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In modern industry information technology and electronic 
system design, simulation, control systems, production 
flows, systems of control and accounting of production re-
sources are playing a growing role. Metallurgical produc-
tion isn’t an exception too. There is a task in the section 
and long product rolling companies associated with the 
shipment of finishing product by gage lengths. The applica-
tion of mathematical modeling based on the use of modern 
information technologies contributes to the efficiency of 
solving such problems. After the completion of implementa-
tion of such APCS the off-gauge length management at the 
rolling mill will be automated — optimal rolling schedules 
will be chosen based on the weight of the billet and wear of 
the rolls. The use of APCS will reduce the number of defects 
in production and will increase the automation level of the 
mill increasing the efficiency of the personnel, reducing the 
influence of human factor and reducing production costs. 
The economic effect from implementation of the system is 
more than 50 million rubles per year on heavy-medium 
section mill with production capacity of about 500 000 tons 
per year [1]. A promising development of APCS is not only 
increasing the level of automation, but also the extension of 
the supported range, for example, the section profiles.

Key words: off-gage length, not custom length, off-gage 
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I
n modern industry information technologies (IT) are 

playing a growing role and metallurgical industry isn’t 

exception. Electronic system design, control systems, 

production flows, systems of control and accounting of 

production resources, and automated control systems 

(management information system) and automated control 

systems of technological processes (APCS) — all of that is 

the norm for modern industry. For example, all of the 

modern continuous rolling mills are equipped with APCS 

that controls the speed of the mill at each stand to provide 

the desired tension in the stock, there are also cases where 

you can meet APCS that control roll gaps online. 

IT spreads due to the high efficiency, automatic op-

eration without human’s intervention and a high speed 

of response to the changing process conditions. On the 

basis of the conducted researches [1], we can conclude 

that a promising direction in the long product rolling is 

the development of such an APCS, which automatically 

selects the optimal roll gap in the last rolling stands of 

the mill based on the weight of the billet and on the rolls 

wear to reduce defects and to improve profitability of the 

long product rolling production, requiring a minimal 

human intervention. 

According to the research results we conclude [1, 2] 

that there is a task of the correct material cutting in front 

of modern bar rolling production, and the solution de-

pends not only the volume of the finished product and 

yield, but also profitability. The main task of cutting is to 

reduce the number and length of the bars that are short-

er than customers need (hereinafter off-gage length). 

Those bars are generated in the production process at 

the stage of the gage length formation. 

Analysis of the production defect types during long 

product rolling and its percentage distribution shows 

that most of them were caused by the wrong cutting, i.e. 

off-gage length (Fig. 1) [2].
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On the whole, the full solution of the problem of cor-

rect cutting can reduce the number of defects for more 

than 40 %.

Reducing the metal loss in the off-gage length, and 

hence, increasing the yield ratio is an effective way to 

improve profitability.

The task of cutting has at least six solutions:

– The endless rolling: a — the technology of the 

continuous casting [3], b — billet welding before rolling 

[3–5];

– Varying lengths: a — of billet, b — the technologi-

cal trimmings within acceptable ranges;

– The variation of cross-section: a — of billet, b — 

finished products within the tolerance range.

Endless rolling of continuously cast billets fixes the 

problem of the off-gage length. The positive side is con-

tinuous production without “off-gage length” defect. 

Negative — complexity and high cost. This technology 

is used since 2000 [3] in the framework of pilot produc-

tion.

Endless rolling with the welded billets at the junction 

interface is a popular method of production. The posi-

tive side of this approach is the possibility of obtaining 

much longer billet. Negative — high cost, the need for 

purchasing expensive and complex welding units.

Installation of billet welding equipment requires 

almost complete reorganization of the rolling mill and 

has a high cost. The main technological problem of 

billet-welding is the difference between the quality of 

the welded joint, which limits the product range of the 

rolling mill, as the joint in the rolling process is rolled 

out at great length, and reduces uniformity of chemical 

composition, and the mechanical stability of the fin-

ished product.

Varying the length of the billet does not require any 

changes in the production technology, but requires the 

reorganization of production management and strategy 

of the enterprise as a whole, because in this approach 

the production of continuously cast billets must come 

from existing orders, adjusting the parameters of the 

casting under a specific profile. The billet length has to 

be chosen correctly to obtain shortest off-gage bars. The 

reverse side of this technology is a mandatory require-

ment of high production culture: maintenance work, 

strict adherence to technology, total control. In Russia 

the solution of this problem is extremely expensive and 

inefficient.

The method of varying the off-gage length is interest-

ing because it actually does not require the purchase of 

new equipment. It needs the implementation of online 

trimmings control. But because the acceptable range of 

trimming is quite small, it is possible only to reduce the 

off-gage length and not eliminate it. It should  also be 

noted that a significant complexity creates the current 

rolls wear, and the effectiveness of this method would be 

low without this.

The method of varying the cross-sectional area of 

the billet is quite interesting, but to change the cross-

section on CCM we need to change the mold, which is 

costly and time-consuming. The technology of varying 

cross-section of the finished product within the toler-

ance range does not require any deep intervention in 

the production technology. Variation of the area goes 

on inside the tolerances. Varying the roll gap, and the 

cross-section the finished product, it is possible to mini-

mize the off-gage bar length. Increasing cross-section of 

the finished product is beneficial when company ships 

bundles at actual weight, and reducing it can increase 

the number of bars, which is beneficial when bundles are 

shipped by the theoretical mass and the bar quantity.

Analyzing these methods, comes to the conclusion 

that without IT the methods implementation impossible 

or difficult. Moreover, IT often allows to find a solu-

tion to a particular problem, opening a hidden reserve 

of modern production (an example is the technology of 

varying cross-section of the finished product within the 

tolerances). It’s not only difficult, but it’s waste of time 

to find the optimal solution without using IT.

Thus, there are at least 6 ways to solve this problem, 

but as shown by research and practice is most beneficial 

for long product rolling mill is the method of varying the 

cross-sectional area of the finished product within toler-

ances (hereinafter Method) as the most affordable, ver-

satile and quickly implemented method [2].

Positive and negative tolerances, regulated by state 

standards (for example, GOST 2590–88 regulates hot-

rolled round steel, and GOST 5781–82 — hot-rolled 

steel for reinforcement of concrete structures), allow 

to vary the cross-sectional area of the finished products 

in a wide range, while satisfying customer requirements 

(Fig. 2).

The weight of the billet and finished product are 

closely connected. In practice, it is necessary to consid-

er head and tail cutting, scale, dividing when the stock 

enters the cooling bed and at the cold shear cutting 

into bars. By changing the cross-sectional area of the 

finished product we can change the total length of the 

stock, which in turn changes the off-gage length because 

the total mass must remain relatively constant.

Thus, the goal of cutting is to find such a cross-sec-

tion areas of the finished products, which gives the min-

Fig. 1. Manufacturing defects
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imum off-gage length. The Method offers 

to change the cross-section of the finished 

product in the last stands of the rolling mill.

It is important to note that most manu-

facturers ship finished products by weight and not by 

the number of bars, so it’s better to vary the cross-sec-

tion of the finished product towards positive tolerance, 

transferring metal from off-gage length to the finished 

products, increasing its mass. It will be most profitable 

to vary the cross-section of the finished product in nega-

tive tolerance, which should increase the number of bars 

for companies that ship long products by the theoretical 

mass.

Within R&D [1] we developed software that allows 

quick finding the optimal cross-sectional area of the fin-

ished product in the workplace [6]. A simplified algo-

rithm of the program is presented in the diagram (Fig. 3).

On the basis of the conducted research it can be con-

cluded that the Method allows to reduce the off-gage 

length at the bar mill by 80–90% [4].

As shown by practice [1] and model [7] of roll-

ing large bar, for example, the round 48, the off-gage 

length can be reduced from 11,3 m up to half, thereby 

increasing the yield from 90,09% to 97,3% (billet weight 

2000 kg; mill 370 OJSC ММК). Analyzing the research, 

it becomes clear that the greatest benefit from the appli-

cation of the Method can be obtained in large profiles — 

for example, by rolling the round 30 mm at nominal size 

off-gage length is 8 meters, while using the Method, off-

gage length was reduced to 0,5 m.

During the rolling the nominal size, the total length 

of the rolled stock is 143,4 m or 11 separate bars. Off-

gage length in this case is 11,3 m, which cannot be 

shipped to the customer and is scrapped. Rolling in neg-

ative tolerance allows you to get the length of the stock 

to 144,8 m or 12 separate bars, off-gage length in this 

case is half a meter. It is worth noting that the Method 

calculated off-gage length will usually be smaller less 

than in reality, because the software calculates optimal 

roll gaps and optimal bar length on the cooling bed, but 

in reality – without using the Method – dividing bars 

before the cooling bed is not optimal, which increases 

the output of crop and off-gage length (Fig. 4).

Let’s take a closer look at the results: the weight 

of off-gage bar reduced from 158,02 kg to 7,19 kg and 

yield increases from 90,09% to 97,3 %; money loss for 

one billet drops from 2918 to 132 Rub. This effect is 

achieved by reducing the roll gap from 2,00 to 1,63 mm. 

The method of varying the cross-sectional area of the 

finished product is one of the reserves for increasing the 

efficiency and profitability of production, while not re-

quiring significant investment and time.

The attention should be payed to the accuracy of 

placing a gap — as shown by studies to ensure maximum 

efficiency of the Method and the required accuracy of 

changing the roll gaps in the last stands of the rolling mill 

at the level of 0,01 mm. Let’s have a look at situation at 

the long product rolling mills OJSC MMK.

In the early 2000ies OJSC MMK has installed three 

Danieli rolling mills 170, 370, and 450 [8]. The mini-

mum step of placing a gap on the mill 370 is 0,05 mm, 

which according to R&D “Cutting the rolling mills 

bars” [1] is not enough to obtain the maximum effect 

from the Method to reduce off-gage length. The reduc-

tion of the minimum step of placing a gap in the last 

stand from 0,05 mm to 0,01 not only reduces off-gage 

length at the bar mill, but it’s often the only way to do it 

Fig. 2. The interval variation of diameter

Fig. 3. Simplified algorithm of the program

      Fig. 4. Rolling
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for heavy section products. Let’s compare the minimum 

gap steps — 0,05 and 0,01 mm (see tables 1–3).

For round 48 mm step of 0,05 mm doesn’t allow to 

reduce the off-gage length using the method of varying 

the cross-sectional area of the finished product within 

tolerances. At the same time, improving the accuracy of 

setting the roll gap of up to 0,01 mm will significantly re-

duce off-gage bar length of the round 48 mm (by 95%). 

Thus, for large profiles, improving the accuracy of set-

ting the roll gap reduces the crop, whereas conventional 

precision placing of the gap is not enough.

Despite the fact that the number of bars remains gen-

erally the same, with variable balance is reduced, and 

this means that less metal goes into scrap — and, con-

sequently, the weight of the finished product increases. 

Since delivery of the metal occurs, as a rule, by weight, 

not by number of bars, the reduction of off-gauge 

length — in other words, the transfer of metal from scrap 

into finished products — allows you to increase the prof-

itability of the mill.

 Generally, improving the accuracy of operation of 

the metallurgical equipment of the mills together with 

varying the cross-sectional area of the finished product in 

the tolerance range is one of the reserves for increasing 

the efficiency and profitability of long product rolling.

As has been written previously, the further develop-

ment of the Method is the creation of APCS, which will 

automatically select the optimal parameters of the roll-

ing mill based not only on the mass of the billet, but also 

the wear of the rolls. Detailed information on the wear 

of the rolls depending on the amount of rolled steel and 

profile shape can be obtained from the following sourc-

es: [8-11]. The principle of APCS: the operator of the 

rolling mill selects the desired profile and custom length. 

Software reads the mass of the billet, and then calculates 

the optimum parameters of rolling considering the wear 

of the rolls. After rolling on the quality control post the 

measurements of the off-gauge length are made and the 

system adjusts the coefficients (Fig. 5).

It is proposed to insert the APCS in the process into 

several stages according to [12] to ensure the commis-

sioning without stopping the production cycle for a long 

period. The first step is the implementation of a software 

system. All measurements and recordings in the data-

base are made manually by the employees of the mill — 

Table 1. Round 48 mm rolling results (the mill 370 of 

OJSC MMK)

Rolling

Default Optimum 
with step 
0,05 mm

Optimum 
with step 
0,01 mm

Weight of 
billet, kg

2000

Profile Circle

Diameter, mm 48

Gap in the last 
stand, mm

No solutions 2 1,63

Off-gage 
length, m

No solutions 11,33 0,52

Number of 
rods

No solutivons 11 12

Table 2. Round 20 mm rolling results

(the mill 370 of OJSC MMK)

Rolling

Default Optimum with 
step 0,05 mm

Optimum with 
step 0,01 mm

Weight of 
billet, kg

2000

Profile Circle

Diameter, mm 20

Gap in the last 
stand, mm

0,8 1 0,82

Off-gage 
length, m

1,6 2,6 0,5

Number of 
rods

70 69 70

Table 3. Round 30 mm rolling results (the mill 370 of 

OJSC MMK”)

Rolling

Default
Optimum with 
step 0,05 mm

Optimum with 
step 0,01 mm

Weight of 
billet, kg

2000

Profile Circle

Diameter, 
mm

30

Gap in the 
last stand, 

mm
1,5 1,2 1,23

Off-gage 
length, m

8 1,1 0,6

Number of 
rods

30 31 31

Fig. 5. Automated control system of technological process 

(APCS)
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in fact, we are talking about semi-automated system, 

but researches have shown [1] that this system allows to 

reduce off-gage length in production by more than 50%, 

requiring regular data input into the database by mill 

personnel. The main disadvantage of this system is the 

necessity of correction the burning coefficients in fur-

naces, thermal shrinkage and tolerances of shears based 

on empirical data to increase the accuracy of the Model. 

In the second stage of implementation proposes instal-

lation of automated weighing station before and after 

the reheating furnace, and automatic weighing of the 

off-gauge bar. Re-weighting of the billet after reheating 

furnace will let correct burn in scale factor in the data-

base, and the off-gage bar weighing will correct internal 

index of the model describing the correspondence of 

theory with practice. The installation of this equipment 

will transfer the task of correction coefficients from em-

ployees to the APCS.

After the completion of implementation of such 

APCS the off-gauge length management at the rolling 

mill will be automated — optimal rolling schedules will 

be chosen based on the weight of the billet and wear of 

the rolls. The use of APCS will reduce the number of 

defects in production and will increase the automation 

level of the mill increasing the efficiency of the person-

nel, reducing the influence of human factor and reduc-

ing production costs.

The economic effect from implementation of the 

system is more than 50 mln. Rub per year on heavy-

medium section mill with production capacity of about 

500 000 tons per year [1]. A promising development of 

APCS is not only increasing the level of automation, but 

also the extension of the supported range, for example, 

the section profiles.
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There are economically and technically effective technolo-
gies of steel producing with low level of sulfur, phosphorous, 
oxygen and hydrogen in metal. As a consequence, there is 
no special need of refining metal from impurities in electro-
slag remelting. Remelting primary objective is to obtain a 
favorable structure while maintaining of low hydrogen con-
tent and increasing the technical and economic evidence 
of the remelting process itself. The new generation flux of 
low base-to-acid ratio based on worked-out metallurgical 
slag was developed. The physical, physico-chemical, tech-
nological properties of this flux, structure and properties of 
the investigated weld metal have been studied in labora-
tory and industrial conditions. The technical parameters 
of the process of ESR have been evaluated. It was shown 
that proposed flux is workable and its application provides 
consistently ESR process with a high speed, reduces elec-
tricity consumption up to 1,5 times and provides welding of 
metals with a good surface quality. Proposed flux protects 
the weld metal better from hydrogen saturation than widely 
used CaF2 – Al2O3 flux ANF-6. The mechanical proper-
ties of cast metal, welded under this flux are close to forged 
steel after remelting under CaF2 – Al2O3 flux.

Key words: flux, slag recycling, electroslag remelting, 
metal refining, metal welding, hydrogen saturation, me-
chanical properties, sulfur, phosphorus, oxygen, hydrogen.

1. Introduction

I
t’s  well-known that metallurgical enterprises, in 

addition to metal production, produce a lot of 

vario us slags (blast furnace slag, steelmaking slag, 

secondary metallurgy slags etc.). Pyrometallurgical 

companies engaged for a long time the challenge of the 

slag usage and solve it rather successfully. Nowadays, 

such slag is used for manufacture of building materials, 

roadway backfills, in the cement industry, in agriculture 

for liming the soil etc. [1], because it brings significant 

economic benefits (lower consumption of lime, alumi-

na and the other additives, saving coke, recovering heat 

etc). Thus in Europe about 87% of worked-out pyro-

metallurgical slags nowadays are used at present time in 

building industry [2]. It must be noted, that blast fur-

nace slag is the most suitable for recycling — it’s recy-

cled up to 100%, steelmaking slags are used less — about 

79%, and the least used slag is slag of ferroalloy produc-

tion industry. However, it’s possible that the further 

requirements would be more environmentally con-

cerned, taking into account targets like preservation and 

protection of the environment and humans. From that 

positions, using of metallurgical slags, especially from 

ferroalloys (because of self-disintegrate property, pos-

sibility of heavy / toxic compounds like Cr6+ forming 

and so on) in building could be restricted or even forbid-

den, so another usage of such materials should be find.

The chemical and granulometric composition and 

low price of ferroalloy slags make them challenging 

to reuse in the metallurgical industry, particularly as a 

starting materials for the production of low base-to-acid 

ratio and low-fluorine fluxes for electroslag remelting 

process (ESR).

ESR is used in the steel industry mainly for deep 

desulfurizaing, refining of metal from non-metallic in-

clusions and obtaining a dense cast structure of metal. 

To achieve these goals, a series of fluxes has been devel-

oped, which is based on the systems of calcium fluoride 

with thermodynamically strong oxides (calcium, alumi-

num and magnesium). These fluxes are characterized by 

high refining capability and they have a set of physical 

and physico-chemical properties. It allows to provide 

stable melting conditions. Wide circulation of flux from 

70% mass. CaF2 and 30% mass. Al2O3 (named ANF-6) 

was obtained in Russia.




