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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 1. HOT-ROLLED PRODUCTS

A.L Zaytsev,' A.I Dagman,” A.B. Stepanov,’
A.V.Koldaev,' and D. A.Kovalev’ UDC 669.15-194.2;

The study on the metallurgical quality of steel, structural state, and mechanical properties of hot-rolled
steel was performed on the metal of eight industrial melts. This steel is used for the production of cold-
rolled steel of the 340 MPa strength class or grade HC340LA annealed in bell-type furnaces. The results
demonstrate the possibility of economical alloying and microalloying of steel and directions for optimiz-
ing the smelting, ladle processing, continuous casting, and steel hot rolling technologies.

Keywords: high-strength low-alloy automotive sheet steels, composition, production technology, metal-
lurgical quality, hot-rolled products, non-metallic inclusions, microstructure, mechanical properties.

Increasing the strength of cold-rolled low-alloy automotive sheet steels solves several key tasks, such as
reducing energy and material costs, metal consumption of structures, mass of vehicles, and fuel consumption;
increasing operational safety; and improving the environment. Currently, the consumption of cold-rolled steels
with yield strengths of 340-420 MPa and higher has a rapid increase [1]. Their use is most effective for the
manufacture of power units, parts of motor vehicles, building constructions, machine-building structures,
and other critical products through progressive energy- and resource-saving methods, such as deep drawing,
stamping, and bending. This process requires the simultaneous acquisition of hard-to-combine high strength and
ductility of rolled products. The reduction cost of cold-rolled steel production is an equally important task. Alt-
hough many works (e.g., [1-13]) have focused on the study of the formation patterns of the structure and proper-
ties of cold-rolled high-strength low-alloy automotive sheet steels and the technology of their production, uni-
versal optimal production parameters have not yet been established. This limitation is attributed to the wide
ranges of the content of alloying and microalloying elements, limited by the requirements of existing European
and world standards. As a rule, only upper values, complexity, interrelationships of phenomena, transformations
at different stages of metal processing, and specificity of conditions for each rolled product manufacturer are
considered. In the present work, the formulated problems are solved by studying the production technology of
hot-rolled products used for the manufacture of cold-rolled products of the 340 MPa strength class or grade
HC340LA at the Novolipetsk Iron and Steel Plant.
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Table 1
Mechanical Properties of Cold-Rolled Steel Based on the Acceptance Test Results

Batch Yield strength, Ultimate strength, Relative elongation,

number MPa MPa Y%
1 361 455 30

2 360 461 26.5

3 379 465 275
4 387 472 27
5 393 492 25
6 377 462 27

7 375 460 26.5

8 371 458 28.5

EN 10268 340-420 410-510 >21

Materials and Methods

The objects of the study were metal samples taken from batches of hot-rolled steel for manufacturing cold-
rolled steel grade HC340LA annealed in bell-type furnaces, from steels of eight different melts of the cur-
rent production. The samples were taken from the beginning and end of the bands. The range of changes
in the elements of 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 wt.%, Cu 0.01 wt.%, Al 0.012 wt.%, Ti 0 wt.%, V 0.004 wt.%,
N 0.001 wt.%, Nb 0.004 wt.%, B 0.0001 wt.%, and Ca 0.0018 wt.%.

The interval of the temperature change during the production of hot-rolled steel was 10°C for T,
(the temperature of the end of rough rolling as the average temperature behind the stand 5), 15°C for T, (tem-
perature of the end of rolling as an average temperature behind the stand 12), and 2 °C for T (average coiling
temperature).

The parameters of the chemical composition and hot rolling and the dimensional characteristics of the hot-
rolled (thickness 2.7-3.0 mm, width 1064—1204 mm) products under study are quite similar. Nonetheless, there
is a difference in the mechanical properties of the obtained cold-rolled products (Table 1).

Table 1 reveals that the rolled products of all batches are characterized by satisfactory strength characteris-
tics for 340 MPa strength class and rather high values of the relative elongation. However, in most cases,
the values of the yield strength and ultimate strength refer to the middle or even the upper half of the range of
values required for the 340 MPa strength class. The best values of the relative elongation were obtained for
rolled products of batch 1 with close to the minimum requirements for yield strength and ultimate strength.
For rolled products of batch 5, the lowest value of the relative elongation was obtained, with strength character-
istics close to the upper limit of requirements for the rolled products of the 340 MPa strength class. The steel
used to manufacture the rolled products of batch 5 is characterized by the maximum level of niobium and vana-
dium with Nb 0.034 wt.% and V 0.070 wt.%. Taking into account the indicated circumstances and the low effi-
ciency of microalloying the steel with vanadium [14, 15], adjusting the composition parameters of the investigated



CREATION OF AN EFFECTIVE TECHNOLOGY FOR THE PRODUCTION OF COLD-ROLLED HIGH-STRENGTH LOW-ALLOY STEELS 245

50 um 50 um

Fig. 1. Non-metallic inclusions in the rolled product batch 1.

cold-rolled stee]l HC340LA toward an economical alloying system is advisable. To determine the optimization
of the composition and analyze the possibility of implementing other methods to reduce the costs of steel pro-
duction, the structural state and properties of the hot-rolled and cold-rolled steels of the HC340LA grade were
studied in detail. The study was performed using contemporary methods. To assess the metal quality, the con-
tent of non-metallic inclusions in steel was determined using a Neophot 21 optical microscope according to the
GOST 1778 standard by comparison with reference scales using the Sh4 method.

Because the classification of non-metallic inclusions in accordance with the GOST 1778-70 standard is
outdated and does not correspond to modern metallurgical practices [16], the characteristics of the present non-
metallic inclusions and phase precipitates were examined via electron microscopy and local X-ray spectral anal-
ysis (XSA) on a scanning JSM-6610LV electron microscope (JEOL) equipped with INCA Energy Feature XT
energy-dispersive microanalysis system and INCA Wave 500 wavelength-dispersive spectrometer.

The microstructure of hot-rolled products was studied via light microscopy using a Neophot 21 microscope,
including determining the grain size by comparing with standard scales (according to an additional scale 1 for
determining the small grain size at X400 and X 800 magnifications) in accordance with GOST 5639. The tests
of its mechanical properties were performed on a Heckert FP-100/1 tensile testing machine according to GOST
11701-84.

Results and Discussion

The results of determining the content of non-metallic inclusions according to the GOST 1778 standard are
presented in Table 2.

Table 2 demonstrates that the metal of the investigated batches of rolled products is characterized by a ra-
ther high content of non-metallic inclusions, reaching a score of 3.5-4.0 for brittle silicates. A characteristic
view of non-metallic inclusions based on the study results via light microscopy using the example of batch 1
rolled products is presented in Fig. 1.

The electron microscopy and local XSA established that non-metallic inclusions present in all batches of
hot-rolled and cold-rolled steel, as a rule, have a complex composition, which corresponds to modern trends in
the development of metallurgical technology [17]. Non-metallic inclusions are mainly of the following types:

— with an oxide core based on aluminum-magnesium spinel with or without calcium and a sulfide com-
ponent based on manganese and/or calcium sulfides (in addition, there may be a cementite shell on the
inclusion surface);

— with an oxide core based on calcium aluminates and the same sulfide component in the presence or
absence of cementite;
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Table 2
Contamination of Batches of Hot-Rolled Products with Non-Metallic Inclusions
(the First Character in the Sample Number is the Batch Number, the Second Character
is the Beginning (4) and the End of the Strip (5))

Sample Non-metallic inclusions according to the GOST 1778 standard”

number S PO Lo BS b NS N -
14 0.5 20 - 25 _ 15 _ _
15 0.5 20 - 4.0 - 1.0 _ _
24 0.5 1.5 - 20 - 15 _ _
25 0.5 1.5 - 20 - 1.0 _ _
34 0.5 1.0 - 15 _ 10 _ 3
44 0.5 20 - 4.0 - 15 _ _
54 0.5 1.5 - 1.5 _ 20 _ B
64 0.5 1.5 - 1.0 - 1.0 _ _
74 1.0 2.0 - 15 _ 10 B 3
84 0.5 20 - 35 _ 25 _ 3

i S — sulfides, PO — point oxides, LO — line oxides, BS — brittle silicates, SP — plastic silicates, NS — non-deforming

silicates, LN — line nitrides and carbonitrides, NT — nitrides and carbonitrides.

— with an oxide core based on calcium and magnesium oxides with the presence or absence of the same
sulfide component in the presence or absence of cementite;

— corundum (other oxide inclusions) with the same sulfide component in the presence or absence of ce-
mentite;

— inclusions based on calcium and manganese sulfides.

The case of the presence of all components can be illustrated by an example of a non-metallic inclusion rec-
orded in the rolled products of batch 4 (Fig. 2).

As shown in Fig. 2, the inclusion represents an oxide core based on an aluminum-magnesium spinel with
successive deposition of sulfides of calcium, manganese, and cementite on its surface. Another interesting case
of rolled sulfide inclusions (segregations) of large sizes is presented in Fig. 3 on the example of rolled product of
batch 5.

The results of a detailed study of non-metallic inclusions and analysis of their characteristics and the metal-
lurgical quality of steel can draw several important conclusions. The steels of the studied series of eight melts
have a high content of non-metallic inclusions of the types of large sizes described above. Despite the relatively
low sulfur content of 0.003%—0.007%, mainly in the axial zone of the rolled products, sulfide inclusions rolled



CREATION OF AN EFFECTIVE TECHNOLOGY FOR THE PRODUCTION OF COLD-ROLLED HIGH-STRENGTH LOW-ALLOY STEELS

10 pm x 5000

Processing Parameters: All Elements Analyzed (Normalized)

Spectrum ‘ In stat. ‘ C ‘ o ‘ Al ‘ Si ‘ S ‘ Ca ‘ Mn ‘ Fe ‘ Total
1 Yes 2346 1751 022 248 139 268 143 5084 100.00
2 Yes 920 4252 217 3043 490 543 222 3.14 100.00
Average 2092 870 025 264 2289 20.19 1438 10.03 100.00
Standard
deviation 1786 2291 088 11.85 973 943 6.01 2134 100.00
Max 7.60 1754 1.12 1609 1153 942 726 25.78
Min 2346 4252 217 3043 2289 20.19 1438 50.84

920 870 022 248 139 268 143 3.14

All results are presented in wt.%.

Fig. 2. Appearance and composition of the non-metallic inclusion of type 1 in the rolled products of batch 4.

e M RS S0
20 pm x 2500

Processing Parameters: All Elements Analyzed (Normalized)

Spectrum ‘ In stat. ‘ (0] ‘ Al ‘ Si ‘ S ‘ Ca ‘ Mn ‘ Fe ‘ Total
1 Yes 19.94 0.61 0.65 1772 2211 0.33 38.63  100.00
2 Yes 10.55 0.00 0.17 20.04 24.11 0.93 4420 100.00
Average 15.24 0.30 041 18.88  23.11 0.63 4141 100.00
Standard
deviation 6.65 043 0.34 1.64 141 0.43 3.94
Max 19.94 0.61 0.65 20.04 24.11 0.93 4420
Min 10.55 0.00 0.17 1772 22.11 0.33 38.63

All results are presented in wt.%.

Fig. 3. Appearance and composition of sulfide inclusions in the rolled products of batch 5.
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(a) (b)

Fig. 4. Microstructure of the rolled products of batch 5 (x400 magnification): (a) — at the surface; (b) — in the axial zone of rolling.

into lines and oxide—sulfide inclusions are recorded. This finding indicates the intensive development of segre-
gation processes during the crystallization of steel and the occurrence of a significant concentration inhomoge-
neity of the metal, which is not eliminated during the subsequent heating of continuously cast billets for rolling.
The presence of non-metallic inclusions of these types can lead to a significant decrease in fatigue and corrosion
resistance and the cold resistance of rolled products [18]. Based on the results of many studies [13, 19], to im-
prove the mechanical properties of cold-rolled products using an economical steel alloying system, the sulfur
content should be maintained at the level of 0.010%—-0.015%.

In accordance with the above circumstances, optimizing the steelmaking production technology in the direc-
tion of increasing the sulfur content and homogeneity of the metal composition and reducing the content and
size of non-metallic inclusions seem expedient [20]. These methods are quite feasible using modern methods
and techniques of ladle processing and continuous casting of steel [20]. Increasing the sulfur content, i.e., reduc-
ing the metal desulfurization level can reduce the steel production cost. However, by reasonably setting the
manganese content, the parameters of heating and hot rolling of billets, even at a high sulfur content, and precip-
itates of manganese sulfide of a globular shape and submicron sizes can be obtained. Moreover, a significant
additional increase in strength properties can be achieved due to the formation of a hardening phase during the
deposition of cementite on the surface of precipitated particles [13, 17, 19]. The legitimacy of the conclusion is
confirmed by the fact that the rolled metal of batches 3 and 6 is characterized by the presence of non-metallic
inclusions of no more than a score of 1.5 according to the GOST 1778 standard.

The results of the microstructure of the metal of hot-rolled products, shown on the example of batch 5
in Fig. 4, indicate that the metal is characterized by a very fine grain and uneven structure over the cross section.
Near the hot-rolled steel surface, a finer grain than that in the axial zone was revealed. Moreover, for most of
the studied batches of rolled products, the structural banding is characteristic at the surface and in the axial zone
of the rolled products.

For the rolled products of batches 1 and 5, the estimation results of the grain size and banding of the ferrite—
pearlite structure are presented in Table 3.

It follows from Table 3 that rolled stock of batch 5 is characterized by a finer grain compared to the metal of
batch 1 and a pronounced banding of the ferrite—pearlite structure. A more uniform coarse-grained structure
of the hot-rolled steel of batch 1 obtained a cold-rolled steel with a higher set of properties as compared to the
steel of batch 5 (Table 1).

In general, all batches of rolled products are characterized by a small grain size, which indicates the pre-
dominant contribution of the grain-boundary hardening mechanism to the strength characteristics of steel and
an insignificant degree of dispersion hardening.

Scanning electron microscopy and local XSA studies did not reveal the submicron carbide (carboni-
tride) precipitates of niobium and vanadium in the rolled stock. In the rolled batches 4 and 5, only the precipitates
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194
I0um X 5000
Processing Parameters: All Elements Analyzed (Normalized)
Spectrum | In stat. C S Ti \Y Mn Fe Nb Total
1 Yes 19.61 0.00 0.80 0.53 0.00 5.40 73.66  100.00
2 Yes 744 0.36 0.28 0.23 1.09 66.13 2447 100.00
3 Yes 43.67 0.00 0.00 0.00 0.64 4324 1245 100.00
4 Yes 1036  10.15 0.00 0.19 17.19 60.84 1.27  100.00
Average 20.27 2.63 0.27 0.24 473 4390 2796 100.00
Standard
deviation 16.44 5.02 0.38 0.22 8.32 2747 3191
Max 4367 10.15 0.80 0.53 17.19 66.13  73.66
Min 744 0.00 0.00 0.00 0.00 5.40 1.27

All results are presented in wt.%.

Fig. 5. Appearance and composition of carbonitride precipitates in batch 4.

Table 3
Grain Size and Banding of the Ferrite—Pearlite Structure of Rolled Products of Batches 1 and 5

Batch Grain number according to GOST 5639 Banding of the ferrite—pearlite structure,
number Near the surface in the middle score
1 13 12 Practically not expressed, score 1
5 13-14 12-13 Score 2

of a much larger size, which mainly includes niobium, was recorded (Fig. 5). Apparently, at low temperatures
of winding the strip into a roll (=550 °C), the formation of nanosized carbonitride precipitates of vanadium and
niobium, which control the degree of precipitation hardening, cannot occur mainly due to the low diffusion mo-
bility of the phase-forming elements.

Submicron segregations of manganese sulfide were recorded only in the rolled products of batch 6 (Fig. 6).
Hence, the effective mechanism of hardening as a result of the deposition of cementite on the surface of such
precipitates [13, 19] is not implemented.

The testing results of the mechanical properties of batches of hot-rolled steel are presented in Table 4.
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6 wm x 10000

Processing Parameters: All Elements Analyzed (Normalized)

Spectrum | In stat. S Mn Fe Total

1 Yes 6.86 10.75 82.39 100.00

All results are presented in wt.%.

Fig. 6. Appearance and composition of manganese sulfide precipitates in the rolled products of batch 6.

Table 4
Mechanical Properties of Hot-Rolled Steel
(Transverse Samples; the First Character in the Sample Number is the Batch Number,
the Second Character is Start (4) and End of the Strip (5))

Sample number Yield strength, MPa | Ultimate strength, MPa | Relative elongation, %

14 512.8 581.2 20.3
15 4947 558.1 209
24 514.5 591.2 213
25 4949 561.3 214
34 517.7 583.9 222
44 514.6 582.6 21.7
54 5270 589.2 21.6
64 5364 595.6 21.1
74 508.0 567.1 20.6
84 510.3 572.5 22.1

Table 4 shows that the values of the yield strength and ultimate strength of the hot-rolled steel significantly
exceed the required indicators for the cold-rolled steel of the 340 MPa strength class (Table 1), which makes it
difficult and expensive to manufacture it. The highest values of the strength properties are typical for the rolled
products of batches 5 and 6, and the lowest are typical for the rolled products of batches 1, 7, and 8. Essentially,
the strength characteristics are higher, and the relative elongation is lower for the rolled products at the beginning
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Fig. 7. Dependence of the mechanical properties of the hot-rolled product on the temperature of the end of rolling (712 is the tempera-
ture behind the stand 12): (a) — yield strength; (b) — ultimate strength; (c) — relative elongation.

Table 5
Mechanical Properties of Batches of Hot-Rolled Steel
(Longitudinal Samples; the First Character in the Sample Number is the Batch Number,
the Second Character is Start (4) and End of the Strip (5))

Sample number Yield strength Ultimate strength Relative elongation
(average), MPa (average), MPa (average), %
14 496.0 5744 244
15 459.9 536.1 23.0
54 492.1 565.8 22.1

of the strip as compared to those at the end. The testing results of the mechanical properties of the rolled prod-
ucts on the longitudinal samples are presented in Table 5.

Based on the data comparison in Tables 4 and 5, the strength characteristics obtained on the longitudinal
samples are naturally somewhat lower than those on the transverse ones, and the relative elongation, on the con-
trary, is somewhat higher. Meanwhile, based on the testing results of the transverse samples, the yield strength
and ultimate strength of the rolled products at the beginning of the strip are somewhat higher than those at its
end. This is due to a decrease in the rolling temperature along the length of the strip and is consistent with the
statistical regularity established during the data array processing on the current production of the cold-rolled
steel grade HC340LA (Fig. 7).

Based on the analysis results of the characteristics of non-metallic inclusions in the studied batches of hot-
rolled products, for their production, continuous cast billets were used. During their production, segregation
processes were intensively performed, which led to the enrichment of the axial zone with the components pre-
sent in the steel composition. However, during hot rolling, an inhomogeneous finely dispersed structure was
formed with a much smaller grain size near the surface of the rolled product. To clarify this circumstance,
we used the results of recent studies [21, 22]. They show that by controlling the processes of the carbide for-
mation and carbonitride precipitates of microalloying elements during hot rolling, the microstructure can not
only be effectively dispersed. Moreover, the properties of steel can be increased, and the uniformity of the com-
position, structure, and properties can be significantly increased according to the metal volume. Due to the cooling



252 A.I.ZAYTSEV, A.1.DAGMAN, A.B.STEPANOV, A.V.KOLDAEV, AND D.A.KOVALEV

of the rolled products from the surface during hot rolling, in this area, conditions for the formation of new phase
precipitates are formed. This condition stimulates the reverse redistribution of phase-forming elements from the
axial zone to the surface of the rolled product and a change in the composition, structure, and properties of
the metal along the cross section of the rolled product.

The results of previous studies [8, 21, 22] showed that the main precipitation phase in the commonly used
hot-rolling temperature range of 800 °C—1200 °C is niobium carbide (carbonitride), and the key technological
parameter that controls the phenomenon course is the beginning temperature of the rolling in the finishing group
of stands T, ,, . Atan optimally chosen concentration of niobium, the release of Nb(CN) starts at temperatures
of 1130°C-1250°C, and that by the beginning of rolling in the finishing group of stands T ik is 950 °C-
1050 °C. In the case of reaching a thermodynamic equilibrium, the predominant share of the considered phases
should be noticeable. Therefore, at high values of T, , —of 1010°C-1050°C, a sufficiently high thermody-
namic stimulus for the formation of Nb(CN) precipitates exists, while maintaining a high diffusion mobility
of phase-forming atoms, primarily carbon and nitrogen. Based on the redistribution result, the surface layers of
rolled products are enriched in carbon, N, Nb, and, possibly, other elements with the formation of a much finer
structure. The resulting inhomogeneous structure along the cross section of rolled products decreases its plastic-
ity (relative elongation).

With low values of T, .,

the amount of Nb(CN) precipitates formed and, accordingly, the thermodynamic stimulus for the redistribution
of carbon and other elements. In addition, a low diffusive mobility of atoms corresponds to a low temperature.
Accordingly, a decrease in T, leads to a decrease in the intensity of carbon redistribution to the rolled sur-

i.e., 950 °C-980 °C, the accelerated cooling of the metal leads to a decrease in

face. Hence, its concentration registered near the surface corresponds to or even somewhat lower than in the
axial zone of the rolled product. In this case, the formation of a uniform fine-grained structure along the cross
section and, accordingly, an improvement in the mechanical properties of rolled products are noted.

During the production of all the investigated batches of rolled products, T, ,,  was too high. Accordingly,

this condition led to a significantly finer-grained structure near the surface as compared to that produced in the
axial zone of the rolled product. This result is most pronounced in the case of batches of rolled products 1 and 7,

the production of which is associated with the highest temperature for the end of rolling and, accordingly, T ;..

As a result, the lowest values of relative elongation (less than 21%) were obtained. For the other batches of
rolled products with low T .. values, high relative elongation values were obtained. A further decrease
m Tnchk
an improvement in mechanical properties. This can serve as an additional reserve for reducing costs, mainly
as a result of a decrease in temperature and duration of recrystallization annealing of rolled products in bell fur-

naces.

during rolling should lead to an improvement in the structure uniformity over the cross section and

CONCLUSIONS

In this study, the metallurgical quality of steel was examined. The results show that the structural state and
mechanical properties of hot-rolled steel used for the production of cold-rolled steel of the 340 MPa strength
class, annealed in bell furnaces, expediency of optimizing the steelmaking production technology in the direc-
tion of increasing the level of sulfur content, uniformity of the composition of steel, and reduction of the content
and size of non-metallic inclusions were established. This can be implemented using modern methods for con-
trolling the formation and evolution processes of non-metallic inclusions. An increase in the sulfur content will
result in the formation of complex submicron MnS precipitates with the deposition of cementite on the surface,
stimulating the steel hardening, and in a decrease in the required level of metal desulfurization, associated with
a decrease in the cost of cold-rolled steel production.
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For all the studied batches of rolled products, a very small grain size is typical. This condition indicates the
predominance of the contribution of the grain-boundary hardening mechanism and an insignificant degree of
precipitation hardening in the formation of the strength properties of steel. To obtain a harmonious combination
of different hardening mechanisms, the composition of steels investigated toward an economical alloying system
should be adjusted to exclude microalloying with vanadium.

The obtained values of the strength properties of all batches of hot-rolled steel are significantly higher than
the required values for the cold-rolled steel of the 340 MPa strength class, which makes its production difficult
and expensive.

Based on the physical and chemical research results and process modeling during the hot rolling of steel, the
formation of an inhomogeneous structure of the studied batches of hot-rolled products from complex Nb-V
microalloyed steels is attributed to the use of very high temperatures at the beginning of rolling in the finishing

group of stands 7, .. A decrease in T,  during rolling will improve the homogeny of the metal structure

over the cross section and the mechanical properties of hot-rolled steel. This condition is a reserve for reducing
the production cost of cold-rolled steel, particularly due to a decrease in the temperature and duration of the re-
crystallization annealing of rolled products in bell-type furnaces.
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