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EFFECT OF COMPOSITION AND PROCESSING PARAMETERS ON MICROSTRUCTURE
AND MECHANICAL PROPERTIES OF IF-STEEL COLD-ROLLED AND GALVANIZED
ROLLED PRODUCTS

A.1 Zaitsev,' 1.G. Rodionova,2 A.V. Koldaev,3
N. A. Arutyunyan,’ and N.M. Alexandrova® UDC 621.771.23.01: 669.1.017

The effect of composition, parameters of hot and cold rolling, and recrystallization annealing in con-
tinuous annealing units (CAU) on the microstructure and mechanical properties of cold-rolled and
galvanized steel is studied for IF-steel rolled products from three laboratory melts. The possibility is es-
tablished of changing the strength properties of cold-rolled and galvanized rolled products during an-
nealing in a CAU, and treatment in a continuous hot galvanizing unit (CHGU) of IF-steels stabilized
with Ti and Ti + Nb over a wide range, while obtaining good ductility properties. It is shown that
in order to increase the level of steel strength properties it is advisable to obtain a ferrite grain size of
10-11 um (preferably with a size of no more than No. 10 according to GOST 7639), C, P, Mn contents
closer to the upper level, and S not more than 0.003%. Equally important is use of lower temperatures
for the end of rolling at 860—890 °C and strip winding at 650-680 °C, increased degrees of deformation
during hot rolling in the last stand of at least 12—-15%, during cold rolling steel not less than 80%, low
annealing temperatures of 740-780 °C and an increased strip speed of 120-160 m/min, and 1.0-1.4%
elongation during tempering. It is shown for the first time that in order to resolve the extremely difficult
problem of obtaining cold rolled and galvanized steel from IF-steels of strength class 180, it is necessary
to use all or most of the methods indicated. For steels stabilized with titanium a significant excess of its
concentration above the stoichiometric value is desirable.

Keywords: ultralow-carbon IF-steels, rolled product, recrystallization annealing, continuous operating
units, microstructure, strength properties, ductility, stamping capacity.

In view of rapid development and improvement of the design for objects of high-speed transport, instrument
building, industrial and domestic engineering, there is more extensive use of ultralow carbon IF, IF-HS automo-
bile sheet steels of different strength classes and drawing categories [1, 2]. The possibility of manufactur-
ing stamped components of complex shape is provided by the maximum high indices for ductility and stamping
capacity. However, a large number of grades of cold-rolled and galvanized IF- and IF-HS-steels require unifica-
tion of their chemical composition in order to implement the possibility of producing various types of rolled
product. There is considerable interest in studying the possibility of preparing cold-rolled and galvanized
rolled product of strength class 180 from IF-steels including grades HC180Y (for EN10268) and HX180YD
(for EN 10346). Normally this rolled product is manufactured from rephosphorized IF-HS-Steels with an in-
creased content of Mn (0.3-0.4 wt.%) and P (0.03-0.04 wt.%) [3, 4]. Itis well known that property indices for
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Table 1
Test Steel Chemical Composition

Melt Element content, wt.%

number | Si | Mn | P S Ccr | Ni | cu | Al | N | Nb | V Ti

1(16) 0.003 001 0.11 0.007 0005 002 0.01 0.02 0.053 0.004 0.042 0.002 0.044
2(17) 0005 001 0.10 0.005 0007 002 0.01 002 0.047 0.006 0.040 0.002 0.047
3(18) 0.006 003 0.17 0.011 0003 002 002 003 0055 0.005 0.003 0.002 0.073

Table 2
Steel Hot Rolling Main Parameters

Melt number T, °C T, °C Eafter passages 70
1 905 710 12
2 905 715 12
3 885 670 14

cold-rolled material, including coated rolled product, is contributed to a certain extent in the recrystallization
annealing stage [3—-8]. An undoubted advantage is exhibited by high productivity and highly efficient contem-
porary continuous annealing units (CAU) and continuous hot galvanizing units (CHGU).

The Aim of the Work is to establish features of structure formation and mechanical properties rolled prod-
uct of IF-steels in relation to composition, annealing regimes in CAU and CHGU, and also other treatment
parameters.

Research was conducted on cold-rolled product of IF-steels of laboratory melts that were accomplished in
a vacuum induction furnace with a magnesite crucible with steel capacity of 7-8 kg with vacuum casting into
a single ingot. The charge was iron grade 005ZhR with a carbon content of 0.003 wt.%. In order to adjust the
steel chemical composition primary aluminum grade A98, manganese metal Mn), and iodide titanium Ti were
used. After cooling the bottom and head sections of ingots were removed. The quantitative composition of al-
loying elements was determined by spectral analysis according to GOST 18895-97 in an OBLF (model
QSN750) emission spectrometer, and carbon concentration was determined according to GOST R ISO 15349-
2-2017 in a Leco CS unit. The results obtained are provided in Table 1.

The ingots obtained with a size of =155x70x70 mm were heated to 1200 °C, held for 60 min, and rolled
in a DUO-300 reversing mill into sheet 3 mm thick (melt 1) and 3.7 mm (melts 2 and 3). After the end of rolling
at the 7, temperature strip was cooled in an air stream at a rate of 12—15 °C/sec to a temperature simulating
strip winding on a coil T,;. Then it was placed in a furnace heated to this temperature, held for 30 min with
subsequent furnace cooling to room temperature, which simulated cooling of strip wound on a coil. The main
hot rolling parameters, including degree of deformation for the last pass are provided in Table 2.



EFFECT OF COMPOSITION AND PROCESSING PARAMETERS ON MICROSTRUCTURE AND MECHANICAL PROPERTIES 535

Table 3
Parameters Simulating Rolled Product Annealing Regime in CAU
with Different Strip Movement Rates

Time, sec
Parameter Temperature, °C
80 m/min 120 m/min 160 m/min

Heating 468 312 234 740 760 780 800
Soaking 254 169 127 740 760 780 800
Slow cooling 86 57 43 680 680 680 680
Accelerated cooling 12 8 6 400 400 400 400
Overageing 722 481 361 320 320 320 320
Final cooling 137 92 69 20 20 20 20

Hot-rolled strip after pickling was rolled in a DUO-KVARTO 320 cold rolling mill to strip 0.7 mm thick
with reduction of 76.7% (Melt 1) and 81% (melts 2 and 3). Specimens with a size of 250x50 XA mm were
prepared from cold-hardened rolled product by means which recrystallization annealing in CAU (melts 1, 3) and
CHGU (melt 2) was modelled in a Gleeble-3500 universal test unit.

With the aim of establishing the possibility and conditions for preparing from IF-steel cold-rolled and gal-
vanized rolled product with different strength levels, including class 180, proceeding from generally accepted
assumptions [6-9] parameters were determined for treating rolled product modeling annealing by continuously
operating unit regimes. For this the heating temperature range (annealing) and strip movement rates in CAU and
CHGU were varied over the maximum range, and also the time interval was monitored for dwell at different
temperatures. In the case of a CAU the heating temperature was controlled at 740, 760, 780, and 80 °C with
strip movement rates of 80, 120, and 160 m/min. For a CGHU the annealing temperature as 750, 780, 810,
and 840 °C and the strip movement rate was 100, 130, and 160 m/min. Numerical values of annealing regime
parameters in CAU and CGHU are provided in Tables 3 and 4. Schemes simulating annealing regimes are
shown in Fig. 1.

After annealing rolled product of steel melts 1 and 2 it was skim rolled with a relative elongation of 0.7%,
and from steel of melt 3 with 1.2%. Then specimens were selected for studying the microstructure by opti-
cal microscopy and mechanical properties were determined in Instron-1185 and Heckertfp-100/1 equipment.
Results of studying the structure and properties obtained for rolled product of steel melt 1 with different ACU
and CHGU annealing regimes are provided in Table 5. A typical microstructure is shown in Fig. 2.

It is seen from Table 5 that an increase in annealing temperature leads to a reduction in strength properties.
With a strip movement rate of 80 m/min a marked fall in the value of yield strength at 760 °C is noted in the de-
pendences obtained, and disturbance of the uniform nature of the reduction in ultimate strength starting at
the same temperature. It is also seen that at 760 °C the local 6, maximum is observed for a ferrite grain size
of 12.25 pm, which agrees with the nature of change in strength properties. With fast strip movement rates
(reduction in exposure duration) at 760 °C the grain size is much finer. However, this is not reflected in values
for yield strength and strength that vary almost uniformly. A possible reason for this phenomenon is parallel
occurrence with different intensity of processes of dissolution and coalescence of nano-size carbide (carbonitride)
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Fig. 1. Diagram simulating annealing regimes in CAU (a) and CHGU (b).
Table 4
Parameters Simulating Rolled Product Annealing Regime in CHGU
with Different Strip Movement Rates
Time, sec
Parameter Temperature, °C
80 m/min 120 m/min | 160 m/min
Heating 219 169 137 750 780 810 840
Soaking 66 51 41 750 780 810 840
Slow cooling 13 10 8 680 680 680 680
Accelerated cooling 9 7 6 500 500 500 500
Equalization 15 11 9 460 460 460 460
Annealing/hot galvanizing 27 20 16 420 420 420 420
Accelerated cooli
poeierated cooTing 9 7 6 200 200 200 200
after galvanizing bath
Final cooling 15 12 10 20 20 20 20

precipitates having a different effect on rolled product structural state and mechanical properties. Rolled product
relative elongation after annealing at different temperatures varies insignificantly and high values are maintained
exceeding those for the specifications for cold-rolled product predominantly of strength class 180 [10] with all
of the regimes studied. However, as data in Table 5 indicate, none of the test annealing regimes made it possible
to obtain rolled product strength property indices entirely satisfying those laid down in specifications for cold
rolled product of strength class 180 (o, 2 180 MPa, o;2 330 MPa).
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Fig. 2. Microstructure of steel melt 1 cold-rolled product after simulating annealing by a CAU regime at 760 °C.

Table 5
Results of Determining Mechanical Properties and Microstructure Parameters
for Cold-Rolled Product of Steel Melt S after Simulating Annealing in a CAU by Different Regimes

Rate, | Specimen

m/min | number Ty Of, MPa | 6y, MPa | &4, % | d,, pm | d,, pm dc/d, | dyy, pm

1-1 740 178 335 46 13.5 9.7 1.39 11.6
1-2 760 156 324 46 13.7 10.8 1.27 12.25
% 1-3 780 162 324 46 13.4 9.6 1.39 11.5
1-4 800 158 322 46 15.2 11.6 1.3 134
1-5 740 174 340 48 140 93 1.5 11.7
1-6 760 167 332 48 11.7 8.4 1.39 10.05
120 1-7 780 155 324 47 13.1 9.1 1.44 110
1-8 800 137 320 47 15.5 110 1.4 13.25
1-9 740 170 337 45 15.2 93 1.63 12.25
1-10 760 175 333 44 119 8.2 1.45 10.05
100 1-11 780 166 330 47 12.6 8.3 1.52 10.45
1-12 800 158 326 46 16.25 10.1 1.61 13.2

Results of studying the structure and properties obtained for rolled product of steel melt 2 with different an-
nealing regimes in a CHGU are provided in Table 6.

It is seen that the best values of yield and ultimate strengths are achieved with the minimum annealing
temperature of 750 °C, and maximum strip movement rate of 160 m/min controlling the range of metal expo-
sure during annealing. With an annealing temperature of 750 °C outside the dependence on strip movement rate



538 A.1.ZAITSEV, I. G.RODIONOVA, A.V.KOLDAEV, N.A. ARUTYUNYAN, AND N.M. ALEXANDROVA

Table 6
Results of Determining Mechanical Properties and Microstructure Parameters
for Cold-Rolled Product after Simulating Annealing in a CHGU by Different Regimes

Rate, | Specimen

Ty, °C | oy, MPa | o, MPa | &4, % | d,, pm | d,, pm dc/d, | dy, pm

m/min | number v
2-1 750 182 331 46 15.7 10.8 1.45 13.25
2-2 780 170 330 46 16.3 11.0 1.48 13.6
100 2-3 810 160 328 47 16.5 11.0 1.5 13.7
2-4 840 155 309 48 16.6 114 14.0
2-5 750 188 338 45 14.7 10.8 1.36 12.7
2-6 780 172 332 46 13.8 10.2 1.35 12.8
130 2-7 810 171 327 46 154 11.3 1.36 13.35
2-8 840 164 319 47 15.5 114 13.45
2-9 750 191 345 43 13.7 8.7 1.57 11.2
2-10 780 183 332 45 14.7 9.8 1.5 12.3
160 2-11 810 174 332 46 14.8 10.8 1.37 12.8
2-12 840 168 326 46 14.9 10.9 12.9

strength property indices are achieved satisfying those laid down for rolled product of strength class 180
(see Table 6). In the case of maximum strip movement rate this is also observed with an annealing temperature
of 780°C. However, specifications of G, 2 180 MPa, oy 2 330 MPa are provided in this case with a mini-
mum excess.

With an increase in annealing temperature and a reduction in strip movement rate there is an increase in fer-
rite grain size, and the level of steel strength properties decreases, but ductility (relative elongation) increases,
which by the way is observed with any strip movement rate. However a direct relationship between strip
movement rate, grain size, and strength properties is lacking. Apparently values of these properties correlate
with processes connected with recrystallization and transformation of phase precipitates. As a result of this
there is a change in the carbon content in solid solution and conditions arise for forming precipitates of smaller
sizes during subsequent treatment (levelling out stage and cooling after the galvanizing bath) in the region for
occurrence of ageing processes.

The experimental data obtained (see Tables 5 and 6) show that in order to guarantee preparation of cold
rolled and galvanized IF steel of strength class 180 it is necessary to employ low-temperature annealing in
a CAU and CHGU with fast strip movement rates. Requirements for the steel microstructure consists of provid-
ing a ferrite grain size of 10—11 um (preferably not more than number 10 according to GOST 7369). Compari-
son of data from tables 1, 5, and 6 shows that in order to obtain rolled product of strength class 180 a higher car-
bon content is preferable (0.005 wt.%) as in steel of melt 2 with a relatively low phosphorus (0.005 wt.%) and
manganese (0.10 wt.%) contents.
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Table 7
Results of Determining Mechanical Properties and Microstructure Parameters
for Cold-Rolled Product of Steel Melt 3 after Simulating Annealing in a CAU by Different Regimes

Rate, | Specimen

Ty, °C | oy, MPa | o, MPa | &4, % | d,, pm | d,, pm dc/d, | dy, pm

m/min | number »
3-1 740 186 343 44 12.7 8.9 143 10.8
3-2 760 182 340 44 13.0 9.8 1.33 114
%0 3-3 780 180 340 45 13.1 95 1.38 11.3
34 800 175 333 45 134 10.2 1.31 11.8
3-5 740 188 346 44 13.2 8.6 1.53 10.9
3-6 760 185 343 44 12.3 8.5 1.45 10.4
120 3-7 780 182 341 44 13.1 93 141 11.2
3-8 800 180 335 45 13.8 9.6 1.44 11.7
3-9 740 190 348 43 12.4 8.0 1.55 10.2
3-10 760 187 345 43 12.1 8.2 1.48 10.15
160 3-11 780 183 342 43 12.7 8.5 1.49 10.6
3-12 800 181 338 44 13.6 95 143 11.55

An increase in C, P, and Mn contents up to the upper limits for the grade composition makes it possible to
provide the specifications for rolled product of strength class 180 over a wide range of annealing temperature
and strip movement rate. In addition, hot rolling of the steel in question (see Table 2) was provided using rela-
tively high values of temperature for the end of rolling and strip winding on a coil that stimulated an increase in
grain size and reduction in strength properties.

Therefore, with the aim of guaranteeing preparation from IF steel of rolled product of strength class 180
with a lower yield strength (140—170 MPa) and improved ductility indices and stamping capacity, according to
the research results provided the following chemical composition is preferable, wt.%: 0.004-0.006 C, 0.009—
0.012 P, 0.14-0.18 Mn (close to the upper grade limit). No less important for improving the rolled product
strength properties is use of lower temperatures for the end of rolling at 860—890 °C, strip winding on a coil
at 650—-680 °C; an increase degree of reduction during hot rolling in the last stand of not less than 12-15%; dur-
ing cold rolling not less than 80%; reduced annealing temperature (740—780 °C) and increased strip movement
rate (120-160 m/min); increased degree of elongation during skin rolling (1.0-1.4%), etc. these parameters have
a more significant effect on rolled product strength properties than an increase in carbon and other component
content in steel.

With the aim of substantiating by experiment the adequacy of the assumptions formulated and also the pos-
sibility of using a more economic microalloying system (stabilization of IF steel with titanium), a study has been
made of the microstructure and mechanical properties of cold rolled product of steel melt 3 (see Table 1) an-
nealed by various CAU regimes (see Table 3). The results obtained are provided in Table 7.
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It is seen from Table 7 that values of strength properties obtained for almost all of the annealing tempera-
tures and strip movement rates satisfy the specifications for rolled product of strength class 180. However, with
annealing at 800 °C strength properties are at a lower level, and with a strip movement rate of 80 m/min they are
even lower than the specifications laid down, which indicates the expediency of conducting annealing at lower
temperature. As also in other melts, a tendency is observed of an increase in strength rolled product properties
with slower rates and in contrast a reduction in ferrite grain size with an increase in strip movement rate and
a reduction in annealing temperature in a CAU. This points to a preference from both production and economic
points of view for use of fast (120-160 m/min) strip movement rates. The values obtained for rolled product
relative elongation for test steel of melt 3 are somewhat lower than for rolled product of steel melts 1 and 2,
but nonetheless they considerably exceed the required value of =38% for rolled product strength class 180.

Comparison of Tables 5, 6, and 7 showed that cold-rolled product of steel melt 3 has the least ferrite grain
size at 10-11 pm compared with melts 1 and 2. This may be due both to use of the lower temperature for the
end of rolling and strip winding on a coil, a high degree of reduction in the last pass during hot and cold rolling,
and also impurity retardation of recrystallization as a result of a lower concentration of manganese, phosphorus
and titanium. The titanium content in steel should exceed significantly that required for total bonding of nitro-
gen, carbon, and sulfur present within the composition.

It should be noted that steel of melts 1 and 2 is microalloyed with Ti and Nb. It is well known that Nb
is predominantly retained in solid solution, it retards recrystallization, and causes steel grain refinement during
hot rolling. Nonetheless, grain refinement connected with this in rolled product of steel melts 1 and 2 is ex-
pressed to a lesser extent that than steel melt 3 rolled product, preferentially due to a high Ti concentration.
In addition, the last steel (see Table 1) has a lower sulfur content that limits the possibility of stabilizing carbon
in the form of titanium carbosulfide precipitate of sub-micron size and stimulates its binding into fine (nano-
size) TiC precipitates causing an increase in strength properties with a reduction in rolled product ductility.
Compositions of steels melts 1 and 2 (see Table 1) differ significantly with a higher S content that stimulates
carbon stabilization to a greater extent in the form of Ti4,C,S,, and prevents strengthening due to fine TiC precip-
itates [9, 11].

CONCLUSION

Research results point to the possibility of changing the strength properties of cold-rolled and galvanized
rolled product in CAU and CHGU of IF-steels stabilized with Ti and Ti + Nb over wide limits with preparation
of good ductility indices. In order to increase the level of strength properties it is expedient to obtain a ferrite
grain size of 10—11 pm (preferably not more than 10 according to GOST 7639) with a chemical composi-
tion, wt.% 0.004-0.006 C, 0.009-0.012 P, 0.14-0.18 Mn (close to the grade upper limit); S not more than 0.003.
No less important factors are: use of lower temperatures for the end of rolling at 860—890 °C and winding strip
on a coil at 650-680°C; an increased degree of reduction during hot rolling in the last stand (pass) not less
than 12—-15%, during steel cold rolling not less than 80%; reduced annealing temperatures at 740-780 °C and
an increase in strip movement rate at 120—160 m/min; degree of elongation during skin rolling 1.0-1.4%. It has
been shown for the first time that in order to resolve the complex task of preparing from IF-steel cold-rolled and
galvanized rolled of strength class 180 it is necessary fulfil all or the majority of the operations presented.
In order to stabilize steel with titanium a significant increase in its concentration above the stoichiometric value
is required.

Work was completed within the scope of an agreement for supply of a subsidy of 11.26.2018 No. 75-11-
2018-170. Unique PNIER (project) identifier REMEF162418X0050.
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