
 
Metallurgist, Vol. 64, Nos. 1-2, May, 2020 (Russian Original Nos. 1-2, January–February, 2020) 

EFFECT OF HOT ROLLING REGIMES ON SOLID SOLUTION STRUCTURE,  
STATE AND PROPERTIES OF TITANIUM-STABILIZED IF-STEEL  
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Using contemporary physicochemical approaches for predicting phase precipitate stability conditions for 
laboratory melted metal by optical, scanning, and transmission electron microscopy, local X-ray spectral 
analysis, testing mechanical characteristics, and determining the content of interstitial elements in solid 
metal a detailed study is made of the structural state and properties of titanium stabilized IF steels  
of three compositions.  Based on the results obtained, the main requirements for hot-rolled steels are 
formulated, and the principles and conditions for obtaining good ductility and formability indices are de-
termined for cold-rolled product subjected to recrystallization annealing by a continuous hot-dip galva-
nizing unit (HDGU) regime. 
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tion annealing by an HDGU regime, phase precipitates, interstitial elements, solid solution condition, 
ductility, formability. 

Rapid development of automobile construction, high-speed railway transport, engineering, and the building 
industry require a marked improvement ductility and forgeability of ultralow carbon IF-steels in view of a re-
quirement for preparing forged objects of especially complex shape.  These properties are superimposed in all 
stages of production of cold-rolled product including during coating. 

The Aim of the Work is establishment of features of the effect of hot-rolling regimes, structural state, and 
mechanical properties of hot-rolled product on ductility indices, and forgeability of a final cold-rolled product, 
including coated material. 

Traditionally within world practice in order to improve ductility and forgeability indices during manufacture 
of cold-rolled and galvanized rolled product from IF- and IF-HS-steels there is an attempt towards a reduction in 
the interstitial element content, primarily carbon.  Among the Japanese, South Korean, and German producers of 
IF-steels occupying a leading position in the world there is stable achievement of a standard carbon and nitrogen 
content at the level of not more than 0.002 wt.%.  The practice of a number of Japanese IF-steel producers 
comes down to achieving a carbon content of less than 0.001 wt.% and absence of a requirement for adding mi-
croalloying elements.  However, this approach requires use of special equipment and is connected with signifi-
cant expenditure for vacuum decarburizing and nitrogen removal. 
                                                        
1 FGUP I. P. Bardin TsNIIchermet, Moscow, Russia, Chemical Faculty M. V. Lomonosov Moscow State University, Russia; e-mail: 
aizaitsev1@yandex.ru.  
2 FGUP I. P. Bardin TsNIIchermet, Moscow, Russia; e-mail: igrodi@mail.ru.  
3 FGUP I. P. Bardin TsNIIchermet, Moscow, Russia; e-mail: koldaevanton@gmail.com.  
4 Chemical Faculty M. V. Lomonosov Moscow State University, Russia; e-mail: naarutyunyan@gmail.com. 

 
Translated from Metallurg, Vol. 64, No. 2, pp. 49–55, February, 2020.  Original article submitted August 21, 2019. 

136  0026-0894/20/0102-0136      ©  2020    Springer Science+Business Media, LLC  

DOI 10.1007/s11015-020-00975-0



EFFECT OF HOT ROLLING REGIMES ON SOLID SOLUTION STRUCTURE, STATE AND PROPERTIES 137 

Table 1  
Test Steel Chemical Composition and Excess Titanium Coefficient 

Melt  
number 

Element content, wt.% 
КTi 

С Si Mn P S Cr Ni Cu Al N Mo V Nb Ti 

1 0.005 0.01 0.11 0.008 0.007 0.02 0.02 0.03 0.041 0.005 0.003 0.001 – 0.059 1.29 

2 0.007 0.01 0.11 0.009 0.008 0.03 0.02 0.02 0.042 0.005 0.004 0.002 – 0.061 1.09 

3 0.004 0.02 0.12 0.006 0.004 0.02 0.02 0.03 0.036 0.004 0.0023 0.002 0.001 0.060 1.68 

On the other hand, to all appearances the same result may be achieved with a higher interstitial element con-
tent, providing a certain form of existence.  Among preliminary research results, conducted using methods for 
determining impurity content by internal friction, thermodynamic, physicochemical prediction of the steel phase 
composition [1–4], it has been shown that the best set of rolled product properties may be achieved with stabili-
zation of nitrogen and carbon in the form of titanium nitride and carbosulfide.  Formation of both of these types 
of phase precipitates occurs in steel hot rolling and crystallization stages.  Therefore, conditions and production 
regimes for hot-rolled product (semifinished rolled product) may have a defining effect on the properties of 
cold-rolled and galvanized product obtained.  In addition, control of both steel chemical composition and  
temperate and deformation treatment parameters for metal control formation of these key types of phase pre-
cipitates. 

In accordance with the situations noted with the aim of minimizing the volume of unnecessary experimental 
research for resolving the stated problem steels of three chemical compositions were selected with a carbon con-
tent of 0.004–0.007 wt.%, with a reserve exceeding its content in steel of domestic product and a different titani-
um content in order to check and substantiate its optimum level, including with respect to a reduction in ex-
penditure.  The generally accepted hot rolling regime for the test steels proposed is temperatures for the end of 
rolling and strip winding on a coil equal to  920 ± 20 ºC  and  720 ± 20 ºC  respectively.  Therefore the signifi-
cance of degree and effect of these parameters, as also strip metal cooling rate after rolling, were varied within 
the limits approximately according to those of the optimum range.  In this case establishment of continuous an-
nealing parameters for cold-rolled product by the most complex regime of continuous hot galvanizing units 
(CHGU) were kept unchanged in order to obtain comparable data. 

Melting was performed in vacuum induction furnaces with a crucible capacity for steel of 7–8 kg followed 
by vacuum pouring into one ingot.  For charging of melts Nos. 1 and 2 (Table 1) iron grade  005ZhR  was used 
with a carbon content of 0.005 wt.% and for melt No. 3 it was rolled product for steel grade 01YuT with a car-
bon content of 0.003 wt.%.  In order to adjust the steel to the required chemical composition primary aluminum  
A98,  manganese metal  MR0,  and iodide titanium  TI-1  were used.  After cooling the bottom and head parts of 
ingots were removed.  Therefore, steel was obtained whose chemical composition results were determined by 
spectral analysis (according to GOST 18895-9) using an  OBLF QSN  750 emission spectrometer and they are 
provided in Table 1. 

Ingots were heated to  Th  in a resistance furnace and rolled in a  DUO-300  laboratory reversing hot-rolling 
mill with reduction in the last pass of 12–14% into strip 3 mm thick.  After the end of rolling at different  
temperatures  Ter  strip was cooled in an air stream at rate of 10–15 ºC/sec to the strip winding temperature on 
a coil  (Tw),  then placed in a furnace heated to this temperature, held for 30 min, followed by furnace cooling, 
which simulated cooling of strip wound on a coil.  Temperature and deformation treatment parameters are pro-
vided in Table 2. 
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Table 2  
Steel Treatment Temperature and Deformation Regime Parameters 

Melt  
number Th,  ºC Soaking  

at  Th,  min Ter,  ºC Tw,  ºC Cooling rate  
before  Tw,  º C/sec 

Soaking  
at  Tw,   min 

1 

1180 30 

890 735 10–12 

30 2 920 715 13–15 

3 925 720 13–15 

Table 3  
Test Steel Hot Rolled Product Microstructure Parameters 

Melt  
number dy,  μm dx,  μm dx/dy dср,  μm Variation  

coefficient 

1 15.3 16.3 1.07 15.80 0.64 

2 14.4 16.3 1.13 15.35 0.63 

3 14.5 16.3 1.12 15.40 0.62 

Specimens were selected from hot-rolled strip in order to study the structure and to test mechanical proper-
ties.  Subsequently they were pickled and rolled in a  DUO-KVARTO  cold rolling mill with a reduction of 75% 
to strip 0.7 mm thick.  The cold-rolled product obtained was subjected to recrystallization annealing by a regime 
simulating annealing in an  HDGU  with a strip movement rate of 100 m/min [1].  Annealing was conducted in 
a cylindrical furnace prepared from optical quartz glass over whose contour six infra-red heaters (lamps) were 
placed making it possible to heat at a rate up to 100 ºC/sec and obtain the rolled product specimen tempera-
ture with a size up to 200 × 20 × 2 mm.  Within the inner cavity of the furnace it is possible to create any protec-
tive atmosphere and also to cool specimens at a rate up to 20 ºC/sec in an inert gas stream.  The furnace is fitted 
with an automatic supply and temperature maintenance system.  This makes it possible with high precision  
(± 1–3 ºC)  to prescribe any temperature and time regime for heating, isothermal soaking, and specimen cooling 
by prescribed parameters.  The main temperature parameters for recrystallization annealing: heating to 810–
830 ºC, slow cooling to 690 ºC, accelerated cooling to 475 ºC, accelerated cooling after the galvanizing bath 
to 200 ºC.  After annealing strip was temper rolled with a relative elongation of 0.08%. 

Specimens selected from the rolled product obtained in order to study metal structure and properties.  Re-
sults of studying the microstructure and mechanical property tests for hot-rolled steels (in accordance with 
GOST 1497-84) by means of a HECKERT FP-10/1 rupture machine are provided in Tables 3 and 4. 

It is seen from Table 3 that a somewhat larger grain size (average) is obtained in a perpendicular direction 
for rolled product of steel melt No. 1, prepared using the lower temperature for the end of rolling and high strip 
winding temperature on a coil.  This may be connected with the slower cooling for strip after the end of rolling. 

For rolled products of steel melts Nos. 1 and 3 higher values of yield strength were obtained compared 
with melt No. 2 (see Table 4).  Results of carbon content determination in solid solution by internal friction [1] 
indicate that within metal of melts Nos. 1 and 3 there are 5–6 and 6–7 ppm carbon respectively, whereas in metal  
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Table 4  
Test Steel Hot Rolled Product Mechanical Properties 

Melt  
number σ0.2,  MPa σf,  MPa δ4,  % 

1 208 296 43.9 

2 168 296 43.5 

3 205 294 43.6 

Table 5  
Test Steel Cold Rolled Product Annealing Parameters and Microstructure 

Melt  
number Tann,  ºC dy,  μm dx,  μm dx/dy dav,  μm Variation  

coefficient 

1 825 9.9 13.7 1.38 11.80 0.66 

2 830 11.7 14.1 1.21 12.90 0.58 

3 810 11.6 11.7 1.01 11.65 0.62 

Table 6  
Test Steel Cold Rolled Product Annealing and Mechanical Property Parameters 

Melt  
number Tann,  ºC σ0.2,  MPa σf,  MPa δ50,  % r n 

1 825 143 294 50.5 2.05 0.27 

2 830 148 313 52.0 2.09 0.26 

3 810 158 312 48.7 2.06 0.26 

of melt No. 2 there is no carbon in solid solution.  Calculation by the generally accepted relationship  [p2]  for 
values of solid solution strengthening of steel caused by presence in solid solution of 5–7 ppm of carbon, 
showed that it is 22.3–31.2 MPa.  Consequently, the main reason for increased values of rolled product of steel 
melt Nos. 1 and 3 yield strength is solid solution strengthening as a result of the presence of free carbon. 

Results of studying the microstructure and mechanical properties of cold-rolled product after recrystalliza-
tion annealing by an HDGU regime are presented in Tables 5 and 6. 

It is seen from Table 5 that the difference in grain size (variation coefficient  n)  in rolled product of steel of 
melt No. 1, prepared using the lower temperature for the end of hot rolling and higher temperature for strip 
winding on a coil, is greater.  The best ductility and forgeability indices are obtained for rolled product of steel 
melt No. 2, not containing carbon in solid solution for hot rolled product. 
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In order to evaluate texture (inverse pole figures) measurements were conducted for the intensity of α-Fe 
diffraction lines in reflection from planes parallel to the rolling plane, perpendicular to the rolling direction, and 
from planes perpendicular to them.  Recording was performed in an X-ray diffractometer (Rikagu, Japan) using 
MoKα radiation.  The values of intensity obtained were adjusted taking account of atomic scattering factors, 
repetition, polarization, recording geometry, and the Debye–Waller factor, and standardized for average value  
of intensity for all specimens.  On the basis of results obtained values were calculated for textural index  H,   
i.e., the ratio of the sum of reflection intensities, corresponding to orientations favorable for forging  (211) + 
(222) + (321),  to the sum corresponding to the unfavorable orientations  (200) + (220) + (310),  which for 
rolled product of steel melts Nos. 1, 2, and 3 comprised 2.95, 7.57, and 3.17.  It is well known that the higher  
the forgeability indices correspond to higher values of textural index H.  It is seen from calculated results that 
the markedly higher values of  H  were obtained for rolled of steel melt No. 2 having a high value for the end of 
rolling, i.e., 920 ºC, and recrystallization annealing, i.e., 830 ºC. 

With the aim of effective interpretation of the results obtained using the procedures and approaches devel-
oped in [3, 4] conditions were calculated for phase precipitate stability in the test steels (Fig. 1), and also a study 
of their characteristics by scanning and transmission microscopy methods in a  JSM-6610LV  (JEOL)  equipped 
with an  INCA  EnergyFeature XT energy dispersion microanalysis system with an  INCA  Wave 500 and  
JEM200CX  wave dispersion spectrometer. 

It is seen from Fig. 1 that an increase in carbon content with a change-over from Melt No. 1 to No. 2 leads 
to a marked increase in the proportion of  TiC  precipitates.  In steel of both melts during heating for rolling  TiS  
precipitates are present.  It is apparent that subsequent precipitation during hot rolling of  Ti4C2S2  may proceed 
to a significant extent As a result of transformation of  TiS  and  Ti4C2S2  precipitates that stimulates a favorable 
increase in their size.  If this transformation does not occur, then there is an increase in the proportion of  TiC  
precipitates and formation of  MnS  becomes possible, which is indicated by broken lines in Fig. 1.  In steel of 
melt No. 3 due to a low sulfur content during heating for rolling  TiS  hardly forms.  Therefore, during hot roll-
ing  Ti4C2S2  precipitates form especially and have a significantly smaller size than for precipitates during  TiS  
formation, especially considering that within the metal of his melt the temperature for the start of  Ti4C2S2  pre-
cipitation is lower by 10–30 ºC than for melts Nos. 1 and 2.  In addition, for steel of melt No. 3 there is greater 
probability of incomplete  Ti4C2S2  precipitation, and retention of a considerable amount of carbon in solid solu-
tion after the end of rolling.  This is confirmed in the results provided above for determining the carbon content 
in solid solution by internal friction and leads to an unfavorable increase in the amount of nano-size  TiC  pre-
cipitates, formed during recrystallization annealing, and having an unfavorable effect on ductility. 

The conclusions following analysis of the conditions of phase precipitate stability in the test steels are con-
firmed by results of studying their properties in semifinished product and cold-rolled product by optical, scan-
ning, and transmission electron microscopy methods.  A study of phase precipitates from the area of a transverse 
cross section of more than 0.03 μm2 by optical microscopy using the  NEXYS  procedure (Image Expert 
Pro 3.5), a scanning electron microscope and local microanalysis in hot-rolled product specimens led to the fol-
lowing conclusion.  Basically within the structure  Ti4C2S2  precipitates are present, and sometimes with addi-
tion of  TiN  and  MnS.  With a change-over to rolled product of metal of melts No. 1 to No 2 and correspond-
ingly an increase in the temperature for the end of rolling from 890 to 920 ºC.  The amount of  Ti4C2S2  precipi-
tates decreases, but there is an increase in average size.  In addition, in spite of the greater amount of titanium 
carbide and carbonitride precipitates in solid solution of melt No. 1 free carbon is retained.  To all appearances 
this is due to kinetic reasons and is confirmation of the results of plotting PTT diagrams of induced deformation 
of  Ti4C2S2  precipitates with  Ti  stabilization of IF-steel close to the test steel (wt.%):  0.0043 С,  0.02 Si,  
0.27 Mn,  0.006 P,  0.014 S,  0.09Ti,  0.04 Al;  0.0042 N. 
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 (a)  (b) 

 
(c) 

Fig. 1.  Test steel phase precipitate stability conditions: (a) melt No. 2; (b) melt No. 1; (c) melt No. 3. 

It has been established that the “nose” of the C-shaped curve corresponding to an extreme combination of 
action of thermodynamic ad kinetic stimuli for precipitate formation is at the level of  ≈ 940 ºC  [5].  This is sig-
nificantly lower than the temperature for the end of rolling and presence in of sulfur within the composition of 
steel melt No. 1 leads to significant thermodynamic stimulus for generation of  Ti4C2S2  precipitates with kinetic 
complication for their growth, which leads to a markedly better situation. 

For the reasons provided above in rolled product of steel melt No. 3 as a result of a low sulfur content there 
is formation of  Ti4C2S2  precipitates of even smaller dimensions.  Carbon present in solid solution is not entire-
ly bonded into titanium carbide/carbonitride. 

The features noted are confirmed in results of studies by transmission electron microscopy.  The  Ti4C2S2  
precipitates recorded have a typical equiaxed shape with irregular edges (Fig. 2), whose size reach4es 0.3 and 
rarely 0.4 μm in hot-rolled product of steel melt No. 1, and 0.4 μm in the case of melt No. 2.  In hot-rolled steel 
of  melt  No. 3  a  comparable  amount  of  Ti4C2S2  precipitates has been recorded, although the size (0.1–0.15 μm)  
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Fig. 2.  Typical form of  Ti4C2S2  precipitates in melt No. 2 hot-rolled steel (light-field image, × 150,000). 

 

Fig. 3.  Typical form of first type of carbide precipitates on hot-rolled steel melt No. 3 (light-field image, × 30,000). 

and volume fraction are considerably less, which points to a significantly lower degree of carbon bonding into 
titanium carbosulfide.  In this case there is an increase in the proportion of nano-size  TiC  precipitates, which 
form during annealing and have an unfavorable effect on ductility. 

The titanium carbide/carbonitride precipitates recorded may be separated into two forms.  The first concerns 
precipitates of considerable size, mainly 50–80, 20–50, and 20–25 nm in hot-rolled steel of melts Nos. 1, 2, 
and 3 respectively (Fig. 3).  An established feature of this change in size to all appearances is connected with the 
lower strip winding temperature for steel of melt No. 2 on a coil and the low carbon content in steel melt No. 3 
compared with metal of melt No. 1. 

The second form of titanium carbide/carbonitride precipitates is represented by an extended shape, arranged 
in the form of chains on dislocations, their sizes in transverse and longitudinal directions is from 3–4 to ≈ 15 nm; 
от 5–6 to ≈ 20–25 nm; from 5–6 to ≈ 20–25 for steel of melts Nos. 1, 2, and 3 respectively (Fig. 4). 

In addition, within metal of melt No. 3 presence of  Ti  carbide/carbonitride precipitates is detected over 
grain boundaries with size up to 6–8 nm in a transverse direction and up to 30 nm in the longitudinal direction.  
This last situation, and also the smaller size of carbide/carbonitride precipitates of both forms in hot-rolled steel 
of melt No. 1 to all appearances additionally gives rise to obtaining lower values of yield strength for hot-rolled 
product of steel melt No. 2 compared with steel of other melts.  Nonetheless, during recrystallization annealing 
of cold-rolled product the amount and morphology of phase precipitates, especially nano-size, may change con-
siderably, which has a defining effect on properties. 
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Fig. 4.  Typical form of second type of carbide precipitates on hot-rolled steel melt No. 1 (light-field image, × 30,000). 

 

Fig. 5.  Typical form of  Ti4C2S2  precipitates in melt No. 1 cold-rolled steel (light-field image, × 150,000). 

In order to explain this situation a study was made transmission electron microscopy methods of cold-rolled 
product after recrystallization annealing and temper rolling.  It has been established that the morphology and size 
of  Ti4C2S2  precipitates in cold-rolled product is almost equivalent to the indices established for hot-rolled steel.  
The typical size of precipitates for steel melts Nos. 1, 2, and 3 is  0.4 × 0.5;  0.4 × 0.6 μm  and less by a factor of  
≈ 2–4  respectively (Fig. 5).  The feature noted is apparent since there is marked dissolution of  Ti4C2S2  precipi-
tates at rolled product recrystallization temperatures, and this agrees with results of the calculations conducted, 
and it should not proceed. 

Titanium carbide/carbonitride precipitates recorded in steels of melts Nos. 1, 2, and 3 of the first type have 
a size of 20–50, 20–50, ad 15–30 nm respectively.  In addition, within rolled product in a number of cases 
(to a greater extent in steel melt No. 3) chains of precipitates are observed with a size of 25–60 nm, which to all 
appearances were present at gran boundaries within hot-rolled product.  On the whole, the morphology of the car-
bide/carbonitride precipitates considered in hot- and cold-rolled products is similar (see Fig. 3).  Several smaller 
size precipitates are recorded in cold-rolled product of steel melt No. 3 that may point to their formation during 
recrystallization annealing.  This may lead to retardation of recrystallization, formation of an equal size structure, 
and reduced ductility (see Table 6).  Titanium carbide/carbonitride precipitates of the second form of small size in 
cold-rolled steels were not recorded, which points to coalescence during recrystallization annealing. 

In contrast to hot-rolled steels, in cold-rolled material presence of complex sulfide precipitates of  Ti  and  
Mn  have been detected with a size of 30–150 nm, which are especially represented in metal of melt No. 3.  
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Their formation apparently occurs in the high temperature stage of annealing in the case of incomplete transfor-
mation of titanium sulfide and carbosulfide (see Fig. 1), which is especially typical for steel melt No. 3, distin-
guished by the lowest sulfur content.  Formation of these precipitates may have an unfavorable effect on rolled 
product ductility and forgeability indices. 

CONCLUSION 

Based on results of a detailed studying the structural state and properties three IF-steel compositions it is 
possible to formulate the main reasons and conditions for obtaining good ductility and forgeability indices for 
cold-rolled product, subjected to recrystallization annealing by an HDGU regime. 

Use of high temperature for the end of hot rolling  ≈ 920 ºC,  being within the region for austenite stability, 
provides complete bonding of carbon and nitrogen, predominantly into  TiN  and  Ti4C2S,  in spite of a very low 
value excess titanium coefficient, i.e., 1.09 and a high carbon content, i.e., 0.007 wt.%. 

In order to form favorable  Ti4C2S2  precipitates of relatively large sizes the sulfur in steel should be at the 
level of 0.007–0.008 wt.%.  Its reduction to 0.004 wt.% leads to incomplete bonding of carbon from solid solu-
tion predominantly into titanium carbide/carbonitride precipitates.  A reduction in temperature for the end of 
rolling to  890 ºC  leads to this effect.  Presence of carbon in solid solution leads to formation of  TiC  precipi-
tates during annealing retarding recrystallization, and reducing rolled product ductility. 

Complete removal of carbon from hot-rolled product cold solution, providing formation of Ti car-
bide/carbonitride precipitates of relatively small size due to optimizing the steel hot rolling regime leads to  
a favorable reduction in the yield strength, an increase in adaptability for hot-rolled product, an increase in duc-
tility and forgeability of finished cold-rolled product. 

A lack of completeness for transformation of sulfide into titanium carbosulfide during steel hot rolling 
makes it possible to form complex  Ti  and  Mn  sulfide precipitates with a size of 30–150 nm during recrystalli-
zation annealing of cold-rolled product, which may lead to a reduction in ductility and forgeability. 

Therefore, production of high quality cold-rolled product and galvanized product of IF-steels with funda-
mentally improved ductility and forgeability indices may be provided with a relatively low carbon content of 
0.004–0.007 wt.% with conditions for optimizing parameters for composition and temperature and deformation 
treatment. 

Work was conducted within the scope of an agreement for supply of a subsidy of 11.26.2018 No. 075-11-
2018-170.  Unique PNIÉR identifier (project) RFMEF162418X0050. 
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