The rolled stock of batch 3 has lower relative elongation values compared
to the rolled products of other batches 4, 7, and 8, which were subjected to recrystallization annealing in LOI
furnaces. This outcome is apparently due to the uneven grain size as a result of the collective recrystallization.
In particular, there is a significant difference in the microstructure and mechanical properties of the initial
hot-rolled products [7] and obtained cold-rolled products. Hot-rolled steel is characterized by a structure that is
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uneven in the cross-section with a grain size up to number 14 according to GOST 5639-82 and yield strength
of 495-540 MPa. Meanwhile, for cold-rolled steel, the grain number is 12, and the yield strength is 360—
400 MPa (Table 2). Therefore, the achievement of the required structural state and properties of cold-rolled
steel grade HC340LA according to EN 10268 requires long-term recrystallization annealing in bell-type furnac-
es at high temperatures of 680-700°C, which is associated with significant costs. Moreover, even long-term
annealing at 680°C does not completely eliminate the structural inhomogeneity of the metal, which was set at
the stage of hot rolling.

For all the batches of the rolled products studied, the strength properties are close to the middle or even to
the upper limit of the requirements of EN 10268 for steel grade HC340LA, which indicates the possibility
of using economical alloying. This conclusion is also supported by the following circumstance. The rolled
products of all batches are characterized by a small grain size, usually less than 5 microns, which determines the
predominant contribution to the strength characteristics of grain boundary strengthening. Moreover, the contri-
bution of precipitation hardening is extremely small. This finding was confirmed by the results of a study by
transmission electron microscopy using a JEM200CX electron microscope, which revealed the absence or
a small amount of nanosized carbonitride precipitates. This also indicates the low efficiency of vanadium mi-
croalloying, which is consistent with the data of several studies [2, 8, 9]. Therefore, the exclusion of vanadium
from the steel composition, increase of the content of niobium only to a small extent (up to 0.035-0.045%),
or the use of additional microalloying with titanium and without niobium are advisable.

Based on the results of other works [9, 10], the strength characteristics of cold-rolled steel corresponding to
a strength class of 340 MPa, or steel grade HC340LA, can be provided with a larger grain size than that ob-
tained, in the case of increased precipitation hardening as a result of the formation of nanosized carbide (car-
bonitride) precipitates and, possibly, the use of other steel hardening mechanisms. The use of complex precipi-
tation of cementite on the surface of manganese sulfide and complex inclusions of the aluminum-magnesium
spinel and manganese sulfide are the most promising and economically feasible among them [10-12]. Moreo-
ver, this case corresponds to the vector of development of modern metallurgical technology, that is, a constant
decrease in the content of oxygen and sulfur in mass high-quality steels, including the HC340LA grade [13].
Therefore, inclusions based on the aluminum-magnesium spinel have become one of the most representative
types of inclusions. Due to iso-structuralism, MnS and then cementite can be deposited on their surface [12—14].
Such complex inclusions (precipitation), consisting, in fact, of impurities, are capable of significant steel
strengthening even to a level above the requirements of the 340 MPa strength grade or the HC340LA grade.
However, to date, such a promising mechanism has not been implemented in the world, apparently due to the
sensitivity to many parameters of the through-steel production technology. However, the intensive develop-
ment of digital technologies encourages research in this direction to maintain leadership or at least parity in the
world.

Nonetheless, microalloying of steel with titanium has been understudied and is not used to a full extent,
despite its significant economic advantages over niobium and vanadium. This reason resulted in an intensive
increase in the number of studies aimed at the development of high-strength low-alloy automotive sheet steels
microalloyed with titanium (e.g., [8, 15-17]). In addition to reducing production costs, this study enables to sig-
nificantly improve hard-to-combine indicators of strength, ductility, and other service properties of steel [17].

Thus, the investigated technology for the production of HC340LA cold-rolled products allows a significant
degree of optimization. First, steel with unreasonably high contents of alloying and microalloying components,
as well as carbon, and vice versa, and low sulfur content is used, which requires additional costs for desulfuriza-
tion. After hot rolling, a rolled stock with strength characteristics that significantly exceed the requirements for
the HC340LA grade and an uneven, finely dispersed, often striped microstructure are obtained. This condi-
tion complicates cold rolling and requires additional energy costs. Cold-rolled steel stock is also produced with
low rolling reductions of 52.9% on average, which can lead to additional structural inhomogeneity. To bring
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the characteristics of the structure and properties in line with the requirements for the HC340LA grade, long-
term annealing in bell-type furnaces, at high temperatures, is required, which is also associated with significant
costs. The level of properties of the resulting metal is equal to or higher than half of the brand requirements,
which makes it difficult for the consumer to process the rolled products. Finally, the result is not predictable
when the requirements for ductility, formability, corrosion resistance, cold resistance, and other service proper-
ties of rolled products are strengthened.

CONCLUSIONS

In connection with the above findings, the considered technology should be elaborated in the following
main areas:

— Justified choice of the optimal microalloying system with niobium and/or titanium

— Reduction of manganese and carbon contents and regulation of sulfur content, for example, within the
range of 0.010-0.015%

— Optimization of the technology of smelting and hot rolling of steel, depending on the chosen system of
its alloying and microalloying

— Optimization of hot and cold rolling technology and steel recrystallization annealing, depending on
the chosen system of its alloying and microalloying
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