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STRUCTURE AND PROPERTY FORMATION FOR PIPE COILED ROLLED PRODUCT 
DURING MANUFACTURE UNDER CASTING AND ROLLING COMPLEX CONDITIONS 

A. V. Chervonnyi,1  D. A. Ringinen,2  A. V. Chastukhin,3  L. I. Éfron,4    
A. V. Muntin,5  V. V. Naumenko,6  and  O. A. Bagmet7 UDC 669.14.018.41:669–413 

Results are provided for a comprehensive study of the structure and properties formation of micro-
alloyed pipe steel produced in an AO United Metallurgical Company (Vyksa) casting and rolling  
complex conducted under laboratory and industrial conditions.  The features of structure formation es-
tablished are used to create steel compositions for electrically welded pipes and coiled rolled product 
manufacturing technology corresponding to steels strength classes up to K60 with improved toughness 
and cold resistance. 

Keywords: casting and rolling complex, low carbon micro-alloyed steel, controlled rolling, recrystalliza-
tion, microstructure, mechanical properties, cold resistance. 

Simple and compact technology, regional raw material in the form of metal scrap, and good labor produc-
tivity with optimization of production expenditure have all made cast and rolling complexes (CRC) (Compact 
Strip Production (CSP)) one of the most dynamically developing and effective areas of ferrous metallurgy pro-
duction.  First under CRC conditions a simple range of product was manufactured, and then a requirement arose 
for resolving the task of forming product structure and properties satisfying high specifications, including rolled 
product for electrowelded pipe.  Traditionally steel hot rolled strip for pipes is produced in continuous broad-
strip mills (CBM) from slabs 200–250 mm thick after secondary heating in continuous furnaces.  The sole cast-
ing and rolling complex in the Russian and CIS territories is within the composition of AO Associated Metallur-
gical Company (OMK) [1].  CRC are aimed at producing coiled and sheet rolled product from pipe grades of 
steel with thickness up to 12.7 mm with additional specifications for cold and corrosion resistance [2]. 

Important features of the CRC production scheme are: 

 – absence of recrystallization before rolling (charging slabs into a tunnel furnace at 900–1100 ºC); 

 – small thickness (90 mm) of an original slab and limited overall reduction. 

Within the composition of a continuous broad-strip mill (CBM) 1950 CRC [1] there is a tunnel furnace for 
heating and levelling the slab temperature, two roughing and six finishing stands, and intermediate conveyor 
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with a system for rapid cooling, and a heating conveyor.  A distinguishing feature of the 1950 mil compared 
with traditions CBM is the possibility of accomplishing in a finishing stand relative reduction up to 50% for 
one pass. 

The aim of the present work is determination of the features of structure formation for low-carbon microal-
loyed steel for electrowelded pipe in a CRC production scheme in order to create steel compositions and manu-
facturing technology for coiled rolled product corresponding to steel strength class K60 with improved tough-
ness and cold resistance. 

In order to produce electrowelded pipe rolled product of low-carbon steel (0.004–0.7% C) is used, alloyed 
with manganese, and microalloyed with niobium (up to 0.08%). 

Structure formation was studied in different stages of rolled product manufacture in a 1950 mill (the origi-
nal slab structure was determined before charging into the tunnel furnace, after heating, after the roughing roll-
ing stage, and the final structure of coiled rolled product).  Research was conducted on specimens of industrial 
slabs and rolled product selected and quenched immediately during production in a CRC. 

A study of structure formation kinetics with hot deformation was performed on the basis of results of tests 
in a Gleeble 3800 complex.  Experiments in a DUO 300 laboratory rolling mill in the I. P. Bardin FGUP 
TsNIIchermet were accomplished using hot charging of ingots after casting into a dismountable mold.  In order 
to study austenite recrystallization a hot rolling and recrystallization model (HRRM) [3] model was used,  
for which the database for the model was test steel data.  Thermocalc and Dictra programs were used for ther-
modynamic calculations.  Scanning electron microscopy (SEM) was carried out in a Carl Zeiss Ultra 5 micro-
scope sing an energy dispersion INCA Energy X-Max spectrometer.  Foils 40–50 μm thick after electrolytic  
polishing were studied by means of a JEM200CX transmission electron microscope with an accelerating voltage 
of 120 kV. 

The process of structure formation during manufacture of microalloyed steel rolled product under CBM 
conditions has been studied and described extensively in [4–6].  However, under CRC conditions structure for-
mation differs considerably.  As a result of studying the structure of continuously-cast slabs it was determined 
that after casting (specimens selected ahead of the tunnel furnace) it is characterized by non-uniform distribution 
of austenite grain size through the cross section; apart from grains with a size from 300 to 1400 μm individual 
grains with a size up to 200 μm are observed.  Grains size depends weakly on chemical composition of the test 
steels (Fig. 1). 

The slab surface temperature before the tunnel furnace is reduced to 900–1000 ºC; in the central part of  
a cross section it is 1000–1120 ºC; calculation performed by Thermocalc and Dictra programs showed that in 
this case in slab surface layers particles from 20–50% of niobium carbonitride are precipitated (in relation to 
steel composition).  With heating to 1150–1170 ºC the main part of precipitated particles dissolves and the pro-
portion of undissolved particles is estimated at 7–17%.  With steel microalloyed with titanium due to separation 
of niobium carbonitride particles on a substrate of titanium nitride the proportion of insoluble niobium increases 
by 10%.  Slab structure after the tunnel furnace is characterized by non-uniform grain size distribution: from 300 
to 2100 μm, and in this case the average grain size (525 μm) compared with the original condition varies insig-
nificantly (±30 μm).  An increase in heating temperature above 1150–1170 ºC leads to an increase in nonuni-
formity of grain size both for steels microalloyed solely with niobium, and also for steels with addition Nb 
and Ti; with a reduction in heating temperature there is an increase in the proportion of precipitated coarse parti-
cles of niobium carbonitride, which do not participate in subsequent structure and property formation processes, 
but this may facilitate incomplete recrystallization of austenite during subsequent deformation. 

In niobium-containing steel microalloyed with titanium there is formation of coarse “star-like” particles 
(100–150 μm or more) within which the core is titanium nitride, and “beams” are niobium carbonitride.  These 
particles do not dissolve on heating and are detected with finished rolled product; their formation leads to inef-
fective use of part of the niobium (Fig. 2).  Fine TiN particles are not detected within the slab structure. 
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 (a)  (b)  

 
(c)  

Fig. 1. Slab structure before the start of roughing rolling: (a) grain size distribution (slab cross section); (b) microstructure after slab 
quenching; (c) panoramic reconstruction of slab grain boundaries. 

        
 (a)  (b)  (c) 

Fig. 2.  Star-shaped particles based on TiN in steel rolled product: (a), (c) TEM; (b) SEM. 

Austenite recrystallization processes have been studied by experiment and using the HRMM model [2].  
The applicability of the HRRM model for studying rolled product in a CRC has been confirmed in the course of 
an industrial experiment under mill 1950 conditions: two slabs 90 mm thick were rolled in the roughing groups 
of stands to a thickness of 36–45 mm with a degree of deformation in the roughing stands of 36.8 and 29.3% 
each respectively.  Before the finishing group of stands samples were cut with shears and water quenched.   
A study of the austenite structure showed that the average grain size was 55 μm in rolled product 36 mm thick 
and 76 μm in rolled product 45 mm thick,  which corresponds to calculated values  (Fig. 3).   Studies showed that  
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 (a)  (b)  

Fig. 3.  Different grain size distribution through cross section of rolled product 36 mm (a) and 45 mm (b) thick. 

for compete recrystallization of coarse-grained austenite in the test niobium-containing steels at 1100–1150 ºC  
a relative reduction of not less than 20–25% is required. 

From results of studying recrystallization by means of the model it has been established that a change in 
roughing rolling parameters taking account of equipment possibilities (deformation temperature, distribution of 
reduction between stands, and overall degree of deformation) leads to a change in the resulting average austenite 
grain size from 55 to 110 μm, and the uniformity parameter for the austenite grain structure   dmax/dav   is from 
1.3 to 2.8.  Optimum roughing rolling parameters have been determined for steels of different compositions 
providing maximum structure uniformity and minimum possible austenite grain size; deformation tempera-
ture 1100–1150 ºC; ratio of degree of deformation in the first and second stands ≈ 1.5/1; minimum product 
thickness 35 mm. 

In order to obtain a fine final structure in the 1950 mill it is also possible to use a second strategy, which in-
cludes use of the finishing stand of the finishing group as a the third roughing stand.  In this case it is necessary 
to put into operation a second finishing stand and to provide sufficient time for complete occurrence of static 
recrystallization,.  It is also important to provide sufficient deformation temperature in the first stand (for test 
steel K60 not lower than 970 ºC).  An additional roughing pass makes it possible to reduce significantly the av-
erage austenite grain size (to 25.5 μm), and also to reduce the ratio   dmax/dav . 

Use of rapid cooling for rolled product after roughing rolling makes it possible to prevent grain growth and 
maintain structure homogeneity, formed in the course of roughing rolling with movement of rolled product to-
wards the finishing group of stands.  In this case it has also been established that in the original (nonuniform) 
structure inhomogeneity is strengthened even with use of rapid cooling.  Use of semifinished product rapid cool-
ing and a heated conveyor makes it possible to provide in a 1950 mill a temperature for the start of the finishing 
rolling stage at the level of below the temperature for stopping recrystallization. 

The temperature range has been determined for the test steels for stopping recrystallization with use of roll-
ing parameters.  For example, it has been shown that with rolling strip 12 mm thick from semifinished product 
with thickness of 40–45 mm it is expedient to select steel with a niobium content not less than 0.04–0.05%,  
and in this case the deformation in the first finishing stand should be within the limits of 890–900 ºC.  With  
an increase in niobium content to 0.08% it is possible to increase the temperature for the start of finishing rolling 
to ≈ 920 ºC. 
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Fig. 4. Calculated effective austenite grain size (after finish rolling) in relation to rolled product thickness (austenite recrystallized 
grain size). 

       
 (a)  (b)  (c) 

Fig. 5. Steel rolled product microstructure with different microalloying content: А — 0.08% Nb, B — 0.04% Nb, C — 0.04% Nb + 
0.010%Ti. 

The final semifinished product structure is determined by the structure of austenite before  γ → α   trans-
formation.  The effective austenite grain size  Def   is used as a criterion for evaluating the amount of generation 
sites, which depending on recrystallized grain size and overall degree of work hardening in the finishing group 
of stands, is determined by rolled product.  In this case it is necessary to observe a balance between the rolling 
stages.  For different semifinished product thicknesses and calculated austenite grain sizes corresponding to 
them before finishing rolling a dependence is plotted (Fig. 4) from which it is seen that the minimum value  
of  Def   may be obtained with semifinished product 35–45 mm thick. 

The microstructure and nature of precipitated carbonitride phase in coiled rolled product was studied by 
scanning transmission electron microscopy.  It was shown in steel microalloyed solely with niobium a lower 
volume faction of sub-micro particles and a greater amount of nano-particles based on niobium of all forms are 
observed: austenitic, interphase, ferritic (with a size of 1–5 nm) [7].  In steel microalloyed with niobium and 
titanium a considerably greater amount of sub-micron carbide is observed with a size of 30–60 nm (particles 
consists of two fragments, whose composition is close to NbC and TiN) and a considerably smaller amount  
of nano-size particles formed within ferrite.  In steel containing micro-additions of niobium and vanadium, only 
carbonitride (Ti,Nb)(C,N) particles are detected and VC particles are not observed; in steel microalloyed with 
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vanadium alone, VC particles are also not detected; fine VN particles, providing steel strengthening by a precipi-
tation hardening mechanism are only observed in steel containing 0.014% nitrogen and 0.095% vanadium.   
After tempering at 650 ºC pipe of steel microalloyed with niobium, vanadium, and titanium within the structure 
fine VC precipitates are detected (which were not present before tempering) that confirms the assumption of re-
tention of vanadium in solid solution in finished rolled product using rolling with accelerated cooling within the 
test temperature limits [8]. 

A reduction in strength with introduction in niobium-containing steel of micro-addition of titanium is 
caused by generation of niobium carbonitride on TiN particles, which leads to formation of a considerably 
greater amount of sub-micron size (30–60 nm) carbonitride; niobium is consumed in its formation, as a result of 
which there is a reduction in the amount of nano-size particles and the precipitation hardening effect is reduced. 

A second possible mechanism for steel weakening is bonding of nitrogen into relatively coarse TiN parti-
cles, not causing precipitation hardening.  The best combination of strength, ductility, and cold resistance is 
achieved in steel containing 0.08% niobium.  Increased steel strength with a high niobium content with a reduc-
tion in the finishing deformation stage temperature range occurs not due to grain refinement, but as a result of 
precipitation of a considerable amount of nano-size carbonitride particles (2–5 nm) within austenite.  Within 
steels with a high niobium content a ferrite matrix consists of fine-grained polygonal (FGP) and quasi-polygonal 
ferrite, and the amount and fineness of FGP increases with a reduction in deformation temperature in the finish-
ing rolling stage (Fig. 5).  Steel with addition of 0.04% and 0.01% titanium exhibits reduced strength, but in this 
case better ductility and cold resistance than for steel 0.04% added alone. 

From results of research of numerous authors [9–11] metal produced by the CRC scheme is characterized 
by structural inhomogeneity whose main reasons are a lack of recrystallization, a relatively small degree of de-
formation, and non-optimum deformation regime (sometimes connected with the equipment layout, for example 
a lack of roughing stands).  The research conducted, the technology and alloy pipe steel compositions for steels 
have made it possible to minimize structural inhomogeneity as a results of: 

 – conducting the roughing rolling stage by an optimum regime, providing maximum uniformity of an 
entirely recrystallized austenite structure; as necessary use of a rolling regime with three roughing 
passes (use of the first finishing stage as the third roughing stage); 

 – exclusion during performance of finishing rolling of partial austenite recrystallization (temperature for 
the start of the finishing stage  Ts.fin   below the temperature for starting recrystallization  Ts.r( ) ; 

 – a reduction in manganese content used in low-carbon steels (0.04–0.07% C). 

Almost total avoidance of structural inhomogeneity is achieved with use of recrystallization controlled roll-
ing (eight cycles of recrystallization instead of two-three) in steel without added niobium; however, in this case 
the product cold resistance required is not provided. 

An experiment for preparing steels under CRC conditions with reduced manganese content (1.2%) and  
a high niobium content (0.08%) showed that in this case there is a reduction in austenite stability, the magnitude 
of micro-stresses and α-phase dislocation density are reduced [12, 13], and there is also strengthening (an in-
crease in textural index) of α-phase crystallographic texture as a result of accumulation of plastic deformation 
for austenite in performing the concluding stages of TMT below the recrystallization temperature (Fig. 6). 

The best impact strength and cold resistance for the test steels are observed in rolled product of steel 
with 0.08% niobium.  The ductile-brittle transition temperature  (T50 )   for rolled product of this steel was  
below  –80 ºC,  in contrast to other steels for which it was not below  –55  to  –65 ºC.   This is due to the following  
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Fig. 6. Average values of crystal lattice micro-deformation  (εm) ,  dislocation density  (ρd )   and texture index (F2) of steel А 
(0.08% Nb),  B  (0.04% Nb),  and  C  (0.04% Nb + 0.010%Ti)  rolled product:  1 — εm ,  2 — ρd ,  3 — F2   [12, 13]. 

 

Fig. 7. Grain boundary density  (ρg.b )   and proportion of high-angle boundaries  (qhab )   in rolled products of steels A, B, and C:  
1 — all boundaries,  2 — high-angle boundaries (HAB),  3 — low-angle boundaries (LAB),  4 — qhab   [12, 13]. 

structural factors: 

 – a fine ferrite grain size separated by high-angle boundaries (proportion of boundaries with a misorien-
tation angle more than 10 ºC ≥ 70%)) (Fig. 7); 

 – a proportion of polygonal ferrite in the structure of more than 60% with a low level of microstresses, 
dislocation density, and crystallographic texture of α-phase with textural index not less than 1.80; 

 – presence of crystallographic texture of α-phase with predominance of texture components  
{113}<110>,  {112}<110>,  {223}<110>,  causing significant anisotropy of ductility properties be-
tween neighboring grains; 
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 – the displaced cubic orientation  {001}<100>  reinforcing a tendency towards occurrence of splitting at 
a failure surface during dynamic tests for impact bending, facilitating an increase in energy content of 
failure as a result of an increase in overall fracture area. 

From results of these studies a concept of pipe steel chemical composition has been formulated for strength 
classes K56-K60 with thickness sup to 12.7 mm for CRC: 

 – the carbon content corresponds to steels of strictly sub-peritectic composition (0.04–0.07%); 

 – steel microalloying solely with niobium, whose content is determined by the required level of rolled 
product cold resistance (and not equipment possibilities) with respect to the minimum temperature at 
the start of the finishing rolling stage as in traditional BSM; 

 – absence of additional elements, increasing austenite stability, apart from the content of  (Cr + Ni + Cu = 
0.25–0.45%)  is a charge; 

 – cold resistance at –60 ºC and below is provided by increased niobium content and a reduction in the 
manganese content (increased high-angle boundary density). 

The concept of controlled rolling in a CRC is presented as follows: 

 – finished slab metal condition before rolling (at the outlet from a tunnel furnace); maximum dissolution 
of niobium carbonitride particles without increasing the difference in grain size, providing maximum 
slab surface temperature before feeding it into a tunnel furnace; choice of optimum temperature in  
a tunnel furnace (1150–1170 ºC); 

 – roughing rolling technology, including two (three) passes with relative reductions of 25–40% per pass 
at elevated temperatures (1100–1150ºC).  with this technology the original coarse grained structure 
(average grain size 525 μm, maximum 2100 μm) may be refined effectively with formation of a grain 
size of 50–60 μm with a grain structure uniformity parameter   dmax/dav ≈1.6 ;  in this case partial re-
crystallization is excluded entirely; 

 – use of a rapid cooling system for semifinished product and a heated conveyor, which provides grain 
growth retardation; 

 – semifinished product thickness for the finishing groups of stands is 3.5–4.5 fold.  The temperature for 
the start of finishing rolling is below  Ts.r   the temperature for the end of rolling is above the  Ar3   
critical point (800–850 ºC); 

 – rolled product post-deformation cooling parameters and coiling temperature, determined on the basis 
of plotting thermokinetic diagrams taking account of the rolled product strength class and grades. 

On the basis of this research a concept, specific controlled regimes, and steel compositions for producing 
cold-resistant coiled rolled product in an AO VMZ CRC 1950 mill have been developed.  The set of production 
solutions developed has been successfully introduced into the CRC 1950 mill for producing coiled rolled prod-
uct of strength classes up to K60 with thickness up to 12 mm. 
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CONCLUSION 

In the casting and rolling complex of AO VMZ the main principles of thermomechanical treatment (con-
trolled rolling) may be used in full measure with the following parameters: heating, preventing anomalous 
growth and providing dissolution of ≈ 90% Nb(C, N), increased temperatures and reduction during twofold de-
formation in the roughing stage, rapid cooling before the finishing rolling stage, finishing rolling at a tempera-
ture below that for stopping austenite recrystallization with formation of a fine-grained structure, and good pipe 
steel strength and cold resistance. 

Features have been established for transforming an original austenite cast structure of a thin slab (without 
secondary heating) of pipe steel microalloyed with niobium  dav ≈ 500–700 μm,  dmax ≈ 2000–2100 μm)  
with recrystallization, and the possibility has been demonstrated of forming a fine and uniform grain size (up to 
55 ± 17 μm) with two-fold deformation and its parameters have been determined providing complete occurrence 
of maximum grain size recrystallization:  ε = 25–40 %  per pass;  Tdef = 1100–1150 ºC,    ε1/ε2 = 1.2–1.6 . 

A well-known feature of CRC metal of structural inhomogeneity (“mixed” structure) is minimized due to  
a reduction in manganese content (less than 1.5%) and carbon (0.04–0.07% C), but also formation of an entirely 
recrystallized austenite structure after roughing rolling, excluding partial recrystallization  Ts.fin < Te.r( )   during 
finishing rolling; its complete removal, achieved with recrystallization controlled rolling (eight cycles of recrys-
tallization instead of two-three).  In steel without added Nb, and in this case the cold brittleness threshold for 
rolled product increases by 20–30 ºC. 

A concept has been formulated of chemical composition of pipe steels for TMT in CRC conditions:  
sub-peritectic carbon content (0.04–0.07%); minimum manganese content (≤ 1.5%) required for achieving the 
desired strength in order to increase high-angle density; microalloying solely with niobium in an amount  
of 0.03–0.08% depending the level of cold resistance; natural alloying with elements entering to the charge 
composition, increasing austenite stability  (Cr + Ni + Cu = 0.25–0.45%). 

Cold rolling parameters have been determined providing formation in rolled product with thickness up to 
12.7 mm of a fine ferrite-bainite structure (> 60% of polygonal ferrite with a low level of microstresses, disloca-
tion density, and crystallographic texture of α-phase with an index of not less than 1.80) with increased grain 
size No. 12, with a proportion of grain boundaries with a misorientation angle more than 10º ≥ 70%, strength-
ened with nanosize (1–5 nm) Nb(C,N) particles, and the best combination of strength and cold resistance: 
strength class up to K60(X70) with cold resistance to –80 ºC.  For 2013–2018 in the CRC more 600 thousand 
tons of cold-resistant (at –20 and –40 ºC) cold-rolled product of strength classes K56-K60 have been produced.  
Welded pipes with diameter from 219 to 1020 mm (single- and double-seam) have been produced from metal 
products and sent to consumers (including Gazprom and PAO Transneft). 
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