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 Introduction

Cast irons, or high-carbon iron alloys, have been 
acknowledged and extensively utilized since the initial 
millennium BC.

It is widely held among scholars that the Russian 
phrase “cast iron” is derived from the Chinese words 
“zhu” (meaning “to cast (metal)”) and “gong” (mea ning 
“work”). The advent of iron smelting technology in China 
is purported to trace back to the 5th to 3rd centuries BC. 
This process involved the use of ball iron and char­
coal, with smelting occurring at temperatures exceeding 
1200 °C over several days. Subsequently, Chinese metal­
lurgists developed a specialized furnace for melting cast 
iron from either highly phosphoric iron ore or ball iron, 
known as the “Chinese” cupola. This furnace essentially 
functioned as a 1 m tall chimney, equipped with a forced-
air system to enhance air flow.

China excelled in producing intricate castings from 
cast iron. A noteworthy example is the lion statue (Fig. 1) 

believed to have been cast in 954 and placed in the Jiang­
zhou district of Chongzuo Township, Guangxi Zhuang 
Autonomous Region. The dimensions of this casting, 
which is over a millennium old, continue to astonish 
metal lurgists today. Replicating the statue presents a for­
midable challenge for many contemporary foundries (the 
sculpture measures 5.4 m in length, 3 m in width, 5.4 m in 
height, weighs 44 tons, and has wall thicknesses ranging 
from 4 to 20 cm). The figure was created using a life-sized 
clay model. Experts suggest that it was a single-piece 
casting, likely achieved by melting metal in multiple 
cupolas simultaneously, which then flowed through chan­
nels into one mold.

The earliest instances of cast-iron objects in Europe 
date back to the 14th century. The late 15th century saw 
the emergence of the first bloomery furnaces in Italy, 
the Netherlands, and Belgium. Fig. 2 illustrates the first 
cast-iron bridge, constructed in 1779 in England, span­
ning the River Severn.

The production of cast iron in Russia commenced in 
the 16th century, with Russian artistic iron casting gaining 
widespread acclaim (Fig. 3).

Fig. 2. The first cast iron bridge built in 1779 in England 
across Severn river

Рис. 2. Первый чугунный мост, построенный в 1779 г. в Англии 
через реку Северн

Fig. 1. 44-ton solid cast iron casting of a lion made in 954 in China

Рис. 1. Цельнолитая чугунная отливка льва весом 44 т, 
изготовленная в 954 г. в Китае

Fig. 3. Examples of artistic castings

Рис. 3. Примеры художественного литья

https://ru.wikipedia.org/wiki/%D0%A1%D0%B5%D0%B2%D0%B5%D1%80%D0%BD
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Into the 21st century, cast iron maintains its status 
as a primary and highly favored structural material [1]. 
Fig. 4 displays several examples of common mechani­
cal engineering components made from cast iron, ranging 
from small piston rings to large casings for modern wind 
turbines.

 Current global casting industry:
 

A concise summary

The World Foundry Organization [2] monitors casting 
activities globally, and Modern Casting magazine pub­
lishes comprehensive overviews. It’s essential to recog­
nize that statistical reports are subject to delays, meaning 
the most recent data might be one or sometimes two years 
old.

In 2018, the world experienced its peak in castings pro­
duction, surpassing an impressive 112.7 million tons [3]. 
Recent years have seen a slight decrease in production, 
with figures showing a 4 – 6 % drop (109.1 million tons 
in 2019 compared to 105.5 million tons in 2020). Current 
data indicate that the global output for all casting grades 
consistently exceeds 100 million tons [4].

The distribution of casting output across various 
metallic materials in the top ten advanced countries for 
the year 2020 [3] reveals China as the leading nation, 
contributing more than half of the world’s casting ton­
nage, followed by India and the USA, with Russia, Ger­
many, Japan, Mexico, Brazil, and Italy (Fig. 5).

This chart suggests a trend where environmentally 
harmful foundry operations are gradually relocating from 
advanced and wealthy nations to less developed ones. 
Japan’s journey from being the third-largest producer 
of castings in the world during the 1970s to relocating 
its production to India, China, and Taiwan in more recent 
years exemplifies this trend.

 State of global iron casting:
 

A contemporary analysis

Within the material composition of all castings, cast 
iron notably surpasses all other casting materials, con­

Fig. 4. Examples of typical engineering parts made from cast iron:
piston rings (а); camshafts (b); crankshaft (c); brake discs (d); cylinder block housing (e); 

cases of modern wind power plant (f) 

Рис. 4. Примеры типовых машиностроительных деталей из чугуна:
поршневые кольца (а); распределительные валы (b); коленчатый вал (c); тормозные диски (d); 

корпус блока цилиндров (e); корпуса современной ветряной электростанции (f)

Fig. 5. Distribution of casting output of all materials 
in ten most advanced countries of the world for 2020 [3] 

Рис. 5. Распределение выпуска литья всех материалов 
по десяти наиболее передовым странам мира 

за 2020 г. [3]
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stituting over 70 % of the total production. Following 
cast iron, aluminum castings hold the second spot in out­
put volume, and steel castings are in the third position 
on a global scale (Fig. 6).

 Increasing prevalence of high-quality
 

and ductile iron over gray cast iron

The shift in production from gray cast iron (GI) 
to ductile cast iron (DI) became prominent around the 
late 1970s and early 1980s. This transition was signifi­
cantly influenced by the discovery made by Keith Dwight 
Millis. On May 7, 1948, Millis presented his ground­
breaking work at a convention of American foundrymen. 
He demonstrated that the introduction of small quantities 
of magnesium into molten iron during casting resulted 
in the formation of spherical graphite inclusions within the 
iron. This change in the microstructure leads to a marked 
improvement in the strength properties of the material, 
potentially doubling its toughness. K. Millis’ patent [5] 
marked the beginning of the ductile cast iron age.

Fig. 7 reveals significant shifts in the composition 
of materials used for castings internationally across five 
decades, from 1996 to 2016.

The data illustrated in these diagrams indicates 
a slight decrease in steel castings production, contrasted 
with a significant rise in the production of DI castings. 
Currently, ductile iron castings comprise more than 25 % 
of all global castings (Fig. 7, b), with the increase largely 
owing to the enhanced durability of certain cast iron 
grades.

Furthermore, the trend line in Fig. 8 affirms that, 
despite various global economic challenges, the produc­
tion of DI has shown a remarkably stable increase over 
the recent years [6]. 

This graph serves as a crucial visual aid for metallur­
gists, enabling the prediction of an increased demand for 
ductile iron in the forthcoming years. 

Fig. 6. Structure of world production of castings 
by the type of material for 2020 [5] 

Рис. 6. Структура мирового производства отливок по видам 
материалов за 2020 г. (по данным журнала Modern Casting [5])

Fig. 7. Comparison of material structure 
of the world casting production with an interval of 50 years [6]: 

in 1996 (a) and in 2016 (b) 

Рис. 7. Сравнение материальной структуры 
мирового производства отливок с интервалом в 50 лет [6]: 

в 1996 г. (а) и в 2016 г. (b)

Fig. 8. Dynamics of world production of ductile 
iron in natural (million tons) (1) and percentage (2) terms 

(share of all other cast materials) in recent years [5] 

Рис. 8. Динамика мирового производства высокопрочного чугуна 
в натуральном (млн т) (1) и процентном (2) выражении 

(доля от всех других литых материалов) за последние годы [7]

 Fig. 9 illustrates the production ratio between GI and 
DI in ten of the leading countries in this industry glo-
bally.



Известия вузов. Черная металлургия. 2024;67(1):8–18.
Витязь П.А., Залесский В.Г., Покровский А.И. Особенности чугунолитейного производства Беларуси и его перспективы

12

In numerous nations, the output of DI constitutes 
at least half of the production of GI. Notably, in several 
developed countries, the production of DI surpasses that 
of GI by a substantial margin. For example, in 2019 Aust-
ria’s production of DI reached 104,700 tons, dwarfing 
its GI output of 42,300 tons, while Spain manufactured 
663,000 tons of DI compared to 362,600 tons of GI.

This trend indicates a renaissance for cast irons, as 
their use pivots to high-loaded components within cru­
cial technical sectors such as the automotive industry, 
railroad, pipeline transport, machine tool production, and 
shipbuilding. Cast irons are no longer confined to tra­
ditional applications like cylinder blocks, piston rings, 
crankshafts, and camshafts. Recent advancements have 
broadened their applications, including parts once deemed 
unsuitable for ductile iron. Internationally, companies 
such as Ford and Chrysler utilize DI in heavy trucks’ final 
drive pinions, Zanardi uses it in railway coach suspen­
sion parts, and it’s a choice material for soil cultivation 
implements, among others. Interestingly, due to its supe­
rior workability and robust strength characteristics, cast 
material is starting to replace alloyed steel rolled pro ducts 
that undergo multiple metallurgical processes, a shift par­
ticularly noticeable in the leading sectors of mechanical 
engineering.

 Analysis of the cast iron industry in Belarus

During the era of the Soviet Union, Belarus was 
often referred to as the country’s “assembly shop” due 
to its highly developed manufacturing sector, par­
ticularly in blank production and the foundry industry. 
In the 1980s, Belarus’s annual output exceeded 1 mil­
lion tons of vario us types of castings, with iron cast­
ings making up approximately 700,000 tons of this total. 
In 1985, the per capi ta production of castings in Belarus 
was 100 kg, ranking the country third in the world at that 
time based on this metric.

At present, the output of castings in Belarus has dimi-
nished to a quarter of what it was during its peak produc­
tion years. In 2018, the country’s total casting production 
was just 250,000 tons. 

Several characteristics define the current state 
of the iron foundry industry in Belarus:

– the technologies and equipment in Belarusian found­
ries are generally less productive and more resource-
intensive per product unit compared to those abroad;

– over half of the iron castings are made using mecha­
nized casting conveyors that are equipped with outdated 
machinery;

– the capital assets are extensively worn and outdated, 
with a low rate of renewal (2 – 3 %), and the furnace fleet 
is antiquated;

– foundry operations consume a high amount of energy;
– there is a minimal inflow of direct investment and 

technology;
– the foundries are not operating at full capacity; they 

currently produce 250,000 tons of castings, yet have the 
capacity to produce 557,500 tons;

– the capacity at Belarusian foundries allows for 
the production of 345,700 tons of gray iron castings and 
73,100 tons of ductile iron castings annually.

The majority of GI and DI castings are produced 
at key plants such as:

– OJSC “Minsk Tractor Works”;
– OJSC “Minsk Automobile Plant” – Managing Com­

pany of “Belavtomaz” Holding;
– OJSC “Centrolite” Gomel Foundry”;
– OJSC “Gomel plant of casting and normals”;
– OJSC “Mogilevliftmash” – Managing Company 

of the Holding”;

Fig. 9. Ratio of production of gray cast and ductile iron for ten most advanced countries in the world for 2019 [7].
Russia provided summary data without separating gray and ductile irons

Рис. 9. Соотношение производства серого и высокопрочного чугуна по десяти наиболее передовым странам мира 
(данные Modern Casting за 2019 г. [7]). Россия предоставила суммарные данные, не разделяя СЧ и ВЧ
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– OJSC “Managing Company of the Holding, Minsk 
Motor Plant”, Stowbtsy.

The remainder of the cast iron production, accoun-
ting for about 25 %, comes from other enterprises 
in the count ry.

Fig. 10’s diagram detailing the distribution of cas-
ting methods indicates that cupolas, comprising half 
of the foundry furnace fleet in Belarus, are incapable 
of producing high-grade cast iron and are significant 
contributors to dust and gas emissions. The other half 
of the furnace infrastructure consists of induction fur­
naces, which are subdivided almost equally among com­
mercial frequency, intermediate frequency, and channel 
furnaces.

Yet, modern intermediate frequency induction fur­
naces have been adopted by several enterprises within 
Belarus, including: CJSC “Altant” subsidiary – Barano-
vichi Machine-Tool Plant, OJSC “Minsk Tractor Works”, 
“Minsk Automobile Plant” – Managing Company 
of “Belavtomaz” Holding, OJSC “Gomel plant of cast­
ing and normals”, OJSC “Centrolite” Gomel Foundry”, 
OJSC “BELAZ” – Managing Company “BELAZ-HOL-
DING”, OJSC “Lida Foundry and Mechanical Plant” 
and OJSC “Managing Company of the Holding “Minsk 
Motor Plant”.

The analysis of casting distribution by molding meth­
ods (Fig. 11) reveals that approximately 78 % of molds 
are fashioned from sand-clay mixtures. This method is 
prevalent due to the low cost of raw materials. However, 
it has significant disadvantages, including high energy 
consumption, the cost per ton of castings, and less precise 
casting surfaces. Castings produced in cold-hardening 
mixtures (CHM) molds constitute about 12 % and offer 
cleaner surfaces and more accurate geometric dimen­
sions. Despite this advantage, the preparation of these 

mixtures often involves technologies and equipment that 
fall short of contemporary standards for molding and core 
sand mixtures.

Currently, around 10 vortex-type mixers are opera­
tional within Belarus, notably at enterprises such as 
OJSC “Minsk Automobile Plant” – Managing Com­
pany of “Belavtomaz” Holding and OJSC “Centro­
lite” Gomel Foundry”. These mixers have significantly 
optimized energy usage, cutting it by 1.5 times per ton 
of mixture, and reduced the need for binding components 
by 15 – 20 %.

The Belarusian foundry industry has also embraced 
other technological advancements:

– automatic molding lines are in use at several facilities, 
including OJSC “Minsk Tractor Works”, OJSC “Gomel 
plant of casting and normals”, CJSC “Altant” subsi diary – 
“Baranovichi Machine-Tool Plant”, and OJSC “Centro­
lite” Gomel Foundry”;

– core making machines, specifically employing the 
“cold-box-amine process,” have been implemented, 
with OJSC “Minsk Tractor Works” operating more than 
30 machines and “Minsk Automobile Plant” – Managing 
Company of “Belavtomaz” Holding utilizing 4 machines 
developed by OJSC “BELNIILIT”.

Gray cast iron predominates in the material structure 
of Belarusian castings (Fig. 12).

In 2017, the “Foundry Development Program for the 
period 2017 – 2030” was launched, targeting significant 
enhancements in the sector’s efficiency and overcoming 
the aforementioned issues. The program’s primary objec­
tives include:

– optimizing the operations of existing foundries, 
enhancing product quality, lowering production costs, 
and maximizing the utilization of foundry capacities;

Fig. 10. Distribution of castings in Belarus according 
to the smelting method

Рис. 10. Распределение литья в Беларуси по методу плавки

Fig. 11. Distribution of casting in Belarus by forming methods

Рис. 11. Распределение литья в Беларуси  
по методам формообразования
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– fostering the growth of financial and economic per­
formance indicators within organizations;

– producing competitive products that fulfill con­
sumer requirements;

– improving working conditions, minimizing environ­
mental impact from production activities, conti nuously 
enhancing environmental standards, and promoting 
the efficient use of resources.

Initially, an audit of the existing production facili­
ties’ technical standards was conducted as part of this 
prog ram. Foundries that either met or were close to 
meeting the technological requirements for castings 
and could be updated with minimal expense were iden­
tified as basic foundries. This classification was in line 
with the Minist ry of Industry’s Order No. 449, issued on 
December 9, 2016, titled “On Optimization of Foundries.” 
Focusing on the development of these basic foundries is 
expected to significantly enhance the foundry industry’s 
performance in Belarus, enabling the fulfillment of inter­
national orders, generating foreign currency revenue, and 
establishing a reliable reputation for producing quality 
products at reasonable prices.

 Initiatives for the development
 

and modernization of primary foundries
in Belarus

Following the directives from the Ministry of Indust-
ry’s Order No. 449, issued on December 9, 2016, updates 
were made to the modernization plans for foundries 
through to 2030. This involved revising the list of found­
ries scheduled for preservation or integration into base 
organizations by transferring their production lines, 
including the assortment of castings, as well as their mel-
ting, molding, mixing, and additional foundry equipment.

A Table details the operational parameters and capa-
city utilization of primary enterprises involved in the pro­
duction of gray and ductile iron as of October 1, 2022.

Fig. 13 illustrates the comparative analysis of both 
actual and projected capacity utilization across the foun­
dational foundries in Belarus, encompassing all casting 
categories.

The “Foundry Development Program for the period 
2017 – 2030” includes investment initiatives and 
actions aimed at the establishment of new facilities and 
the enhancement of existing foundries within principal 
organizations.

It is proposed to incrementally reallocate the current 
product spectrum to these central entities and discontinue 
foundry operations at locations including OJSC “Minsk 
Automatic Lines Plant” named after P.M. Mashe-
rov, OJSC “Gomel Radio Plant”, OJSC “MPOVT”, 
among others. Furthermore, due to economic non-via­
bility, OJSC “Bobruisk Machine-Building Plant” and 
JSC “Managing Company of Lidselmash Holding” will 
cease the production of gray iron castings.

 Human workforce strategy in Belarusian
 

foundry industry

In the Republic of Belarus, the training of personnel 
for the foundry industry is conducted by the following 
higher education institutions:

– the Faculty of Mechanics and Technology at the 
Belarusian National Technical University offers degree 
in: “Machines and technology of foundry production”, 
“Metallurgical production and material processing”, with 
specialization in “Foundry of ferrous and non-ferrous 
metals”;

– the Faculty of Mechanics and Technology at Su khoi 
State Technical University of Gomel offers degree in 

Fig. 12. Structure of castings produced in Belarus 
by types of materials for 2018 according to the Belarus 

“Foundry Development Program for the period 2017 – 2030” 

Рис. 12. Структура производимого в Беларуси литья 
по видам материалов (данные за 2018 г.) из «Программы развития 

литейного производства Беларуси на период 2017 – 2030 гг.»

Fig. 13. Dynamics (actual and forecast for 2023 – 2030) 
of changes in the utilization of capacity of the basic 

foundry enterprises in Belarus

Рис. 13. Динамика (факт и прогноз на 2023 – 2030 гг.) 
изменения загрузки литейных мощностей базовых 

литейных предприятий Беларуси
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“Machinery and technology of foundry production”, 
with specializations in “Technical operation of foundry 
equipment”, “Organization and management of foundry 
production”, “Metallurgical production and material pro­
cessing” and “Electrometallurgy of ferrous and non-fer­
rous metals”;

– Gomel State Machine-Building College offers 
secon dary vocational education with a major in “Metal­
lurgical Production and Material Processing,” speciali-
zing in “Foundry Production of Ferrous and Non-Ferrous 
Metals”.

The state sector-specific educational institution of the 
Ministry of Industry of the Republic of Belarus, named  
“Institute of Professional Development and Retraining 
of Managers and Specialists “Industrial Personnel”, is 
responsible for the advanced training and retraining of 
managers and specialists within the engineering and tech­
nical services sector.

 Examples of foundry modernization
 

in Belarus

Examples of basic foundries’ modernization efforts 
in the Republic of Belarus as of January 1, 2023, include:

OJSC “Minsk Tractor Works”. Modernization efforts in 
Foundry Shop No. 1, including the molding and mel ting 
sections, and the melting section of Shop No. 2, have led 
to the procurement and installation of two induction fur­
naces along with charge preparation equipment. Const-
ruction and installation works are nearing completion, 
with commissioning 60 % finished. Completion is antici­
pated within 2023.

OJSC “Minsk Automobile Plant”. The reconstruction 
of the iron foundry block, targeting the gray iron sec­
tion, commenced in 2021, with a projected completion 
in 2026. Additionally, the ductile iron section began 
reconstruction in 2023, with an expected finish in 2026.

Characteristics and utilization of capacity of the foundry production of basic enterprises 
for gray and ductile irons for October 1, 2022

Характеристика и загрузка мощностей литейного производства базовых предприятий 
по производству серого и высокопрочного чугуна на 1 октября 2022 г.

Alloy grade Company name Installed 
capacity, t/year

Actual production, 
tons, for three 

quarters of 2022

Capacity 
utilization, % from 

the beginning 
of the year

Gray iron casting
(GI 10-30)

OJSC “Minsk Tractor Works” 110,000.00 44,812.72 54.32

“Minsk Automobile Plant” – Managing 
Company of “Belavtomaz” Holding 12,336.41 5059.40 54.68

OJSC “Centrolite” Gomel Foundry” 21,200.00 7833.85 49.27

OJSC “Mogilevliftmash – Managing Company 
of the Holding” 10,600.00 6465.55 81.33

OJSC “Gomel plant of casting and normals” 8716.50 5065.05 77.48

OJSC “Lida Foundry and Mechanical Plant” 8620.00 6315.03 97.68

OJSC “Mogilev Metallurgical Works” 17,679.00 6138.00 46.29

OJSC “Legmash Plant” 400,00 94,82 31,61

OJSC “Mogilev Plant Strommashina” 0 0 0

OJSC “Managing Company of the Holding, 
“Minsk Motor Plant”, Stowbtsy 10,000.00 466.41 6.22

TOTAL: 199,551.91 82,250.33 54.96

Ductile iron 
castings (DI 50)

OJSC “Minsk Tractor Works” 10,000.00 6240.38 83.20

“Minsk Automobile Plant” – Managing 
Company of “Belavtomaz” Holding 11,920.00 3852.50 43.09

OJSC “Gomel plant of casting and normals” 816.50 4930.05 75.41

OJSC “Managing Company of the Holding, 
“Minsk Motor Plant”, Stowbtsy 8000.00 1568.04 26.13

TOTAL: 38,636.50 16 590.37 57.25
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OJSC “Centrolite” Gomel Foundry”. The continu­
ous mixer with a capacity of 30 t/h aimed at moder-
nizing the heavy casting section, is being installed with 
an expected completion between 2018 and 2023. For 
the small casting shop, aiming to enhance competitive­
ness in large-format casting production, a molding line 
is acquired with a completion timeframe from 2025 
to 2030. The smelting shop is undergoing upgrades by 
replacing three induction crucible furnaces IChT10 with 
a complex of intermediate frequency induction furnaces 
with an 8 t/h capacity.

OJSC “Mogilevliftmash”. Replacing a commercial 
frequen cy induction crucible furnace (IChT10) with an 
intermediate frequency induction furnace, with moder-
nization extending from Q4 2022 to Q4 2023. The core-
making section’s upgrade is planned for Q1 2024 
to Q1 2025.

OJSC “Mogilev Metallurgical Works”. The foundry 
shop being reconstructed to accommodate the production 
of castings from gray and ductile cast iron, with a pro­
jected completion from Q1 2026 to Q4 2030.

OJSC “Gomel plant of casting and normals”. Acqui­
sition and installation of a medium-frequency melting 
furnace with a 20 – 25 tons capacity are part of the duc­
tile iron shop’s smelting section modernization, aiming 
to replace an outdated commercial frequency induction 
furnace. Completion is expected between 2024 and 2027.

OJSC “Managing Company of the Holding, “Minsk 
Motor Plant”, Stowbtsy. The “Production of high-preci­
sion ductile iron castings” investment project has been 
implemented, with completion spanning from 2012 
to 2025. The facility is operational, with start-up and 
commissioning works fully completed as of September 
2, 2020. The contract with GUSS-EX (Poland) has been 
fulfilled, and the setup for producing castings in the small 
series casting section using the Hardening Tag-Sand Pro­
cess is underway, aiming for design capacity by Q4 2022.

 Future directions for ausferritic cast iron
 

application in Belarus

The global market is currently experiencing a surge 
in the production of Austempered Ductile Iron (ADI), 
a variant of ductile cast iron that undergoes a specific heat 
treatment to achieve an ausferritic metal matrix structure. 
This material effectively competes with high-quality 
rolled alloys steels, boasting strengths up to 1400 MPa. 
Industrially, hundreds of different part sizes are being pro­
duced, notably by corporations such as General Motors 
and Ford, with gears being one of the most extensively 
manufactured products internationally. 

In Belarus, efforts by L.R. Dudetskaya and A.I. Pok­
rovsky have been made to adopt bainitic cast iron for 
manufacturing specific components, particularly medium 

and large gears, within the foundry shop of Minsk Auto­
mobile Plant. The technology was applied to the pro­
duction of rear axle differential gears for the MAZ 5336 
model: the axle drive gear (No. 5336-2402050) and 
the pinion gear (No. 5336-2402055) [8 – 12]. The fin-
dings from these applications demonstrated that bainitic 
cast iron could serve as a viable alternative to the tra­
ditionally used 20KhN3А steel for gears. A number 
of bainitic and ausferritic cast iron compositions have 
been patented [13 – 17].

The appraisal survey conducted in November 
2016, under the directive of the Ministry of Industry 
of the Republic of Belarus and distributed to over 70 sub­
ordinate organizations, identified a yearly demand for 
bainitic cast iron of approximately 10 thousand ton.

 Conclusions

The foundry sector in Belarus is contending with 
outdated technologies and equipment that lead to lower 
productivity and higher specific resource consumption 
per product unit compared to international counterparts. 
Characteristically, the industry heavily relies on tradi­
tional practices such as the use of cupolas and sand-clay 
mixture molds, with a predominant focus on gray cast 
iron and limited ductile cast iron production.

A notable issue within Belarusian foundries is 
the underutilization of capacity. With a total capacity 
of 557.5 thousand tons for casting annually, the current 
production stands at only approximately 250 thousand 
tons – a gap that reflects a significant underuse of avai-
lable resources. This situation presents an opportunity 
to align with global trends and fill the capacity with 
orders from technologically advanced nations, levera-
ging the shifts in countries like India and China, which 
are expanding their foundry productions. Efforts must 
be concentrated on attracting more customers and inves­
tors interested in contributing to the advancement of new 
technologies within the foundry in Belarus.

Efforts to mitigate these challenges are embodied 
in the “Foundry Development Program for the period 
2017 – 2030”. This initiative aims to modernize the entire 
foundry landscape, designate and revitalize the most com­
petitive foundries as primary operations, devise remodel­
ing plans, and enhance overall efficiency. The program’s 
implementation is structured to boost the nation’s foundry 
industry, secure international orders, and enhance foreign 
currency inflows.

A key direction for modernizing the foundry industry 
in Belarus involves relocating foundry operations away 
from Minsk, such as those at Minsk Tractor Works and 
Minsk Automobile Plant, and establishing modern, high-
tech production facilities built from the ground up to meet 
the latest global standards. A prime example of this initia­
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tive is the construction of the Belarusian Metallurgical 
Plant in Zhlobin.

Belarus boasts a robust educational framework for 
metallurgy and casting, with professional training pro­
vided by the Faculties of Mechanics and Technology 
at both the Belarusian National Technical University 
and Sukhoi State Technical University of Gomel, as 
well as at Gomel State Mechanical Engineering College 
and Zhlobin State Metallurgical College. The “Foundry 
Development Program for the period 2017 – 2030” stipu­
lates the targeted number of student enrollments in these 
disciplines. Additionally, the “Institute of Professional 
Development and Retraining of Managers and Specia lists 
‘Industrial Personnel’” oversees the continual profes­
sional development and skill enhancement of technical 
service managers and specialists.

Looking ahead, it is anticipated that Belarus will align 
with the international shift towards manufacturing criti­
cal castings predominantly from ductile cast iron instead 
of gray cast iron and will progressively move towards 
using ausferritic (bainitic) cast iron as an alternative 
to rolled steel. Thus, it is crucial to prepare the industrial 
infrastructure and the specialists within the field.
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Аннотация. Повышение структурных свойств окускованного металлургического сырья за счет формирования благоприятной поровой струк­

туры у железорудных окатышей является актуальной задачей. Методы формирования структурных свойств у сформованных дисперсных 
материалов проанализированы применительно к различным отраслям промышленности. В работе представлены технологические 
возможности перспективных технологий производства железорудных окатышей на основе теплосилового напыления влажной шихты 
на шихтовый гарнисаж окомкователя и комкуемые материалы. Теплосиловое напыление влажной шихты в технике принудительного 
зародышеобразования позволяет формировать структурные свойства железорудных окатышей на стадии окомкования. Конструктивные 
особенности устройств для получения окатышей зависят от применяемых производственных технологий напыления влажной шихты 
на ограждения окомкователя. Методики экспериментов зависят от техники принудительного зародышеобразования. Технологии прину­
дительного зародышеобразования влияют на макро- и микроструктуры зародышевой массы. Принципы регламентированного структу­
рообразования позволяют формировать улучшенные металлургические свойства окатышей. На поверхности напыленного слоя шихты 
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Abstract. The substantiated problem of improving the structural properties of agglomerated metallurgical raw materials is associated with the formation 

of a favorable pore structure in iron ore pellets. The author analyzed various methods for the formation of structural properties of molded dispersed 
materials in various industries. The paper presents the technological capabilities of promising technologies for production of iron ore pellets based 
on the heat-power spraying of wet charge on pelletizer’s charge skull and pelletized materials. The physical possibilities of heat-power spraying of wet 
charge in the forced nucleation and in the process of forming the iron ore pellets’ structural properties are disclosed at the stage of pelletizing. The tech­
nical features and production operations of the main technologies for wet charge spraying and the design features of devices for obtaining pellets are 
shown. The paper describes the experimental unit and technology for the forced nucleation. The macro- and microstructure of the germ mass at forced 
nucleation were studied. Principles of the formation of regulated structure and improved metallurgical properties in iron ore pellets were substantiated. 
The article presents the description and characteristics of structural changes on the surface of the sprayed charge layer. A hypo thesis was put forward 
about the structural correspondence of geometric dimensions and relief of charge lappings and cavities in the sprayed layer with the nature of porosity 
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 Introduction

Various techniques, including intensive modes of heat 
treatment, foaming, combustible additives, special pore-
forming and ore-forming compositions, and other mate­
rials, are used to determine special structural properties 
of the majority of molded porous products across various 
branches of engineering, such as metallurgy, the manu­
facture of refractory products, construction operations, 
etc. [1 – 3]. The increased requirements to pelletized met­
allurgical raw materials in terms of iron content conside-
rably limit the application of pore-forming additives and 
expand the use of methods for forming pores in the struc­
ture of iron ore pellets [4 – 7]. One way to improve 
the structural properties of pellets without using pore-
forming additives is to apply a two-step technology. One 
of its steps enables the formation of most of the pellet 
mass by heat-power spraying of wet charge at the pel­
letizing stage [8; 9]. As a structure- and form-forming 
energy carrier, this technology uses an air charge jet (ACJ) 

based on cold or heated up to 100 – 150 °C compressed 
air, which enables the formation of a wet charge sprayed 
layer (SL) on almost any technological surface [8; 9]. 
The raw pellets production based on the spraying tech­
nique also includes the operations of charge pelletizing 
and after-pelletizing of germs. Numerous experimentally 
proven combined technologies have been successfully 
explored in laboratories and have shown high practical 
efficiency [8; 9]. Some technical indicators of the men­
tioned technologies, in comparison with the traditional 
method, are given in the Table below [8 – 10].

Flow schemes for pellets production based on 
heat-power spraying of wet charge onto the charge 
skull of the plate pelletizer are illustrated in Fig. 1, а. 
The sp raying schemes for pelletized materials are 
depicted in Fig. 1, b, c. The process of pellet production 
employing the forced nucleation technology (NSA) has 
been most thoroughly investigated under laboratory con­
ditions. This technique involves forming the germinal 

Technical indicators of pelletizing technologies

Технические показатели технологий получения окатышей

Technical indicators
Pelletizing technologies

NP NSA NPSA NPS
Spraying area, % of the plate area – 30 – 40 20 – 30 15 – 25
Area occupied by pelletized materials, % 40 – 50 70 – 90 50 – 55 40 – 50
Relative productivity, % 100 115 – 130 105 – 115 110 – 120
Weight percentage of sprayed material in the pellet 
structure, % – up to 70 up to 40 up to 50

Spraying efficiency, % – up to 90 up to 70 up to 60
Pellet weight growth rate, g/s 0.01 – 0.03 0.08 – 0.24 0.05 – 0.14 0.08 – 0.31
Dehumidification of pellets after pelletizing, % – 0.4 – 1.2 0.4 – 1.0 0.5 – 0.9
Moisture removal intensity in the process of nuclea-
tion, kg/(m2·s) – (4 – 8)·10–3 (5 – 10)·10–3 (5 – 10)·10–3

Crack formation temperature, °C 550 – 580 600 – 740 580 – 650 580 – 620
Total porosity of pellets, % 23 – 28 28 – 35 26 – 32 28 – 34
Number of open pores, % 20 – 25 25 – 30 22 – 26 24 – 28
Relative strength of pellets, % 100 90 – 110 90 – 100 85 – 95

образуются структурные изменения в форме углублений и шихтовых наплывов. Высказана гипотеза о структурном соответствии геоме­
трических размеров, рельефа шихтовых наплывов и углублений у напыленного слоя с характером пористости и структуры зародышей. 
Количество зародышевой массы внутри окатышей влияет на их структурные свойства. Относительная величина структурных изменений 
на поверхности напыленного слоя шихты и их количество определяются давлением воздушношихтовой струи и размером напыляемых 
частиц. Вероятный механизм формирования пористости зародышевой массы в процессе теплосилового напыления влажной шихты на 
гарнисаж окомкователя зависит от параметров технологии. Обоснован сдвиговый механизм образования открытой пористости в струк­
туре зародышевой массы. Аэродинамические характеристики воздушношихтовой струи влияют на формирование пористости. Новые 
технологии теплосилового напыления влажной шихты позволяют интенсифицировать производство и улучшать качество окатышей. 

Ключевые слова: структурные свойства, окускованное металлургическое сырье, железорудные окатыши, теплосиловое напыление влажной 
шихты, зародышевая масса, технология принудительного зародышеобразования
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part of pellets and their pore structure through heat-power 
spraying of wet charge onto the bottom charge skull in 
the idle zone of the pelletizer (Fig. 1, а) [8; 9]. Using 
this technique, the SL and germs exhibit reduced mois­
ture content and a favorable pore structure, characterized 
by an increased number (up to 40 %) of open pores with 
low tortuosity [9]. The operations to produce suitable 
pellets include the mechanical division of SL into germs, 
spheroidization of germs, and their after-pelletizing 
in the rerolling mode. The NSA technology enables 
the achievement of superior performance characteristics 
and pellet properties (refer to the table). In the NPS and 
NPSF technologies, the germs are small pellets ranging in 
size from 4 to 12 mm. According to the NPSF technology, 
as the pellet mass forms, an internal charge sprayed layer 
is created on the surfaces of 4 – 7 mm germs, positioned 
between the germ and the shell. The mass of the sprayed 
layer can account for up to 40 % of the total (Fig. 1, b). 
During the NPS process, the pellet shell forms on the sur­
faces of larger pellets, 8 – 12 mm in size, that are grouped 
in the circulation zone of the pelletizer by spraying wet 
material onto the pelletized materials. Here, spraying 
serves as a finishing technique, after which the pellets 
achieve their standard size (14 – 16 mm) (Fig. 1, c). 
The strength of the surface shell can be increased by 
5 – 15 % compared to the traditional industrial NP tech­
nology, albeit at the expense of some structural characte-
ristics of the pellets. When employing these technologies, 
the germ mass is formed by pelletizing the wet charge in 
the rerolling mode, eliminating the need for mechanical 
follow-up elements. However, the efficiency of spraying, 
the weight percentage of the sprayed layer in the pel­
lets, and some process specifications slightly lag behind 
the NSA technique. The processes developed can be easi ly 
integrated into existing facilities with minimal adjust­

ments. Additionally, if needed, reverting to the conven­
tional technology (NP), which relies on wet charge drip 
nucleation followed by after-pelletizing in the rerolling 
mode, is straightforward. 

The spraying technique is extensively utilized across 
various manufacturing processes [11; 12], enabling 
the formation of structural properties in a broad array 
of sprayed materials [13 – 15]. Technologies based on 
spraying offer several technical benefits and are distin­
guished by numerous control actions, both in the manu­
facturing process itself and in terms of enhancing and 
broadening the consumer properties of the processed 
products. This is especially relevant to pellet production, 
where the technique of wet charge spraying using an air 
charge jet (ACJ) opens significant potential for influenc­
ing the structure of germs and pellets [8 – 10]. 

The aim of this paper is to explore the mechanism 
of structure formation in the germinal centers of pellets 
produced through the technology of heat-power spraying 
of wet charge onto the pelletizer’s bottom skull. 

 Materials and methods

The experiments were conducted on a laboratory semi-
industrial pelletizer with a diameter of 0.62 m, inclined 
at a 45° angle to the horizon, and rotating at a speed 
of 12 rpm. The sprayed charge, with a moisture content 
of 5.0; 7,5; 10.0 %, consisted of iron ore concentrate 
from the Teysk deposit and 1 % of bentonite as a binder. 
The wet charge was sprayed onto the charge skull using 
compressed air at a pressure of 0.2 MPa and a flow rate 
of 0.6 m3/min. After spraying, the geometric dimensions 
of the SL were measured. Samples taken from the SL 
using the cutting ring method (GOST 5180 – 84) were uti­
lized to evaluate compressive strength (GOST 17245 – 79 

Fig. 1. Schemes for obtaining pellets based on heat-power spraying of wet charge on the charge scull 
of a plate pelletizer (a) and pelletized materials (b, c):

1, 2 – independent flows of the loaded charge; 3 – sprayed layer (a), spraying area (b, c) 
in the layer of pelletized materials; 4 – germs; 5 – suitable pellets; 6 – divider of sprayed layer (SL) 

Рис. 1. Схемы получения окатышей на основе теплосилового напыления влажной шихты  
на шихтовый гарнисаж тарельчатого окомкователя (а) и комкуемые материалы (b, c): 

1, 2 – самостоятельные потоки загружаемой шихты; 3 – напыленный слой (а) и область напыления (b, c)  
в слое комкуемых материалов; 4 – зародыши; 5 – годные окатыши; 6 – делитель НС
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and 26447 – 85) and density. In each SL zone, defined 
by a re lative diameter δ equal to 0 ± 0.2, samples were 
collected with samplers (cutting ring) 10 mm in diame­
ter, amounting to 10 – 15 samples per zone. The proce­
dure is elaborated upon in references [8; 9]. The analysis 
of the germ structure formation mechanism during heat-
power spraying of charge focused on:

– the macrostructure of the SL surface formed after 
spraying;

– the surface microstructure of the SL samples on their 
horizontal plane parallel to the sprayed base and on their 
vertical plane perpendicular to the sprayed base (Fig. 2). 

Samples for microstructure analysis were fired in an 
electric furnace at 800 °С. 

Structural alterations on the surface of the sprayed 
charge layer included cavities and charge lappings, aris­
ing from the dynamic impact of the ACJ on the SL surface. 
This interaction results in the formation of a wave-like 
relief on the surface, characterized by alternating cavities 
and lappings (Fig. 2, a, b, c). These structural changes, 
with varying geometric dimensions, shapes, locations, 
and tortuosities, serve as external indicators of the pro­
cess, facilitating the analysis of pore formation within 
the germ [8]. Structural cavities in the SL are concentric 
channels with low tortuosity, arranged along a circular 
path between charge lappings around the axis of the cir­
cular SL, with the jet angle of attack (β) set to 90°. These 
channels often form a loop, with some being intermit­
tent. In macrostructure photographs, they appear as dark 

Fig. 2. Macrostructure and microstructure of SL surface after spraying on horizontal and vertical planes of the samples:
a, b, c – SL surface, ×10; d, e, f – thin section in the horizontal plane, ×100; g, h, i – thin section in the vertical plane, ×100; 
а, d, g – SL central zone δ = 0; β = 90°; b, e, h – intermediate zone δ = 0.5; β = 90°; c, f, i – peripheral zone δ = 0.7; β = 90°

Рис. 2. Макроструктура поверхности НС после напыления и микроструктуры поверхности образцов НС 
на горизонтальной и вертикальной плоскостях образцов: 

а, b, c – поверхность НС, ×10; d, e, f – поверхность шлифа в горизонтальной плоскости, ×100; 
g, h, i – поверхность шлифа в вертикальной плоскости, ×100; а, d, g – центральная зона НС, δ = 0, β = 90°; 

b, e, h – промежуточная зона, δ = 0,5, β = 90°; c, f, i – периферийная зона, δ = 0,7, β = 90°



Izvestiya. Ferrous Metallurgy. 2024;67(1):19–26.
Pavlovets V.M. Possibilities of heat-power spraying of wet charge during formation of structural properties of agglomerated ...

23

lines ranging from 0.1 to 2.5 mm in width. The charge 
lappings, in contrast, are wider, measuring 1 to 5 mm 
across. They feature a sloping surface on the side facing 
the ACJ attack and a steep slope on the opposite (shadow) 
side. These structural changes make it possible to estab­
lish a structural congruence between the SL surface relief 
and the pore structure of the germ mass [8]. Such surface 
formations of sprayed coatings have attracted the atten­
tion of both domestic [16; 17] and international resear-
chers [18 – 21]. 

For analyzing the SL macrostructure, two parameters 
were employed: the relative value of the structural cavi­
ties of the SL θhо and the relative number of structural 
cavities θN , amount/m2 (1/m2), on its surface. The relative 
width of the structural cavities can be determined using 
the expression 

where hо is the average width of structural cavities, 
mm; h is the average height of the sprayed layer on its 
axis, mm. 

The relative number of structural cavities is calculated 
using the expression 

where N is the average number of structural cavities, deter­
mined by the number of concentric shadow channels in 
the SL;  fSL is the area of the SL with a diameter of d, m2.

The technique of measuring structural changes is 
detailed in [9]. These parameters, θhо and θN , are eva-
luated in relation to variables such as the ACJ pres­
sure PACJ , moisture content Wc and the average particle 
size dp of the sprayed charge. The ACJ pressure is deter­
mined based on a nomographic chart that considers both 
the charge parameters and the characteristics of the jet 
device [8]. 

 Results and discussion

The experimental findings are depicted in Figs. 3 and 4. 
Specifically, the parameter θhо shows a marked decrease 
as the ACJ pressure increases to 800 Pa, beyond which 
it declines more gradually (Fig. 4, а). with increas­
ing ACJ pressure, the dimensions of structural cavi­
ties diminish, while concurrently, the average height 
of the sprayed layer on its axis expands (Fig. 3). A simi­
lar impact is observed with the reduction in particle size 
of the sprayed charge on the SL’s structural parameters 
(Fig. 4, b), where the rate of decrease in hо outpaces 
the growth in the sprayed la yer’s height h. This implies 
a significant influence of both the moisture content 

of the sprayed charge and the presence of mobile charge 
pulp (hydromix) on the surface of the SL, which is gene-
rated when the charge mixes with water expelled from 
the depth to the surface of the SL by the ACJ pressure [8]. 
At a low moisture content Wc = 5.0 % and an ACJ pres­
sure of 200 Pa and higher, it is postulated that charge pulp 
is not formed in this mode of spraying, thereby not affect­
ing the structure formation of the SL. In such conditions, 
the surface of the SL predominantly features low lap­
pings and small structural cavities (hо < 0.1 – 0.2 mm), 
whose dimensions can be measured and analyzed under 
sufficient magnification. Conversely, at a moisture con­
tent of Wc = 7.5 %, the quantity of mobile charge pulp 
increases during spraying, leading to a decrease in 
the viscosity of the charge on the surface. This condi­
tion facilitates the creation of larger charge lappings 
and structural cavities, which become visually observ­
able. As the ACJ pressure exceeds 800 – 1000 Pa and 
the charge moisture content reaches Wc = 10.0 %, there 
is a significant increase in the amount of mobile charge 
pulp of lower viscosity. This pulp rea dily fills the cavi­
ties, leading to the formation of a relatively uniform 
structural relief on the surface of the SL with a plethora 
of small pore channels. The appearance of charge pulp on 
the surface during the pellet production process serves as 
an indicator of impact pelletization, a phenomenon where 
the physical impact of spraying influences the formation 
and characteristics of pellets [1; 4]. Interestingly, the pat­
tern of these findings bears resemblance to those observed 
in the plasma spraying of metal powders [16; 17]. 

Fig. 3. Dependence of the average height ( , , ) and diameter 
of the sprayed layer of charge ( , , ) on pressure  

of air-charge jet (ACJ), moisture content of the charge: 
1 – 10.0 %; 2 – 7.5 %; 3 – 5.0 % 

at the average charge particle size of 0.068 mm

Рис. 3. Зависимость средней высоты ( , , ) и диаметра 
напыленного слоя шихты ( , , ) от давления ВШС 

при влажности щихты: 
1 – 10,0 %; 2 – 7,5 %; 3 – 5,0 %, 

средний размер частиц шихты 0,068 мм
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The parameter θN  , which represents the relative number 
of concentric structural cavities on the surface of the SL, 
varies with РACJ pressure (Fig. 4). A notable increase in 
θN nearly fourfold, is observed as the charge moisture 
content rises from 5.0 to 10.0 % at a РACJ = 1280 Pa. This 
phenomenon is attributed to the increased ACJ pressure, 
which not only escalates the number of structural cavi­
ties but does so at a rate much faster than the growth in 
the diameter d of the SL and its area fSL (Fig. 3). Under 
these conditions, the mobile charge pulp is capable 
of flowing into adjacent zones of the SL in the direc­
tion of the air movement, consequently altering the size 
of cavities on the SL surface.

Analyzing the parameter θF , which is defined as 
the ratio of the sizes of structural cavities to the sur­
face area of the sprayed layer (θF = hо /F, m–1), reveals 
that at a moisture content of 10.0 % θF remains con­
stant across a wide range of ACJ pressures, maintain­
ing a value of 0.1. This consistency in θF suggests that 
the ACJ pressure proportionally affects both the sizes 
of structural cavities and the dimensions of the sprayed 
layer (SL) itself. In contrast, for sprayed charges with 
moisture contents of 7.5 and 5.0 %, θF decreases to 0.07 
and 0.05, respectively, within the same ACJ pressure 
range. This indicates that the formation of the SL’s shape 
and structure from charges with lower moisture content is 
significantly less favorable compared to those with higher 
moisture content due to the smaller sizes of cavities and 
lappings. As the moisture content of the charge increases, 
so do the mass and dimensions of the SL, leading to its 
expansion over a larger area and the enlargement of lap­
pings and cavities. Conversely, with decreasing charge 
moisture, the mass, diameter, and height of the SL grow 
at a slower pace, resulting in smaller lappings and cavi­
ties. However, the number and concentration of these 
features within the area F increase, as structural cavi­
ties become more densely packed. It is noted that start­
ing from ACJ pressures of 800 – 1000 Pa, the geometric 
dimensions of lappings and cavities decrease regardless 
of the moisture content. 

The formation of air cavities (pores) on the surface 
of the SL is most likely to occur at the base of the struc­
tural cavities, where the adhesion of the charge lapping 
to the sprayed base is at its strongest. Under the influ­
ence of ACJ pressure, the crest of the lapping, being more 
mobile due to its specific geometric shape, is subjected 
to greater deformation. This mobility and deformability 
allow the lapping crest to potentially block voids in areas 
that are inaccessible to ACJ pressure. If the charge lap­
pings lack sufficient mobility for this first mechanism 
of pore formation to take place, an alternative mechanism 
can occur, whereby voids are formed through the mechan­
ical overlapping of structural cavities by the sprayed 
charge. The feasibility of this mechanism of structure 
formation has been supported by research findings pre­

sented in publications [8; 9]. These studies have demon­
strated that defects in pellets and irregularities in the SL 
can be mitigated through the application of a hardening 
charge coating created by gas spraying. During the spray­
ing process, the ACJ not only applies to the surface but 
also exerts dynamic shear forces on the deeper layer s 
of the SL, extending from its axis to its periphery. It is 
this action that is believed to lead to the emergence 
of elongated pore channels (Fig. 2, g, h, i) which contrib­
utes to the formation of open pores within the germ struc­
ture. Interestingly, these pores are oriented with a slight 
inclination in the direction opposite to the ACJ’s point 
of impact.

In the central zone of the SL, channels are densely 
packed and exhibit minimal sizes, a characteristic attri-
buted to the high-velocity force pressure of the ACJ 
moving across the SL surface and the increased flui-
dity of the mobile charge pulp extruded from the SL’s 
depth to its surface. This same mechanism is implicated 
in the formation of porosity within the depth of the SL. 
The aggregation of the SL undergoes shear power loads 

Fig. 4. Dependence of the relative size ( , , ) and relative number
 of structural cavities of the sprayed charge layer ( , , )  

on pressure of ACJ at moisture content of the charge: 
1 – 10.0 %; 2 – 7.5 %; 3 – 5.0 % (a) and average particle size 

at PACJ = 580 Pa, Wc = 10.0 % (b), 
the average charge particle size of 0.068 mm

Рис. 4. Зависимость относительной величины структурных 
углублений ( , , ) и относительного количества структурных 

углублений напыленного слоя шихты ( , , ) 
от давления ВШС при влажности шихты: 

1 – 10,0 %; 2 – 7,5 %; 3 – 5,0 % (а) и среднего размера частиц 
при PACJ = 580 Па, Wc = 10,0 % (b), 

средний размер частиц шихты 0,068 мм
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due to the dynamic pressure of the ACJ, which is directed 
from the SL axis towards the periphery, leading to a cha-
rac teristic inclination of the pores in the direction oppo­
site to the jet’s attack. In the intermediate zone of the SL, 
where the ACJ dynamic pressure reaches its maximum, 
cavities become larger but much shorter, and their tor-
tuosity and density increase. This zone also features 
a mix of open pores and a smaller number of irregularly 
shaped, closed-type pores. Towards the peripheral zone 
of the SL, total porosity significantly rises, with the num­
ber of channel-type pores sharply decreasing and only 
forming at the beginning of the zone. The pores at the end 
of this zone are predominantly of the closed type, larger, 
and their longitudinal and transverse dimensions vary 
substantially. To enhance the structural uniformity 
of germs in the SL peripheral zone and reduce the sizes 
of structural cavities and overall porosity of the sprayed 
mass, certain techniques have been suggested. These 
include increasing the charge moisture content, employ­
ing multi-jet spraying, and introducing stabilizing 
additives into the ACJ [8; 9]. The continued influence 
of the ACJ on the SL suggests that structure formation 
within its depth, regarding changes in pore sizes, their 
configuration, and spheroidization, can persist. The elon­
gated shape of pores in the SL’s horizontal cross-section 
(Fig. 2, d, e, f), which closely mirrors the projection 
of structural cavities on the SL surface (Fig. 2, а, b, c) 
indirectly supports this mechanism of structure forma­
tion. However, the complexity of these processes, occur­
ring dynamically within a closed system and potentially 
influenced by the force effect of production unit enclo­
sures and other related phenomena [22; 23]. As these pro­
cesses occurring in the dynamic state in the closed system 
are complex and multifaceted, all the described mecha­
nisms of structure formation are probabilistic in nature. 

 Conclusions

The paper effectively elucidates the impact of heat-
power spraying of wet charge on the intensification 
of production processes and the formation of structural 
properties of iron ore pellets. By presenting detailed inves­
tigations into the macro- and microstructures of germs, 
the study highlights the application of forced nucleation 
technology as a method to regulate structure formation 
and improve the metallurgical properties of iron ore pel­
lets. A probable mechanism for porosity formation within 
the germ mass during the forming process, facilitated 
by heat-power spraying of wet charge onto the pelle-
tizer skull, is meticulously outlined. Further, the paper 
delves into the potential of shaping the structural prop­
erties of iron ore pellets by manipulating the parameters 
of the germ mass through this technology, alongside 
the selection of appropriate technological characteristics 
for the sprayed material. The conducted research sub­
stantiates the involvement of the shear mechanism and 

the movement of mobile charge pulp in the formation 
of germs’ porosity, which is predicated on the dynamic 
influence of the air-charge jet on wet charge materials.
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Abstract. Russia has an impressive titanium mineral resource while the contribution into the global production of titanium concentrates is quite insig­

nificant. The current annual demand of Russian enterprises for titanium raw materials is 40 times higher than its production. To improve and launch 
the processing of domestic titanium raw materials characterized by low quality and complex polymineral composition, new process solutions are 
required. These solutions should aim at the full extraction of TiO2 and related valuable components from the ore deposits whose development is 
planned or already started (for example, Afrikanda – perovskite-titanomagnetite deposit located on the Kola Peninsula). This report presents the results 
of studying the chemical and mineral compositions of perovskite and ilmenite concentrates with the purpose to assess the possibility of their joint 
processing using carbothermic reduction melting. Emission spectrometry, X-ray diffraction, electron microscopy, and X-ray spectral microanalysis 
were applied in these studies. It was found that the basis of the ilmenite gravity concentrate sample is modified ilmenite represented by leucoxenization 
products – pseudorutile and rutile, with their total content in the concentrate to be about 80 wt. %. Composition of other minerals (alumochromite, 
chromite, magnetite) includes titanium in the form of impurities – 2 – 3 wt. %. In the perovskite flotation concentrate sample titanium is contained 
in perovskite and titanite making up the bulk of the ore minerals of the concentrate. As for rare and rare-earth elements contained in the ilmenite 
sample – monazite having up to 33 wt. % Ce, and zircon were found. Perovskite sample contains rare-earth elements (REE concentration in wt. %) in 
loparite-(Ce) (22.8), aluminocerite-(Ce) (46.2), anсylite-(Ce) (51.3), torite (22.3), as well as in the main mineral – perovskite (2.8). With the exception 
of perovskite and loparite-(Ce), other REE-containing minerals are rare, and their share in total does not exceed 1 wt. %. 

Keywords: titanium raw materials, ilmenite, pseudorutile, perovskite, concentrate, chemical composition, mineral composition, microstructure
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 Introduction

Russia possesses a significant titanium mineral 
resource [1; 2]. According to 2019 data from the Ministry 
of Natural Resources and Environment, Russia accounts 
for 12.5 % of the world’s reserves. However, its contribu­
tion to the global production of titanium concentrates is 
relatively minor – only 0.04 % (about 9000 tons). Tugan­
sky MPP “Ilmenite,” the sole producer of titanium con­
centrate in Russia, manages this production. Concurrently, 
data from FSBI VIMS indicates that the current annual 
demand for titanium raw materials by Russian enterprises 
is approximately 365,000 tons. Nearly all of this demand 
is met by imported ilmenite (about 340,000 tons) and 
rutile (about 12,000 tons) concentrates. Only 13,000 tons 
of domestic raw material, the loparite concentrate, are 
supplied to Russian companies. 

The primary reason for this situation is that the main 
reserves of titanium in the Russian Federation, estimated 

at 587.6 million tons of TiO2 as of January 2022, are 
found in polymetallic ores. The efficiency of process­
ing these ores is determined by the potential for asso­
ciated extraction of other valuable components. One 
of the unique Russian deposits of complex polymetal­
lic ores is located on the Kola Peninsula, in the Afri­
kanda settlement. These ores are perovskite-titanomag­
netite, containing not only titanium and iron but also 
rare elements (tantalum, niobium), rare-earth elements 
(lanthanum, cerium, etc.), and radioactive metals (tho­
rium), with total reserves exceeding 626 million tons. 
The content of perovskite is 21.5 %, and titanomagnetite 
is 2.5 % [4 – 6]. The Afrikanda deposit was discovered a 
century ago, in 1917. In the 1930s, there was an attempt 
to obtain concentrates for titanium and thorium produc­
tion, and in the 1950s, for the needs of ferrous metal­
lurgy. Both projects failed, and in 1972, the titanium 
ore reserves of Afrikanda were removed from the State 
Regis ter of Reserves. 

  saf13d@mail.ru
Аннотация. Россия обладает внушительной минерально-сырьевой базой титана, при этом ее вклад в мировое производство титановых 

концент ратов ничтожно мал. Текущая годовая потребность российских предприятий в титановом сырье в 40 раз выше его производства. 
Для вовлечения в переработку отечественного титанового сырья, для которого характерно низкое качество и сложный полиминеральный 
состав, необходимы новые технологические решения, позволяющие полноценно извлекать TiO2 и сопутствующие ценные компоненты 
из руд месторождений, освоение которых планируется или уже началось (например, перовскит-титаномагнетитовое месторождение 
Африканда на Кольском полуострове). В настоящем сообщении представлены результаты изучения химического и минерального 
составов перовскитового и ильменитового концентратов для оценки возможности их совместной переработки путем карботермиче­
ской восстановительной плавки. В исследованиях использованы методы эмиссионной спектрометрии, рентгеновской дифракции, элек­
тронной микроскопии и рентгеноспектрального микроанализа. Установлено, что в пробе ильменитового гравитационного концентрата 
основу составляет измененный ильменит, представленный продуктами лейкоксенизации – псевдорутилом и рутилом, суммарная доля 
которых в концентрате около 80 мас. %. В незначительных количествах титан встречается в составе других минералов (алюмохромит, 
хромит, магнетит) в качестве примесей (2 – 3 мас. %). В пробе перовскитового флотоконцентрата титан содержится в перовските и тита­
ните, составляющих основную часть рудных минералов концентрата. Из минералов редких и редкоземельных элементов (РЗЭ) в ильме­
нитовой пробе обнаружены монацит, содержащий до 33 мас. % Ce, и циркон. В перовскитовой пробе РЗЭ находятся (концентрация 
РЗЭ в мас. %) в лопарите-(Ce) (22,8), алюминоцерите-(Ce) (46,2), анкилите-(Ce) (51,3), торите (22,3), а также в основном минерале – 
перовски те (2,8). За исключением перовскита и лопарита-(Ce), другие РЗЭ-содержащие минералы встречаются редко, и их доля в сумме 
не превышает 1 мас. %. 

Ключевые слова: титановое сырье, ильменит, псевдорутил, перовскит, концентрат, химический состав, минеральный состав, микроструктура
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The current economic and social level of the Kola 
Region allows for the reconsideration of the cost-effec­
tive development of the Afrikanda deposit. The Kola 
Scientific Center of the Russian Academy of Sciences 
has developed an effective magnetic-flotation scheme 
for enriching perovskite-titanomagnetite ores. This 
scheme includes magnetic separation of the initial ore 
to extract titanomagnetite concentrate and flotation 
of the non-magnetic fraction to extract perovskite con­
centrate [5; 6]. The titanomagnetite concentrate, contain­
ing up to 8 % TiO2 , is primarily of interest as raw material 
for ferrous metallurgy, suitable for processing in a classic 
manner, including blast furnace smelting, as well as using 
the electro-thermal method with the potential for associ­
ated extraction of vanadium [8 – 10].

Perovskite concentrates represent unconventional tita­
nium raw materials that necessitate complex processing 
to produce titanium dioxide and compounds of associated 
components. For Afrikanda concentrates, several hydro­
metallurgical technologies have been developed. These 
technologies involve decomposing the concentrates with 
mineral acids, converting all components into salt solu­
tions or hydrate products, and then extracting titanium 
dioxide, rare metals, and rare-earth elements [11; 12]. 
The proposed schemes, which have been tested on a pilot 
scale, are realistic and hold promise. However, like all 
hydrometallurgical technologies, they entail lengthy multi-
stage processes, including leaching, precipitation, thicken­
ing, filtration, etc., and lead to the accumulation of haz­
ardous effluents needing disposal. Researchers [13] have 
explored pyrometallurgical solutions to the processing 
of perovskite concentrates, attempting to address the chal­
lenges associated with hydrometallurgical methods. One 
proposal involves obtaining titanium carbide and metallic 
calcium through a two-stage reduction smelting process. It 
is important to note that perovskite raw materials are not 
utilized for titanium production outside of Russia. 

Ilmenite ores, which are significantly found in the Gre­
myakha-Vyrmes Massif on the Kola Peninsula, differ from 
perovskite ores in that they satisfy approximately 90 % 
of the global demand for titanium-containing raw materi­
als used in the production of metallic titanium, titanium 
dioxide, and carbide. To process the relatively resistant 
ilmenite mineral, various methods are employed, inclu ding 
pyrometallurgical processes, acid decomposition at high 
temperatures, and combined approaches [14 – 16]. Most 
pyrometallurgical technologies rely on reduction smel-
ting using carbon-containing [17 – 19] or combined [20] 
reducing agents, which is enhanced by the pre-oxidation 
of the ilmenite concentrate [21; 22]. It is observed [23] 
that electric smelting of ilmenite concentrates with coal 
results in the formation of slags with a titanium content 
similar to that of perovskite but are more readily dis­
solved by acids. To lower the reduction smelting tempera­
ture of ilmenite in the ore-thermal furnace, calcium oxide 
is added to the mixture. This addition helps to adjust 

the ratio of TiO2 and CaTiO3 , ensuring a slag melting 
temperature of 1400 – 1450 °C [24]. It is proposed that 
achieving the desired TiO2/CaTiO3 in the titanium slag 
could be more efficiently accomplished by incorporating 
perovskite concentrate, based on calcium titanate CaTiO3 , 
rather than calcium oxide, into the ilmenite concentrate 
smelting charge. This approach will not significantly alter 
the titanium content in the slag but will facilitate the pro­
cessing of titanium raw materials with diverse mineral 
compositions of the concentrate ore components within 
a unified workflow system.

In our study, we explored the feasibility of jointly process­
ing perovskite and ilmenite concentrates through carbother­
mic reduction smelting. This method aims to extract rare 
metals into cast iron and generate a titanium-rich slag that is 
amenable to the hydrometallurgical extraction of titanium 
and rare earth elements. Given that the phase composition 
and distribution of components within the mineral com­
ponents of titanium-containing concentrates play a crucial 
role in dictating the interaction mechanisms during pro­
cessing, the initial phase of our research concentrated on 
determining the chemical and material compositions. We 
also examined the microstructure of perovskite and ilme-
nite concentrate samples selected for analysis.

 Materials and methods

To conduct chemical analysis of the averaged concen­
trate samples, a Spectroflame Modula S inductively cou­
pled plasma atomic emission spectrometer (ICP-AES) 
was utilized.

The phase composition of the samples was deter­
mined using X-ray powder diffraction (XRD) with a Shi­
madzu XRD 7000C diffractometer. The diffractometer 
operated under the following conditions: CuKα radiation 
(λ = 0.154051 nm), with a voltage of 34 kV and a current 
of 40 mA. Data were collected across a 2θ range from 20 
to 80 – 90°, in 0.02° increments, with a point exposure time 
of 2.0 s. Phase identification was performed using the Inter­
national Centre for Diffraction Data (ICDD) PDF–4 data­
base [25]. The quantitative assessment of the phase com­
position was carried out through Rietveld full-profile 
analysis [26], employing the TOPAS software [27].

For the investigation of the microstructure and 
the elemental analysis of minerals composing the con­
centrates, a Carl Zeiss EVO 40 scanning electron micro­
scope (SEM) equipped with an HKL Channel 5 EBSD 
(Premium) energy dispersive attachment was used. 
The images of the samples’ microstructure were captured 
using the backscattered electrons (BSE) detector.

 Results and discussion

The ilmenite sample closely mirrors the major ele­
ments found in the gravity concentrate from the Gre­
myakha-Vyrmes deposit [28], while the perovskite mate­
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rial corresponds to a rough flotation concentrate from 
the Afrikanda deposit [29]. The chemical analysis results 
of the concentrate samples are presented in Table 1.

According to the X-ray phase study (Fig. 1, Table 2), 
the ilmenite concentrate primarily consists of Fe2Ti3O9 
pseudorutile (48 wt. %) and rutile (29 wt. %). This 
composition is typical for concentrates of the so-called 
altered ilmenite, which forms as a result of its leucoxeni­
zation. The actual content of ilmenite in the concentrate 
is only 7 wt. %. Aluminum and silicon are concentrated 
in staurolite and sillimanite. The main mineral constitu­
ents of the perovskite concentrate (Fig. 2, Table 3) are 
perovskite (56 %), calcite (13 %), and titanite (11 %). 

Iron is present in the forms of magnetite, ulvospinel, 
and fayalite, while silicon is found in fayalite and quartz. 

Overall, the mineral composition of the investigated 
materials aligns with their chemical composition.

The ilmenite concentrate sample is a loose, fine-
grained material obtained during the gravity concentra­
tion of the original ore. The majority of the grains exhibit 
a well-pelletized shape, with their sizes ranging from 10 
to 300 μm. For most grains, this parameter lies between 
150 and 200 μm (Fig. 3). The concentrate is primarily 
composed of pseudorutile, rutile, staurolite, and quartz. 
The study also revealed the presence of minerals from 
the spinel group (including picotite, alumochromite, chro­
mite, hercynite, aluminomagnetite, gahnite, and magne­
tite), monazite, Mg and Fe aluminosilicates, sillimanite, 
and zircon. This complex assortment of ore components 
is characteristic of ilmenite placers [30]. 

Table 1. Chemical composition of the ilmenite and perovskite concentrates

Таблица 1. Химический состав ильменитового и перовскитового концентратов

Concentrate
Content of main components, wt. %

TiO2 Fetot Al2O3 CaO MgO Cr2O3 CeO2 SiO2 Nb2O5

Ilmenite 69.11 18.90 2.89 0.18 0.36 0.88 – 1.92 –
Perovskite 34.66 7.23 1.34 23.49 2.77 – 0.60 11.23 1.16

Table 2. Phase composition of the ilmenite concentrate (phase numbering according to Fig. 1)  

Таблица 2. Фазовый состав ильменитового концентрата (нумерация фаз по рис. 1)

Phase Mineral Formula Content, wt. %
1, 3 Pseudorutile Fe2Ti3O9 48
2 Rutile TiO2 29
4 Ilmenite FeTiO3 7
5 Sillimanite Al [AlSiO5] 7
6 Staurolite (Fe, Mg)2Al2[(Si, Al)O4]4O4[OH]2 5
7 Anatase TiO2 4

Fig.1. XRD pattern of the ilmenite concentrate: 
1, 3 – Fe2Ti3O9 ; 2 – TiO2 (rutile); 4 – FeTiO3 ; 5 – Al[AlSiO5]; 6 – (Fe, Mg)2Al2[(Si, Al)O4]4O4[OH]2 ; 7 – TiO2 (anatase) 

Рис. 1. Дифрактограмма ильменитового концентрата: 
1, 3 – Fe2Ti3O9 ; 2 – TiO2 (рутил); 4 – FeTiO3 ; 5 – Al[AlSiO5]; 6 – (Fe, Mg)2Al2[(Si, Al)O4]4O4[OH]2 ; 7 – TiO2 (анатаз)
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Pseudorutile is characterized by well-rounded grains 
(Fig. 3, a), which are often ellipsoidal and spherical in 
shape, according to the A.V. Khabakov scale [31]. Quartz 
inclusions, as well as less frequently zircon and magnetite 
inclusions, occupy the recesses on the surfaces of pseu­
dorutile grains and fill voids of irregular or prismatic 
shapes. Some grains exhibit a large number of unfilled 
pores, indicating a porous texture. The chemical compo­
sition of the mineral varies, with magnesium admixtures 
reaching up to 1.2 wt. %, and manganese up to 2.6 wt. %. 

Rutile, another major titanium mineral in the con­
centrate, appears in elongated, prismatic, and isometric 
shapes, ranging from well- to medium-rounded grains 
(Fig. 3, a). These grains are comparable in size to pseu­
dorutile grains, measuring 100 – 200 µm. Rutile contains 
iron impurities, with a maximum content of 9.6 wt. % and 
an average of 2.2 wt. %. Some medium-rounded grains, 
which have a cross-sectional shape close to rhombic, are 
likely to be anatase, another polymorphic modification 
of TiO2 . It is noteworthy that polymineral grains with 
clear signs of secondary alteration of ilmenite, known as 

Fig. 2. XRD pattern of the perovskite concentrate: 
1, 7 – CaTiO3 ; 2 – CaCO3; 3 – CaTi[SiO4]O; 4 – Fe3O4 ; 5 – Fe2TiO4 ; 6 – Fe2[SiO4]; 8 – SiO2

Рис. 2. Дифрактограмма перовскитового концентрата: 
1, 7 – CaTiO3 ; 2 – CaCO3 ; 3 – CaTi[SiO4]O; 4 – Fe3O4 ; 5 – Fe2TiO4 ; 6 – Fe2[SiO4]; 8 – SiO2

Table 3. Phase composition of the perovskite concentrate 
(phase numbering according to Fig. 2)  

Таблица 3. Фазовый состав перовскитового концентрата 
(нумерация фаз по рис. 2)

Phase Mineral Formula Content, wt. %

1, 7 Perovskite CaTiO3 56

2 Calcite CaCO3 13

3 Titanite CaTi[SiO4]O 11

4 Magnetite Fe3O4 5

5 Ulvospinel Fe2TiO4 7

6 Fayalite Fe2SiO4 2

8 Quartz SiO2 6

leucoxenization, are present. These grains are composed 
of pseudorutile and rutile and often include quartz inclu­
sions (Fig. 3, b). To identify the products of ilmenite leu­
coxenization, we utilized the criterion proposed in [32], 
specifically the ratio of Ti/(Ti + Fe), which averaged 0.68 
for pseudorutile grains and 0.96 for rutile in the studied 
sample of ilmenite concentrate.

In the studied sample of ilmenite concentrate, seven 
minerals from the spinel group were identified: picotite 
((Fe, Mg)(Al, Cr)2O4 ), aluminochromite (Fе(Сr, А1)2O4 ), 
chromite (FeCr2O4 ), ganite (ZnAl2O4 ), hercynite 
(FeAl2O4), aluminomagnetite (Fe2+(Fe3+, Al)2O4 ) and 
magnetite (Fe2+ O4). The grains of these minerals 
ranging in size from 50 to 200 µm, are poorly rounded 
and have an isometric shape. Octahedral crystals and 
their fragments also occur (Fig. 3, a). The chemical 
composition of minerals varies within the plane of sec­
tion. Picotite, most commonly found in association with 
rutile and pseudorutile (Fig. 3, c), shows variability in 
its composition. Alumochromite and chromite, with 
titanium admixtures of 0.2 – 3.0 wt. % and 2.6 wt. % 
respectively, are encountered less frequently. Ganite and 
magnetite, both with a titanium admixture of 2.6 wt. %, 
along with spinel exhibiting a zonal structure, are 
observed as singular grains. The core of the spinel is 
composed of hercinite, while the periphery consists 
of aluminomagnetite.

Among the accessory and other ore minerals, mona­
zite (CePO4) and zircon (Zr[SiO4]) were identified. 
Mona zite is represented by elongated wedge-shaped 
grains, 150 – 200 μm in length, associated with pseudo-
rutile (Fig. 4, d). It contains cerium (27.5 – 47.3 wt. %) 
and impurities such as lanthanum (up to 13.7 wt. %), neo­
dymium (up to 12.5 wt. %), thorium (up to 7.1 wt. %), and 
praseodymium (up to 4.3 wt. %). Zircon, found as inclu­
sions in pseudorutile, exhibits a shape close to a tetrago­
nal prism, with grain sizes ranging from 1 to 10 μm in 
length and up to 5 μm in cross section. 
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Fig. 3. BSE-images of the ilmenite concentrate: 
a – general view (1 – pseudorutile, R – rutile, Al–Cr – aluminochromite, St – staurolite, Ky – sillimanite, Sp-1 – picotite, 

2 – Mg and Fe aluminosilicate); б – grain of modified ilmenite, consisting of pseudorutile and rutile; 
в – octahedral crystal of picotite (Sp-1) covered with cracks; г – monazite grain (Mz), close to tabular shape, Q – quarz

Рис. 3. BSE-изображения ильменитового концентрата: 
a – общий вид (1 – псевдорутил, R – рутил, Al–Cr – алюмохромит, St – ставролит, Ky – силлиманит, Sp-1 – пикотит, 

2 – алюмосиликат Mg и Fe); б – зерно измененного ильменита, состоящее из псевдорутила и рутила; 
в – октаэдрический кристалл пикотита (Sp-1), покрытый трещинами; г – зерно монацита (Mz), близкое к таблитчатой форме, Q – кварц

Fig. 4. BSE-images of the perovskite concentrate: 
a – general view (Prv – perovskite, Mt – magnetite with an impurity of titanium, Dp – diopside, Ttn – titanite, 1 – loparite-(Ce)); 

б – loparite-(Ce) intergrown with perovskite and titanite; в – aluminocerite-(Ce) grains (2) as inclusions in titanite associated with perovskite; 
г – prismatic thorite crystals (4) in association with loparite-(Ce), titanite, and perovskite; 
д – anсylite-(Ce) grain (3) in association with calcite (Ca), perovskite, and augite (Aug) 

Рис. 4. BSE-изображения перовскитового концентрата: 
а – общий вид (Prv – перовскит, Mt – магнетит с примесью титана, Dp – диопсид, Ttn – титанит, 1 – лопарит-(Ce)); 

б – лопарит-(Ce) в сростке с перовскитом и титанитом; в – зерна алюминоцерита-(Ce) (2) в виде включений в титаните, 
ассоциированном с перовскитом; г – призматические кристаллы торита (4) в ассоциации с лопаритом-(Се), титанитом и перовскитом; 

д – зерно анкилита-(Ce) (3) в ассоциации с кальцитом (Ca), перовскитом и авгитом (Aug)
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The concentrate also contains rock-forming minerals 
such as Mg and Fe aluminosilicate, sillimanite, staurolite, 
and quartz. Aluminosilicate is present in both isometric 
and elongated grains, nearing prismatic in shape, with 
grain sizes ranging from 150 to 300 µm. Sillimanite and 
staurolite form grains that are poorly to medium rounded 
and prismatic in shape, with their sizes not exceeding 
100 – 200 µm and 200 – 300 µm, respectively. Quartz (Q) 
occurs exclusively as inclusions in pseudorutile, with 
sizes ranging from less than 1 to 60 µm (Fig. 3, d). 

The perovskite concentrate, a rough flotation concent-
rate from the Afrikanda deposit, is a loose, crushed material 
with the grain size ranging from 20 to 300 µm (Fig. 4, a). 
The grains, predominantly isometric, irregular, and pris­
matic, are prevalent. The concentrate contains two major 
titanium minerals, perovskite and titanite, along with 
loparite-(Ce), aluminocerite-(Ce), ancylite-(Ce), thorite, 
magnetite, diopside, calcite, ulvospinel, fayalite, phlogo­
pite, enstatite, aegirine, and augite. Perovskite is the most 
abundant mineral in the concentrate, forming isometric 
grains that range in size from 20 to 1000 µm (Fig. 4, b), 
and its shape is sometimes close to cubic. The cracks in 
perovskite are mostly filled with titanite and rare earth 
elements, and these cracks can exceed 100 µm.

Titanite is the second most abundant titanium mine-
ral in the sample. It often fills cracks and cavities in 
perovskite (Fig. 4), but individual wedge-shaped crys­
tals are also found, with sizes ranging from a few micro-
meters to 200 μm. The mineral contains impurities 
of iron (0.7 – 5.0 wt. %) and aluminum (0.3 – 2.5 wt. %). 
Another titanium-bearing mineral, loparite-(Ce), with 
the general formula (Ce, Na, Ca)(Ti, Nb)O3 , forms crys­
tals that are close in shape to octahedrons and cubes, 
with sizes ranging from 50 to 120 μm (Fig. 4, b). These 
crystals occur in very small quantities as impregnations 
and intergrowths with perovskite and titanite, and less 
frequently as intergrowths with magnetite. The impreg­
nations can be up to 100 μm in size. Loparite-(Ce) con­
tains cerium (15.4 – 20.5 wt. %), neodymium impurities 
(3.5 – 6.8 wt. %), thorium (1.2 – 1.6 wt. %), and occa­
sional grains of niobium (3.1 – 8.2 wt. %).

In addition to loparite-(Ce), the perovskite concen­
trate sample contains three other rare earth element 
(REE)-bearing minerals in the form of single grains: alu­
minocerite-(Ce), ancylite-(Ce), and thorite, as indicated 
by elemental analysis. Aluminocerite-(Ce), with the for­
mula (Ce, Ca)9Al[SiO4]3[SiO3(OH)]4(OH)3 , forms iso­
metrically shaped grains ranging in size from 5 to 100 μm 
(Fig. 4, c). At high magnification, some of these grains 
exhibit a layered texture, composed of oriented tabular 
crystals, zoning, and a structure reminiscent of solid solu­
tion decomposition. Ancylite-(Ce) is sometimes found in 
the central part of the grain. The major impurities in alumi­
nocerite-(Ce) include lanthanum (6.8 – 14.1 wt. %), neo­
dymium (5.8 – 9.8 wt. %), and thorium (1.3 – 3.7 wt. %), 
with cerium content ranging from 24.3 to 42.1 wt. %. 

Ancylite-(Ce), with the formula CeSr(CO3)2(OH)·H2O, 
is characterized by isometric grains and irregularly shaped 
particles of varying sizes, from less than 2 to 150 μm 
(Fig. 4, e). It forms inclusions in titanite and perovskite, 
as well as individual large grains and crystalline aggre­
gates. The cerium content in this mineral ranges from 25.3 
to 30.1 wt. %, with impurities including lanthanum 
(14.4 – 18.3 wt. %) and neodymium (5.7 – 10.4 wt. %). 
Thorite is represented by prismatic, zonal crystals and 
their aggregates, with lengths up to 5 μm and thick­
nesses up to 2 μm (Fig. 4, d). This mineral fills voids 
and cracks in titanite and perovskite, containing impu­
rities such as yttrium (5.2 – 7.8 wt. %), gadolinium 
(2.8 – 3.5 wt. %), phosphorus (0.8 – 1.2 wt. %), and alu­
minum (0.4 – 0.6 wt. %). However, some of the rare earth 
elements in its chemical composition may be attributable 
to the surrounding perovskite and loparite.

The last of the ore minerals in the perovskite concen­
trate is magnetite, which occurs as isomeric grains and 
fragments of octahedral crystals. The surface of the mag­
netite displays signs of dissolution, and the mineral con­
tains small admixtures of titanium (0.5 – 0.7 wt. %). 
In some grains, the lamellar structure resulting from 
the decomposition of the titanium-magnetite solid solu­
tion was observed, with the formation of ulvospinel 
veinlets. 

The rock-forming minerals in the perovskite con­
centrate sample include calcite, fayalite with a small 
admixture of magnesium (Fe, Mg)2[SiO4], phlogopite 
KMg3AlSi3O10(OH)2 , enstatite Mg2[Si2O6 ], aegirine 
NaFe[Si2O6 ] and augite (Ca, Mg, Fe)2[(Si, Al)2O6 ]. Cal­
cite is frequently found in the sample, forming large 
rhombohedral crystals and their aggregates (more than 
1 mm). The other minerals are present in very small quan­
tities, appearing as prismatic or tabular grains in the form 
of inclusions or aggregates with titanite or perovskite. 
Calcite also sometimes forms a crust around magnetite 
grains and fills cracks in the mineral.

In general, the investigation of the material composi­
tion of the perovskite concentrate sample yielded results 
consistent with data from literary sources [33; 34], except 
for the minerals containing REE (aluminocerite-(Ce), 
ancylite-(Ce), and thorite).

 Conclusions

The investigations into the chemical and mineralogi­
cal composition of ilmenite and perovskite concentrates, 
along with the assessment of the distribution of their 
valuab le components by structural elements, have enabled 
us to draw the following conclusions.

Almost all of the titanium in the ilmenite sample 
is concentrated in pseudorutile and rutile – products 
of the leucoxenization of ilmenite, i.e., its alteration 
(weathering), which accounts for a significant portion 
of the concentrate. Titanium is also found as an impurity 
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in aluminochromite, chromite, and magnetite, with its 
content not exceeding 2 – 3 wt. %. 

The non-metallic part of the ilmenite sample com­
prises seven minerals from the spinel group, nearly half 
of which are chromospinelids. Additionally, we found 
monazite, containing up to 33 wt. % Ce, and zircon; 
the former occurs as single grains and is found more fre­
quently than zircon.

In the perovskite sample, titanium is primarily rep­
resented by the main ore minerals of the concentrate –
perovskite and titanite. The rare-earth element cerium is 
present in the form of specific minerals (loparite-(Ce), 
aluminocerite-(Ce), ancylite-(Ce), thorite) or as an admix­
ture in perovskite (2.8 wt. % Ce). Except for perovskite 
and loparite-(Ce), REE-bearing minerals are rare, and 
their total share in the concentrate does not exceed 
1 wt. %. Loparite-(Ce) comprises cerium (18.0 wt. %), 
neodymium impurities (5.2 wt. %), thorium (1.4 wt. %), 
and isolated grains of niobium (up to 8.2 wt. %).
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Оригинальная статья

©  V. Puspasari, I. N. G. P. Astawa, S. Herbirowo, E. Mabruri, 2024

  vind001@brin.go.id
Abstract. Equal-Channel Angular Pressing (ECAP) has become an effective technique of severe plastic deformation designed to produce ultrafine grain 

metals with improved mechanical properties, such as a good combination of strength and ductility. A  report on the effect of ECAP routes on the 
mechanical and microstructure of commercial 5052 aluminum alloy needs also to be included. This work has been undertaken, in order to obtain the 
results. In this work, several deformation routes were used to process the Al – Mg (5052) alloy, namely A, Ba, Bc and C. Deformation route A involved 
repeatedly pushing the sample into the ECAP die without rotation, route Ba was performed by rotating the sample through 90° in alternate directions 
between each pass, route Bc by rotating the sample 90° in the same sense between each pass and route C by rotating the sample 180° between passes. 
The addition of the pass number decreases the grain size of ECAP-processed samples when compared to the as-annealed sample. It also confirmed 
that the microstructure of the 8-pass samples shows a finer grain size than the as-annealed sample. Furthermore, the Bc route (samples rotated in the 
same sense by 90° between each pass) has been proven to be the most effective deformation route, in order to obtain equiaxed ultrafine grain structure 
when compared to other deformation routes. This phenomenon takes place due to the continuous deformation in all cubic planes. The restoration after 
the 4-pass number will lead to the rapid evolution of sub-grains to high-angle grain boundaries, forming equiaxed grains. The characterization of 
the hardness number also shows that the addition of the ECAP pass number increases the hardness number of 5052 aluminum alloy, where samples 
processed with the Bc route indicate the highest hardness number at 168.4 HB. Moreover, a similar phenomenon also suggests that the tensile strength 
of all ECAP deformation routes has comparable values. The effect of heat treatment for samples with the Bc route also shows that 200 °C annealed 
samples have the highest hardness number and tensile strength when compared to other samples. 

Keywords: ECAP, Al–Mg (5052) alloy, deformation routes, microstructure, hardness number, tensile strength, heat treatment
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 Introduction

Within the last two decades, Equal-Channel Angu­
lar Pressing (ECAP) has been intensively studied 
as an effective technique of severe plastic deforma­
tion (SPD) designed to produce ultrafine or even nano-
grain me tals and alloys with considerably improved 
mechanical properties combining both strength and 
ductility [1]. Severe plastic deformation uses ECAP 
to produce large bulk samples free from residual stress 
where the samples are pressed to the die with an angled 
cavity witho ut any change in the cross-sectional dimen­
sions [2]. The samples are subjected to the shear phenom­
enon du ring the deformation process inside the ECAP 
die [3]. Another positive aspect of the ECAP process is 
the possibility of pressing repetition at the same cross-
sectional area of samples [4]. This work applies seve-
ral deformation routes to process the Al–Mg (5052) 
alloy, namely A, Ba, Bc and C. The different treatments 
of the sample are pressed continuously either without 

any rotation, or by 90° in alternate directions between 
consecutive passes, or rotated in the same sense by 90° 
between each pass and rotated by 180° between passes, 
respectively [5]. The schematic illustration of ECAP 
routes can be seen in Fig. 1. 

Due to their specific high-strength properties [6], 
aluminum and its alloys are widely used in numerous 
applications, such as automotive, aerospace, marine, and 
many others. Moreover, 5xxx-series aluminum alloys are 
commonly utilized in the industry due to their specific 
high strength, good formability, good weldability, and 
excellent corrosion resistance [7]. From the perspective 
of aluminum alloy applications, it is crucial to estab­
lish a suitable processing method which will enhance 
the mechanical properties and lead to the higher specific 
strength of materials [8]. Significant increases in mecha-
nical properties of the alloys were achieved by the appli­
cation of the ECAP process. Avcu et al. concluded 
that the ECAP process significantly increases the micro­
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Механические свойства и микроструктура 
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равноканального углового прессования (РКУП) 
с вариациями методов РКУП и термической обработки
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Аннотация. Равноканальное угловое прессование (РКУП) стало эффективным методом интенсивной пластической деформации для 

производства сверхмелкозернистых металлов с улучшенными механическими свойствами, такими как хорошее сочетание прочности 
и пластичности. Сведения о влиянии маршрутов РКУП на механическую прочность и микроструктуру алюминиевого сплава 5052 
от сутствуют. В данной работе для обработки сплава Al – Mg (5052) использовалось несколько маршрутов деформации, а именно 
A, Ba, Bc, и C. Маршрут деформации A включал в себя многократное проталкивание образца в матрицу РКУП без вращения, маршрут 
Ba предполагал поворот образца на 90° в разных направлениях между проходами, маршрут Bc – поворот образца на 90° в одном 
направлении между проходами, а маршрут C – поворот образца на 180° между проходами. Добавление количества проходов умень­
шает размер зерна образцов, обработанных РКУП, по сравнению с образцом после отжига. Исследование микроструктуры показало, 
что образцы после восьми проходов имеют более мелкий размер зерен, чем после отжига. Маршрут Bc зарекомендовал себя как 
наиболее эффективный для получения равноосной ультрамелкозернистой структуры по сравнению с другими маршрутами дефор­
мации. Это явление происходит из-за непрерывной деформации во всех кубических плоскостях и восстановление после четвертого 
прохода будет формировать быструю эволюцию субзерен к большеугловым границам зерен, образуя равноосные зерна. Добавление 
числа проходов РКУП увеличивает твердость алюминиевого сплава 5052. Образцы, обработанные по маршруту Bc, показывают 
самую высокую твердость – 168,4 HB. Более того, подобное явление обнаруживается, когда предел прочности при растяжении всех 
путей деформации РКУП имеет сопоставимые значения. Влияние термической обработки образцов с маршрутом Bc также показы­
вает, что отожженный при 200 °C образец имеет самый высокий показатель твердости и предел прочности на растяжение по срав­
нению с другими образцами. 

Ключевые слова: РКУП, сплав Al–Mg (5052), маршрут деформации, микроструктура, число твердости, предел прочности, термообработка
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hardness and wear resistance properties of 7075 alu­
minum alloy due to the fragmentation of precipitates 
and grain refinement phenomenon [9]. Nejad seyfi et al. 
also explained that ECAP, followed by the aging pro­
cess, also enhances the mechanical performance 
of 6061 aluminum alloy, such as tensile strength, hard­
ness, and corrosion resistance [10]. However, the study 
on the effect of variation of ECAP routes and heat treat­
ment on the mechanical and microstructure properties 
of Al–Mg (5052) is still limited, although many resear-
chers have reported the behavior of other alloys pro­
cessed by ECAP. 

The ECAP of Aluminium and other alloys with 
a varia tion of channel angles from 90 to 160° has been 
stu died by numerous researchers [11]. The utiliza­
tion of a large angle in the ECAP die affects the num­
ber of strains experienced by the sample in the ECAP 
pass [12]. The variation of deformation routes results 
in different microstructures and leads to the altera­
tion of mechanical properties, such as hardness and ten­
sile strength [13]. Studies by Ghosh et al. established 
that ECAP with a variation of deformation routes and 
numerous passes greatly influences the grain refinement. 
This thoroughly impacts the frequent change in shear 
plane and direction during the process [14]. Furthermore, 
Shaeri et al. also determined the enhancement quality 
of microstructure and texture of aluminium 7075 alloy 
using four passes variation and two routes of Bc and A 
at room temperature [15]. 

Yee et al. proved that the samples processed by 
the Bc route indicate better wear properties. However, 
they did not fully explain that the performance of this 
route is mechanically optimum for most of the appli­
cation areas [16]. In another work, Valiev also stated 
that the Bc route is the most favorable route due 
to the amount of equiaxed ultrafine-grained morpho-
logy [17]. Further, Howeyze et al. also found that samp-

les processed with A route have a higher level of dislo­
cation density, while samples processed using route C 
possessed higher amounts of high angle boundaries 
(HAGBs) [13]. However, other researchers also showed 
that routes A and C have a good level of performance in 
limited applications [18]. Therefore, it is crucial to study 
the effect of the ECAP routes on the microstructural and 
mechanical behavior of Al–Mg (5052) alloy, in order 
to obtain the best condition applicable in industrial appli­
cations, such as automotive, defense, and aerospace. 

 However, despite the enhancement of the mechani­
cal properties in ECAP-processed samples, a decrease 
in elongation of the alloys was exhibited after ECAP in 
conventional cold working. With the increment of elon­
gation of the ECAPed alloys, external energy is needed 
to reduce the dislocation density. Tański T. et al. inves­
tigated the strength and structure of AlMg3 alloy, report­
ing the possibility of producing a UFG material with 
a combination of good mechanical properties and duc­
tility. This was achieved by optimized ECAP deforma­
tion and heat treatment [19]. Meanwhile, Rominiyi A.L. 
et al. reported an optimum combination of properties 
of the 6061-aluminum alloy resulting from applying 
post-ECAP artificial aging [20]. This work investigated 
the effect of heat treatment temperature on the mechani­
cal properties of ECAPed alloys, in the aim of achieving 
the best combination of strength and elongation. In addi­
tion, the pre-evaluation of ECAP deformation routes was 
conducted, in order to select the most effective route in 
obtaining the best combination of mechanical pro perties. 
The Al–Mg (5052) alloy was used in this work, since 
this type of aluminum was a non-heat treatable alloy 
that could only be strengthened by deformation. This 
obviated the complex mechanism of heat treatment after 
ECAP due to aging. 

 Research materials and methodology

The material used for the ECAP experiments was 
a billet of aluminum alloys found commercially in 
the market with the chemical composition (wt. %), as 
listed in Table 1 according to Optical Emission Spectro-
scopy analysis. This chemical composition complied 
with Al–Mg or 5052 alloys. The samples for the ECAP 
experiments were cylindrical, 70 mm in length and 
12.7 mm in diameter, made by machining the initial bil­
let. The samples were annealed under argon gas flo wing 
at 550 °C for 12 h before extrusion for internal stress 
releasing and texture removal of the as-received alloys. 
The ECAP was carried out at room temperature for up 
to 8 passes with deformation routes A, Ba, Bc and C. 

Deformation route A was conducted by passing 
the sample into an ECAP die repetitively without rota­
tion. Route Ba was performed by rotating the sample 
through 90° in alternate directions between each pass, 

Fig. 1. Schematic illustration of ECAP routes variation  
in Al–Mg (5052) alloy ECAP process

Рис. 1. Схематическая иллюстрация изменения маршрутов РКУП  
в процессе РКУП сплава Al–Mg (5052)
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route Bc by rotating the sample 90° in the same sense 
between each pass and route C by rotating the samp le 180° 
between passes. The ECAP facilities and the samp les 
after ECAP deformation are shown in Fig. 1. The ECAP 
dies used in this work had internal angular channels with 
a diameter of 14 mm, channel angel (φ) 120° and corner 
angel (φ) 7°. The ECAP samples with Bc for four passes 
were subjected to heat treatment at 100, 200, and 300 °C 
for 30 min, in order to evaluate the effect of heat treat­
ment.

All the samples were machined along the extru­
sion direction, in order to prepare the specimens for 
microstructure observation, hardness measurement, 
and tensile testing. The tensile specimens had a gauge 
length of 12 mm as per JIS Z 220. The tensile test was 
conducted at room temperature using a Universal Tes-
ting Machine with 12 mm gauge length samples accor-
ding to JIS Z220. The hardness test was performed using 
a Hardness Brinnel device at 5 varied points, in order 
to calculate the average and obtain a hardness number. 
Crystallite structure of the samples was also examined 
using Shimadzu X-Ray Diffraction machine, in order 
to identify crystalline phase in samples. Then, the 1×1 cm 
sample was grinded using silicon carbide paper with 
a 400 – 1500 grid mesh, followed by polishing and 
et ching using Poulton’s reagent for 5 – 10 s. The etched 
samples were washed with water and alcohol, dried, and 

prepared to be examined using the Olympus U-MSSPG 
optical microscope for optical morphology characteriza­
tion. The microstructure characterization was also held 
using JEOL JSM 6390 A machine, in order to examine 
the precipitate in the samples. 

 Research results and discussion

The ECAP process deforms the alloys plastically by 
inducing shear strains and changing the microstructure 
of the alloys accordingly. The microstructure developed 
in the ECAP alloys depends on the geometry of the die, 
the number of strains, the deformation routes, and 
the initial condition of the alloys [21]. In the present 
work, the number of passes and the deformation routes 
were evaluated with regard to the microstructure and 
the mechanical properties of the Al–Mg (5052) alloys. 
Fig. 3 shows te optical microstructure of Al–Mg (5052) 
alloys in the initial condition of annealed at 550 °C for 
12 h and in ECAPed conditions for 2, 4 and 8 passes 
with various deformation routes. The microstructure 
of the initial alloys (0 pass) shows the typical annealed 
aluminum alloys with large grains. The annealing twins 
exist within several grains [22].

After the application of the ECAP process, the micro­
structure of the alloys changed. In general, the micro­
structure of the ECAP samples shows finer grain sizes 
than the initial sample. Routes A and C exhibit micro­
structure with elongated grains which increase with 
the addition of the number of passes. Route Ba results 
in a microstructure with wavy grains which became 
more prominent with a higher number of passes. For 
route Bc, the microstructure revealed broken grains 
without elongated or wavy grains, particularly for the 2 
and 4 passes. Meanwhile, a wavy structure emerges for 
8 passes due to heavy straining. The grain flow exhibited 
by the ECAPed samples can be explained by the shear­
ing pattern developed associated with the deforma­
tion routes applied to the samples [5]. 

In route A, where the samples were not rotated, con­
tinuous shearing occurred in two cubic planes, and res­
toration of straining did not occur. The grains were elon­
gated by shearing without restoration in all passes [23]. 
For route C, where the samples were rotated 180° repea-
tedly restoration should occur after 2nd pass. Regarding 
route Bc where the samples were rotated 90° repeatedly, 
continuous deformation was exhibited in all cubic planes. 
Restoration occurs after 4th pass, ensuring the rapid 
evolution of sub grains to high angle grain boundary, 
and forming equiaxed grains. Thus, route Bc is consi­
dered the most effective route to obtaining an equiaxed 
and fine-grain structure [24]. As can be seen in Fig. 3, 
the effect of several ECAP passes also affects the grain 
size of Al–Mg (5052) alloy. The addition of an ECAP pass 
will promote grain refinement in the Al–Mg (5052) alloy. 

Fig. 2. ECAP equipment used in experiment (a) 
and samples after ECAP (b) 

 
Рис. 2. Оборудование для РКУП, используемое в эксперименте (a), 

и образцы после прохождения процесса РКУП (b)
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Fig. 4 reveals the results of Scanning Electron Micro­
scope (SEM) Characterization of Al–Mg (5052) alloy with 
a Bc ECAP route and variation in the number of ECAP 
passes. The Bc orientation was chosen for SEM characte-
rization due to the best results when compared to other routes 
where the samples have the equiaxial grain shape. The grain 
size in the Al–Mg (5052) alloy also becomes smaller with 
the addition of the ECAP pass number. The grain refine­
ment phenomenon also answers the enhancement of hard­

ness numbers by adding the ECAP pass number. The micro­
structure in the sample is inhomogeneous. It consists of two 
different shapes of grain morphologies, such as elongated 
and equiaxial deformed grain. 

These shapes relate to the shear direction during 
the ECAP process; the short shear movement tends 
to create the equiaxed grains and align with the shear 
direction. The boundaries between the elongated grains 
are assimilated, forming a more or less strain-free 

Fig. 3. Microstructure of Al–Mg (5052) alloy with a variation of routes and number of passes of ECAP 

Рис. 3. Микроструктура сплава Al–Mg (5052) с изменением маршрутов РКУП и количества проходов

Fig. 4. SEM Characterization of Al–Mg (5052) alloy with a Bc ECAP route and variation of number of ECAP passes:
а – 0; b – 2; c – 4; d – 8

Рис. 4. СЭМ-характеристика сплава Al–Mg (5052) с маршрутом Bc РКУП и изменением количества проходов:
а – 0; b – 2; c – 4; d – 8
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Fig. 7. Microstructure of Al–Mg (5052) alloy with variation of annealing temperature:
а – without treatment; b – annealing at 100 °C; c – annealing at 200 °C; d – annealing at 300 °C

Рис. 7. Микроструктура сплава Al–Mg (5052) при изменении температуры отжига:
а – без обработки; b – отжиг при 100 °С; c – отжиг при 200 °С; d – отжиг при 300 °С

area [22]. There are some agglomerated grains, where 
the sub-grains are formed within the elongated grains. 
After the first pass, the average distance between par­
ticles increases as the ECAP pass number rises [12]. 

Fig. 5 presents the Brinell hardness of the initial and 
the ECAPed Al–Mg (5052) samples for various passes with 
different deformation routes. The hardness of the alloys 
increases significantly after being subjected to one pass 
ECAP, when compared to that of the initial alloys for 
all deformation routes. The hardness of the alloys fur­
ther increases with a reduced gradient with an increase 
in the number of passes [25]. At the first two passes, 
a significant increase in dislocation density occurs due 
to severe strains developed after ECAP. By increasing 
the number of passes, the dislocation density tends to be 
saturated gradually and renders the dislocation mobi-
lity causing only a slight increase in the hardness. This 
result is a common phenomenon and agrees with other 
results found in the literature [26]. Concerning deforma­

tion routes, Fig. 4 shows that the routes A, Ba, Bc and C 
applied in the ECAP experiments result in a rela tively 
small difference in the hardness of the ECAP samples 
for all numbers of passes [27]. Similar phenomena are 
exhibited by the tensile strength of the alloys, where 
the strength was found to have comparable value among 
the deformation routes of ECAP as shown in Fig. 6.

Different routes produce values above 400 MPa, 
exceeding previous research only achieved below the ten­
sile strength of this sample [21] (Fig. 6). The single crystal­
lographic direction of deformation performed by route A 
results in the accumulation of dislocation in the same 
direction, and the annihilation of the dislocation which 
reduces the dislocation density. Thus, it even tually 
enhances the elongation [28]. The study of annealing tem­
perature was also performed, in order to establish its effect 
on the microstructure of Al–Mg (5052) alloy. Fig. 7 shows 
that the variation of the annealing temperature (from 
100 – 300 °C) affects the microstructure of Al–Mg (5052) 
alloy. The untreated sample indicates elongated grains, 
while the sample with an annealing treatment of 200 °C 
shows the recovery state where the grain becomes 
small and equiaxed due to the rearrangement of dislo­
cation inside the annealed samp les [29]. The increase 
of annealing temperature from 200 to 300 °C causes 

Fig. 5. Hardness properties of Al–Mg (5052) alloy 
with a variation of routes and number of passes of ECAP

 
Рис. 5. Твердость сплава Al–Mg (5052) 

при изменении маршрутов и количества проходов РКУП

Fig. 6. ECAP route curve with tensile ( ) and elongation ( )

Рис. 6. Кривая маршрута РКУП с указанием прочности 
на растяжение ( ) и относительного удлинения ( ) 
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the increment of the recrystallization process, in which 
the grain size becomes smaller, the grains dislocation-free, 
and the deformation substructure is also removed [30]. 

Figs. 8 and 9 reveal the effect of heat treatment 
after ECAP on the hardness and the tensile strength-
elongation of the Al–Mg (5052) alloys, respectively. 
There is only a slight change which occurs in the hard­
ness and the tensile strength of the ECAPed alloys after 
heat treatment at a temperature of 200 °C. The hard­
ness and the tensile strength decrease significantly after 
heat treatment at a temperature of 300 °C. This implies 
that the heat treatment applied to the ECAPed alloys 
induced energy to release strain, and the saturated dis­
location density gradually decreased until heat treatment 
at 200 °C [31]. After dislocation achieves the unsatu­
rated condition, further strain release seems to accele-
rate the decrease of the dislocation density occurring 
at a heat treatment temperature of 300 °C. This agrees 
with the results of Y.H. Zhao [22], who calculated 
the dislocation density of ECAPed 7075 aluminum alloys 
during annealing. He found that there was no change in 
dislocation density when annealing up to 140 °C, along 
with a significant reduction in dislocation density from 
(0.94 ± 0.08)·1015 m–2 to about (0.05 ± 0.04)·1015 m–2 
occurred when annealing at 300 °C.  

The different situation is shown by the response 
of the elongation of the alloys on the heat treatment after 
the ECAP process (Fig. 9). The elongation is consistent 
with increasing linearity for all temperatures of heat treat­
ment concerned in this study. Consistent with a decrease in 
tensile strength with heat treatment temperature, the elon­
gation shows a significant increase above 200 °C [31]. 
The heat treatment should be performed at a temperature 
which does not significantly decrease the tensile strength 
with sufficient elongation [32]. The best combina­
tion of mechanical properties of ECAPed Al–Mg (5052) 
alloys is achieved after heat treatment at a temperature 
of 200 °C for 30 min, i.e., 318 MPa for tensile strength 
and 19.16 % for elongation.

Fig. 10 shows the XRD pattern of the Al–Mg (5052) 
alloy in the condition of initial: after ECAP deformation, 
and after heat treatment of ECAPed samples. In gen­
eral, the XRD pattern of all samples reveals the peaks 
of lattice planes (111), (200), (220), (311), and (222), 
except for the absence of (222) in the initial sample. It 
can be seen from the Figure that in the ECAPed sam­
ple, the intensity of the (111) plane increases signifi­
cantly when compared to that in the initial sample. This 
is concomitant with the fact that aluminum alloys have 
high stacking fault energy (γSFE), wherein the fcc crys­
tal structure, and the dislocation slip on the (111) plane 
is the primary deformation mechanism [33]. Hence, this 
close-packed plane (111) is the primary slip plane for dis­
location glide during the ECAP deformation of the alu­
minum alloys. Another phenomenon that can be observed 
from Fig. 10 is the broadening of peaks for all crystal 

Fig. 8. Effect of heat treatment temperature after ECAP 
on hardness of Al–Mg (5052) alloy samples 

Рис. 8. Влияние температуры термообработки после РКУП 
на твердость образцов сплава Al–Mg (5052) 

Fig. 9. Effect of heat treatment temperature after ECAP on tensile 
strength (1) and elongation (2) of Al–Mg (5052) alloy samples 

Рис. 9. Влияние температуры термообработки после РКУП 
на предел прочности при растяжении (1) 

и относительное удлинение (2) образцов сплава Al–Mg (5052) 

Fig. 10. XRD peaks of Al–Mg (5052) alloy in conditions 
of initial (1), ECAPed (2), and heat treated after ECAP 

at 100 (3), 200 (4) and 300 °C (5) 

Рис. 10. Рентгеновские пики сплава Al–Mg (5052) 
в исходном состоянии (1), после РКУП (2) 

и термообработки после РКУП при 100 (3), 200 (4) и 300 °C (5)
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planes of samples after ECAP deformation. This peak 
broadening relates to increasing lattice defects, par­
ticularly dislocation density occurring during ECAP 
deformation [24; 25]. The peak broadening decreases in 
the heat-treated sample following the decreasing disloca­
tion density caused by heat treatment. 

The grain refining of the ECAPed samples can be eva-
luated qualitatively from the peak broadening by measu ring 
the width of the XRD peaks of the ECAPed samples when 
compared to those of the initial samples. Since peak width 
relates inversely to crystallite size (considered as grain 
size) according to the Scherrer Equation [34], the larger 
peak width indicates the finer size of the crysta llite. Fig. 11 
shows the peak width (expressed by the FWHM/Full 
Width at Half Maximum) of Al–Mg (5052) alloys in dif­
ferent conditions of initial, ECAPed, and heat treated 
at 100, 200 and 300 °C. It can be seen from this Figure 
that the FWHM of the samp les after ECAP increases 
about two-fold for all crystal planes when compared with 
initial samples. This indicates that grain refinement occurs 
in the ECAPed samples. The FWHM of the samples 
decreases again after being subjected to heat treatment 
and reaches almost the initial values after heat treatment 
at a temperature of 300 °C, with a significant reduction in 
dislocation density.

 Conclusions

The effect of ECAP routes and heat treatment temper­
ature after ECAP on the microstructure and mechanical 
properties of Al–Mg (5052) alloys was investigated in 
this work. In general, the microstructure of the ECAPed 
samp les showed finer grain sizes than that of the ini­
tial sample. The Bc deformation route was consid­
ered the most effective route, in order to obtain and 
equiaxed ultrafine grain structure. It was exhibited 
that the mechanical properties of the alloys had compa­
rable values to those which resulted from all the defor­

mation routes of ECAP. The heat treatment to which 
the ECAP samples were subjected resulted in decreas­
ing the mechanical properties, reaching almost the initial 
values after heat treatment at 300 °C. The best combina­
tion of mechanical properties of ECAPed Al–Mg (5052) 
alloys was achieved after heat treatment at temperature 
200 °C, i.e., 318 MPa for tensile strength and 19.16 % for 
elongation. Further, the peak broadening of the ECAPed 
samples was observed on the XRD pattern indicating 
grain refinement. The peak broadening decreased by 
heat treatment and reached almost initial values after 
heat treatment at a temperature of 300 °C.
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Аннотация. Созданный в 2004 году высокоэнтропийный (ВЭС) пятикомпонентный сплав Кантора CoCrFeNiMn по-прежнему находится 

в фокусе внимания исследователей в области физического материаловедения благодаря хорошему сочетанию прочностных и пласти­
ческих свойств, которые открывают перспективы его использования в различных наукоемких отраслях промышленности. Выполнен 
краткий обзор публикаций последних лет отечественных и зарубежных исследователей по улучшению механических свойств сплава 
Кантора путем легирования ниобием и цирконием, хорошо зарекомендовавшими себя при легировании традиционных сплавов. Леги­
рование цирконием приводит к более низкой температуре плавления из-за образования эвтектики со всеми элементами сплава Кантора. 
Легирование атомами ниобия в диапазоне 0 – 16 ат. % обеспечивает образование объемной доли фаз Лавеса и σ-фазы до 42 %, что, 
в свою очередь, ответственно за пятикратное увеличение предела текучести от 202 до 1010 МПа. Проанализированы работы по совмест­
ному легированию сплава Кантора системами Zr + Ti + Y2O3 , Nb + C, Nb + V. При комплексном легировании значительно улучшаются 
механические свойства. В работе раскрыты и обсуждены физические механизмы упрочнения. Микролегирование 0,2 % Nb сплава 
с 1,3 % С обеспечивает превосходное сочетание предела текучести (~1096 МПа) и относительного удлинения (~12 %) после отжига 
при 700 °С. 

  gromov@physics.sibsiu.ru
Abstract. Created in 2004, the high-entropy (HEA) five-component Cantor alloy CoCrFeNiMn is still in the focus of attention of researchers in the field 

of physical materials science due to a good combination of strength and plastic properties, which open up prospects for its use in various high-
tech industries. We performed a brief review of recent publications by domestic and foreign researchers on improving the mechanical properties 
of the Cantor alloy by alloying with niobium and zirconium, which proved themselves well in alloying traditional alloys. Zirconium alloying leads 
to a lower melting point due to the formation of eutectic with all elements of the Cantor alloy. Alloying with niobium atoms in the range of 0 – 16 at. % 
ensures the formation of a volume fraction of the Laves phases and σ–phase up to 42 %, which, in turn, is responsible for a fivefold increase 
in the yield strength from 202 to 1010 MPa. The work on the joint alloying of the Cantor alloy with Zr + Ti + Y2O3 , Nb + C, Nb + V systems was 
analyzed. With complex alloying, the mechanical properties are significantly improved. The paper reveals and discusses the physical mechanisms 
of hardening. Microalloying of 0.2 % Nb alloy with 1.3 % C provides an excellent combination of yield strength (~1096 MPa) and elongation (~12 %) 
after annealing at 700 °C. 

Keywords: alloying, niobium, zirconium, Cantor alloy, hardening
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 Introduction

High-entropy alloys (HEAs), a novel class of metallic 
materials discovered towards the end of the 20th century, 
comprise 5 to 6 elements, each at concentrations ranging 
from 5 to 35 % [1; 2]. These alloys have attracted signifi­
cant research interest due to their outstanding characteris­
tics, such as high strength, ductility, corrosion resistance, 
and suitability for extreme temperature conditions, as 
well as their ease of machining. The potential applica­
tions of HEAs span a wide range, from the fabrication 
of cutting tools and molds to components for the nuclear 
power and aerospace industries [3 – 8]. According to Sco­
pus, over 30,000 articles on HEAs have been published 
in the last quarter-century. Among this vast repository 
of research, the Cantor alloy (CoCrFeNiMn) occupies 
a prominent position, having been thoroughly investi­
gated for its properties at ambient, high, and low tempera­
tures since 2004 [1; 2]. Remarkably, the Cantor alloy can 
exhibit an elongation to fracture of approximately 71 % 
at room temperature, though its yield strength and tough­
ness are relatively low at 215 MPa and 491 MPa, respec­
tively [1; 2]. The practical application of this alloy is 
somewhat limited by the challenge of balancing strength 
and ductility, a hurdle that might be overcome through 
alloying techniques without inducing embrittlement. 

The quest to enhance the mechanical properties 
of HEAs continues to be a key focus for researchers in 
the field of material science. Review articles [9; 10] have 
examined two main approaches to address this challenge: 
firstly, through the development of a nanocrystalline 
structure and surface hardening via external energy treat­
ments [11; 12], and secondly, through computer model­
ing to predict high-performance properties, utilizing the 
CALPHAD software package designed for calculating 
phase diagrams [13 – 15]. Additionally, the traditional 
method of alloying with elements well-established in 
the fabrication of steels and other alloys is also being 
explored.

The enhancement of both mechanical and functional 
properties of Cantor HEAs can be achieved through the 
strategic incorporation of well-investigated elements 
such as niobium and zirconium [2; 9; 16]. The technique 
of microalloying with these elements is a well-estab­
lished practice for hardening conventional steels and 
alloys. The underlying principles and mechanisms of this 
hardening process have been the subject of extensive 
research, particularly within the realm of rail steel from 

the late last century through the early years of the cur­
rent century [17 – 19]. Niobium, recognized for its potent 
carbide- and nitride-forming capabilities, interacts with 
carbon and nitrogen to generate ultrafine, nano-sized 
carbides and carbonitrides. Nevertheless, it’s important 
to note that micron-sized particles can adversely affect 
impact toughness by facilitating a pronounced intergra-
nular fracture mode. Such fractures are among the least 
energy-intensive and thereby the most hazardous, as 
the energy absorbed during fracture primarily reflects 
the properties of the weakened grain boundaries within 
the polycrystalline structure, rather than the intrinsic 
characteristics of the metal itself. 

During the cooling phase following hot rolling, niobium 
precipitates as niobium carbide and/or niobium nitride, 
enhancing the pearlitic structure’s hardness (strength) 
through dispersion hardening and bolstering wear resis­
tance and resilience against internal fatigue failu re. 
Further more, niobium plays a crucial role in averting 
the softening of the heat-affected zone in welds: niobium 
carbide or nitride consistently forms in the heat-affected 
zone across a broad temperature spectrum, upon rehea-
ting to temperatures at or below the Ac1 point. Nonethe­
less, when the niobium concentration falls below 0.001 %, 
these benefits are not realized to a meaningful degree, 
leading to no discernible enhancement in the hardness 
(strength) of the pearlitic structure. Conversely, a niobium 
content exceeding 0.050 % results in over-intensification 
of dispersion hardening due to niobium carbide or nitride, 
rendering the pearlite structure brittle and diminishing the 
rail’s internal fatigue resistance. Therefore, the optimal 
niobium concentration lies between 0.001 and 0.050 %. 

When niobium is incorporated into a complex multi-ele­
ment alloy like the Cantor alloy, the impact of such alloy­
ing additives on the structure and properties of the HEA 
can only be fully understood through nanoscale investiga­
tion using transmission electron microscopy. 

The scarcity of publications on this topic means that 
a unified understanding of how niobium and zirconium 
influence the alloy’s characteristics is still developing. 
Nevertheless, the existing research efforts dedicated to 
this area highlight both its importance and practical rele-
vance to the scientific community.

The aim of this article is to briefly review recent stu-
dies on the enhancement of mechanical properties in the 
Cantor alloy through the alloying with niobium and zir­
conium.
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 Results and discussion

The role of 5 % zirconium additives in the recrystalli­
zation process of the equiatomic Cantor composition was 
scrutinized in a study [20]. The analysis focused on the 
cold-rolled alloy subjected to annealing for 30 min at ele­
vated temperatures ranging from 750 to 1125 °C to exa-
mine the kinetics of recrystallization. This research aimed 
to understand the evolution of grain boundaries and grain 
size from the cast state to the recrystallized condition. 
It was found that the primary force driving the recrystalli­
zation of the dendritic microstructure is the eradication of 
the dislocation substructure engendered during cold roll­
ing. Alloying with zirconium resulted in more effective 
solid-solution hardening than the non-alloyed counterpart, 
maintaining a single-phase HEA structure. The dendri-
tic microstructure transitioned into a fine-grained poly­
crystalline structure, facilitating CoCrFeNiMn + 5 % Zr 
HEA’s application at cryogenic temperatures. 

The zirconium alloying effect was markedly improved 
by concurrently introducing titanium and yttrium oxide 
Y2O3 , each at 1 wt. %, through mechanical alloying fol­
lowed by plasma sintering [21]. This modified alloy pos­
sessed a FCC lattice with a high density of various oxide 
morphologies (up to 2.01·1021 m–3), contribu ting to its 
exceptional mechanical properties. The average grain 
size was around 130 nm, with oxides forming hexagonal 
(YTiO2 ), orthorhombic (Y2TiO5 ), and monoclinic (Ti2O3 , 
Y2Zr2O7 ) structures. This high density of oxides and 
small grain size yielded outstanding microhardness, yield 
strength, and toughness values of 449 HV, 1309 MPa, 
and 2231 MPa, respectively. The predominant hardening 
mechanisms were identified as grain boundary hardening 
and Orowan hardening.

Comprehensive analysis of how alloying with various 
elements influences the mechanical properties of the Can­
tor alloy was presented in [2; 22]. The studies revealed 
an increase in hardness with the addition of niobium [23] 
and zirconium [24], attributable to solid-solution harde-
ning and the formation of second phases. Notably, 
as the niobium content ranged from 0.1 to 0.8 wt. %, 
hardness linearly escalated to 712 HV, with Laves phases 
playing a crucial role. Concurrently, an investigation [25] 
reported a significant increase in yield strength from 1373 
to 2473 MPa with a niobium concentration boost from 0 
to 5 wt. %. The mechanism of dislocation motion obstruc­
tion was identified as a key factor in this enhancement. 

In the study documented in [24], CoCrFeNiZrx alloys 
with varying zirconium concentrations were synthesized 
using vacuum-arc melting. A distinct eutectic micro­
structure was observed in the cast alloy when x = 0.5. 
The research demonstrated that the alloys comprise 
a FCC solid solution and a Laves C15 phase, appearing 
in lamellar formations. The crystallographic orientation 
relationship between these two phases was established. 

As the volu me fraction of the Laves C15 phase increased, 
the alloys exhibited enhanced strength but showed 
increased britt leness at room temperature; the mode 
of fracture transitioned from ductile inter-lamellar 
to britt le trans-lamellar. However, with elevated test tem­
peratures, fractures tended to be more ductile, indicating 
that the eutectic microstructure is capable of enduring sig­
nificant plastic deformation. This characteristic suggests 
their potential utility in engineering applications at higher 
temperatures [24]. The impact of alloying is notably 
amplified when niobium and vanadium (Nb + V) or nio­
bium and carbon (Nb + C) are introduced together [27].

A study [28] delves into the complexities and chal­
lenges involved in analyzing hardness changes in 
CoCrFeNi alloys alloyed with 1 – 4 wt. % zirconium. 
It was observed that, following annealing at temperatures 
below 700 °C, the initially formed nanocrystalline grains 
maintained their size of approximately 10 nm and a hard­
ness of around 500 HV. However, a significant increase 
in grain size was noted at temperatures of 900 °C and 
above, reaching up to 250 nm at 900 °C and transitioning 
to micron-sized grains at 1100 °C. This variation in grain 
size distribution may provide avenues for developing 
HEAs with a superior blend of properties by integrating 
large grains within a fine-grained matrix.

The influence of zirconium on the melting tempera­
ture, microstructure, recrystallization, and mechanical 
properties of the Cantor HEAs is particularly noteworthy, 
as discussed in article [29]. The research utilized samples 
prepared through vacuum arc melting of pre-mechani­
cally alloyed powders, followed by 90 % cold rolling and 
recrystallization annealing at 1143 K. The incorporation 
of zirconium yielded several benefits, including a faster 
induction melting process under vacuum conditions, 
a reduced melting temperature due to zirconium’s eutec­
tic formation with the Cantor alloy elements, improved 
chemical homogeneity, and enhanced mechanical pro-
perties of the recrystallized grains. The zirconium-altered 
HEA exhibited a higher recrystallization temperature and 
reduced grain size post-recrystallization, which contri-
buted to increased hardness and strength of the alloy. 

The beneficial role of niobium microalloying in a car­
bon-containing Cantor alloy was explored in article [30]. 
Such fine-grained, carbon-alloyed HEAs demonstrated an 
optimal mix of yield strength and ductility. Nonetheless, 
these carbon-infused HEAs are prone to decomposing 
into intermetallic compounds under intermediate tem­
peratures, presenting a challenge to their structural sta­
bility and performance. The integration of a mere 0.2 % 
niobium into the CoCrFeMnNi – 1.3 % C (Nb – HEA) 
alloy markedly enhances mechanical performance at 
room temperature while averting thermal decomposi­
tion at intermediate temperatures. Niobium’s microal­
loying role in carbon-enriched high-entropy alloys is 
crucial, facilitating the release of NbC carbides at tem­
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peratures between 700 and 900 °C, thus inducing hard­
ening. The Nb – HEA alloy, particularly after annealing 
at 700 °C for 1 h, exhibits an impressive synergy of yield 
strength (approximately 1096 MPa) and relative elonga­
tion (approximately 12 %). Furthermore, niobium micro­
alloying curtails the disintegration of the FCC matrix 
at intermediate temperatures (500 °C), significantly 
reducing the emergence of brittle σ-phase, while restrain­
ing the proliferation of L10 and BCC/B2 phases. 

The CALPHAD software suite serves as a predictive 
tool for behavior of the Cantor’s HEA during alloying 
processes [23]. Through computer-aided thermodynamic 
analyses, a pseudo-eutectic binary CoCrFeNiNbx alloy 
series (with x values of 0.10, 0.25, 0.50 and 0.80) was 
devised. Experimental findings reveal that these eutec­
tic alloys comprise a ductile face-centered cubic (FCC) 
phase alongside a solid Laves phase, characterized 
by a fine lamellar structure, thereby endowing the alloys 
with superior mechanical attributes in terms of both plas­
ticity and strength. For the CoCrFeNiNb0.5 variant, ten­
sile strength under compression and strain-to-fracture 
metrics exceeds 2300 MPa and 23.6 %, respectively. 
Informed by CALPHAD projections [26], a septenary 
eutectic high-entropy alloy (comprising Fe, Ni, Cr, V, 
Co, Mn, and Nb) was synthesized via a melting approach. 
The configurational entropy calculated for the dual-
phase microstructure qualifies the alloy as a high-entropy 
alloy. Notably, when niobium concentration surpasses 
9.7 wt. %, the microstructural paradigm shifts from pre-
eutectic with primary FCC to hypereutectic with domi­
nant Laves phase.

The structural phase states and hardness of two 
distinct non-equiatomic HEAs, namely Cantor and 
Cantor + NbC, were meticulously explored in [27]. 
The empirical evidence aligns with CALPHAD-based 
theoretical predictions, suggesting the presence of two 
solid solutions characterized by high entropy and a FCC 
crystalline structure post-centrifugal casting. Micro­
scopic examinations and hardness assessments detected 
minimal structural varian ce across the thickness of both 
alloys, depicting a dendritic configuration with iron and 
manganese segregating within dendritic zones, whilst 
inter-dendritic spaces concentrated cobalt, chromium, 
and nickel. Niobium-rich nano-precipitates exhibiting 
spherical and oval shapes were discernible in interden­
dritic areas. Differential thermal analysis did not regis­
ter any peak up to the melting point, indicating the solid 
solution structures’ high temperature resilience.

The beneficial impact of Laves phases on the mecha-
nical properties of HEAs has been underscored across 
various studies. A particular investigation [31] traced 
the microstructural evolution and mechanical perfor­
mance of (CoCrFeNiMn)100 – xNbx ; 0 ≤ x ≤ 16 at. % under 
compression. This study demonstrates that the volumetric 
fraction of secondary phases (Laves and σ-phases) esca­

lated from 0 to 42 %, correlating with a yield strength 
increase from 202 to 1010 MPa. 

The lamellar structures have transient mechanical 
properties. Although the mechanical properties deterio­
rate as these structures degrade after annealing at 900 °C, 
HCEs from CoCrFeNiNbx retain good mechanical pro-
perties.

 Conclusions

This brief review synthesizes the findings from recent 
domestic and international research articles on modification 
of the Cantor alloy through alloying with zirconium, nio­
bium, and complex alloying using systems such as Nb + V, 
Nb + C, Zr + Ti + V2O. The discussions in these studies 
primarily focus on the physical mechanisms of hardening 
induced by these alloying processes.
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Аннотация. Воздействие сероводородного сырья на стальное оборудование и трубопроводы известно и связано не только с процессами 

внутренней коррозии, но и с наводороживанием применяемых углеродистых и низколегированных сталей. Проникновение водорода 
в сталь может приводить к потере ее прочностных свойств и последующему разрушению газопроводов, эксплуатируемых в условиях 
повышенных давлений. Характерные для сероводородных сред проявления растрескивания, являющиеся последствием проникновения 
водорода в сталь, наиболее опасны с точки зрения безопасности и надежности работы объектов по добыче и транспортировке коррози­
онно-агрессивного газа. Исследовано воздействие H2S на снижение пластичности основных видов конструкционных сталей по резуль­
татам имитационных испытаний. Зафиксировано образование блистерингов (вздутий) и трещин на поверхности сталей вследствие 
воздействия водорода на сталь. Проведено изучение фазового состава и свойств продуктов коррозии с целью оценки их возможного 
влияния на процессы наводороживания стали. Образование равномерно расположенных по поверхности и наиболее плотных коррози­
онных отложений будет затруднять процессы коррозии и проникновение водорода в сталь. Снижение пластических свойств стали наблю­
дается и при воздействии водорода, который может транспортироваться как в отдельности, так и совместно с метаном по магистральным 
газопроводам. Основным возможным средством защиты сталей, нестойких к наводороживанию, является применение ингибиторов 
коррозии. Установлено, что наиболее эффективные ингибиторы коррозии с рациональными технологиями применения и дозировкой 
могут обеспечить защиту сталей от проникновения в них водорода и его разрушительного действия. 

  R_Vagapov@vniigaz.gazprom.ru
Abstract. The impact of hydrogen sulfide raw materials on steel equipment and pipelines is known and is associated not only with internal corro­

sion processes, but also with the hydrogenation of carbon and low-alloy steels used. Penetration of hydrogen into steel can lead to the loss of its 
strength properties and subsequent destruction of gas pipelines operated under high pressure conditions. The manifestations of cracking characteristic 
of hydrogen sulfide environments, which are a consequence of the penetration of hydrogen into steel, are the most dangerous from the point of view 
of the safety and reliability of the operation of facilities for the production and transportation of corrosive gas. The effect of H2S on the decrease 
in ductility of the main types of structural steels was studied based on the results of simulation tests. The formation of blisters (bloatings) and cracks 
on the surface of steels due to the effect of hydrogen on steel was recorded. The study of the phase composition and properties of corrosion products 
was carried out in order to assess their possible influence on the processes of steel hydrogenation. The formation of evenly distributed on the surface 
and the densest corrosion deposits will hinder both the corrosion processes and the penetration of hydrogen into steel. A decrease in the plastic proper­
ties of steel is also observed when exposed to hydrogen, which can be transported both separately and together with methane through the main gas 
pipelines. The main possible means of protecting steels that are unstable to hydrogenation is the use of corrosion inhibitors. It was established that 
the most effective corrosion inhibitors with rational technologies of application and dosage can protect steels from penetration of hydrogen into them 
and their destructive effect. 

Keywords: gas pipeline, steel microstructure, blistering, hydrogenation, steel cracking, corrosion products, corrosion inhibitor
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 Introduction

The reliable and secure functioning of infrastruc­
ture is essential for the effective exploitation of oil and 
gas reserves. Corrosive components like carbon dioxide 
(СО2) and hydrogen sulfide (H2S), especially when water 
is present (either formation water or from condensation), 
can lead to widespread or localized corrosion and frac­
tures [1].

Environments containing H2S are notably aggres­
sive, leading to the hydrogenation of steel and causing 
both localized and general hydrogen sulfide corrosion 
(HSC) [2]. The permeation of hydrogen into steel poses 
a heightened risk, and thus the durability of steel struc­
tures and pipelines in high H2S environments is evaluated 
with consideration of the potential for hydrogen induced 
cracking [3]. 

It is important to recognize that the operational condi­
tions at oil and gas facilities vary depending on whether 
the primary extracted fluids are oil or gas/gas condensate. 
These differences affect the types of corrosion that occur 
within pipelines. Previous research [4] has indicated 
that a particularly hazardous form of internal corrosion 
in gas pipelines involves localized corrosion at the top 
of the pipe where moisture condenses, collects, and then 
flows along the lower external curve of the pipe.

The Orenburg and Astrakhan gas condensate fields 
are examples where conditions conducive to HSC comp-
lications are present [2]. These sites are not unique in their 
susceptibility to HSC and hydrogenation issues. Moreo-
ver, pipeline systems for the reinjection of “sour gases” 
(a mixture of H2S and СО2 extracted from fluids during 
processing) are being developed at the Astrakhan field 
for disposal and enhanced condensate recovery in later 
production stages [5]. The H2S concentration in the gases 
transported through these pipelines will be considerably 
higher than in the initial extraction.

There is also growing interest in hydrogen as a fuel 
and its combined transportation with natural gas through 
main pipelines, as well as in the storage of hydrogen in 
underground facilities [6 – 7]. The use of hydrogen raises 
inevitable concerns regarding its explosive nature and its 
effect on the mechanical integrity of pipelines made from 
carbon/low alloy steel.

Some studies [8] suggest that hydrogen-containing 
gases could impact steel in a manner similar to H2S: 
atomic hydrogen is generated, diffuses into the steel 
from the surface, and then dissociates, causing local dis­

integration of the metal’s crystal lattice. This can lead 
to the development of hydrogen-induced microcracks, 
which, under the high pressure of the gas pipeline and 
continued hydrogen exposure, may result in hydrogen 
cracking. As mentioned in [9], storing hydrogen in under­
ground gas storage (UGS) facilities, along with natural 
gas, might induce a variety of effects, including steel 
hydrogenation, thereby intensifying the internal corro­
sion of steel structures and pipelines. The potential effects 
of hydrogen on steel during transportation and storage 
are not thoroughly understood and are vital subjects for 
future research.

Therefore, it is imperative to explore the trends, prog-
ression, and mechanisms of corrosion damage, along 
with the protective strategies employed at gas process­
ing facilities to counteract HSC and steel hydrogenation. 
The corrosive effects of H2S and hydrogen ions, gener­
ated during the cathodic process, impact steel not only in 
the liquid phase but also in the vapor phase. This dual-
phase impact requires careful consideration when evalua-
ting the corrosive risks of an environment and choosing 
appropriate protective measures.

 Materials and methods

The following types of carbon and low-alloy steels 
were selected for testing: 09G2S, St20, S–75, X42SS, and 
30KhMA. These steels are commonly utilized in diffe rent 
components and segments of wellhead equipment and 
pipeline systems within gas field operations.

To assess their performance under HSC conditions 
and to collect corrosion products for subsequent analy­
sis, tests were carried out in controlled environments 
using autoclaves. These simulated conditions mimicked 
the effects of mineral content in the environment and 
the partial pressures (P, MPa) of СО2 and/or H2S, allow­
ing for the replication of the corrosion rates observed 
in actual field conditions. The autoclave tests were con­
ducted for 120 h at temperatures (T) of 30 or 90 °C. Aque­
ous environment with mineralization level of 100 (MB1) 
and 200 g/l (MB2), with the addition of 0.25 g/l 
of CH3COOH, were used. A 0.5 % NaCl solution was 
used for the tests in the pre sence of hydrogen. The total 
corrosion rate (K, mm/yr) was determined based on the 
weight loss of the samples from the test results. The effect 
of hydrogenation was evaluated by the steel’s ability 
to retain plasticity before and after exposure to the cor­
rosive environment, measured by the number of kinks 
in wire samples (SV08A steel) before destruction accor-

Ключевые слова: газопровод, микроструктура стали, блистеринг, наводороживание, растрескивание стали, продукты коррозии, ингибитор 
коррозии
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ding to GOST 1579 – 93 [10]. The decrease in plasticity 
(Pl, %) was determined by the number of steel wire kinks 
after autoclave tests compared to the initial value. 

Metallographic analysis of the steels included deter­
mining the microstructure according to GOST 8233 [11]. 
A Zeiss Axio.Vert A1 inverted metallurgical microscope 
with the Thixomet image analyzer was used for metal­
lographic studies at magnifications of 100 – 1000 times.

The technique for analyzing the phase composition 
of corrosion products by X-ray diffraction (XRD) method, 
based on registering the dependence of X-ray reflection 
intensity (reflections) by the crystal lattices of com­
pounds on the diffraction angle, was described earlier in 
paper [2], with subsequent interpretation of the diffrac­
tion pattern.

 Results and discussion

The microstructure of steels significantly influences 
in the development of corrosion defects and hydrogen 
permeation into the metal in scenarios involving HSC. 
According to [12], the highest amount of hydrogen dif­
fuses into the sample of heat-treated carbon steel API X65, 
a commonly used foreign pipe steel grades, that exhibits 
a microstructure with an increased proportion of pearlite 
and a reduced amount of ferrite, akin to the types studied 
by the authors. This specific microstructural composition 
leads to diminished steel strength and plasticity. Notably, 
within the pearlite phase – characterized by its lamel­
lar structure of alternating cementite and ferrite – gaps 
between the lamellae act as channels that facilitate the dif­
fusion and accumulation of hydrogen. The occurrence 
of microcracking as a result of hydrogen sulfide embrit­
tlement within the steel’s crystalline structure may limit 
further permeation of hydrogen into steel. This phenome­
non could partly account for the non-uniform distribution 
of hydrogen across the steel’s thickness, with the high­
est concentrations typically found in the surface layer. 
The presence of corrosion-active non-metallic inclusions 
(CANMIs) in the steel can also contribute to the deterio­
ration of steel strength properties in instances of internal 
corrosion. Manganese compounds such as MnS, often 
found in combination with aluminum inclusions in steel, 
serve as notable examples of CANMIs that function as 
hydrogen “traps” [13]. The interface between these inclu­
sions and the steel matrix acts as a repository for hydro­
gen atoms, providing a locale for these atoms to recom­
bine into molecular H2 . 

This interaction highlights a critical mechanism 
through which the microstructure of steel, influenced 
by the presence of such inclusions, can impact the overall 
resilience and integrity of the material in corrosive envi­
ronments, particularly those encountered in gas fields 
(Figure).

The microstructure of the samples is as follows: 
– S75 steel exhibits finely dispersed secondary sorbite 

that has retained martensitic orientation; 
– X42SS is a ferritic-perlitic steel; 
– St20 is a ferritic-perlitic steel with non-uniform dis­

tribution of lamellar pearlite; 
– 30KhМА is a coarse-grained ferritic-perlitic steel 

where ferrite forms a network at the boundaries of pri­
mary austenitic grains, and ferrite needles grow from 
the ferrite network into perlite; 

– 09G2S is a fine-grained ferritic-perlitic steel. 
Hydrogen permeation has visibly altered the appear­

ance of the steel samples, as evidenced by the forma­
tion of blisters of varying sizes on the surface of most 
steels under examination, with 09G2S steel presenting 
the smallest blisters. The surface of the 30KhMA steel 
is extensively marked with small cracks, and sporadic 
blistering is also evident. These blisters, when subjected 
to critical hydrogen pressure levels, rupture and lead 
to crack formation.

The inherent stresses in the steel’s crystal structure, 
along with the pre-existing microstructural characte-
ristics, are implicated in the initiation and expansion 
of microcracks [14]. According to the findings in [15], 
the occurrence of blisters on 13KhFA and 05KhGB steels 
is related to the presence of complex corrosion-active 
non-metallic inclusions within the metal, which also pre­
dispose these steels to cracking.

Subsequent tests were conducted on St20 steel, which 
exhibited the highest blister count [2], and 09G2S steel, 
which is predominantly used in gas infrastructure. Both 
St20 and 09G2S steels possess a ferritic-perlitic micro­
structure with a non-uniform distribution of these phases, 
contributing to their heterogeneous nature. This heteroge­
neity compromises their resistance to both corrosion and 
hydrogenation.

Table 1 reveals that the K value of the samples 
made from St20 and 09G2S steels after the tests in and 
above the MB2 aqueous solution ranges from 0.319 
to 0.569 mm/yr (for the aqueous phase) and from 0.156 
to 0.227 mm/yr (for the vapor phase). In a diffe-
rent MB1 environment, the K value is higher: 0.8 and 
0.52 – 0.55 mm/yr in and above the aqueous electro­
lyte, respectively. The probable reason is that solubility 
of corrosive H2S in the higher mineralized MB2 solution 
is limited. High mineralization can result in lower evapo­
ration and condensation of such water required for HSC 
to propagate on the samples in the vapor phase. However, 
despite this, localized corrosion defects are observed 
on the steel surface of the sample tested above the MB1 
solution (Table 2). Tests conducted by the authors under 
the conditions of forced moisture condensation on carbon 
steels with H2S purging showed [16] that in the humidified 
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Microstructure and appearance of various structural steels after simulation tests in the MB2 environment at РСО2
 = 0.13 MPa and РH2S = 0.54 MPa

Микроструктура и внешний вид различных конструкционных сталей после имитационных испытаний в среде МВ2 
при РСО2

 = 0,13 МПа и РH2S = 0,54 МПа
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vapor phase, the local K value, calculated by the depth of 
pittings formed, reached 1.232 – 1.366 mm/yr. 

The microstructural characteristics of steel, particu­
larly the inclusion of CANMIs such as manganese sul­
fides, are pivotal in the development of pitting lesions in 
HSC scenarios [17]. These CANMIs, due to their dissimi­
larity with the steel matrix, act as precursors for the for­
mation of localized corrosion defects. This typically 
occurs either through the dissolution of the CANMIs 
themselves or the steel immediately surrounding them. 
One of the primary reasons behind the corrosive influ­
ence of CANMIs is their heterogeneity, which induces 
elevated stress levels in the adjacent steel matrix. This 
stress is a result of the mismatched thermal expansion 
coefficients between the CANMIs and the steel matrix 
during the steel’s production, which involves cycles 
of heating and subsequent cooling [18]. After the steel 
cools the region with increased tensile stresses may form 
around the CANMIs, accelerating internal corrosion.

The effect of steel hydrogenation was evaluated 
by the reduction of its plastic properties, subsequently 
resulting in hydrogen embrittlement, and deterioration 
of metal strength characteristics. As shown in Table 1, 
the Pl value after tests at 30 °C in both environments with 
H2S ranges from 60 to 74 % for the aqueous phase and 
from 35 to 66 % for the vapor phase. Traces of blistering 
are observed on the surface of the samples after expo­
sure to the aggressive environment (Table 2). It should be 
noted that in both phases for the MB2 environment, when 
the test temperature is increased to 90 °C, the K value 
decreases by 33 %, and Pl drops by 45 to 50 % (Table 1). 

Hydrogenation may slightly decrease as the temperature 
rises due to higher rates of conjugated electrochemi­
cal reactions: the cathodic process of hydrogen atom 
molization on the steel surface is intensified, reducing 
their ability to permeate inside the metal, as observed 
by the authors [19]. Another reason why hydrogen per­
meation and HSC are limited may be the fact that at ele­
vated temperatures, densely packed and evenly distribu-
ted corrosion products form faster, acting as a barrier that 
creates obstacles preventing corrosion components from 
permeating to the steel surface.

The assessment of the samples’ appearance after simu-
lation tests and XRD analysis revealed (Table 2) that cor­
rosion products in the vapor and water phases have differ­
ent thicknesses and phase compositions. Precipitations in 
the vapor phase form when the water film is thin. It is sug­
gested that in the vapor phase, only 40 % of the com­
pounds of the corrosion products have a crystalline struc­
ture. The majority of them (60 %) did not have enough 
time to form and remained as looser and unconsolidated 
X-ray amorphous compounds. In the aqueous phase, the 
sediment film completely crystallized, becoming thicker 
and denser. 

The results of XRD analysis (Table 2) indicate that 
in both phases, the main corrosion product is iron sul­
fide, represented by its two crystal forms: tetragonal FeS 
(mackinawite) and cubic FeS. The presence of cubic FeS 
distinguishes these results from the previously obtained 
data [2]. The results presented in this paper show signifi­
cant differences, as CH3COOH was added to the aque­
ous environments. Such acidification of the environment 

Table 1. Conditions and results of simulation tests in H2S­containing environments

Таблица 1. Условия и результаты имитационных испытаний в H2S­ содержащих средах

Number of the 
test conditions Steel Phase

Р, MPa
Т, °С K, mm/yr Pl, %

H2S СО2

MB2 solution
1 St20 Aqueous 0.54 0.13 30 0.458

71
2 09G2S Aqueous 0.54 0.13 30 0.465
3 St20 Vapor 0.54 0.13 30 0.156 35
4 St20 Aqueous 0.60 – 30 0.319 60
5 St20 Vapor 0.60 – 30 0.227 57
6 09G2S Aqueous 0.13 0.54 30 0.569 –
7 09G2S Aqueous 0.60 0.54 30 0.525

60
8 St20 Aqueous 0.60 0.54 30 0.454

MB1 solution
9 St20 Aqueous 1.50 0.80 30 0.797 74
10 St20 Vapor 1.50 0.80 30 0.817 66
11 St20 Aqueous 1.50 0.80 90 0.529 40
12 St20 Vapor 1.50 0.80 90 0.557 32
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alters the composition of corrosion products and leads 
to the formation of cubic FeS in addition to the tetrag­
onal form. As a volatile compound, CH3COOH evapo­
rates along with H2S and contributes to steel fracture in 
the vapor phase. Additionally, in this phase, cubic FeS 
precipitates are also formed (Table 2). The formation 
of deposits with different crystal structures and different 
faces of FeS will make the film less cohesive and mono­
lithic, thus reducing its barrier (protective) functionality.

The XRD method is based on the phenomenon 
of X-ray diffraction on a three-dimensional crystal lattice. 
In this case, X-rays scattering by crystals correlates with 
the arrangement of atoms in the crystal. Therefore, each 
crystalline substance is characterized by a set of peaks 
in the diffraction pattern, where the position of their 
reflections is constant, and the relative intensity depends 
on the substance’s content in the mixture. The main 
factors causing changes in the width of the reflections 
are the structural features of phases (such as the size 
of crystallites – coherent scattering region (CSR)) or 
the structural features of the crystal lattice. The EXD data 

facilitates the determination of the crystallite size distri­
bution (CSD) within a polycrystal or identifies the mini­
mum particle size maintaining an accurate crystal struc­
ture. The methodology for calculating the CSD relies 
on the analysis and application of the broadening of dif­
fraction lines, represented by β, employing the Selyakov-
Scherrer equation [20]. This technique underpins 
the evaluation of the CSD for FeS (T) compound partic-
les. As illustrated in Table 2, the experimentally measured 
β values for the samples (post-exposure to aqueous and 
vapor phases) exhibit variations of different magnitudes 
from the standard value (β = 0.1697°), which is typical 
for the 001 peak position of mackinawite. These discrep­
ancies suggest the occurrence of lattice defects (such 
as microstresses, isomorphism, etc.) in the samples. 
Additionally, it was observed that mackinawite crystals 
formed in the aqueous phase have a significantly larger 
CSD, up to eight times that of corrosion products formed 
in the vapor phase. As a result, the FeS film produced 
in the vapor phase is thinner and possesses inferior pro­
tective qualities compared to its aqueous phase counter­
part. The findings imply that crystal growth is more rapid 

Table 2. Characteristics of the precipitate and crystal structure of the obtained compounds 
of mackinawite and appearance of steel (St20) samples for various test conditions 

(numbering of the experimental conditions is given in Table 1) 

Таблица 2. Характеристика осадка и кристаллической структуры полученных соединений макинавита 
и внешний вид стальных (Ст20) образцов (нумерация приведена по табл. 1)

Number of the 
test conditions

Ratio
β (for hkl***-peak 
FeS (T) – 001), deg CSR, nm With corrosion 

products

Without 
corrosion 
products

phases, 
Cr/X*

of crystalline 
compounds**

1 100/0

95 % FeS (Т)
1 % FeS (К)

3 % NaCl
1 % CaSO4ꞏ2H2O

0.1719 13,928

3 40/60
28 % FeS (Т)
8 % FeS (К)

4 % NaCl
0.1875 1,721

* Сr – crystal, X – X-ray amorphous.
** Т – tetragonal FeS (mackinawite) and С – cubic FeS.
hkl – crystallographic indices (Miller indices) characterizing the arrangement of atomic planes in the crystal (these are 
whole numbers equal to the number of parts into which the unit-cell edges a, b, c are divided).
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in the aqueous phase than in the vapor phase. Moreover, 
as per [21], a temperature rise from 25 to 80 °C also cont-
ributes to an enlargement of crystal compound facets, 
particularly noticeable in the context of HSC in aqueous 
environments.

In HSC, corrosion products start to form immedi­
ately upon exposure to an aqueous environment contain­
ing hydrogen sulfide, a phenomenon observable through 
visual inspection during experiments. The composition 
and thickness of these corrosion products are influenced 
by the operational conditions. Numerous studies under 
HSC conditions have corroborated that the nature and 
consistency of the deposits significantly impact corrosion 
processes [22] and the capability of hydrogen to permeate 
into steel in aqueous environments [21]. 

Research documented in [23] indicates that the rate 
of hydrogen permeation during HSC is influenced 
by РH2S , which affects the morphology and structure 
of the corrosion films formed. Investigations on API X65 
pipeline steel in environments containing H2S have 
shown that the incidence of hydrogen cracking is con­
tingent on both РH2S and the pH level [24]. As РH2S 
increased from 0.001 to 0.1 MPa, there’s a predictable 
rise in the number of visib le microcracks on the steel 
surface. However, the pH level exerts a more significant 
influence on hydrogen permeation; in acidic conditions 
(pH = 3.5), permea tion rates surpass those in relatively 
neutral conditions (pH ranging from 5.5 to 6.5). For 
example, at РH2S = 0.1 MPa and pH = 5.5, the amount 
of hydrogen absorbed by the steel decreased and, con­
sequently, the effect of hydrogen cracking on the steel 
surface decreased. The authors attribute to the forma­
tion of denser and more uniformly distributed corrosion 
products (FeS) at the highest РH2S = 0.1 MPa), which 
impede hydrogen permeation. Additionally, the forma­
tion of mackinawite may decelerate the anodic process 
of HSC, thereby slowing down the associated electro-
chemical reaction of hydrogen formation. Another 
study [25] has noted a reduction in hydrogen diffusion 
over time, resulting from the development of denser cor­
rosion layers that obstruct the anodic-cathodic process 
of HSC on pipeline steel.

Visual examination of samples post-exposure 
to the MB2 environment (Table 3) reveals the formation 
of blisters of varying sizes on St20 steel in the absence 
of H2S protection measures, like corrosion inhibitors, 
under identical conditions (11). This variability in blister 
formation is likely due to the unique microstructural fea­
tures of St20 steel, which exhibits a notably uneven distri-
bution of the pearlite phase. Within the ferritic matrix, 
pearlite manifests as both discrete particles and sizeable 
clusters. Such microstructural diversity creates varying 
sizes of hydrogen “traps,” thereby affecting the morpho-
logy of the resulting blisters.

Recent developments in the pipeline transportation 
of hydrogen, including blends of hydrogen with methane, 
have seen significant interest. According to a review in 
paper [8], studies from abroad conducted over the past 
decade or so reveal that existing data on the operation 
of main gas pipelines for transporting methane-hydro­
gen mixtures are not comprehensive. This is primarily 
because the fundamental parameters, such as strength 
and steel composition, differ significantly, complicating 
the identification of consistent patterns regarding hydro­
gen’s impact on steel. Furthermore, the operational per­
formance of these pipelines has been deemed inadequate 
for future needs. The hydrogen content in these metha-
ne-hydrogen mixtures varies from a minimal 2 – 3 % 
to a maximum of 20 %, with transportation distances 
spanning several tens of kilometers, and the total pres­
sure not surpassing 1 MPa. The authors of [8] suggest 
that the observed low performance is attributed to the uti­
lization of older main gas pipelines, which were subject 
to operational limitations. This has led to varied data 
regarding the safe hydrogen content or the critical РH2

 
value in the hydrogen-methane mixture. However, there 
is a consensus among researchers [26 – 27] that a higher 
H2 content could exacerbate the wear on pipeline steel, 
adversely affecting its plasticity, ductility, and resistance 
to crack propagation.

Furthermore, it was previously noted [28] that СО2 
is commonly encountered at oil and gas facilities and may 
be transported alongside H2 through gas pipelines. This 
scenario becomes particularly relevant when free mois­
ture is present, such as during condensation [4]. In such 
cases, the chemical interactions involving H2 (with СО2 
present in the natural gas) can act as an additional source 
of reagents that initiate internal corrosion, further comp-
licating the challenges associated with transporting these 
gases. The research cited in [9] identifies lower carboxy-
lic acids as intermediate products of chemical interactions 
that acidify the environment, posing a corrosive threat 
to steel and potentially enhancing the cathodic process 
of steel hydrogenation [1]. During the transport of metha-
ne-hydrogen mixtures, СО2 can be present as an impurity, 
with up to 2.4 % allowed in natural gas through main gas 
pipelines. Studies [29] have demonstrated that the pres­
ence of both H2 and СО2 simulta neously increases the rate 
of fatigue crack growth more than in an environment con­
taining only hydrogen. This suggests a synergistic effect 
of СО2 on hydrogen embrittlement, yet the mechanism 
behind this interaction remains poorly understood and 
warrants further investigation.

Subsequent experiments were conducted to examine 
wire plasticity in an H2 environment akin to the hydro­
gen sulfide conditions previously discussed. It was found 
(Table 4) that in an aqueous environment (0.5 % NaCl 
solution), steel plasticity is on average 50 – 60 % lower 
when 50 – 60 % lower when H2 and СО2 are present du ring 
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Table 4. Results of the studies in 0.5 % NaCl solution 
on change in plasticity of Sv08A wire after autoclave tests

Таблица 4. Результаты исследований в 0,5 %­ном 
растворе NaCl по изменению пластичности проволоки 

Св08А после автоклавных испытаний

Phase
Р, MPa Pl, %

H2 СО2
without 

the inhibitor
with 

the inhibitor
Aqueous 0.81 1.78 50 – 60 0

Vapor 0.81 1.78 0 0
Aqueous 1.40 2.13 60 – 64 0 – 16

Vapor 1.40 2.13 0 – 18 0
Aqueous 0.69 0.05 50 – 59 0
Aqueous – 1.78 0 – 6 0

together. However, these tests did not show any significant 
effect of СО2 on hydrogen permeation (Table 4), indica-
ting that more research is needed in this area.

Interestingly, in the vapor phase of H2 and СО2 (withou t 
contact with water), no decrease in steel plasticity was 
observed, similar to conditions where the water is satu­
rated with СО2 only. This suggests that the tests did not 
reveal any impact of hydrogen on steel’s plastic proper­
ties in the vapor phase (Table 4) possibly due to the short 
duration of the tests (120 h). In contrast, hydrogenation 
and subsequent hydrogen embrittlement of steel occur 
much more rapidly in an H2S environment (Table 1) than 
with H2 alone. According to [30], the increase in hydro­
gen cracking in an H2 environment is linked to the greater 
amount of hydrogen absorbed by the steel, with the time 
required for hydrogen to permeate into steel’s disloca­
tions being a critical factor. Thus, the duration of hydro­
gen exposure is a significant aspect to consider in future 
experimental designs.

The paper [31] further elucidates the impact of hydro­
gen on gas main pipelines, noting a reduction in plas­
ticity and crack resistance of pipe steels by 20 – 60 %, 

and a significantly higher crack propagation rate. Simul­
taneously, the risk of hydrogen embrittlement increases 
as the hydrogen concentration in the hydrogen-meth­
ane mixture rises, leading to a corresponding increase 
in РH2 

. Research cited in [32] identifies a critical РH2
 

Table 3. Appearance of the samples after testing in the MB1 environment and protective properties of the corrosion inhibitor 
(numbering of the experimental conditions is given in Table 1) 

Таблица 3. Внешний вид образцов после испытаний в среде МВ1 и защитные свойства ингибитора коррозии 
(нумерация условий эксперимента приведена по табл. 1)

9 10 11 12
Without the corrosion inhibitor

   
With the corrosion inhibitor

   
K = 0.013 mm/yr;

Pl = 8.8 %
K = 0.026 mm/yr;

Pl = 4.1 %
K = 0.038 mm/yr;

Pl = 12.9 %
K = 0.070 mm/yr;

Pl = 21.7 %
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range of 0.05 to 0.1 MPa for austenitic stainless steel 
type 304SS, beyond which the material begins to exhibit 
embrittlement at room temperature in an inert gas envi­
ronment containing hydrogen.

Studies [29; 31] have shown that hydrogen presence 
shifts the dominant failure mode of steel from ductile 
to brittle, thereby altering its mechanical properties. It’s 
highlighted in [31] that both H2 and H2S environments 
can reduce the plasticity of steel and intensify hydrogen 
embrittlement. Specifically, steel samples with a streaked 
ferritic-perlitic structure exhibited lower resistance 
to a hydrogen-methane mixture than those with a more 
uniform ferrite-bainite structure. Further findings [33] 
indicate that hydrogen crack initiation in X42 pipe­
line steel, exposed to a hydrogen (РH2

 ranging from 0.5 
to 10 MPa) and natural gas mixture, tends to occur 
at the ferrite/perlite interface. This interface is a critical 
site for hydrogen diffusion, especially under local stress 
or strain along grain boundaries. 

Mitigation strategies against the detrimental effects 
of hydrogen include modifying the steel’s microstruc­
ture to reduce factors that contribute to H2 accumulation 
and employing corrosion inhibitors. Among the primary 
defenses against hydrogen sulfide cracking (HSC) is 
the use of corrosion inhibitors.

One of the main means of protection against HSC is 
the use of corrosion inhibitors. However, it should be 
noted that under such conditions the impact of hydro­
gen sulfide embrittlement on steel pipes and equipment 
serious ly complicates the selection of potential corrosion 
inhibitors, in addition to aggravating corrosion [34 – 35].

Technologies for administering corrosion inhibi­
tors encompass injecting them into the aqueous envi­
ronment or forming an inhibitor coating to safeguard 
steel in the vapor phase. The conducted experiments 
reveal (Table 3) that the vapor-phase inhibitor coating 
can effectively protect the steel using the specified cor­
rosion inhibitor (corrosion rate below 0.1 mm/yr), but it 
fails to entirely prevent defect formation on the steel’s 
surface. Meanwhile, steel hydrogenation was found 
to be minimal: hydrogen uptake was 4.1 % at 30 °C 
and increased to 21.7 % at 90 °C. In contrast, inhibi­
tor coatings from other chemicals not discussed in this 
document provided even less protection against hydro­
gen sulfide cracking (HSC) (corrosion rates ranging 
from 0.187 to 0.303 mm/yr) and hydrogenation (hydro­
gen uptake between 34 and 64 %), resulting in numerous 
pits on the steel surface.

When the most effective inhibitor was introduced into 
the aqueous environment, overall corrosion damage was 
minimal (K = 0.013 – 0.038 mm/yr), and steel retained 
high plasticity (Pl = 8.8 – 12.9 %) (Table 3). However, 
an initial inhibitor concentration of 100 mg/l proved 
to be insufficient at 90 °C, as localized damage occurred 

on the steel surface. Increasing the inhibitor concentra­
tion in the aqueous phase by 2 to 3 times successfully 
prevented localized corrosion on the steel surface at ele­
vated temperatures during the test (Table 3).

The occurrence of increased pitting corrosion might 
be attributed to either an inadequate concentration 
of the corrosion inhibitor, preventing the formation 
of a uniform protective layer on the steel, or a low adsorp­
tion rate on the metal surface compared to that of reactive 
iron sulfide (FeS). According to the study referenced in 
paper [34], the competitive adsorption between iron sul­
fide and the corrosion inhibitor on the steel surface might 
undermine the effectiveness of the inhibitor film.

Additionally, employing corrosion inhibitors in 
an aqueous environment saturated with Н2 and СО2 , 
was also effective in preserving the plasticity of steel 
(Table 4).

Research aimed at improving steel properties and 
enhancing their resistance to hydrogen permeation is 
also ongoing. The paper [36] gives a positive example 
when the homogeneous ferrite-bainite microstructure 
of steel with enhanced resistance to hydrogen cracking 
is formed. The regulation of the thermal modes of steel 
quen ching and tempering enables obtaining the metal 
structure with such levels of microstresses and dislo­
cation density that resistance to cracking in the H2S 
environment can be increased [37]. The studies [12] 
proved that the ratio of ferrite and pearlitic components 
can be changed by increasing the temperature from 850 
to 1150 °C as API X65 pipe steel is formed. The content, 
stability, and sizes of the faces of ferrite grain increase, 
while simultaneously, the pearlite content in the steel 
decreases from 15 to 2 %. As the proportion of ferrite in 
the steel increases, there is a notable reduction in both 
cathodic and anodic reaction rates within H2S environ­
ments, alongside a decrease in the accumulation of hydro­
gen within “traps”. To bolster the resistance of structural 
steels to cracking when exposed to H2S environments, 
a comprehensive strategy is employed. This strategy 
involves the modification of steel through the addition 
of calcium and rare-earth elements, in conjunction with 
processes such as quenching followed by tempering. 
These modifications are aimed at preventing the for­
mation of CANMIs, like iron sulfides, within the steel 
matrix. By inhibiting the development of these inclu­
sions, the approach effectively reduces the emergence 
of microstresses in their vicinity. Consequently, this leads 
to a decrease in microcrack formation, thereby diminish­
ing the risk of hydrogen-induced cracking in the steel.

 Conclusions

Research analysis and literature review reveal that 
steel’s plasticity is adversely affected by hydrogenation 
in hydrogen sulfide environments, such as those encoun­
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tered in gas fields, as well as in the presence of molecular 
hydrogen, whether alone or combined with other gases. 
The conditions prevalent in H2S-containing gas fields 
pose a significant aggressive influence on the cracking 
of pipelines and equipment constructed from carbon and 
low-alloy steels. This susceptibility to hydrogenation is 
manifested through the development of cracks and blis­
ters on the surfaces of various steels. The propensity for 
hydrogen to permeate and be stored in steel is height­
ened and influenced by microstructural inhomogeneities, 
including CANMIs, as well as the distribution and dimen­
sions of ferrite-perlite components within the steel. It has 
been noted that the corrosion film that forms on steel 
in vapor phase environments is significantly thinner than 
that formed in aqueous conditions. In environments that 
are acidified by acetic acid, the cubic form of iron sulfide 
emerges alongside mackinawite (tetragonal FeS, the pri­
mary corrosion product), resulting in a less compact film 
that diminishes its protective capabilities. The physi­
cal characteristics of these deposits, such as their den­
sity, compactness, presence of pores, and thickness, play 
a crucial role in determining their effectiveness as barri­
ers against both HSC and the permeation of hydrogen into 
the steel. Employing corrosion inhibitors has been shown 
to effectively preserve the plasticity of steel at adequate 
levels in environments containing H2 and H2S, including 
scenarios where СО2 is also present.
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Аннотация. В настоящее время происходит активное развитие и изучение аддитивных технологий. Технологии 3D-печати металлами 

позволяют получать детали и конструкции сложной конфигурации с применением минимума формообразующих операций, что может 
приводить к снижению общей себестоимости получаемых изделий. В данной работе исследовалось структурообразование при изго­
товлении изделий из нержавеющих сталей 10Х12Н10Т и 08Х18Н9 аддитивными методами – SLM (Selective Laser Melting, селективное 
лазерное спекание) и WAAM (Wire Arc Additive Manufacturing, электродуговое выращивание). В ходе микроструктурного анализа было 
установлено, что при изготовлении изделий по технологии SLM образуются мелкие аустенитные зерна, ориентированные по направ­
лению отвода тепла, а при методе WAAM аустенит формируется преимущественно в виде дендритов. Показано, что при изготовлении 
образцов методом SLM образуется пористость, что связано с непроплавлением отдельных частиц порошка. При реализации аддитивного 
выращивания методом WAAM (электродуговой наплавкой) повышенная пористость отсутствует. В ходе исследования выявлен новый 
дефект структуры, формирующийся при изготовлении изделий обоими методами – это образование границ раздела между слоями, что 
связано с самой технологией аддитивного выращивания. При выращивании изделия методом WAAM он проявляется более явно, чем при 
получении металла методом SLM. Границы наплавочных валиков при изготовлении изделий методом SLM более интенсивно накапли­
вают различные интерметаллиды и структурные дефекты. Вследствие малого относительного объема одного наплавочного валика, по 
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Abstract. Currently, there is an active development and study of additive technologies. Metal 3D printing makes it possible to obtain parts and structures 

of complex configuration using a minimum of shaping operations, which can lead to a reduction in overall cost of the resulting products. In this paper, 
we studied the structure formation in manufacture of products made of stainless steels 10Cr12Ni10Ti (analogue of AISI 321) and 08Cr18Ni9 (analogue 
of AISI 304) by additive methods – SLM (Selective Laser Melting) and WAAM (Wire Arc Additive Manufacturing). In the course of microstructural 
analysis, it was found that during the manufacture of products using SLM technology, small austenitic grains oriented in the direction of heat removal 
are formed, and with WAAM method, austenite is formed mainly in form of dendrites. It is shown that porosity is formed during manufacture 
of the samples by SLM method, which is associated with non-melting of individual powder particles. When implementing additive manufacturing 
by WAAM (electric arc surfacing), there is no increased porosity. In the course of the study, a new defect of the structure formed during the manufac­
ture of products by both methods was revealed – formation of interface boundaries between layers, which is associated with the technology of addi­
tive manufacturing itself. When manufacturing a WAAM product, it manifests itself more clearly than when obtaining metal by SLM. Boundaries 
of the surfacing rollers in the manufacture of products by SLM accumulate various intermetallides and structural defects more intensively, relative 
to WAAM. As a result of the small relative volume of one surfacing roller, compared with WAAM, accumulation of these defects and intermetallides 
can act as an effective barrier during movement of dislocations, which can lead to an increase in the strength properties of products. 

Keywords: additive manufacturing, stainless steels, SLM, WAAM, sample structure, structural defects
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 Introduction

Additive technologies represent a burgeoning trend in 
digital technologies today [1 – 7]. However, the termino-
logy for this trend has yet to be standardized, not only in 
Russia but globally. Currently, Russia is actively deve-
loping specialized GOST standards, which are partially 
harmonized with ISO and ASTM standards and, in some 
respects, surpass them. 

Among the various technologies for additive manu­
facturing (AM) of products, Selective Laser Melting 
(SLM) and Wire Arc Additive Manufacturing (WAAM) 
techniques stand out as the most popular.

SLM is an additive production method that manufac­
tures parts from an electronic geometric pattern by surfa-
cing metal raw materials with laser radiation [1 – 6]. Both 
powder and wire can serve as the metal raw material. 

Recently, Wire Arc Additive Manufacturing (WAAM) 
has also gained significant prominence. WAAM [5 – 8] 
has demonstrated the highest efficiency (up to 15 kg/h) 
and the capability to produce large-sized items. Domes­
tic manufacturing companies are quite familiar with this 
technology, as electric arc surfacing and welding are 
commonplace in nearly any metal-involved production 
process.

It should be noted that in Russia, both technologies are 
relatively understudied, particularly in terms of defect for­
mation during their application [1 – 2] during their imple­
mentation, which results in a drop of the metal mechani­
cal properties. which leads to a degradation of the metal’s 
mechanical properties. Therefore, the objective of this 
work is to investigate defect formation during the addi­
tive manufacturing of products (samp les) using these 
methods.

 Materials and methods

Stainless steels are widely used in additive manufac­
turing due to their special properties [6; 9; 10], such as 
good weldability and corrosion resistance.

In this study, we examined stainless steels 
12Cr18Ni10T and 08Cr18Ni9, which have an FCC struc­
ture. These materials are particularly favored for their 
layer weldability and melt fluidity. 

The samples were manufactured using the SLM 
method, employing powder from 10Cr18Ni10Ti steel 

with spherical particles ranging from 50 to 80 μm in 
size. Various initial powders were used to produce seve-
ral samples (samples 1 and 2). While both samples were 
surfaced using powder from the same manufacturer, 
sample 1 utilized powder from a newly opened package, 
whereas sample 2 used powder from a previously opened 
package. The chemical composition of the materials is 
provided in Table 1.

In the additive manufacturing process of the samples 
using the WAAM method, welding wire Sv-08Cr18Ni9 
(ER308Lsi) was employed. 

The test samples were produced in the form of bars 
on a Rusmelt 300M printer using the SLM method. 

The WAAM blanks were manufactured as walls 
on a specially designed experimental bench. The pa -
pers [6; 11] describe a 3D printing technology utili-
zing electric arc surfacing, and the method employed 
on the bench is protected by patent RU 2696121С1. 
The 3D printing process was investigated with gas torch 
travel speeds of 350 and 400 mm/min in a CO2 shielding 
gas environment. The surfacing heat input varied within 
the range of 150 – 1200 J/mm.

Metallographic sections were prepared from the ob -
tained samples to determine the structure of the 
printed blanks. The sections were mechanically sanded 
using sandpaper of varying grits and polished with 
pastes. A solution consisting of 5 cm3 HNO3 , 50 cm3 
HCl, and 50 cm3 H2O was used as a chemical etching 
reagent, following recommendations from reference 
sources [12 – 14]. 

Structural analysis was conducted using 
a KEYENCEVHX-1000 optical microscope. The frac­
tographic investigation was conducted using 
a Tescan Vega 3 scanning electron microscope. The me -
tal’s chemical composition was analyzed using an 
ARL 3460 spectrometer.

Table 1. Chemical composition of the samples 
obtained by SLM, %

Таблица 1. Химический состав образцов, 
изготовленных методом SLM, %

C Mn Si S P Ni Cu Mo Cr
0.080 0.694 0.432 0.236 0.147 10.6 0.296 0.9913 17.1

сравнению с методом WAAM, скопление данных дефектов и интерметаллидов может выступать эффективным барьером при движении 
дислокаций и приводить к повышению прочностных свойств изделий. 
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 Experimental studies

The optical emission analysis of the WAAM samples 
indicated negligible carbon and silicon loss. This phe­
nomenon is attributed to the characteristics of the samp le 
manufacturing technology and is typical of foundry and 
welding operations. Table 2 displays the chemical com­
position of the initial wire made from stainless steel 
08Cr18Ni9 and the sample produced by the WAAM 
method.

According to Table 2, although the percentage content 
of several elements decreases during additive manufac­
turing, it remains within acceptable limits.

Typically, metal powders utilized for manufacturing 
products via the SLM method possess a high surface area, 
which inevitably results in sample porosity and the trans­
fer of adsorbed contaminating agents from the powder 
surface into the finished product. Therefore, it was imper­
ative to primarily investigate the porosity of the blanks 
and the structure of the metal produced by the SLM 
method.

We examined the surface of unetched sections man­
ufactured by the SLM method to study the formation 
of metal porosity and contamination by non-metallic 
inclusions (Fig. 1). On several samples, metal porosity 
did not increase during the study. The degree of metal con­
tamination with non-metallic inclusions was determined 
on the microsection at a magnification of 100 in accor­
dance with GOST 1778 – 70. The results of the test for 
contamination with non-metallic inclusions are presented 
in Table 3.

Metallographic examination of the sample in the direc­
tion transverse to surfacing reveals sharp boundaries 
of surfacing rollers (Fig. 2). There are no pronounced 
signs of a dendritic structure characteristic of metal after 
3D printing. 

In general, the structure of the deposited metal formed 
by the SLM method comprises relatively small austeni-
tic grains oriented in the direction of heat removal, with 
distinctly observed austenitic twins (Fig. 2). Closer 
to the boundaries where the layers melt, the structure 

appears refined, displaying abnormally small austenitic 
grains also oriented in the direction of heat removal. 

The microstructural analysis data obtained align with 
results presented in the works of other authors [15 – 18].

Examination of sample 2 revealed the presence of large 
individual pores and clusters thereof, as well as shrinkage 
cavities [19]. All identified discontinuity flaws are typical 
defects formed during metal casting or wel ding.

The average size of these discontinuity flaws was 
calculated at a magnification of 50 at various points 
on the unetched polished section, amounting to 94 μm 
(Fig. 3). Clusters of discontinuity flaws of this size can 
potentially exert a negative impact on the mechanical 
properties of the product.

Currently, the heightened porosity observed in samp les 
obtained through the SLM method is attributed to powder 
contamination with various impurities or the explosive 
melting of powder particles. It is evident that the feed­

Table 2. Chemical composition of 08Cr18Ni9 wire 
and metal deposited by WAAM, %

Таблица 2. Химический состав проволоки из стали 
08Х18Н9 и наплавленного материала методом WAAM, %

C Mn Si S P Ni Cu Mo Cr

Wire

0.0019 1.95 0.9 0.012 0.200 9.90 0.05 0.06 19.79

Deposited material

0.0100 1.80 0.8 0.012 0.013 10.00 0.10 0.10 20.00

Table 3. Points of contamination of the section 
with various non­metallic inclusions in accordance 

with GOST 1778

Таблица 3. Баллы загрязненности шлифа 
различными неметаллическим включениям 

в соответствии с ГОСТ 1778

Type of inclusion Score
Spot oxides 2
Line oxides 0
Spot nitrides 1
Line nitrides 0

Sulfides 0
Non-deformable, brittle  

and plastic silicates 0

Fig. 1. Unetched section of sample 1 obtained by SLM

Рис. 1. Нетравленый шлиф образца 1, полученного методом SLM
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stock used in manufacturing sample 2 may have been 
contaminated. The identified defects can be classified as 
typical flaws associated with this technology [20].

Fig. 4 illustrates an electron fractogram depicting 
the presence of spherical particles of unmelted powder 
of 12Cr18Ni10T steel on the fracture surface of sample 2. 

Consequently, the metal of products manufactured 
by the SLM method tends to be porous primarily because 
powder particles fail to melt, either due to powder con­
tamination or incorrect processing parameters.

The structure of the welded metal exhibits dendritic 
characteristics. Near the fusion boundary, the dendrites 
typically orient themselves towards it, possibly influenced 

by temperature gradients. In the interior of the deposited 
metal, dendrites are randomly arranged. Irregular dend-
rites are shorter than their normally oriented counterparts, 
yet they possess a more developed boundary structure. 
Overall, the structure of the deposited metal bears resem­
blance to the microstructure resulting from the crystal­
lization of austenitic steel. 

The metallographic analysis of sections from samples 
made of 08Cr18Ni9 steel via the WAAM method revealed 
minimal porosity. Fig. 6 depicts an unetched sample sec­
tion. The level of metal contamination with non-metallic 
inclusions was assessed on the microsection at a mag­
nification of 100 in accordance with GOST 1778 – 70. 

Fig. 2. Structure of sample 1 obtained by SLM: ×200 (а); ×500 (b) 

Рис. 2. Структура образца 1, полученного методом SLM: ×200 (а); ×500 (b)

Fig. 3. Unetched section of sample 2 obtained by SLM

Рис. 3. Нетравленый шлиф образца 2, полученного методом SLM
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The findings regarding contamination with non-metallic 
inclusions are detailed in Table 4.

Fig. 7 illustrates the microstructure of the metal pro­
duced via the WAAM method under optimal 3D prin-
ting conditions. The deposited metal’s structure exhibits 
dendritic characteristics and changes as it moves from 
the fusion boundary into the depth of the deposited 
metal from cellular-dendritic to predominantly dend-
ritic with a disordered orientation. Overall, the structure 
of the deposited metal bears resemblance to the micro­
structure resulting from the crystallization of austenitic 
steel or by additive manufacturing with other methods.

The analysis indicates that structural defects such as 
porosity and structural inhomogeneity are inherent in 
all known methods of metal production. However, with 
products manufactured by both methods, a new struc­
tural defect characteristic of additive manufacturing has 
emerged – the formation of interface boundaries between 

layers, attributed to the additive manufacturing techno-
logy itself. 

Fig. 8 presents micrographs of the interface bounda-
ries of displays micrographs of the interface boundaries 

Table 4. Points of contamination of the section 
with various non­metallic inclusions in accordance 

with GOST 1778

Таблица 4. Баллы загрязненности шлифа 
различными неметаллическим включениям 

в соответствии с ГОСТ 1778

Type of inclusion Score
Spot oxides 0.5
Line oxides 0
Spot nitrides 0
Line nitrides 0

Sulfides 0
Non-deformable,  

brittle and plastic silicates 0

Fig. 4. Fractogram of the fracture of sample 2 obtained by SLM 
after its stretching

Рис. 4. Фрактограмма излома образца 2, полученного методом SLM, 
после его растяжения

Fig. 5. Structure of sample 2 obtained by SLM: 
×200 (а); ×500 (b) 

Рис. 5. Структура образца 2, полученного методом SLM: 
×200 (а); ×500 (b)

Fig. 6. Unetched section of the sample obtained by WAAM

Рис. 6. Нетравленый шлиф образца, полученного методом WAAM
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of samples manufactured by both the WAAM and SLM 
methods, where porosity is also detected at these boun-
daries between layers.

Research findings indicate that the interface boun-
daries formed between layers introduce high internal 
stresses into the product. The WAAM method is charac­
terized by greater internal stresses resulting from these 
interface boundaries compared to the SLM method. This 
discre pancy is attributed to the differing thicknesses 
of the layer s generated by each method. In the SLM 
method, layers are typically 0.2 – 0.5 mm thick, whereas 
in the WAAM method, layers range from 0.8 – 0.9 mm 
thick.

Another undesired defect observed in additive manu­
facturing of steels is the presence of the δ- and σ-phases. 
However, X-ray diffraction analysis [8] revealed that their 
content in samples produced by both methods does not 
exceed 4 %, remaining within acceptable limits.

In traditional welding technology, the weld often 
weakens the overall structure. However, metal produced 
by the SLM method exhibits greater strength than rolled 
steel. This effect is corroborated by several studies and 
can be attributed to the relatively small space occupied 
by each surfacing roller in relation to the entire depo-
sited metal. This allows various intermetallides to con­
centrate within the roller, which, due to rapid cooling 
rates, do not have sufficient time to completely trans­
form into welding slag and thus remain embedded 
within the metal surface – a phenomenon not observed 
in WAAM surfacing. The accumulation of various inter­
metallides and potential structural defects is clearly evi­
dent in Fig. 8, а, b. When samples obtained by the SLM 
method undergo stretching, defects and intermetallides 
accumulated along the boundaries of surfacing rollers 
can effectively impede dislocation motion. Consequently, 
this impediment results in enhanced strength properties.

 Conclusions

The structure of stainless steels produced by the SLM 
method is austenitic, whereas the metal formed 
by the WAAM technique tends to exhibit a dendritic 
structure. Porosity, typically associated with the non-
melting of individual powder particles, is observed 
du ring the manufacture of samples via the SLM method. 
To mitigate porosity in the products, stricter control over 
the raw materials used for surfacing is necessary. While 
the use of the WAAM method did not noticeably increase 
metal porosity, a new structural defect emerged in pro-
ducts manufactured by both methods – the formation 
of interface boundaries between layers, inherent to addi­

Fig. 7. Microstructure of metal of the sample obtained by WAAM 
from welding wire Sv-08Cr18Ni9 (ER308Lsi) 

Рис. 7. Микроструктура металла образца, полученного методом 
WAAM из сварочной проволоки Св-08Х18Н9 (ER308Lsi)

Fig. 8. Micrographs of metal interface of the samples: 
SLM, sample 1 (a); SLM, sample 2 (b); WAAM (c) 

Рис. 8. Микрофотографии границы раздела металла образцов: 
SLM, образец 1 (а); SLM, образец 2 (b); WAAM (c)
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tive manufacturing technology itself. In SLM-produced 
products, porosity is evident at these interface bounda-
ries, resulting in elevated internal stresses within the pro-
duct. Moreover, in the SLM method, the accumulation 
of defects and intermetallides at the boundaries of sur­
facing rollers can effectively impede dislocation motion, 
thereby contributing to improved strength properties.
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Аннотация. При извлечении железа из медеплавильных шлаков образуется чугун с повышенным содержанием меди и кремния. Для оценки 

фазового и структурного состава мелющих тел, произведенных из такого чугуна, были рассчитаны фазовые равновесия в системе 
железо – углерод с добавлением разного количества меди и кремния. Расчеты были проведены с использованием программного комплекса 
ThermoCalс, который позволяет строить фазовые диаграммы по методу Calphad. В ходе расчетов были оценены температуры начала 
фазовых превращений с учетом всех возможных термодинамических фаз в системе при различных сочетаниях концентраций меди 
и кремния. 

Ключевые слова: медеплавильный шлак, чугун, белый чугун, медь, железо, кремний, углерод, аустенит, феррит
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Abstract. To evaluate the phase and structural components of grinding media made of cast iron with a high content of copper and silicon obtained 

by extracting iron from copper-smelting slags, phase equilibria in the iron – carbon system were calculated with the addition of copper and silicon in 
various concentrations. The calculation was carried out using the ThermoCalc software package with construction of phase diagrams by the Calphad 
method. At the same time, temperatures of the beginning of phase transformations were estimated taking into account the presence of all thermody­
namically possible phases in the system at various combinations of copper and silicon concentrations. 

Keywords: copper smelting slag, cast iron, white cast iron, copper, iron, silicon, carbon, austenite, ferrite
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 Introduction

Large quantities of copper-smelting slag, prima rily 
composed of iron, silicon, calcium, and aluminum oxides, 
have accumulated in waste dumps in areas where the non-
ferrous metallurgy industry is well-developed. The slag 
also contains small amounts of compounds of copper, zinc, 
selenium, arsenic, and other elements. Among the ele­
ments present, iron has the highest value in the slag. When 

iron is reduced by carbon under certain process condi­
tions, alloys of iron-carbon or iron-carbon-silicon with 
high copper and sulfur content are produced. The high 
copper content, which traditional methods cannot remove, 
prevents the use of such metal in iron and steelmaking. 
Therefore, a process for the deep processing of copper-
smelting slags is proposed to produce metal grinding media 
based on copper-containing iron-carbon-silicon alloys and 
ceramic proppants for the exploration and production sec­

Physico-chemical basics 
of metallurgical processes

Физико-химические основы
металлургических процессов
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tor [1]. Currently, white wear-resistant eutectic cast irons 
are employed in the manufacture of grinding media from 
copper-containing material [2; 3]. Additional knowledge 
about phase transformations in the iron-carbon system, 
in the presence of copper and silicon, is neces sary to esti­
mate the phase and structural composition of the alloys 
obtained from the processed slag material.

 Research method

To construct the iron-carbon phase diagram with 
the presence of copper and silicon impurities, the Calphad 
method was employed using the ThermoCalc software 
package and the TCBIN database: TC Binary Solu­
tions v1.11. The Calphad method within ThermoCalc leve-
rages all available experimental data to derive the system’s 
thermodynamic functions, which are represented as poly­
nomials of chemical composition and temperature. Conse­
quently, the values of the polynomial coefficients are deter­
mined using numerical optimization methods2. To ascertain 
the phase transformations in the iron-carbon phase dia­
gram, copper in quantities ranging from 0 to 1.5 wt. % and 
silicon in the range of 0 to 3.5 wt. % were introduced into 
the system during the calculations. The pressure was set 
to 105 Pa, and the temperature was defined automatically. 

 Simulation result

The iron-carbon system, known for its five phases – 
ferrite (F), austenite (A), cementite (Ce), graphite, and 
one liquid phase–exhibits changes in carbon solubility 
when copper and silicon admixtures are present within 
specified limits. Copper, at quantities ranging from 0 

to 1.5 %, marginally decreases carbon solubility in aus­
tenite, reducing it from 2.14 to 2.0 %.

Additionally, adding silicon from 0 to 3.5 % along 
a vertical section of the iron – carbon – copper system 
(at 1 % copper) lowers the carbon solubility in austenite’s 
FCC lattice from 2.14 to 1.5 %. This addition also causes 
the ferrite phase region to expand and the eutectic point 
to shift towards a higher carbon concentration of 3.2 %, 
as illustrated in the accompanying figure.

 Conclusions

The calculations indicate that to produce white wear-
resistant cast iron with a eutectic composition suitable for 
manufacturing high-performance grinding balls, the slag 
processing material must contain approximately 1 % cop­
per, 3.5 % silicon, and 3.5 % carbon.
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Аннотация. В 2020 г. на АО «ЕВРАЗ Объединенный Западно-Сибирский металлургический комбинат» (АО «ЕВРАЗ ЗСМК») была завер­

шена работа по созданию системы математического моделирования для всех переделов металлургического комбината. В процессе тести­
рования системы была обнаружена высокая погрешность существующей факторной модели прогнозирования производства агломерата, 
которая разрабатывалась с учетом удельной скорости спекания отдельных концентратов. В работе предлагается использование линейной 
регрессии для прогнозирования производительности агломашин, которая в отличие от нелинейных методов оптимальна для встраивания 
в высокопроизводительные системы оптимизации. Особенностью работы является прогнозирование с учетом долей шихты агломерации. 
Модель была опробована на АО «ЕВРАЗ ЗСМК» и показала достаточную точность (R2 > 90). От модели ожидается большой экономи­
ческий эффект. Отдельно проведено исследование существующих систем прогнозирования качества агломерата. Методы машинного 
обучения (ML) в последнее время внесли большой вклад в развитие моделей прогнозирования, используемых для оценки качества агло­
мерата. Это связано с тем, что процесс спекания ‒ очень сложная динамика с нелинейностью и большим запаздыванием. Физико-хими­
ческие явления, вовлеченные в этот процесс, сложны и многочисленны. Нейронная сеть может постоянно корректировать параметры 
модели, чтобы отразить изменение системных причин. Для прогнозирования качества агломерата используется линейный метод. Из-за 
низкого качества полученной линейной модели применяется метод машинного обучения «случайный лес». В настоящее время модель 
эксплуатируется в составе программы комплексной оптимизации всего комбината СММ «Прогноз». Для удобства пользователя при 
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Abstract. In 2020, EVRAZ United West Siberian Metallurgical Combine JSC (EVRAZ ZSMK JSC) completed work on the creation of a mathematical 

modeling system for all processing units of the metallurgical plant. During testing of the system, a high error was found in the existing factor model 
for predicting agglomerate production, which was developed taking into account the specific sintering rate of individual concentrates. The paper 
proposes the use of linear regression to predict the productivity of sintering machines, which, unlike nonlinear methods, is optimal for integration 
into high-performance optimization systems. A feature of the work is forecasting, taking into account the proportion of the agglomeration charge. 
The model was tested at EVRAZ ZSMK JSC and showed sufficient accuracy (R2 > 90). A large economic effect is expected from the model. A separate 
study of existing agglomerate quality forecasting systems was conducted. Machine learning (ML) methods have recently made a great contribution 
to the development of forecasting models used to assess the quality of the agglomerate. This is due to the fact that the sintering process is a very 
complex dynamic with non‒linearity and a large delay. The physico-chemical phenomena involved in this process are complex and numerous. 
The neural network can constantly adjust the parameters of the model to reflect changes in systemic causes. A linear method was also studied to predict 
the agglomerate quality. Due to the poor quality of the resulting linear model, the “random forest” machine learning method was applied. Currently, 
the model is being operated as part of the integrated optimization program SMM Prognoz for the entire plant. For the convenience of the user, when 
implementing the module, visualization of the model quality using historical data was added, as well as the statistical metrics obtained. 

Keywords: agglomerate production, mathematical model, planning, machine learning, forecasting
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 Introduction

Presently, the primary manufacturers of steel are inte­
grated full-cycle enterprises that function utilizing the sin­
tering and blast furnace methodology [1]. The reduction 
process of iron, which facilitates the production of cast 
iron, is executed within blast furnaces. This is followed 
by the oxidation of impurities, which occurs in converters 
and electric furnaces, with further refinement conducted 
outside of the furnace [2]. 

It is established that for the production of cast iron in 
blast furnaces, agglomerates, pellets, and briquettes are uti­
lized. Concurrently, the necessity to process fine ore and 
concentrate into larger aggregates is underscored, as their 
application in blast furnace smelting is pivotal for ensur­
ing high gas permeability of the layer – a critical condition 
for the efficient operation of the blast furnace [3]. Among 
the trio of sintering methods – briquetting, agglomeration, 
and pelletizing – agglomeration emerges as the prevalent 
choice, presenting several notable benefits over the alter­
natives. Notably, agglome ration facilitates the integra­
tion of by-products and in-house waste (such as sludge, 
blast furnace dust, etc.) into the production cycle [4]. This 
incorporation aids in moisture retention and contributes 
to the diminution of harmful emissions into the atmo­
sphere, thereby enhancing environmental sustainability.

Market analysis over the past five years has high­
lighted the significance of augmenting agglomerate pro­
duction, primarily due to the cost-effectiveness of pro­
ducing agglomerate from purchased concentrate in 
comparison to the acquisition costs of pellets. Generating 
an additional ton of agglomerate yields financial benefits 
for the enterprise through the substitution of the more 
expensive pellets, which are subject to limitations regard­
ing their maximum proportion within the agglomeration 
charge. This limitation is attributed to the “swelling” 
phenomenon observed in pellets during the reduction 
process [5]. For instance, at EVRAZ United West Sibe­
rian Metallurgical Combine JSC (EVRAZ ZSMK JSC), 
the pellet proportion should not surpass 30 %. Therefore, 
to optimize cast iron production, merely procuring pel­
lets is insufficient; there is a clear necessity to escalate 
the production of agglomerate.

The enhancement of agglomerate production is facili­
tated through several strategies [6]:

– expansion of agglomerate production capacity 
(extensive way);

– amplification of the sintering process efficiency 
(intensive way);

– improvement of the yield quality, achieved through 
enhancements in agglomerate quality, including the 
reduction of fines production;

– employment of sub-standard agglomerate in blast 
furnace smelting (compromise).

The optimization of the charge composition during 
sintering crucial for enhancing the quality of agglome-
rate and the efficiency of sintering machines, potentially 
increasing the enterprise’s profit margins at no extra 
cost [7 – 11]. 

This article presents the outcomes of mathematical 
modeling and optimization of the aglocharge forming pro­
cess under the specific conditions at EVRAZ ZSMK JSC.

 Data collection

For the purposes of this research, two distinct datasets 
were obtained from the operations of the sinter plant at 
EVRAZ ZSMK JSC. The initial dataset spans from 2018 
to 2021, providing a detailed, shift-by-shift analysis of all 
relevant technical parameters for each of the three sintering 
machines. This includes data on operating time, pressure 
differential, temperature in the hearth, total material con­
sumption measured by the main scales, layer height, as well 
as the volume and quality of the agglomerate produced, 
return volumes, among other technical metrics. The pro­
cess of data collection for this dataset is fully automated 
and the information is stored within MSSQL databases.

The second dataset required the assembly of data 
concerning the consumption volumes of concentrates, 
fluxes, and fuels for each sintering machine, broken 
down on a daily basis. Initially, this data was manually 
collected and recorded in Excel files. However, during 
the preparation of this article, the data collection pro­
cess was automated, with information systematically 
transferred to a database by recording the item numbers 
of materials and their respective consumption volumes.

The culmination of this effort resulted in a compre­
hensive dataset comprising raw, unprocessed data.

 Data processing

The data was subjected to a day-by-day analysis under 
specific criteria:

– the volume of consumed fuel must not equal zero;
– the volume of produced agglomerate must not equal 

zero;
– the volume of returns must not exceed the volume 

of agglomerate produced.

внедрении модуля была добавлена визуализация качества модели с использованием исторических данных, а также полученные статисти­
ческие метрики. 
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Observations failing to meet any of these criteria 
were excluded. Except for consumed coke volume and 
agglomerate production, all indicators were set to zero in 
cases of missing data, treating such absences as zeroes.

Furthermore, to analyze model behavior with aggre­
gated data, monthly dynamics indicators were derived 
from the dataset.

Given that the charge is not individually supplied to 
each sintering machine and is considered uniformly dist-
ributed, a proportional allocation of charge consumption 
and agglomerate production volumes was employed for 
individual machine analysis, based on data from the main 
scales at EVRAZ ZSMK JSC.

 Rationale for developing a mathematical model
 

of the agglomerate production process

The enhancement of agglomerate production can be 
achieved through the construction of new facilities or 
the implementation of technical advancements, such 
as [4]:

− the application of lime and lime milk (hydrate 
Ca(OH)2 , produced by CaO reacting with water) which 
exhibit strong binding qualities, significantly boost­
ing the granulation speed of the charge and the robust­
ness of the resulting granules. This enhancement in turn 

improves the gas permeability of the sintered charge layer, 
leading to increased efficiency of the sintering machines;

− preheating the charge, typically with hot return 
and steam, is crucial especially when sintering finely 
ground concentrates to prepare the charge for sintering 
by preheating, thus preventing granule disintegration due 
to over-moistening;

− elevating the depression in the gas manifold, which 
augments the rate of fuel combustion and the vertical 
speed of sintering;

− diminishing the basicity of the agglomerate through 
a reduction in the consumption of fluxes such as lime, 
dolomite, and limestone.

The sintering process at EVRAZ ZSMK JSC is 
influen ced by a variety of factors, some of which may 
conflict with one another. For instance, an increase in 
lime content can enhance production by 1.0 – 3.5 %, yet 
concurrently, it elevates the basicity of the agglomerate, 
adversely impacting productivity.

Furthermore, the specific productivity of sintering 
machines is affected differently by various concentrates. 
To refine the accuracy of the charge planning process, 
experimental sintering involving diverse concentrates 
was conducted, with the specific productivity assessed. 
The anonymized results, in compliance with commer­
cial confidentiality requirements, are illustrated in Fig. 1. 
It was observed that productivity rates for sintering 
machines fluctuate markedly across different concent-
rates. From the test outcomes, a model for estimating 
charge productivity was formulated, delivering satisfac­
tory performance. However, due to the substantial expense 
associated with the process (the cost of pilot sintering can 
approach 1 million rubles), these experiments have not 
been replicated nor the coefficients reevaluated for over 
a decade. A universal correction factor was incorporated 
into the model to facilitate its validation.

The variability in component composition of concent-
rates, as well as in the composition of fuel, fluxes, and 
the basicity and chemical composition of the produced 
agglomerate, during operations at sintering plants indicates 
that the specific productivity of concentrates alone is not 
adequate for accurately calculating the producti vity of sin­
tering machines. Simply revising the coefficients does not 
suffice to achieve the necessary precision in the model.

Consequently, the comprehensive assessment of the 
impact of all these factors on the productivity of sinter 
machines and the quality of agglomerate can only be accu­
rately conducted through the application of machine 
learning techniques, utilizing archival data. 

The review of literature [12 – 17] confirms the exten­
sive application of machine learning not only in evaluat­
ing the quality of agglomerate but also in forecasting its 
production.

In 2021, EVRAZ ZSMK JSC initiated a project aimed 
at developing a mathematical model to evaluate the pro­
ductivity of its sintering machines.

Factors of agglomerate production intensification

Факторы интенсификации производства агломерата

Factor Variation 
limits

Variation 
value

∆а ∆П

Lime in charge, %
0 ‒ 1.5

1.5 ‒ 2.0
2.0 ‒ 3.0

1.0
1.0
1.0 

+3.5
+2.0
+1.0

Oxygen for ignition, mm3/tonn 4 ‒ 10 1 +0.2
Charge heating up, °С 0 ‒ 55 55 +15.0
Increase of the returns content in 
charge, % 30 ‒ 45 1.0 ‒1.0

Increase of +5 mm fraction 
content in the returns, % 0 ‒ 10 1.0 ‒0.4

Increase of the proportion of fine-
grained concentrates, % 50 1.0 ‒0.3

Increase of depression in gas 
manifold, mmHg 750 100 +3.0

Increase of the height of the 
charge layer, mm 250 ‒ 300 10 ‒0.6

Increase of FeO content in 
agglomerate, % 14 ‒ 18 1.0 ‒0.5

Increase of agglomerate basicity, 
unit fraction 0.90 ‒ 1.20 0.05 ‒1.0

Increase of iron content in 
agglomerate, % 55 ‒ 58 1.0 ‒1.5
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 Defining objectives for applying machine
 

learning

The regression mathematical model for calculating 
the productivity of the sinter plant is as follows:

         y = b0 + b1 x1 + b2 x2 + ... + bn xn , (1)

where y the predicted volume of bin agglomerate, tonn; 
b0 is the intercept; b1 , b2 , bn are the regression coefficients 
corresponding to the factors; and x1 , x2 , xn are the factors 
influencing the volume of bin agglomerate.

The objective of this project is to refine a mathemati­
cal model through the training on historical data concern­
ing concentrate consumption and sinter machine produc­
tivity, aiming to:

– enhance the precision of mathematical modeling;
– increase confidence in the system by allowing users 

to verify results against archived data;
– identify new charging modes for the charge to opti­

mize agglomerate production.
The system prototype operates in a “Train the model” 

mode, performing the following functions: 
– loading the specified period of sintering data;
– training a performance model utilizing the archived 

data;
− training a quality model based on the data;
− presenting a table/graph of actual versus predicted 

data;
− displaying model quality indicators, such as (R2).
Upon completion, the program notifies the user that 

the task is finished, detailing the outcomes of the most 
recent model training.

Users should also have the capability to toggle 
between different graphs to evaluate the model’s accu­
racy on various metrics (actual/forecast), including 

agglomerate quality, sieve quantity, bin agglomerate, and 
skip agglomerate.

The input data for the model encompassed the follo-
wing indicators:

− consumed concentrates clarification;
− volume of consumed concentrates, tonn;
− consumption of fluxes (limestone, dolomite, lime, 

brucite), tonn;
− fuel consumption;
− agglomerate strength;
− chemical composition of agglomerate (content 

of Fe, CaO, SiO2 , basicity);
− sintering machine process parameters (layer height, 

depression in the header);
− volume of agglomerate production.

 Forecasting agglomerate quality

The Random forest method was employed for predict­
ing agglomerate quality, given its superior forecasting 
accuracy compared to regression analysis. The Random 
Forest algorithm, developed by Leo Breiman and Adele 
Cutler, is a machine learning approach that employs 
an ensemble of decision trees. It integrates the Breiman 
Bagging method with the random subspace method intro­
duced by Tin Kam Ho, making it versatile for classifica­
tion, regression, and clustering tasks. The strength of this 
algorithm lies in its utilization of a large number of deci­
sion trees, each individually contributing to low classifi­
cation accuracy. However, when aggregated, these trees 
produce significantly improved results [18]. Fig. 2 illust-
rates the correlation between actual agglomerate quality 
and the outcomes estimated by the model. With a coef­
ficient of determination at 60 %, the model’s adequacy is 
affirmed, as the benchmark for the coefficient of determi­
nation is set at a minimum of 50 % [19].

Fig. 1. Specific productivity of various concentrates at EVRAZ ZSMK JSC

Рис. 1. Удельная производительность различных концентратов на АО «ЕВРАЗ ЗСМК»
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This approach forms part of a comprehensive model 
that encapsulates both technical and economic aspects, 
delineating the interplay between chemical, thermody­
namic, mechanical processes, and productivity, alongside 
considerations for product availability and logistics costs. 

A notable characteristic of the Prognoz system is its 
capability to seamlessly incorporate third-party software 
modules into its computations. A screenshot presented in 
Fig. 3 displays the user interface of the Prognoz system 
in operation.

To enhance user experience, functionalities for visuali-
zing the quality of the model were introduced alongside the 

Fig. 2. Comparative analysis of model and actual data

Рис. 2. Сравнительный анализ модельных и фактических данных

Fig. 3. Working window of the SMM system Prognoz

Рис. 3. Рабочее окно системы СММ «Прогноз»

Fig. 4. Visualization of the learning quality of the model

Рис. 4. Визуализация качества обучения модели
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Fig. 5. History of calculations and metrics

Рис. 5. История расчетов и метрик

module implementation (Fig. 4). Post-training, users have 
the facility to visually assess the training outcomes. Addi­
tionally, there’s provision to review the history of model 
training, enabling users to select the optimal period for 
further training based on specific metrics (Fig. 5).

 Conclusions

Throughout this project, archival data from the sin­
ter plant of EVRAZ ZSMK JSC was meticulously gathe-
red and analyzed. Utilizing statistical methodologies, 
the study identified and quantified the relationships 
between various input factors – such as the consumption 
rates of charge components, operational technical param­
eters of the sinter machines, and the chemical composi­
tion of the agglomerate – and the resulting productivity 
and quality of the agglomerate. Both linear and nonlin­
ear correlations were discovered, with the proportions 
of charge component consumption being highlighted 
as ha ving a significant impact on forecasting accuracy. 
These insights were subsequently incorporated into 
the forecasting module of the SMM mathematical mode-
ling system, Prognoz, developed for EVRAZ ZSMK JSC.
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Аннотация. Работа посвящена исследованию эффекта микролегирования присадками иттрия для повышения коррозионной стойкости высоко­

легированного сплава на основе никеля марки Incoloy 825. Влияние иттрия на микроструктуру оценивали металлографическими методами 
с помощью оптического и сканирующего электронного микроскопов, стойкость к питтинговой и межкристаллитной коррозии оценивали по 
известным методикам при помощи электрохимических и химических методов анализа. В работе показано изменение структуры, фазового 
состава и твердости литых образцов с содержанием иттрия 0; 0,01; 0,05 и 0,1 мас. %. Полученные данные коррелируют с результатами 
термодинамических расчетов фазообразования при кристаллизации. Исследовано влияние добавок на структуру после деформационного 
упрочнения. Малые добавки (до 0,01 мас. %) способствуют повышению подвижности границ рекристаллизованного зерна. С увеличением 
количества иттрия уменьшается размер зерна и увеличивается твердость. Показано, что наибольшая раскисляющая способность наблю­
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Abstract. The work is devoted to the study of the effect of microalloying with yttrium (Y) additives to improve the corrosion resistance of Incoloy 825 

superalloy. The influence of Y on microstructure was evaluated by metallographic methods using optical and scanning electron microscopes, resistance 
to pitting and intergranular corrosion was evaluated by electrochemical and chemical methods of analysis. The paper describes changes in the structure, 
phase composition and hardness of cast samples with yttrium content of 0, 0.01, 0.05 and 0.1 wt. %. The obtained data correlate with the results of ther­
modynamic calculations of phase formation during crystallization. The influence of additions on the structure after strain hardening was investigated. 
Small addition (up to 0.01 wt. %) promotes increase of mobility of recrystallized grain boundaries. With increasing Y amount, the grain size decreases 
and hardness increases. It is shown that the greatest deoxidizing ability is observed at small additions of Y in the amount up to 0.01 wt. %, while 
the total amount of dissolved [O] decreased five times. Increasing the Y content reduces the ability to remove heavy inclusions from the melt, resulting 
in an increase in the proportion of oxide inclusions. The effect of additives on nitrogen [N] was not observed, and the volume fraction of nitride inclu­
sions did not change, but the size of nitride inclusions decreased and the character of their distribution changed to uniform than in the alloy without Y. 
The results of pitting and intergranular fracture resistance tests showed that Y is an element that can be used to improve the corrosion properties 
of Incoloy 825 alloy. The best combination of resistance to the two types of corrosion was observed for the 0.01 wt. % Y sample. 

Keywords: Incoloy 825, rare earth metals (REM), non-metallic inclusions (NMI), corrosion resistance, intergranular corrosion (IGC), pitting corrosion, 
modification, microstructure, hardness
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 Introduction

The influence of catalysts, pressure, and tempera­
ture during oil refining induces alterations in the chemi­
cal composition of oil. Throughout the refining process, 
the constituents within crude oil undergo reactions facili­
tated by catalysts. The resultant compounds can cause 
detrimental effects on purification equipment, leading 
to severe corrosion [1].

This corrosion substantially diminishes process effi­
ciency, necessitating careful selection of materials for 
equipment components. Superalloys, such as the foreign 
Incoloy 825 alloy, are recommended for manufacturing 
equipment [1 – 3].

The Incoloy 825 alloy possesses a distinctive set of 
properties, including resistance to stress corrosion, pitting 
in active media, and intergranular corrosion [3]. Never­
theless, the ever-increasing demands for alloy properties 
prompt researchers to explore new methods and avenues 
for enhancing alloy characteristics [4 – 6]. 

Several studies highlight the beneficial influence 
of rare earth metals (REMs) on the microstructural 
characteristics and mechanical properties of alloys, 
owing to their heightened sensitivity to oxygen and sul­
fur [7 – 12]. Cerium and yttrium are the most commonly 
utilized REMs in nickel superalloys, positively impacting 
mechanical properties at elevated temperatures through 
the mechanism of solid solution hardening [12 – 16]. 
Additionally, they contribute to the modification of car­
bides and eutectic phases [17; 18]. 

As per a patent [19], REM additions in conjunction 
with calcium and/or magnesium result in significant 
desulfurization of Ni – Cr alloys, facilitating sustained 
inhibition of hot workability deterioration in the low-tem­
perature range. However, REMs are susceptible to oxida­
tion; hence, they should be added to the pre-deoxidized 
melt in restricted amounts (0.010 to 0.074 %). As the con­
tent increases, a large number of finely dispersed, high-
density rare earth metal (REM) oxide nonmetallic inclu­
sions (NMIs) are formed. NMIs are difficult to remove 
from the melt and contribute to a reduction in material 
impact strength.

Similar conclusions were drawn by the authors of [13]. 
They found that the microstructure of a Ni–16Mo– 
–7Cr–4Fe nickel-based alloy was significantly enhanced 
by the addition of 0.05 wt. % Y. The alloy’s hardness and 
strength increased as solid solution hardening occurred 
with yttrium. However, when the yttrium content 
in the alloy exceeded 0.43 wt. %, the refractory inter­
metallic phase Ni17Y2 could emerge and grow, leading 
to a sharp deterioration in mechanical properties.

The addition of yttrium at 0.05 wt. % to the IN – 13C 
alloy positively impacted its high-temperature tensile 
properties [15]. Furthermore, in the as-cast condition, 
the ingot’s crystallization texture was refined.

Research interest is currently focused on the REM 
impact on the corrosion properties of steels and alloys. 
However, there is no unanimous opinion regarding 
the influence of specific rare-earth elements on certain 
alloy properties. Most studies are dedicated to inves­
tigating the effect of the rare-earth element yttrium 
on the resistance of the Incoloy 825 alloy to pitting and 
intergranular corrosion.

 Materials and methods

To investigate the impact of yttrium microalloying on 
the corrosion and mechanical properties of Incoloy 825 
alloy, a series of batches with varying additive content 
was melted. The experimental alloys were melted using 
a 15 kW open induction furnace in quartz crucibles. 
The chemical compositions of the alloy samples under 
investigation are provided in the Table.

Following melting, the ingots underwent homogeni­
zation and were subsequently forged on a press within 
a temperature range of 970 to 1150 °C. The forged samp-
les were then annealed at a temperature of 960 ± 10 ℃ 
for 1 h, followed by quenching in water. This procedure 
aligns with the standard technology used for producing 
parts from Incoloy 825 alloy.

The microstructures of the stabilized alloys were 
analyzed using scanning electron microscopy (SEM) in 
backscatter mode, utilizing a Tescan Mira SEM instru­

дается при малых добавках иттрия (до 0,01 мас. %), при этом общее количество растворенного кислорода уменьшилось в 5 раз. Увели­
чение содержания иттрия снижает возможность удаления тяжелых включений из расплава, в результате растет доля оксидных включений. 
Эффекта присадок на азот не наблюдалось, и объемная доля нитридных включений не изменилась, однако уменьшился размер нитридных 
включений и характер их распределения изменился на равномерный, нежели в сплаве без иттрия. Результаты испытаний на стойкость сплава 
к питтинговому и межкристаллитному разрушению показали, что иттрий – это элемент, который может быть использован для улучшения 
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ment. Additionally, the phase composition was examined 
using a DRON-7 diffractometer.

To evaluate the resistance of the compositions 
to gene ral and pitting corrosion, polarization curves 
were generated. These curves were instrumental in deter­
mining the steady-state corrosion potential (Ecor ) and 
pitting breakdown potential (Epit ) [20].  Imaging was 
conducted in a 5 % NaCl electrolyte acidified with ace­
tic acid to achieve a pH of 3.00 ± 0.02 within an open, 
aerated electro chemical cell at room temperature. The 
polarization curve was obtained within potential ranges 
from –450 to 1100 mV at a scan velocity of 0.16 mV/s. 
The standard silver-chloride electrode (AgCl) served as 
the reference electrode during testing.

The alloys underwent intergranular corrosion (IGC) 
testing following ASTM G28 [21] guidelines. Testing 
involved immersing the samples in a boiling solution 
comprising 50 % H2SO4 and iron (III) sulfate for a dura­
tion of 120 h. Prior to testing, the samples were sensitized 
at 700 ℃ for 1 h. IGC values were determined through 
mass loss analysis and metallographic methods, with 
the depth of corrosion damage also being measured.

 Analysis of microstructural features

Fig. 1, a displays microstructure images of cast samp-
les with varying amounts of yttrium. These images were 
captured at a distance equivalent to 1/2 the ingot radius. 
The original alloy sample, devoid of yttrium additions, 

Calculated chemical composition of the samples and actual content of nitrogen and oxygen in them, wt. %

Расчетный химический состав образцов и фактическое содержание азота и кислорода в них, мас. %

Samples 
number Ni Cr Fe Mo Cu Ti Mn Si Al Y [N] [O]

1

40.0 21.0 res. 3.0 2.0 0.75 1.0 0.5 0.2

– 0.057 0.030
2 0.01 0.054 0.006
3 0.05 – –
4 0.10 0.053 0.013

Fig. 1. Images of microstructure of ingots (a): interdendritic segregation of yttrium 
in the form of inclusions (b) and thermodynamics of their formation during crystallization (c, d) 

Рис. 1. Изображения микроструктуры полученных отливок (а), междендритная сегрегации иттрия 
в виде включений (b) и термодинамика их образования при кристаллизации (c, d)
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exhibits a region characterized by columnar crystals. 
However, upon the addition of yttrium at 0.01 wt. %, 
the dendritic structure of the alloy begins to refine du ring 
solidification. This effect becomes more pronounced 
with increasing additive content, resulting in a shift 
from predominantly columnar to predominantly equiax­
ial dendritic structure. It is noteworthy that subsequent 
thermomechanical processing of the alloy necessitates 
an equiaxial structure within the ingot, as it reduces 
the risk of defects during forging operations. Conse­
quently, an equiaxial structure is deemed optimal. Fol­
lowing yttrium microalloying, the Vickers hardness value 
of the samples increases from 140 to 160 HV.

SEM analysis of the cast samples revealed finely dis­
persed yttrium-rich intermetallic inclusions, measuring 
up to 2 μm in diameter, with nickel present in the inter­
dendritic regions (Fig. 1, b). Thermodynamic calculations 
supported the notion that such inclusions could precipitate 
from the melt (Fig. 1, c, d). It was observed that even small 
additions of yttrium (0.01 wt. %) expanded the two-phase 
region during crystallization. With increased additive con­
tent, the solidus temperature notab ly decreases, resulting 
in oversaturation of the melt with yttrium. This facili­
tates the formation of high-temperature Ni3Y inclusions, 
the abundance of which is contingent upon the quantity 
of yttrium added. The heightened hardness of ingots is 
likely attributable to these refractory inclusions. 

Many researchers examining the impact of REMs 
on the microstructure of superalloys have analyzed cast 
samples and arrived at similar conclusions [4; 7]. Howe-
ver, there has been scarce investigation into the impact 
of REMs on the structure of alloys after strain harde-
ning [12]. 

Fig. 2 illustrates how the size of the austenitic grain of 
samples, following forging and annealing, varies with the 
amount of added yttrium. In the sample containing the low­
est yttrium additive content (0.01 wt. %), the grain size is 
2.2 times larger than in the original alloy sample, measur­
ing 28.4 µm. Concurrently, the hardness value decreases 
by 15 %. With an increase in the amount of additive, there 
is a refinement of the recrystallized austenitic grain and an 
associated increase in hardness (Fig. 2). 

As previously noted [4 – 6], the high sensiti vity 
of REM elements to oxygen and sulfur contributes 
to a reduction in impurity content at grain boundaries, 
effectively “purifying” them and enhancing the mobility 
of grain boundaries, thereby increasing their size. This 
underscores how even a minute concentration of impu­
rities can significantly influence the mobility of grain 
boundaries. 

These findings align well with the total oxygen con­
tent values in the samples (as indicated in the Table) 
obtained through gas analysis, as well as with the assess­
ment of NMIs in the samples. 

 Assessment of non-metallic inclusions
 

and corrosion resistance

Yttrium additions play a significant role in reduc­
ing the oxygen content and deoxidizing the melt. Even 
with small yttrium additives, the total oxygen content 
decreased by a factor of five (as indicated in the Table), 
with the volu me fraction of oxide NMIs amounting 
to 0.0055 ± 0.004 %. Following the addition of yttrium, 
the composition and size of oxide inclusions transition 
to complex oxides of yttrium and titanium. As the additive 

Fig. 2. Dependence of austenitic grain size of the samples after deformation and change of their hardness on Y amount, wt. %

Рис. 2. Зависимость размера аустенитного зерна деформировано упрочненных образцов 
и изменение их твердости от количества иттрия, мас. %
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content increases, the total oxygen content and inclusion 
values grew to 0.093 ± 0.033 %, yet they remain lower 
than those in the original alloy sample, where the oxide 
volume fraction is 0.13 ± 0.05 %. 

While yttrium does not influence the nitrogen content 
in the alloy (as shown in the table), and consequently, 
the volume fraction of carbonitride Ti(C, N) NMIs, it 
does alter the morphology of these inclusions. In samples 
with yttrium microalloying, complex oxycarbonitride 
inclusions of the Y2O3 − Ti(C, N) system are formed. 
In this scenario, finely dispersed deoxidation products, 
namely yttrium oxides, serve as a substrate for carbonit-
ride formation (Fig. 3). 

The results of electrochemical and chemical corrosion 
resistance tests are depicted in Fig. 3. An yttrium addi­
tive (0.01 wt. %) increased the pitting breakdown poten­
tial by 13 % and reduced the intergranular fracture rate 
by 20 %. However, as the additive amount increases, so 
does the proportion of oxide inclusions rich in titanium 
and yttrium, which diminishes the effect of melt stabi­
lization by titanium and accounts for the decreased IGC 
resistance. 

 Conclusions

In this study, we investigated the relationship between 
changes in the microstructure of cast samples after strain 
hardening, NMI characteristics and corrosion resistance 
of Incoloy 825 alloy with different content of yttrium 
additives. 

Following stabilizing annealing, there were notable 
changes in the phase composition. Introduction of yttrium 
additives led to an expansion of the two-phase region during 
crystallization. Additionally, the liquid portion of the den­
dritic cell became oversaturated with yttrium, which trans­
formed into high-temperature inclusions of Ni3Y during 
solidification, as confirmed by calculations. 

In the state, increasing yttrium additions resulted in 
a shift in solidification structure from predominantly 
columnar to predominantly equiaxial. Simultaneously, 
pressure treatment of the alloys proved to be more effec­
tive, yielding no cracks. 

Yttrium acts as an active deoxidizing element; 
its impact is more pronounced with smaller additive 
amounts, as confirmed by gas analysis and measurement 
of grain size in samples after forging and annealing.

Yttrium additives altered the composition of NMIs 
in the alloy to yttrium-modified complex inclusions, 
characterized by a more rounded shape and smaller size. 
Such inclusions demonstrated enhanced chemical resis­
tance in aggressive media during corrosion testing, with 
the sample containing 0.01 wt. % Y exhibiting the best 
corrosion resistance. Due to the increased grain size 
imparted by this composition, the alloy possesses higher 

ductility, necessitating the selection of a new heat treat­
ment regimen. 
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Аннотация. Целями работы являлись поиск и систематизация ограничений скорости движения стальной полосы при горячем оцинко­

вании, связанных с угрозой возникновения дефектов продукции. Поскольку скорость может оказывать совместное влияние с множе­
ством других факторов, в работе проведен обзор известных причин возникновения распространенных дефектов. Выполнена группи­
ровка причин с учетом операций секций агрегатов непрерывного горячего оцинкования. Для определения обстоятельств возникновения 
дефектов применен способ, предполагающий поэтапную стратификацию ретроспективных данных и сопоставление плотности распреде­
ления влияющих факторов для дефектной и не дефектной продукции. Проведен анализ данных о дефектах на заводе «MMK Metallurgy» 
в Турции, полученных в 2020 – 2021 гг. Для анализа были отобраны допустимые и не допустимые дефекты двадцати одного вида, 
возникающие при оцинковании стали DX51D. В качестве факторов приняты двадцать два технологических параметра, включая скорость 
движения полосы. Для каждого отобранного вида дефектов определен набор влияющих факторов, для некоторых из них указаны пред­
полагаемые причины их возникновения. Показано, что наблюдаемая для многих видов дефектов связь со скоростью движения полосы 

  mr_mgn@mail.ru
Abstract. The goals of the work were to search and systematize the speed limits of the steel strip during hot-dip galvanizing, associated with the threat of 

product defects. Since speed can be combined with many other factors, this paper provides an overview of the known causes of common defects. The 
causes were grouped taking into account the operations of individual sections of continuous hot-dip galvanizing units. To determine the circumstances 
in which defects occur, a method was used that involved step-by-step stratification of retrospective data and comparison of the distribution density of 
influencing factors for defective and non-defective products. The method was applied in the analysis of the data on defects at the MMK Metallurgy 
plant in Turkey, obtained in 2020–2021. Twenty-one types of acceptable and unacceptable defects that occur during galvanizing of DX51D steel were 
selected for analysis. Twenty-two technological parameters were taken as factors, including the strip speed. For each selected type of the defects, a set 
of influencing factors is determined, and for some types of defects, the alleged causes of their occurrence are indicated. It is shown that the relationship 
observed for many types of defects with the strip speed can actually be caused by other factors. We determined the types of defects, the probability of 
which increases with an increase in the speed or the level of its change. The paper proposes measures aimed at preventing the increase in the proportion 
of defective products along with the performance gain. 

Keywords: continuous hot-dip galvanizing, steel strip, defects, strip speed, performance
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 Introduction

Galvanized sheet steel is a primary product of metal-
lurgical companies. The production from continuous 
hot-dip galvanizing units (CHGUs) has increased signifi­
cantly in recent decades. It is reported [1] that galvanized 
rolled steel accounts for approximately 10 % of the global 
metal product consumption. In developed countries, this 
figure can exceed 15 %. The automotive and construction 
sectors are the principal consumers of these products [2]. 

The efficiency of CHGUs is gauged by the speed 
of the steel strip and downtime. The optimal speed is 
selected based on the specifics of the automatic control 
system employed at various stages of the manufacturing 
process. For example, in the strip heat treatment phase, 
when fuel usage nears maximum capacity (determined 
by burner capabilities), regulating the process can become 
challenging [3]. 

Research highlights the significance of human jud-
gment in selecting the strip speed [4]. It has been found 
that different operators may choose varying speeds, leading 
to significant discrepancies in CHGU efficiency. To address 
this, a consulting system has been suggested to allow staff 
to leverage the expertise of the most effective operators. 
However, the impact of these choices on product quality has 
not been assessed. It is noted [5] that operational complexi­
ties and constraints of the continuous annealing process 
play a crucial role, where the human factor often reduces 
efficiency. Moreover, there are line speed limits associated 
with product quality that lack systematic organization and 
are typically determined through empirical means. 

 Typical causes of the line speed reduction

Typically, equipment is engineered for a specific maxi­
mum line speed, which may be decreased either tempora-
rily or for extended periods. For example, a study [6] sug­
gests utilizing line speed adjustments to rapidly modi fy 
strip temperature in response to disruptions, such as 
changes in the type of steel being processed or alterations 
in annealing temperature requirements. Short-term reduc­
tions are often implemented as a regulatory measure. 

On the other hand, long-term speed reductions may 
stem from the limited capacity of the heating and cooling 
systems in the strip heat treatment sections. For example, 

the guidelines from the MMK Metallurgy plant provide 
specific line speed recommendations based on the strip’s 
thickness, width, and the desired temperatures at the exit 
of the direct heating theat, indirect heating thold , and cool­
ing tcool stages (Fig. 1). According to these guidelines 
(Fig. 1), for strips thicker than 1 mm, the advised speed is 
considerably less than 180 m/min, which is the maximum.

Enhancing the control of the continuous annealing 
process can lead to increased line speeds. Nevertheless, 
potential improvements are often constrained by defects 
arising from factors other than non-compliance with 
annealing specifications.

 Classification of defects at
 

MMK Metallurgy plant

GOST 14918 – 2020, based on ISO 3575:2016 and 
additional standards, outlines allowable defects based 
on the type, category, and classification of the coating’s 
finish. General acceptable defects include: 

– marks from the strip and roller bends; 
– scratches and abrasions that do not compromise 

the integrity of the coating; 
– light and dead spots; 
– inconsistent coloring of the passive film. 

Fig. 1. Recommended speeds depending on heat treatment mode: 
1 – CQ type (theat = 720 °C, thold = 750 °C, tcool = 460 °C); 

2 – EDDQ type (theat = 750 °C, thold = 850 °C, tcool = 460 °C) 

Рис. 1. Рекомендуемые скорости в зависимости 
от режима термической обработки: 

1 – тип CQ (tн = 720 °C, tв = 750 °C, tохл = 460 °C); 
2 – тип EDDQ (tн = 750 °C, tв = 850 °C, tохл = 460 °C)

в действительности может быть вызвана иными факторами. Определены виды дефектов, вероятность возникновения которых увеличива­
ется с ростом скорости или уровнем ее изменения. Предложены мероприятия, направленные на предотвращение роста доли продукции 
с дефектами при увеличении производительности. 

Ключевые слова: непрерывное горячее оцинкование, стальная полоса, дефекты, скорость движения полосы, производительность
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For specific types and categories of coatings, the fol­
lowing imperfections are permitted: 

– beads, runs, buildup without cracking; 
– localized roughness of the coating; 
– dross pimples or inclusions; 
– uneven crystallization within the coating; 
– dark dots and tracks (streaks). 
The presence of cracks on minor beads situated on the 

steel substrate’s flaws is prohibited. The standard also 
details unacceptable edge imperfections and establishes 
limits for the mass of the coating.

According to MMK Metallurgy’s data for 2020 – 2021, 
as illustrated in Table 1, certain defects are significantly 
more prevalent in defective products (Pdef ) compared 
to quality products (Pnorm ). The most frequent defects 

include uncoated areas (insufficient zinc coating and 
delamination) and uneven coating. Common defects 
of quality products are presented in Table 2. 

 Identified causes of defects

The occurrence of defects in the continuous hot-dip 
galvanizing process can be attributed to both the tech­
nological aspects of the process and the characteristics 
of the initial steel strip being galvanized. 

Impact of steel strip properties on defect forma-
tion. The properties of the steel base can be grouped into 
several categories: 

– structural composition of the steel; 
– chemical makeup of the steel; 
– mechanical characteristics; 

Table 1. Common defects in rejected products

Таблица 1. Распространенные дефекты отбракованной продукции

Number Designation (English / Turkish) Defect Pnorm , % Pdef
*, %

D1 Uncoated Spots / Kaplama Almama Uncoated spots 0.46 25.90
D2 Rough Coating / Pas Kaynakli Puruzlu Kaplama Uneven coating 0.12 22.29
D3 Damage Marks / Markalama Izi (Darbe Izi) Damage marks 0.29 8.40
D4 Dent / Batik (Batma Boslugu) Dents 0.31 4.88
D5 Edge Roughness / Kenar Puruzlulugu Rough edges 1.06 2.71
D6 Coating Thickness Defect / Kaplama Uygunsuzlugu Coating thickness nonconformity 0.58 1.63
D7 Macro Inclusion / Makro Inkluzyon Macroinclusions 0.36 1.08

D8 Unappropriate Mechanical Test / Mekanik Test 
Uygunsuzlugu

Non-conforming mechanical 
properties 0.10 1.08

* When probability was calculated, we excluded the defects occurring as the unit stopped/started.

Table 2.  Common acceptable defects

Таблица 2. Распространенные дефекты качественной продукции

Number Designation (English / Turkish) Defect Pnorm , % Pdef , %
D9 Ridge / Ridge Zinc bright edges 55.61 8.94
D10 Rough Coating / Puruzlu Kaplama Rough сoating 52.98 13.55
D11 Snout Marks / Surtunme Izi Abrasions 49.21 6.23
D12 Sink Roll Marks / Sink Roll Merdane Izi Roller marks 16.98 2.98

D13 Ocean Wave (Coating ripple) / Yuzey Akintisi 
(Dalgali Kaplama) Wavelike coating 16.79 16.26

D14 Skin pass mill break-marks / SPM Kirigi Marks related to skin-pass rolling 11.05 1.63
D15 Roll Shadow / Merdane Golgesi Dark longitudinal streaks 5.07 0.27
D16 Chromate Stain / Kromat Lekesi Chrome stains 4.45 4.34
D17 Matt Appearence / Mat Goruntu Matte finish 4.39 4.34
D18 Scratch / Cizik Scratches 2.73 4.07
D19 Orange Peel / Portakal Kabugu Olusumu Micro-roughness (orange peel) 2.05 0.54
D20 Break Mark / Kirilma Izi Cracks in the coating 1.67 0.54
D21 Blister / Blister Blisters on the coating 0.79 0
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– surface conditions, including levels of contamina­
tion [7; 8].

Research [9] points out the significant influence 
of steel’s chemical composition on the zinc coating’s devel­
opment. Specifically, the silicon content plays a cri tical 
role. When the silicon concentration ranges between 0.06 
and 0.10 %, an abnormal increase in zinc coating thickness 
occurs. This can result in a coating that is both fragile and 
possesses an unappealing gray hue. Notably, silicon con­
tent tolerances are relatively broad for many steel grades.

Further studies [10] have identified that certain 
marks on the coating can stem from the underlying 
steel’s cha racteristics. For instance, small ferrite grains, 
approximately 1 – 2 mm in diameter, emerge on the sur­
face. Chemical analyses have detected elevated levels 
of Ti and Mn within these grains, alongside thin layer s 
(up to 150 nm) of Mn and Si oxides at the juncture 
between the coating and the base material.

Additionally, a steel phosphorus content exceeding 
0.03 % has been linked to the coating’s delamination.

According to [11], shape defects present in cold-rolled 
semi-finished products can directly influence the occur­
rence of coating defects. This is due to the abnormal 
effect of air knives on similar areas of the strip surface, 
leading to issues such as non-flatness, folds, corrugation, 
distortion, and scab.

Further research [8] indicates that surfaces marred 
by scratches, gouges, or mechanical damage exhibit sig­
nificantly increased reactivity. This heightened reactivity 
can foster the growth of Zn – Fe crystallites as protrusions 
in the coating layer, resulting in areas with an excessively 
thick coating. Additionally, the process of galvanizing sur­
faces that are initially uneven is prone to result in a uneven 
coating thickness [12]. In attempts to counteract this, 
a thicker application of coating might be employed. How­
ever, such defects may still be inevi table, particularly 
when high zinc temperatures are involved or the immer­
sion time in the zinc bath is extended.

The research articles [13 – 15], focusing on the deve-
lopment of steel for automotive body sheets, underscore 
the complexity of balancing a set of diverse and often conf-
licting requirements such as strength, ductility, forma bility, 
and corrosion resistance. The authors highlight the chal­
lenge in enhancing the steel’s strength without a compre­
hensive understanding of the kinetics of phase and struc­
tural transformations. For instance, it has been observed 
that the presence of Cr, Ni, and Cu in the steel can delay 
recrystallization to higher temperatures. As a re medy, it’s 
suggested to increase the annealing holding temperature 
by 30 – 50 °C to accommodate these effects. 

Defects arising from the CHGU process are catego­
rized based on the specific stages of the operation that 
lead to their occurrence. 

Cleaning section. In the CHGU process, the steel 
strip is cleaned through immersion in an alkaline solu­

tion, brushed by rotating roller brushes, and subjected 
to electrolytic cleaning.

The primary contaminants on the strip include iron 
fines, oil, and dirt. As noted in the literature [8], the goal 
of the cleaning stage is to reduce the levels of iron fines 
and oil on the strip’s surface to below 20 mg/m2. The pre-
sence of fine particles in the bath can lead to reduced zinc 
adhesion, resulting in dross formation, material adhe-
rence issues, and uncoated sections. 

Research [10] into streaky mark defects, which are 
long (tens of meters), narrow (up to 15 mm wide), and run 
parallel to the rolling direction, suggests that these marks 
arise from a high concentration of oxides at the interface 
between the coating and the steel substrate. This condi­
tion suggests that the strip surface was not adequately 
cleaned, leading to ineffective removal of contaminants.

Another study [16] highlights that bare spots and coating 
delamination primarily result from residual oil on the steel 
substrate. This oil, when subjected to heating in direct and 
indirect heating furnaces, turns into carbonaceous depo-
sits that manifest as defects. These issues can be mitigated 
through effective lubricant removal and appropriate adjust­
ment of the bath’s chemical composition.

Furthermore, the presence of uncoated cavities has 
been attributed to air knives failing to remove solid par­
ticles from the surface or to their inability to blow off 
particles that were not removed in time or were trapped, 
as indicated in [8].

Heating and exposure. The strip heating section 
in CHGU is designated for continuous recrystallization 
annealing. This section may consist of a furnace that 
utilizes indirect heating in an exothermic gas environ­
ment, or it may employ both direct and indirect heating 
methods. Reduction reactions occur in a protective atmo­
sphere, aiding in the cleaning of the strip.

Research [8] indicates that inadequate management 
of the air/fuel mixture in the CHGU’s direct heating fur­
nace can lead to an excessively high concentration of CO, 
which may result in soot accumulation on the strip. These 
soot deposits can cause to bare spots in the zinc coating. 
In the case of indirect heating furnaces, where the strip is 
heated in a protective atmosphere of N2 – H2 maintain­
ing low dew points and minimal oxygen levels is crucial 
for enhancing strip cleanliness. Failure to control these 
conditions can lead to contamination issues, such as those 
arising from the deterioration of radiant tubes, which 
negatively affect the zinc coating’s adherence to the strip. 
Additionally, during the galvanization of low carbon 
steels, lubricant leaks from the hearth roll bearings can 
lead to surface carburization.

Moreover, it has been found [17] that when galvani-
zing dual-phase steels, annealing in environments with 
low dew points promotes significant external oxida­
tion of trace alloying elements. This oxidation pro­
cess impedes the molten zinc’s ability to reactively wet 
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the steel surface effectively. An increase in the dew point 
leads to a reduction in the surface coverage of oxides.

The study [6] highlights that the thermal load 
in the heating section rises substantially with the increase 
in strip speed. This surge in thermal load amplifies 
the thermal crown effect of the rolls, attributed to the tem­
perature variation within the rolls themselves, conse­
quently heightening the likelihood of strip misalignment. 
Within the furnace, the strip experiences thermal buck­
ling, a warping effect caused by uneven heat distribu­
tion, exacerbated by the strip’s diminished yield strength 
at elevated temperatures.

According to [18], the phenomenon of strip buckling 
in the furnace is primarily due to the synergistic effects 
of elevated temperatures and tension applied to the strip. 
The risk of buckling escalates as the strip widens. 
Achie ving a more even temperature distribution across 
the strip’s width can mitigate buckling risks, but only 
within lower temperature ranges. At certain temperatures 
along the strip’s length, tension reaching a first critical 
level induces buckling. Should the tension further escalate 
beyond a second critical threshold, buckling might reduce, 
provided deformation processes have not commenced. 

The literature [6; 19; 20] underscores the significant 
influence of the steel’s heat treatment conditions during 
annealing on the mechanical properties of products from 
CHGU. To avoid defects amid changes in production assort­
ment or operational modes, it is advised to employ preemp­
tive control models for strip temperature regulation [21]. 

Closed-circuit cooling. The closed-circuit cooling 
section is an integral component of the indirect heating 
furnace, where nitrogen-hydrogen gas serves as the cool­
ing medium for the steel strip. This cooling process aims 
to reduce the strip’s temperature to near that of the molten 
zinc in the bath, preparing it for the galvanizing process.

Research [22] conducted on the occurrence of zinc 
bright edges at Sheet-rolling Shop No. 11 of PJSC Mag­
nitogorsk Iron and Steel Works identified the root cause 
as the accumulation of zinc dust within the snout of the 
CHGU furnace’s outlet trough. This accumulation occurs 
when zinc dust particles evaporate from the bath and then 
condense on the snout, from where they subsequently 
fall onto the strip’s surface, leading to zinc buildup. 
To address this issue, modifications to the furnace outlet 
trough’s snout were suggested, specifically to enable dew 
point measurement and control within the area.

It has been observed [8] that a high strip temperature 
at the inlet of the zinc bath, following closed-circuit cool­
ing, combined with a low dew point at the snout, can 
lead to zinc vaporization at elevated strip speeds. This 
vapor, upon condensing on the strip, may result in coat­
ing defects such as pimples and bulges. The significance 
of the strip temperature post-cooling on defect formation 
has also been highlighted [23]. To mitigate these issues, 
it is recom mended [24] to minimize the temperature 

diffe rence between the cooled strip and the bath. When 
the strip temperature exceeds 470 °C, there is an increased 
risk of aluminum capture in the bath, heightened dissolu­
tion of the steel strip, and accelerated dross formation.

The study documented in [17] explores how the cool­
ing rate influences the mechanical properties of dual-
phase steels.

Zinc bath. The study in [9] highlights that the forma­
tion of bottom dross in the zinc bath increases the melt’s 
viscosity, leading to uneven coating thickness and 
the appearance of bright edges. To mitigate these issues, 
the addition of aluminum to the bath is recommended. 

Top-dross particles can become embedded in the coa-
ting if the bath’s surface oxide film adheres to the strip, as 
noted in [8]. This underscores the necessity of maintain­
ing a clean bath surface. Incorrect levels of aluminum in 
the bath, coupled with fluctuations in the melt tempera­
ture, can escalate dross formation. The resultant dross 
particles may adhere to both the coating and the rolls, 
with larger dross particles potentially causing indenta­
tions in the strip. An excessive iron content in the bath 
negatively impacts the fluidity of the molten zinc, leading 
to a matte coating finish.

Research in [25] examines how the melt temperature 
within a zinc bath affects the coating thickness, demon­
strating that an increase in temperature leads to thinner 
coatings, particularly for steels with a high silicon content.

Air knives. After the bath, the strip passes through air 
knives that blow excessive zinc back into the bath. This 
ensures the required thickness and uniformity of the coa-
ting layer.

However, as [8] reveals, air knives can induce defects 
such as runs and folds in the coating. Runs typically occur 
on thicker strips with a heavy coating, whereas ripples are 
more likely on thinner strips with a light coating. Factors 
contributing to these defects include: 

– the strip’s overly smooth surface; 
– elevated temperatures of either the strip or the zinc 

in the bath; 
– excessive vibrations and the disruption of the oxide 

layer on the molten zinc.
The study in [26] discusses non-uniform coating 

issues, specifically check mark stains that create various 
patterns. These patterns result from differences in pres­
sure within the air knife’s alternating vortex, with higher 
pressure at the edges removing more molten zinc than 
the lower-pressure center. The movement of these vor­
tices, driven by jet and pressure instability, influences 
the pattern formation, which varies with the strip’s speed. 
According to [27], the characteristics of check-mark 
stains are affected by the initial distribution of coating 
thickness across the strip and the speed of the steel strip. 
The presence of such stains reduces the quality, produc­
tivity, and profitability of the final products [28]. Addi­
tionally, [29] demonstrates a significant drop in jet pres­
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sure at the strip’s edges compared to the peak pressure 
in the middle, affecting coating uniformity and leading 
to a thickening of the strip edge.

The studies referenced in [30; 31] delineate key 
variab les influencing coating thickness, such as: 

– strip speed; 
– air knife pressure; 
– height of the air knife from the bath; 
– proximity of the air knife to the strip; 
– opening of the gap; 
– angle of air knife inclination. 
Research presented in [32] highlights that devia­

tions in coating thickness from the intended specifica­
tion can often be attributed to vibrations of the strip near 
the air knives. These vibrations may stem from fluctua­
tions in tension and the movement patterns of rollers 
within the zinc bath, suggesting that the effect of air knife 
settings on the quality is interlinked with strip speed and 
other parameters via strip vibrations. It has been observed 
that strip speed plays a significant role in the amplitude 
of vibrations near the air knife [33], with increased speeds 
making vibration mitigation more challenging. However, 
optimizing tension and controlling strip speed can limit 
peak vibration amplitudes. The utilization of the EMG 
eMASS electromagnetic strip stabilization system, as 
noted in [34], significantly reduces variation in coating 
thickness by minimizing vibration.

The authors of [11] identify severe strip vibrations, melt 
turbulence, and air knives clogging with the melt as causes 
for the appearance of zinc bright edges. They recom mend 
adjusting the tension and strip speed to address these 
vibration-induced defects. Furthermore, modifications in 
the following areas can correct such defects: 

– air knife pressure; 
– proximity to the strip; 
– jet angle; 
– strip temperature and speed. 
According to [35], when the strip exits the bath, 

the interaction between the molten zinc on the coating’s 
outer surface and atmospheric oxygen results in a more 
viscous top oxide layer, leading to ripple formation. This 
phenomenon is more pronounced with thick coatings and 
lower strip speeds, which can be mitigated by increasing 
strip speed or employing nitrogen in the air knife process.

The paper [36] explores how air knives affect the flow 
of liquid zinc in the bath, showing that air knife jets can 
significantly alter the zinc flow around the strip’s exit. 
This finding opens avenues for enhancing coating quality 
through strategic manipulation of air knife settings.

Skin pass mill and tension leveller. Following 
the air knives and deep cooling stages, the strip proceeds 
to the skin pass mill, where it undergoes rolling with 
a minimal elongation ratio. This process aims to maintain 
the steel’s drawability, enhance surface smoothness, and 

mitigate the zinc coating’s texture. A tension leveler is uti­
lized to improve the strip’s flatness. It has been observed 
that the interaction between the hard surface of the work 
roll and the softer zinc coating leads to zinc transfer onto 
the work roll, resulting in dents on the strip’s surface dur­
ing rolling.

Research [37] identifies two distinct mechanisms for 
the formation of coating cracks in areas of the sheet that 
undergo the most extensive rolling. Macrocracks emerge 
from the infiltration of the coating material into the metal, 
which subsequently embrittles the grain boundaries. 
Microcracks develop during the skin-pass rolling of gal­
vanized sheets under high tangential stress conditions and 
at minor strip bends.

The occurrence of the “orange peel” defect during 
skin-pass rolling, triggered when the elongation reaches 
the yield strength, has also been documented. Applying 
the correct annealing method can alleviate this issue [38].

Combined effect of sections. Numerous studies 
emphasize that defects often arise from a complex inter­
play of factors.

Research conducted by the authors of [11] delves into 
the causes of zinc bright edges, highlighting that opera­
tional downtime presents a significant challenge in miti­
gating such defects. The solidification of zinc at the point 
of contact between the strip and the zinc melt complicates 
the operation of air knives, which are crucial for achie-
ving a specified coating thickness. 

The study [10] identifies the co-occurrence of two spe­
cific conditions as a precursor to the development of cracks 
on the coating surface. Initially, flaws in the technologi­
cal process lead to what is described as a “wavy pattern” 
of defects, including voids and cracks, primarily located 
at the center of the coating and not directly related to the 
presence of steel base surface oxides. The second con­
dition involves the nuances of skin-pass rolling, during 
which the coating is prone to cracking.

The paper [39] outlines two scenarios frequently lead­
ing to diminished adhesion between the zinc layer and the 
steel substrate. The first scenario involves: 

– low temperature in the zinc bath; 
– reduced temperature in the furnace’s sixth zone 

(the last one in the direction of metal flow); 
– a sharp decrease in strip speed. 
The second scenario includes: 
– sudden speed alterations; 
– low zinc bath temperature; 
– decreased strip temperature at the furnace exit. 
The researchers in [40] analyzed how various factors 

affect product quality, including: 
– average elongation; 
– strip speed; 
– proximity of the air knives to the strip; 
– air knife pressure. 
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Quality is defined by the absence of various defects, 
such as uneven or insufficient zinc coating due to buildup, 
streaks, pits, and dross inclusions. They identified specific 
conditions under which the incidence of defects markedly 
increases, namely: 

– substantial elongation; 
– speed over 57 m/min; 
– air knife distance exceeding 1226 mm; 
– elevated air knife pressure.
This analysis confirms that the strip speed plays a cru­

cial role in the manifestation of various defects, making 
it challenging to simultaneously address all these aspects. 
Thus, identifying the root causes of defects with consi-
deration of the line speed is crucial.

 Initial data

The analysis of performance and defects at MMK 
Metallurgy plant was conducted through a retrospective 
evaluation of data from CHGU subsystem operations and 
product defects identified during 2020 – 2021, specifically 
focusing on DX51D steel. The database for this period 
contains detailed records for each strip roll, including 
the maximum, minimum, and average values of each pro­
cess parameter recorded during the processing of the roll.

 Effect of stoppages on defect occurrence

The research highlighted in [11] identifies downtime 
as a significant factor influencing the incidence of defects. 
Table 3 in the study details the ratio of rolls exhibiting 
defects that occurred during instances when the produc­
tion unit was halted.

Out of the defects examined, only three showed a pro-
bable connection to the unit’s stoppages. Among these, 
the defect categorized as D1 – uncoated spots – exhi-
bited the most significant correlation with unit downtime. 
The analysis suggests that for the range of defects conside-
red, unit stoppages cannot be solely attributed as the cause 
for most defect occurrences. Consequently, rolls that expe­
rienced unit stoppages during their processing were sub-
sequently removed from the analysis to maintain accuracy.

The data presented in Table 4 are considered as influ­
encing factors in this context. 

 Method determining the circumstances
 

under which defects developed

Identifying the precise conditions leading to defects 
is challenging due to the multitude of process parameters 
that could potentially influence outcomes, along with 
the interconnected changes among various signals. 

For each specific defect, a particular set of factors 
was pinpointed to enable further data stratification. This 
approach involved initial assessments to compare the dis­
tribution laws of each parameter for defective versus non-
defective products.

Stratification was employed to mitigate the effects 
of confounding factors amidst interdependent signal 
varia tions. Data were organized based on the conditions 
of their collection, and then analyzed within these groups 
separately to isolate and eliminate the influence of extra-
neous variables. For instance, the emergence of defect 
D19 was linked to changes in strip thickness and line 
speed. To isolate the impact of speed, data were cat­
egorized by strip thickness. Subsequently, within each 
defined cate gory (stratum), the effect of speed on the 
occurrence of defects was examined. Fig. 2, а presents 
the speed distribution density for products affected by 
defect D19 without stratification, while Fig. 2, b shows 
the analysis for a specific stratum with stratification 
applied, indicating that the likelihood of defect occur­
rence is more closely related to strip thickness than to 
line speed.

The process of data stratification involved multiple 
stages. Initially, factors such as line speed and strip 
thickness were considered potential risk factors. Based 

Table 3.  Proportion of rolls with defects during production 
of which there was a stoppage of the unit

Таблица 3. Доли рулонов c дефектами,  
при производстве которых возникала остановка

Defect Proportion, % 
D1 – Uncoated Spots 8.84
D3 – Damage Marks 3.47

D4 – Dent 1.50

Fig. 2. Speed distribution density 
for products with (2) and without (1) defect D19: 

a – without stratification; 
b – with stratification (strip heights (0.40 – 0.65 mm))

Рис. 2. Плотность распределения скорости 
для продукции с дефектом D19 (2) и без такого дефекта (1): 

а – без стратификации; 
b – при стратификации для страты толщиной 0,40 – 0,65 мм
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Table 4.  Factors explaining the causes of defects

Таблица 4. Факторы для объяснения причин дефектов

Number Value
F1 Average strip speed
F2 Difference between maximum and minimum speed
F3 Average strip thickness
F4 Difference between maximum and minimum strip thicknesses

F5, F6 Minimum and maximum strip temperatures after the direct heating section
F7, F8 Minimum and maximum strip temperatures after the indirect heating section
F9, F10 Minimum and maximum strip temperatures after closed-circuit cooling

F11 Strip width
F12, F13 Minimum and maximum melt temperature in the zinc bath
F14, F15 Pressure on front and rear air knives*

F16, F17 Minimum and maximum dew point in the indirect heating section
F18, F19 Minimum and maximum dew point in the closed-circuit cooling section

F20 Minimum strip tension at the furnace inlet**

F21 Specified zinc coating thickness (coating mass)
F22 Elongation during rolling***

* When the coating thickness is stabilized, it characterizes melt viscosity in the zinc bath.
** For some defects, the tension at different sections was considered.
*** It was taken into account for defects D19, D20.

on the outcomes of the initial analysis, these parameters 
were then classified as interfering factors if necessary.

 Factor sets for further stratification
 

of the data

Table 5 presents the variations in distribution density 
between defective and non-defective products, correlat­
ing to each defect being investigated. 

From the data in Table 5, it is apparent that there is 
no discernible link between factors F16 and F19 and 
any of the defects studied. Specifically, for defects D16 
(Chrome stains) and D17 (Matte finish), the distribution 
densities of all factors for defective and non-defective 
products are notably similar, suggesting these factors 
do not significantly influence the emergence of these 
defects. Additionally, the pressures of the front and rear 
air knives (Factors F14 and F15) exhibit comparable par­
tial distributions across all defects.

However, certain factors are identified as potentially 
influencing the occurrence of a broad range of defects: 

– strip speed – 17 types of defects; 
– strip thickness – 16 types of defects; 
– strip tension – 12 types of defects; 
– zinc coating thickness – 10 types of defects; 
– air knife pressure – 9 types of defects; 
– the minimum strip temperature after the direct hea-

ting section – 8 types of defects.

 Evaluation of the impact of factors based
 

on the results of stratification

Table 6 details the factors potentially affecting 
the incidence of various defects, with post-stratification 
analysis revealing that the relationship between defects 
and strip speed is often mediated by the effect of strip 
thickness. Beyond thickness, a significant array of defects 
can be attributed to several key factors:

– strip speed – 6 types of defects; 
– air knife pressure and coating thickness – 5 types 

of defects; 
– speed fluctuations and strip tension – 3 types 

of defects; 
– dew point in the closed-circuit cooling section and 

strip temperature after this section – 2 types of defects. 
Four specific defects were found to occur under con­

ditions uniquely influenced by the distribution of strip 
thickness alone (D11 – abrasions, D12 – roller marks, 
D18 – scratches, D21 – blisters). Following strip thick­
ness, speed emerges as the second most significant factor 
in the prevalence of a wide range of defect types.

 Alignment of the results with the known
 

causes of defects

D1 – Uncoated spots. The findings indicate that varia-
tions in strip speed, in particular, are a probable cause 
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of uncoated spots (Fig. 3). This observation aligns with 
the insights from [39], highlighting the impact of speed 
changes on this type of defect. Nevertheless, only a minor 
portion of such defects can be attributed to unit stop­
pages, suggesting that uncoated spots are not directly 
linked to the unit’s cessation of operation. The connec­
tion with tension suggests that these defects are likely due 
to mechanical factors. Contrary to the issues discussed 
in [8; 17], no significant effect from either high or low 
dew point values in the indirect-heating furnace on this 
type of defect was detected.

D2 – Uneven coating. The findings align with obser­
vations from [12], indicating that an elevated melt tem­
perature complicates the achievement of a thick, uniform 
coating (Fig. 4). A higher melt temperature correlates with 
increased metal throughput in CHGU, presenting chal­
lenges in temperature control. This defect [41], adversely 
impacts the surface’s wetting properties could be attribu-
ted to the diffusion of iron through the inhibitory Fe – Al 
interfacial layer, which, as reported in inhibiting Fe – Al 
interfacial layer, which, according to [41], negatively 
affects the surface wetting. When the aluminum content in 
the bath is at 0.2 %, the formation of the inhibiting layer is 

complete, provided the strip temperature at the bath inlet 
is between 440 to 480 °C. Nonetheless [24] points out that 
the diffusion of iron through this inhibiting layer escalates 

Table 5.  Factors that can potentially affect the occurrence of a defect

Таблица 5. Факторы, которые потенциально могут влиять на возникновение дефекта

Defect
Factor number

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22
D1 + + + + + + + +
D2 + + + +
D3 + + + + + +
D4 + + + + +
D5 + + + + + + +
D6 + + +
D7 + + + + + + + +
D8 + + + + +
D9 + + + + + +
D10 + + + + + + +
D11 + + + +
D12 + + + +
D13 + + + + +
D14 + + + + + + + + +
D15 + + + + +
D16
D17
D18 + + + + + + + + +
D19 + + + + + +
D20 + + +
D21 + + + +

N 17 4 16 1 8 2 3 3 1 2 1 2 1 9 9 0 4 2 0 12 10 1

Fig. 3. Dependence of probability of uncoated spots (D1) on: 
a – speed at strip height hmet = 0.80 – 0.95 mm; 

b – speed difference at hmet ≈ 0.8 mm and an average speed of 50 m/min

Рис. 3. Зависимость вероятности пятен без покрытия (D1) от: 
а – скорости при толщине полосы hм = 0,80 – 0,95 мм; 

b – перепада скорости при hм ≈ 0,8 мм и средней скорости 50 м/мин
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Table 6.  Factors affecting the occurrence of a defect

Таблица 6. Факторы, влияющие на возникновение дефекта

Defect
Impact

Circumstances in which the defect occurred
strong weak

D1 F1, F2, F20 F3, F9, 
F18 

On the strips of small height (hmet ) at low speed (v). Large v differences, especially when strips are 
thin. Low tension, thin strips. High dew point in the closed-circuit cooling section. Increased strip 
temperature after closed-circuit cooling at low v, on the strips with hmet < 1 mm.

D2 F1, F3, 
F13, F21 None High v, thick strips. High melt temperature in the zinc bath when thin strips are processed at high v 

or thick strips are processed at any v. Very thick coating.

D3 F1, F2, F3, 
F20 F17 Thick strips, low v. Thin strips, low v and reduced tension. Considerable v variations, except for 

high v. Elevated dew point in the indirect heating furnace.

D4 F1, F2, F17 F8 Low v. High dew point in the indirect heating furnace at low speed. Increased v variations, high v. 
Increased strip temperature after indirect heating

D5 F3, F14–15, 
F21 F11

High (>2 mm) or low (<0.5 mm) hmet . Thick coating at high hmet . Thin coating at high hmet with 
strongly reduced pressure on the knives. The probability of a defect increases with growing strip 
width at high hmet .

D6 None F10 Increased (490 – 500 °C) strip temperature after closed-circuit cooling.

D7
F1, F3, 
F6, F10,  

F14–15, F21
None

At hmet from 0.6 mm. More often at hmet = 2 mm. At hmet up to 1 mm and high v. At large hmet 
no v impact is observed. At hmet > 1.8 mm and elevated strip temperatures after direct heating and 
closed-circuit cooling section. Thick coating or low pressure on the air knives, the strips with hmet 
up to 1 mm and hmet >2.5 mm.

D8 Stratification is impossible due to small amount of data.

D9 F1, F3 F14–15 More often at hmet <1.5 mm. At hmet <1.2 mm and high v. At hmet >2.4 mm and low knife pressure. 
When the tension at the inlet of the skin-pass rolling section is reduced.

D10 F3 F20 At hmet from 1 to 2 mm and increased tension.
D11 F3 None Often on the strips with hmet <1.5 mm. 
D12 None F3 Very seldom on the strips with hmet <1 mm.

D13 F1, F14–15, 
F21 None

When the coating is thick, regardless of hmet . When the coating is thin, increasing v reduces 
probability of a defect. When the coating is thin, reducing pressure on the knives increases 
probability of a defect.

D14 F3, F14–15, 
F21 F17 Typically at hmet <0.6 mm with reduced knife pressure and thin coating. At hmet >1.2 mm, an 

ambiguous effect of dew point in the closed-circuit cooling section was observed.

D15 F3, F7 None Occurs at different hmet. If hmet >2 mm, the probability of a defect is 3 – 4 times higher. At hmet 
1.8 – 2.2 mm and reduced strip temperature after the indirect heating furnace.

D18 F3, F20 None The probability grows with increasing hmet (P = 0.0011exp(1.7856hmet )) or with decreasing 
tension. Defects are rare at hmet <1 mm.

D19 F3, F18, F22 F5
At hmet <1 mm; very low dew point values in the closed-circuit cooling section; 1 % elongation 
during rolling; reduced strip temperature after the direct heating furnace. More often at 
hmet ≈ 0.3 mm.

D20 F3, F21 None
Occurs at different hmet. More frequent on the thin strips (P = – 0.015ln(hmet ) + 0.0196). 
Up to hmet = 0.9 mm, the coating thickness does not affect the likelihood of defects. As hmet grows, 
increasing coating thickness enhances the likelihood of defects.

D21 F1, F3 None Mostly at hmet <1 mm. The probability dramatically decreases at high v.

as temperatures increase, recommending that strip tem­
peratures should not surpass 470 °C. Given that aluminum 
content in the melt up to 0.3 % significantly influences 
the duration until Fe – Zn phases develop in a non-linear 
manner, the depletion of aluminum content in the bath, 
coupled with elevated temperatures of both the strip and 
the melt, may lead to the emergence of defects.

D3, D4 – Damage marks, Dents. Defects in rolled 
products are commonly the result of mechanical damage. 

The findings imply that such damage can happen directly 
on the CHGU line, especially when there are abrupt 
changes in speed (Fig. 5, 6). The observation of a high 
dew point in products exhibiting dents leads to the sugges­
tion that these defects may be due to contamination. Spe­
cifically, as mentioned in [8], dross particles in the bath 
can lead to the formation of dents on the rolled products.

D5 – Rough edges. Typical edge irregularities such as 
scab, corrugation, and ripple effect are linked to the char­
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acteristics of the original strip. The connection between 
these irregularities and factors like coating thickness and 
air knife pressure remains ambiguous.

D6 – Coating thickness defects. It is postulated 
that as the strip temperature at the bath inlet increases, 
the absorption of aluminum from the bath also rises. This, 
as [24] suggests, can make the melt more viscous under 
similar conditions, potentially leading to inconsistencies 
in coating thickness, as [9] indicates. 

D7 – Macroinclusions. According to [8], these 
defects may result from the strip capturing dross parti­
cles alongside the oxide film on the surface of the zinc 
bath, with a thicker coating more likely to retain larger 
dross particles (Fig. 7, b). It is theorized, based on [36], 
that lower air knife pressure has a diminished impact 
on the bath’s melt near the strip’s exit, where the oxide 

film forms and gets entrapped. An increase in strip tem­
perature at the bath inlet could facilitate the melt’s con­
tamination with zinc oxides. A thicker strip and strip 
speeds surpassing 125 m/min are believed to heighten 
the risk of this defect (Fig. 7, а, c). This phenomenon 
could be attributed to the dynamics of the melt and 
a greater influx of dross particles into the region where 
they are trapped.

D8 – Non-conforming mechanical properties. 
The temperature distribution of the strip at the outlets 
of direct and indirect heating furnaces shows variations 
between defective and non-defective products. How­
ever, the limited amount of data complicates the verifica­
tion of this difference through stratification. Given that 
this type of defect is not visible to the eye, adherence 
to the steel heat treatment protocol is imperative.

Fig. 4. Dependence of probability of obtaining an uneven coating (D2) on: 
a – the temperature of the melt in the zinc bath (1 – hmet  = 0.5 – 0.6 mm at a speed of 160 m/min; 2 – hmet ≈ 2 mm at a speed of 60 m/min); 

b – speed at hmet ≈ 2 mm; c – speed at hmet ≈ 0.5 mm 

Рис. 4. Зависимость вероятности получения неравномерного покрытия (D2) от: 
а – температуры расплава в цинковой ванне (1 – hmet = 0,5 – 0,6 мм при скорости 160 м/мин; 2 – hmet ≈ 2 мм при скорости 60 м/мин); 

b – скорости при hmet ≈ 2 мм; c – скорости при hmet ≈ 0,5 мм 

Fig. 5. Dependences of tail marks probability (D3) on: 
a – speed at hmet ≈ 0.8 mm; 

b – speed changes at hmet ≈ 0.8 mm and a speed of 50 m/min

Рис. 5. Зависимости вероятности надавов (D3) от: 
а – скорости при hmet ≈ 0,8 мм; 

b – изменения скорости при hmet ≈ 0,8 мм и скорости 50 м/мин

Fig. 6. Dependences of probability of imprints (D4) on: 
a – speed at hmet = 0.8; 0.9 mm; 

b – speed changes at hmet ≈ 0.8 mm and a speed of 110 m/min

Рис. 6. Зависимости вероятности отпечатков (D4) от: 
а – скорости при hmet = 0,8; 0,9 мм; 

b – изменения скорости при hmet ≈ 0,8 мм и скорости 110 м/мин
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D9 – Zinc bright edges. Fig. 8, а illustrates the like­
lihood of defect occurrence in relation to strip speed for 
strips approximately 0.5 mm thick, indicating a decrease 
in defect probability with a reduction in speed. It has been 
determined that the occurrence of defects is dependent on 
strip thickness (Fig. 8, b) only at speeds below 90 m/min, 
while at higher speeds, the chance of defects occurring 
remains relatively unchanged. Low air knife pressure 
(indicative of low melt viscosity) influences defect for­
mation predominantly at lower speeds for thicker strips, 
particularly at the initial stages of defect development. 
Increasing the tension at the inlet of the skin-pass section 
(Fig. 8, c) lowers the probability of defects, suggesting 
that vibration might contribute to the formation of bright 
edges.

D10 – Rough coating. The defect impacts the protec­
tive qualities, wear resistance, and visual appeal of the 

galvanized strip, typically originating from the proper­
ties of the initial strip. The roughness of the base strip 
appears to correlate with its thickness. However, the rea­
sons behind tension differences between defective and 
non-defective products remain ambiguous. 

D11, D12 – Abrasions and roller marks. Abrasions 
are solely associated with thickness, aligning with find­
ings from [10] that attribute the original strip’s properties 
as the root cause of this defect. The occurrence of abra­
sions consistently diminishes as the thickness increases 
(Fig. 9). The probability of encountering roller marks 
ranges between 0.25 and 0.30 for most thicknesses, but 
the defect is virtually absent in strips thinner than 1 mm, 
with the underlying causes yet to be elucidated.

D13 – Wavelike coating. The likelihood of defects 
escalates with an increase in coating thickness, irrespec­
tive of the strip’s thickness (Fig. 10, a). This observa­

Fig. 7. Dependence of probability of macroinclusions (D7) on: 
a – strip speed at hmet ≈ 0.9 mm; b – coating mass at hmet  = 2.5; 2.8 mm and a speed of 45 m/min; 

c – hmet at a coating mass of 275 g/m2 and a speed of 50 – 80 m/min

Рис. 7. Зависимость вероятности появления макровключений (D7) от: 
а – скорости движения полосы при hmet ≈ 0,9 мм; b – массы покрытия при hmet = 2,5; 2,8 мм и скорости 45 м/мин; 

c – hmet при массе покрытия 275 г/м2 и скорости 50 – 80 м/мин

Fig. 8. Dependence of probability of bright edges (D9) on: 
a – strip speed at hmet ≈ 0.5 mm; b – hmet at speed: 1 – 45 m/min; 2 – 75 m/min; 

c – tension at the inlet of the skin pass section (1 – thickness 1.8 – 2.0 mm, speed 60 m/min; 
2, 3 – thickness 0.8 – 1.5 mm, speeds 100 – 130 m/min and 75 – 80 m/min) 

Рис. 8. Зависимость вероятности появления наплывов (D9) от: 
а – скорости движения полосы при hmet ≈ 0,5 мм; b – hм при скорости: 1 – 45 м/мин; 2 – 75 м/мин; 

c – натяжения на входе секции дрессировки (1 – толщина 1,8 – 2,0 мм, скорость 60 м/мин; 
2, 3 – толщина 0,8 – 1,5 мм, скорость соответственно 100 – 130 и 75 – 80 м/мин)



Izvestiya. Ferrous Metallurgy. 2024;67(1):89–105.
Ryabchikov M.Yu., Ryabchikova E.S., etc. Investigation of performance limitations in continuous hot-dip galvanizing units associated ...

101

tion aligns with findings from [35]. Conversely, a higher 
speed diminishes the probability of defects, but only for 
thinner coatings (up to 140 g/m2), where defects emerge 
under reduced air knife pressure (Fig. 10, b). Thus, low 
melt viscosity with thin coatings may lead to a wavelike 
pattern on the coating.

D14 – Marks related to skin-pass rolling. It is 
suggested by [8] that such marks result from the coat­
ing adhering to the rollers. The defect manifests when the 
coating mass is above 80 g/m2 (Fig. 11, а). At the coating 
mass of 80 – 140 g/m2, defects appear under diminished 
knife pressure (Fig. 11, b), with the wavelike coating 
potentially leading to sticking.

D15 – Dark streaks. According to [10], presence 
of oxides at the interface between the coating and steel is 
a contributing factor to the defect, although the connec­
tion between oxide formation, strip thickness, and tem­
perature remains uncertain.

D18 – Scratches. Scratches are attributed to three 
potential sources: 

– scratches on the original strip; 
– the strip sagging educing friction with rollers, com­

monly in the zinc bath; 
– dross sticking to the roller in the zinc bath. 
It was discovered that the risk of scratches signifi­

cantly increases when the strip thickness is over 2 mm. 
In analyzing this defect, the tension of the strip in various 
sections was considered as factor F20. For strips thicker 
than 2 mm, the defect probability diminishes as tension at 
the skin pass section’s inlet increases (Fig. 12).

D19 – Orange peel. The occurrence of the defect is 
notably prevalent on thin strips that experience a signifi­
cant reduction in dew point within the closed-circuit cool­
ing section. This observation aligns with findings from [8], 
which link the formation of pimples to zinc evaporation 
prompted by a low dew point at the snout. The defect is 
most likely to manifest at approximately 1 % elongation 
(Fig. 13), corroborating the insights provided in [38].

D20 – Cracks. Such defects could originate from 
cracks in the original strip or internal stresses within 
the steel that annealing failed to resolve. Given the lack 
of correlation with annealing parameters, it’s plau­
sible to associate these defects with pre-existing cracks 
in the strip, a hypothesis supported by the marked varia-
bility in defect probability across different strip thick­
nesses and the observation that the issue is more pro­
nounced with thicker coatings. 

D21 – Blisters. Blisters may be linked to hydrogen 
absorbed during the etching process and released during 
galvanizing. Alternatively, they could result from dross 
particles becoming entrapped when the bath’s bottom 

Fig. 9. Dependence of probability of abrasions (D11) on hmet

Рис. 9. Зависимость вероятности появления потертостей (D11) от hmet

Fig. 10. Dependence of probability of D13 defect on: 
a – coating thickness; b – knives pressure at coating mass 
of 100 – 140 g/m2, a speed of 45 m/min and hmet ≈ 2.5 mm

Рис. 10. Зависимость вероятности дефекта D13 от: 
а – толщины покрытия; b – давления на ножах при массе покрытия 

100 – 140 г/м2, скорости 45 м/мин и hmet ≈ 2,5 мм

Fig. 11. Dependence of probability of D14 defect on: 
a – coating thickness at hmet ≈ 0.45 mm, speed of 150 m/min; 

b – knives pressure at coating mass of 100 g/m2, 
a speed of 125 m/min and hmet ≈ 0.6 mm

Рис. 11. Зависимость вероятности дефекта D14 от: 
а – массы покрытия при hmet ≈ 0,45 мм, скорости 150 м/мин; 

b – давления на ножах при массе покрытия 100 г/м2, 
скорости 125 м/мин и hmet ≈ 0,6 мм
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Fig. 12. Dependence of probability of D18 defect 
on tension before tempering at hmet = 2.5; 3.0 mm

Рис. 12. Зависимость вероятности дефекта D18 
от натяжения перед дрессировкой при hmet = 2,5; 3,0 мм

Fig. 13. Dependence of probability of D19 defect on extension 
during rolling at hmet ≈ 0.4 mm and a speed of 160 m/min

Рис. 13. Зависимость вероятности D19 от удлинения 
при прокатке при hmet ≈ 0,4 мм и скорости 160 м/мин

dross layer is disturbed. The absence of a relationship 
with coating thickness suggests the latter explanation 
might be more accurate. The dependencies on strip thick­
ness (Fig. 14, а) and line speed (Fig. 14, b) could reflect 
the dynamics of strip movement within the zinc bath.

 Types of defects that limit performance
 

The potential for enhancing the CHGU performance 
is primarily linked to increasing the processing speed 
of common-grade steel strips. Fig. 2 demonstrates that 
only the thinnest strips, with thicknesses up to 0.4 mm, are 
currently processed at the unit’s maximum speed. Howe-
ver, these constitute just 4 % of the DX51D steel strip rolls. 
In contrast, approximately 60 % of the rolls have a strip 
thickness over 1 mm, indicating a significant opportunity 
to boost processing speeds for these thicker strips. 

Considering this, it’s possible to pinpoint defects that 
become more prevalent with increased speeds and could 

constrain performance even when heat treatment stan­
dards are adhered to:

– D2 – Uneven coating;
– D7 – Macroinclusions;
– D9 – Zinc bright edges.
The presence of an uneven coating restricts the ability 

to raise processing speeds. Findings suggest that the like­
lihood of this defect could be diminished by more accu­
rately controlling the melt temperature in the zinc bath, 
achieved by reducing the temperature disparity between 
the strip after closed-circuit cooling and the melt. 

Macroinclusions represent another frequent defect, 
with their occurrence spiking notably as strip speeds 
surpass 125 m/min. The current operational parameters 
allow for processing strips thinner than 1 mm at such 
speeds, leaving uncertain the impact of increased speeds 
on thicker strips in terms of defect prevalence.

At exceedingly high speeds, the emergence of zinc 
bright edges on processed strips becomes inevitable, 
although this limitation might be less significant since 
bright edges are often deemed an acceptable defect. Opti­
mizing the design of air knives could potentially address 
this issue.

Moreover, a rise in the speed may also increase 
the chances of encountering defects not extensively stu-
died due to their rarity or limited data available. As noted 
in [6], an escalation in strip speed may induce corrugation 
in the strip.

Experimenting with different strip speeds to optimize 
current performance can lead to substantial and frequent 
single speed adjustments. However, such changes in 
speed significantly influence the likelihood of several 
defects:

– D1 – Uncoated spots;

Fig. 14. Dependence of probability of D21 effect on: 
a – hmet ; b – speed (at hmet : 1 – 0.4 mm; 2 – 0.5 mm) 

Рис. 14. Зависимость вероятности D21 от: 
а – hmet ; b – скорости при hmet (1 – 0,4 мм; 2 – 0,5 мм)
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– D3 – Damage marks;
– D4 – Dents.
The analysis identified similar patterns in how speed 

and its fluctuations affect the emergence of these three 
defects, suggesting they may share a common cause 
related to tension control amid changes in strip speed. 
Dents exhibit the least sensitivity to speed variations, 
with a high probability of occurrence only when speed 
alterations exceed 50 m/min. The chance of all three 
types of defects occurring diminishes to a minimal level 
as the speed increases. 

 Conclusions

The findings indicate that enhancing the control over 
the temperature and chemical composition of the melt in 
the zinc bath, along with the temperature of the strip fol­
lowing the closed-circuit cooling section, is essential for 
increasing strip speed and, thereby, overall performance. 
Given that defects arising from frequent changes in strip 
speed are deemed unacceptable, there is a clear need to 
scrutinize and potentially refine the strip tension control 
systems across various sections of the unit.
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Аннотация. Процесс винтовой прошивки заготовки – это процесс со сложным цикличным характером течения металла в очаге дефор­

мации. Настройка инструмента деформации и его калибровка, а также точность подачи заготовки и выдачи гильзы из очага деформации 
оказывают существенное влияние на качество гильзы: точность размеров и наличие дефектов на внутренней и наружной поверхности 
гильзы. В работе предложено техническое решение повышения стабильности ведения процесса прошивки непрерывнолитой заготовки 
на станах винтовой прокатки. Реализация идеи предполагает применение усовершенствованной калибровки инструмента прошивного 

  dnukhov@mail.ru
Abstract. Screw piercing of a workpiece is a process with complex cyclical nature of metal flow in deformation center. Setting up the deformation tool and 

its calibration, as well as the accuracy of the workpiece feed and release of the hollow billet from deformation zone, have a significant impact on the 
quality of the hollow billet: dimensional accuracy and presence of defects on its inner and outer surface. In the paper, a technical solution was proposed 
to increase the stability of piercing a continuously cast workpiece on screw rolling mills. Implementation of the idea involves the use of an improved 
calibration of the piercing mill tool. For both in order to achieve the workpiece alignment and its stable feeding along rolling axis of the piercing mill, 
it was proposed to add a special thickening (hump) on the roll input cone and to change calibration of its input section on the ruler in order to meet the 
workpiece with the rolls earlier: before the initial capture of the workpiece by the rolls, that is, before deformation of metal of the continuously cast 
workpiece by the rolls. To check and correct the proposed solution, the tasks of FEM-modeling of screw piercing process with a modified design of 
the tapered roll and ruler were set and solved using the QForm 3D software package. Results of the finite element modeling (FEM) showed that the 
use of improved tool calibration makes it possible to improve the alignment of the workpiece and ensure its stable position along the rolling axis of 
the piercing mill, thereby reducing the runout of the workpiece in the deformation center and thereby reducing the force on the rolls from 8 to 5 MN. 
The results of measurements of the hollow billets’ geometric parameters obtained by FEM showed insignificant relative deviations that fit within the 
regulatory limits. 

Keywords: screw piercing, size accuracy of hollow billet, process power parameters, computer modeling, solid-state model, piercing stability, FEM

For citation: Panasenko O.A., Khalezov A.O., Nukhov D.Sh. Investigating the effectiveness of changing calibration of input cone of rolls and lines of 
a piercing mill with tapered rolls using computer modeling. Izvestiya. Ferrous Metallurgy. 2024;67(1):106–111.

 https://doi.org/10.17073/0368-0797-2024-1-106-111

Investigating effectiveness of changing calibration 
of input cone of rolls and lines of a piercing mill 

with tapered rolls using computer modeling
O. A. Panasenko1, A. O. Khalezov2, D. Sh. Nukhov2 

1 АО «Северский трубный завод» (Россия, 623388, Свердловская обл., Полевской, ул. Вершинина, 7)
2 Уральский федеральный университет имени первого Президента России Б.Н. Ельцина (Россия, 620002, Екатеринбург, 
ул. Мира, 19)

1 JSC “Severskii Tube Steelworks” (7 Vershinina Str., Polevskoi, Sverdlovsk Region 623388, Russian Federation)
2 Ural Federal University named after the first President of Russia B.N. Yeltsin (19 Mira Str., Yekaterinburg 620002, Russian 
Federation)

Original article 
Оригинальная статья

Исследование эффективности изменения 
калибровки входного конуса валков и линеек 
прошивного стана с грибовидными валками 
с помощью компьютерного моделирования

О. А. Панасенко1, А. О. Халезов2, Д. Ш. Нухов2 

©  O. A. Panasenko, A. O. Khalezov, D. Sh. Nukhov, 2024

Information technologies and 
automatic control in ferrous metallurgy

Информационные технологии
и автоматизация в черной металлургии

https://doi.org/10.17073/0368-0797-2024-1-106-111
mailto:dnukhov@mail.ru
mailto:dnukhov@mail.ru
https://fermet.misis.ru/index.php/jour/search/?subject=screw piercing
https://fermet.misis.ru/index.php/jour/search/?subject=size accuracy of hollow billet
https://fermet.misis.ru/index.php/jour/search/?subject=process power parameters
https://fermet.misis.ru/index.php/jour/search/?subject=computer modeling
https://fermet.misis.ru/index.php/jour/search/?subject=solid-state model
https://fermet.misis.ru/index.php/jour/search/?subject=piercing stability
https://fermet.misis.ru/index.php/jour/search/?subject=FEM
https://doi.org/10.17073/0368-0797-2024-1-106-111
mailto:dnukhov%40mail.ru?subject=
mailto:dnukhov%40mail.ru?subject=


Izvestiya. Ferrous Metallurgy. 2024;67(1):106–111.
Panasenko O.A., Khalezov A.O., Nukhov D.Sh. Investigating the effectiveness of changing calibration of input cone of rolls and lines of a piercing ...

107

 Introduction

The critical step in producing hot-worked seamless 
pipes involves transforming a solid workpiece into a hol­
low billet [1 – 3]. The most effective method for this, 
both in terms of productivity and the accuracy of the hol­
low billet’s geometry, is screw piercing of continuous 
cast workpieces (CCW) using rotary piercers [4 – 6]. 
The screw rolling process is modern and holds great 
promise; however, it is also exceptionally complex [7; 8]. 
This complexity arises from the unique way metal flows 
in the deformation zone, which makes the process par­
ticularly challenging [9; 10]. During screw rolling, 
the workpiece undergoes simultaneous rotation, axial 
movement, and radial compression by the rolls [2]. As 
a result, screw rolling is seen as a process with uncer­
tain boundary conditions and a cyclic nature of defor­
mation [5]. The setup and calibration of the deformation 
tool, along with the precision of the workpiece feed and 
the release of the hollow billet from the deformation zone, 
significantly affect its quality. This includes the dimen­
sional accuracy and the presence of defects on its inner 
and outer surfaces [11 – 14]. 

 Peculiarity of the workpiece feeding
 

into the piercing mill and its impact
on the hollow billet quality

It is widely recognized that for a stable piercing pro­
cess at the rotary piercers, it is crucial to meet the con­
ditions for initial and secondary capture, as well as 
to ensure the reliable completion of the piercing pro­
cess when the hollow billet is released from the mill 
rolls [1 – 3]. In practice, however, achieving capture can 
be challenging. The study mentioned in [3] highlights 
that to guarantee the forward and rotational movement 
of the workpiece during its initial capture by the rolls, 
an external axial force must be applied to the workpiece’s 
rear end. In this scenario, the pushing force should be 
applied to the workpiece until its circumferential velo-

city hits a critical point. At this juncture, the metal is 
axial ly fed into the rolls, and both the speed and force 
of the device pushing the workpiece into the rolls should 
be kept to a minimum [3].

Moreover, during its initial capture by the rolls 
of the piercing mill, the workpiece exhibits a conside-
rable degree of movement freedom. This is partly because 
the entry guide is manufactured to a set tole rance for 
the inner diameter, and the working surface that supports 
the workpiece is subject to wear (Fig. 1). These factors 
lead to an increase in wall thickness variation and the out-
of-roundness of the hollow billet’s front end [14 – 16]. 
The deviation of the workpiece from the rolling axis, 
as shown in Fig. 1, can be exacerbated by the curvature 
of the continuous cast workpieces (CCW) themselves, as 
well as by lapping or burrs on their front face. 

Therefore, the stability of the piercing process in its 
early stages is compromised by two main issues: the failu re 
to adhere to the required workpiece feeding mode and 
the inadequacies of the existing feeding devices.

To improve the alignment of the workpiece and ensure 
its stable feeding along the rolling axis of the EZTM 
piercing mill at Tube Rolling Shop-1 of JSC Seversky 
Pipe Plant, a novel approach was suggested. This method 

Fig. 1. Misalignment of the workpiece 
from rolling axis during the primary capture: 

eccentricity of axes of the workpiece and rolling (a); 
angle of the workpiece inclination (b) 

Рис. 1. Отклонение заготовки от оси прокатки 
при первичном захвате: 

эксцентриситет осей заготовки и прокатки (а); 
угол наклона заготовки (b)

стана. Для обеспечения центровки заготовки и стабильной ее подачи по оси прокатки прошивного стана предложено добавить на входном 
конусе валка специальное его утолщение (гребень), а на линейке изменить калибровку входного ее участка с целью более ранней встречи 
заготовки с валками – до первичного захвата валками заготовки, т. е. до начала деформации валками металла непрерывнолитой заго­
товки. Для проверки и корректировки предлагаемого решения были поставлены и решены задачи конечно-элементного моделирования 
процесса винтовой прошивки с измененной конструкцией грибовидного валка и линейки. Решение задач осуществлялось в программном 
комплексе QForm 3D. Результаты конечно-элементного моделирования показали, что применение усовершенствованной калибровки 
инструмента позволяет улучшить центровку заготовки и обеспечить стабильную ее подачу по оси прокатки прошивного стана. За счет 
этого удается снизить биение заготовки в очаге деформации и тем самым снизить усилие на валках с 8 до 5 МН. Результаты замеров 
геометрических параметров гильз, полученные при помощи конечно-элементного моделирования, показали незначительные относи­
тельные отклонения, которые укладываются в нормативные пределы. 

Ключевые слова: винтовая прошивка, точность размеров гильз, энергосиловые параметры процесса, компьютерное моделирование, твердо­
тельная модель, стабильность процесса прошивки, МКЭ-моделирование
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involves adding a special thickening, or hump, on the roll 
input cone, along with adjusting the calibration of its 
input section on the guide shoe. The aim is for the work­
piece to engage with the rolls sooner – before the initial 
capture of the workpiece by the rolls, and thus before 
the deformation of the CCW metal by the rolls.

To achieve this, an additional tapered section is intro­
duced on the roll input cone. This section extends from 
the roll end to the point where the workpiece is first cap­
tured by the mill rolls and is aligned parallel to the roll­
ing axis (assuming the rolls are rotated to the necessary 
angle for rolling and feeding). This design is intended to 
keep the workpiece centered within the deformation zone 
of the EZTM piercing mill, thereby enhancing the stabi-
lity of the workpiece’s initial capture by the rolls (Fig. 2).

 Verification of the technical solution to enhance
 

the stability of the screw piercing process
in the mill with tapered rolls

To validate and refine the proposed solution, tasks 
involving the FEM modeling of the screw piercing process 
at the rotary piercer with a modified design of the tapered 
roll and guide shoe were set up and conducted using 
the QForm 3D software package. This approach enabled 
the identification of workpiece shape change patterns 
within the deformation zone and facilitated the assessment 
of the hollow billet’s dimensional accuracy [17].

To facilitate these tasks, a solid model of the pierc­
ing mill was developed using CAD modeling software, 
specifically KOMPAS-3D. The solid models of the rolls, 

guide shoes, and the piercing head for the EZTM mill 
were prepared, aligning with the technological guidelines 
provided by JSC Seversky Pipe Plant. For the mode ling 
process, a workpiece with a diameter of 290 mm was 
used. The positioning of the tools was determined based 
on the technological parameters of the piercing mill’s 
configuration, as practiced at the production facility 
(refer to the Table).

As the modeling tasks were established, the following 
assumptions were made. 

• The workpiece is 1000 mm long.
• The material of the workpiece is solid, isotropic, and 

incompressible AISI 1045 steel (equivalent to steel 45), 
for which the necessary parameters are available in the 
QForm 3D software database.

• In line with the specifications, the workpiece’s 
temperature is set at 1200 °C, and the temperature 
of the working tools at 50 °C. 

• The friction between the workpiece and the tool sur­
faces is described by the Siebel friction law: τ = ψτs , where 
τ is the friction stress, MPa, ψ is the friction index, and 
τs is the shear deformation resistance of the material. For 
the surfaces in contact with the rolls, the friction index is 
presumed to be 0.8, while for those in contact with the pier-
cing head and guide shoe, it’s assumed to be 0.4 [5].

These assumptions were chosen to expedite the cal­
culation process and are considered not to significantly 
affect the study’s objectives. The solid model showcasing 
the workpiece piercing process and the process’s initial 
stage, as visualized in the QForm 3D software, is illust-
rated in Fig. 3.

The results from the tasks solved using the QForm 3D 
software revealed several positive outcomes from app-
lying the improved tool calibration:

– the stable initial capture of the workpiece by the mill 
rolls is achieved; 

– significant compression of the workpiece in the 
deformation zone does not result in the premature ope-
ning of the CCW internal cavity; 

– a consistent secondary capture without any work­
piece runout in the deformation zone is assured. 

As the calibration was refined, the optimal parameters 
for the input cone of rolls and guide shoes were deter­
mined (Fig. 4). 

Settings of the piercing mill

Параметры настройки прошивного стана

Distance between The piercing head extending 
beyond the rolls overclamping, mm

Angle of, deg Rolls 
speed, rpmthe rolls, mm the guide shoes, mm feeding rolling

253 286 100 9.5 12 30

Fig. 2. Center of deformation during piercing 
of the workpiece in rolls with a hump on the input section

Рис. 2. Очаг деформации при прошивке заготовки 
в валках с гребнем на входном участке
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Fig. 3. Solid-state model of the workpiece piercing (a) and the initial stage of piercing process in rolls with a hump (b) in QForm 3D program

Рис. 3. Твердотельная модель процесса прошивки заготовки (а) и демонстрация стабильности первичного захвата 
и накопления деформации при прошивке в валках с гребнем (b) в программе QForm 3D

Fig. 4. Parameters of the hump on the roll and ruler:
drawing of the roll with a hump (а); main parameters (b); drawing of the ruler with a taper (c)  

Рис. 4. Параметры гребня на валке и линейки: 
чертеж валка с гребнем (а); основные параметры (b); чертеж линейки с конусностью (c)

Fig. 5. Graphs of force on the piercing mill rolls during computer modeling: 
basic model (a); model with modified calibration (b) 

Рис. 5. Графики усилия на валки прошивного стана при компьютерном моделировании: 
базовая модель (а); модель с измененной калибровкой (b)
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The force graph on the rolls of the piercing mill 
validates that the calibration was accurately performed 
(Fig. 5). 

This enhanced tool calibration effectively minimizes 
workpiece runout along the piercing axis, as evidenced 
by a considerable reduction in the piercing force (Fig. 5). 
The graphs demonstrate that piercing the workpiece with 
improved tool calibration can reduce the force exerted 
on the rolls from 8 to 5 MN.

The results of the FEM measurements for the hollow 
billets’ geometric parameters revealed minor relative 
deviations:

– the average outside diameter did not surpass 0.8 % 
(within the standard tolerance of ±1 %);

– the wall thickness deviations did not exceed 1.4 % 
(with a standard tolerance of ±5 %).

Blanks refined with improved roll and guide shoe 
calibration have been successfully tested at the EZTM 
piercing mill and are now being utilized to manufacture 
hollow billets in Shop No. 1 of JSC Seversky Pipe Plant. 

 Conclusions

The paper proposes a technical solution to enhance the 
stability of piercing CCW on screw rolling mills. It sug­
gested adding a special thickening (hump) on the roll 
input cone and altering the calibration of its input sec­
tion on the guide shoe, enabling the workpiece to engage 
with the rolls sooner – before the initial capture and prior 
to the deformation of CCW metal by the rolls.

To evaluate and refine this solution, tasks for FEM 
modeling of the screw piercing process with a redesigned 
tapered roll and guide shoe were established and comp-
leted.

The FEM modeling results confirmed that utili zing 
improved tool calibration could significantly reduce 
workpiece runout in the deformation zone and lower 
the force on the rolls from 8 to 5 MN. The FEM-derived 
measurements of the hollow billets’ geometric param­
eters showed negligible relative deviations, all within 
accep table regulatory standards.
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Аннотация. Особенности организации технологического процесса и конструкции печи значительно влияют на параметры процессов дожи­

гания, тем самым определяя необходимость построения математической модели зоны дожигания. В данном исследовании проведено 
моделирование газодинамики, химических реакций, конвективной диффузии и теплообмена в газовой среде над расплавом в эксперимен­
тальной плавильной печи-газификаторе при трех различных значениях расхода дутья и двух положениях фурм для дожигания. Получены 
распределения температур и концентраций продуктов дожигания. При нижнем расположении фурмы процесс дожигания осуществляется 
в области «отраженной» струи, образуются застойные зоны вокруг фурмы и между отраженной струей и поверхностью расплава, что 
ухудшает дожигание. При верхнем расположении фурмы дожигание происходит внутри первичной струи, осуществляется интенсивное 
перемешивание всех компонентов печной атмосферы и дожигание проходит более полно, что приводит к увеличению температуры отхо­
дящих газов при увеличении однородности полей температуры и концентраций по сравнению с нижним положением фурмы. Установ­
лено, что при нижнем положении фурмы факел оказывается разомкнутым, его форма существенно зависит от расхода дутья, а объем 
с ростом расхода дутья увеличивается. При верхнем расположении фурмы факел является замкнутым, с увеличением расхода дутья его 
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 Introduction

High-temperature bath type smelting reduction fur­
naces stand out as the most promising technologies for 
extracting metals from low-grade raw materials (such as 
refractory ores and iron-containing waste) and for the gas­
ification of coal, including varieties of low-grade coal. 
The thermal balance for the processes of metal reduction 
and/or gasification of low-grade coals occurring within 
the slag melt is achieved by reintroducing heat to the slag 
bath from the post-combustion of CO and Н2 over the 
slag. These gases, in turn, results from a series of reduc­
tion-oxidation processes taking place within the slag 
layer [1 – 3]. 

Mathematical modeling plays a crucial role in under­
standing the processes occurring during the post-com­
bustion of gases in metallurgical furnaces. For example, 
studies [4 – 7] delve into modeling the post-combustion 
process in the electric arc furnace. Post-combustion mod­
els for the oxygen converter are outlined in [8], while 
modifications involving bottom blowing with inert gas, 
such as the AOD converter and KOBM converter, are 
discussed in [9 – 11]. Additionally, a significant number 
of research efforts focus on the modeling of post-combus­
tion in direct iron reduction reactors [12 – 15]. These stud­
ies highlight how the specific organization of processes 
and the design of the furnace greatly influence post-com­
bustion parameters, thereby underscoring the importance 
of developing mathematical models for the post-combus­
tion zone (the furnace area above the melt) in various fur­
naces, including the Romelt furnace, Vanyukov furnace, 
and other bath type smelting reduction furnaces with 
desig nated off-gas post-combustion zone.

The aim of this research is to model the gas dynamics, 
chemical reactions, convective diffusion, and heat trans­
fer in the gas phase above the melt within an experimental 
melter-gasifier furnace, considering three different blast 
flow rates and two post-combustion tuyere positions. 
Mathematical modeling was conducted using Ansys Flu­
ent software, version 15.0.7.

 Problem formulation

The geometry of the working space within the experi­
mental melter-gasifier furnace is schematically presented 
in Fig. 1. 

In its standard operational mode, the cylindrical 
part 1 of the furnace is filled with slag melt. The surface 
level of this slag melt aligns with the transition between 
the cylindrical and spherical sections of the furnace. 
The ongoing chemical reactions within the melt are driven 
by oxygen-air blastfrom the lower tuyeres (not depicted 
in the diagram or explored in this study). These processes 
generate high-temperature gases that rise into the space 
above the slag, where they fully combust with oxygen-
rich air supplied through two upper tuyeres 2. These tuye-
res enter the furnace at the center level of the spherical 
part, angled at 45°.

The flue gases are then emitted through two gas off­
takes 3. The gas offtakes axes plane is perpendicular 
to the upper tuyeres’ axes plane.

The primary geometric dimensions of the furnace (m) 
are detailed as follows: 

Diameter of the spherical part of the furnace 3.00
Diameter of the cylindrical part of the furnace 1.80
Inner diameter of the gas offtake 0.50
Inner diameter of inlet bulk supply window 0.40
Internal diameter of the upper tuyere 0.02
External diameter of the upper tuyere 0.10

Fig. 1. Layout of the experimental melter-gasifier furnace:
1 – melt zone; 2 – tuyeres; 3 – gas offtakes; 4 – bulk supply window

Рис. 1. Схема экспериментальной плавильной печи-газификатора:
1 – область расплава; 2 – фурмы; 3 – газоотводы; 

4 – окно подачи сыпучих

форма не изменяется, а объем уменьшается. Для процессов восстановления в шлаковом расплаве предпочтительно верхнее расположение 
фурмы, в то время как для получения генераторного газа с большим содержанием горючих компонентов на выходе из печи предпочти­
тельно более близкое к поверхности расплава расположение фурмы. 

Ключевые слова: вычислительная гидродинамика, математическое моделирование, численное моделирование, температурное поле, поле кон­
центраций, расход дутья, факел, дожигание, экспериментальная плавильная печь-газификатор
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 Key assumptions

To simplify the calculations, the heat transfer through 
solid walls (including both the furnace itself and the 
tuyeres) was not considered. This approach allowed 
us to exclude the regions occupied by solid mate rials 
(the walls of the furnace and tuyeres) from detailed 
analysis, with the thermal boundary conditions merely 
acknowledging their existence.

Given that the paper examines the processes 
in the space above the slag of the furnace, the com­
putational domain was limited to the gas-filled area 
of the working space – specifically, a sphere with a trun­
cated segment at the bottom and three adjoining small 
cylindrical elements at the top. This domain includes 
three inlet cross-sections (the surface of the melt and 
the inlet cross-sections of the post-combustion tuyeres) 
and two outlet sections (the openings of the gas offtakes, 
assuming the bulk supply window is sealed with a lid). 

Given that the geometry in question features two 
planes of symmetry and lacks any elements that would 
cause swirling in the flows, the modeled value fields 
exhibit the same symmetry. Consequently, it is sufficient 
to consider only a quarter of the working space, bounded 
by the planes of symmetry, as the computational domain 
for analysis.

In this computational domain, the areas of the inlet and 
outlet cross-sections are 4 times smaller. Consequently, 
the flow rates at the inlet sections must be proportion­
ally reduced to reflect their scaled-down size compared 
to their actual counterparts.

The computational domain’s geometry was outlined 
using Design Modeler, while the computational mesh was 
developed and the sections for applying boundary condi­
tions were chosen in Ansys Meshing. The mesh was later 
converted to a polyhedral format within the Fluent appli­
cation. This conversion improved the orthogonality of the 
cell faces and minimized errors associated with so-called 
schematic diffusion.

For the analysis, we employed several models, inclu-
ding:

– a convection-diffusion heat transfer model which 
involves solving the energy equation;

– a k-ε turbulence model, specifically the Realizable 
variant with standard wall functions;

– a component transfer model, that solves the con­
vective diffusion equation and incorporates chemical 
reactions occurring within the volume. The interaction 
between kinetics and turbulence adheres to the Finite-
Rate/Eddy-Dissipation model.

This last model, which balances the impact of chemi­
cal kinetics and turbulent transfer to identify the limit­
ing factor in the process, was utilized in studies [16 – 19] 

to explore the combustion of methane introduced through 
a blast furnace tuyere.

Within the framework of this model, the convective 
diffusion equation for each constituent of the mixture 
within the computational domain is resolved with refe-
rence to its local mass fraction Yi at every computational 
mesh node. The equation is as follows:

          (1)

where ρ is the density of the mixture, kg/m3;  is the 
velocity vector, m/s; Ri is the rate of formation of the ith 
component as a result of chemical reactions, kg/(m3·s); 

 is the diffusion flow density of the ith component, 
kg/(m2·s). The latter is influenced by the concentration 
gradients of this component and temperature, which 
can be expressed as:

        (2)

where Di, m and DT, i are the mass diffusion and ther­
modiffusion coefficients (also known as Soret coef­
ficients) for the component ith, m2/s, respectively; 
Sct is the turbulent Schmidt number, typically  
 

defaulted to 0.7 (  where μt is the dynamic  
 

coefficient of turbulent viscosity, Pa·s; Dt is the turbulent 
diffusion coefficient, m2/s).

For a component that is involved in multiple reactions 
Ri is the sum of the rates of formation of that component 
from all the reactions  .

Assuming the reactions are irreversible for simplicity, 
the jth reaction can be summarized as:

               (3)

where N is the number of chemical components in the 
system;  is the stoichiometric coefficient for the ith 
reactant in the jth reaction;  is the stoichiometric coef­
ficient for the ith product in the jth reaction; Mi symbolized 
the ith component; kf, i is the rate constant for the forward 
jth reaction.

For irreversible reactions, the molar rate of forma­
tion/destruction of the ith component in the jth reaction is 
described by the expression:

          (4)

where Cl, j is the molar concentration of the lth component 
in the jth reaction, kmol/m3;  is the reaction rate index 
of the lth component in the jth reaction;  is the reaction 
rate index of the lth product in the jth reaction.
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The rate constant for the forward jth reaction is compu-
ted using the Arrhenius equation:

         (5)

where Aj is the pre-exponential indicator (units vary 
based on the reaction order); βj is the temperature expo­
nent (dimensionless number); Ej is the activation energy 
for the reaction (J/kmol); R = 8.31 is the universal gas 
constant (J/(kmol·K)).

This study considered just two combustion reactions, 
involving hydrogen and carbon monoxide; the equations 

for these reactions, along with their parameters – some 
of which were derived from the Ansys Fluent database – 
are detailed in Table 1.

At the oxygen-air blast and off-gas inlet cross-sections, 
parameters such as temperature, mass flow rate, and inlet 
turbulence characteristics (which include hydraulic dia-
me ter and the level of turbulent pulsations) were defined. 
For the outlet cross-section, parameters set included rare-
faction and the temperature and the turbulence characte-
ristics of the external environment immediately adjacent 
to the outlet (Table 2).

The computational task was performed in two stages. 
Initially, the SIMPLE algorithm was used to solve the gas 

Table 1. Kinetic constants for the studied chemical reactions [20] 

Таблица 1. Значения кинетических констант для рассматриваемых реакций [20]

Reaction Aj βj Ej Equation coefficient ν Order of reaction η

H2 + 0.5O2 = H2O 9.87·108 0 3.1·107

CO + 0.5O2 = CO2 2.239·1012 0 1.7·108

Table 2. Boundary conditions in the calculation

Таблица 2. Граничные условия, задаваемые при расчете

Cross-section Cross-section type Gas dynamics Temperature, K Composi tion, vol. % [2]

Melt surface Mass­flow inlet
 = 0.2439 kg/s;
dgh = 1.8 m;

pulsations = 5 %
1773 CO = 50; H2 = 30; CO2 = 2;

H2O = 8; N2 = 10

Tuyere inlet cross-section Mass­flow inlet
 = 0.03919 – 0.11757 kg/s;

dgh = 0.02 m;
pulsations = 15 %

293 O2 = 90; N2 = 10

Gas offtakes cross-section Pressure outlet
P = –160 Pa;
dgh = 0.5 m;

pulsations = 5 %
1773 O2 = 21; N2 = 79

Fig. 2. Field of CO molar fraction for two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 2. Поле мольной доли CO для двух вариантов расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)
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Fig. 3. Field of H2 molar fraction for two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 3. Поле мольной доли H2 для двух вариантов расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)

Fig. 4. Field of CO2 molar fraction for two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 4. Поле мольной доли CO2 для двух вариантов расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)

Fig. 5. Field of H2O molar fraction for two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 5. Поле мольной доли H2O для двух вариантов расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)
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dynamics equations, with first-order schemes being used 
for the other equations. Subsequently, the simulation 
progressed to using a coupled solver for pressure and 
momentum and second-order schemes for other variables.

The calculation results shown in Fig. 2 – 5 cor­
respond to three blast flow rates b: 0.03919 kg/s (а), 
0.07838 kg/s (b), 0.11757 kg/s (c) – these figures should 
be quadrupled to reflect true values for the full-scale 
model – and two tuyere positions relative to the melt sur­
face: the lower position I, at 0.1 m from the melt surface, 
and the upper position II, at 0.7 m from the melt surface.

Fig. 2 – 5 illustrate that increasing the blast flow rate 
leads to a decrease in the concentrations of post-com­
bustion components (CO and H2 ) and a corresponding 
increase in the concentrations of combustion products 
(CO2 and H2O). Moreover, the tuyere’s position signifi­
cantly impacts both the distribution of these components 
and the peak values of their concentrations.

With the tuyere positioned at the lower level, the only 
effective blast jet is the one “reflected” off the melt 
surface, where the highest concentrations of off-gases 
are found. These maximum concentrations of off-gases 
are located in the region near the tuyere above the noz­
zle and in the area farthest from the nozzle adjacent 
to the melt surface, influenced by the “reflected” jet. 

With the tuyere elevated, the blast mixes more tho-
roughly with the surrounding components in the space 
above the slag, leading to most mixing and post-combus­
tion processes happening before the jet reaches the melt 
surface. In this scenario, the zone of maximum off-gases 
concentrations forms within the primary blast jet and 
spreads toward the melt surface. The extreme concent-
rations are less marked compared to the lower tuyere 
position, owing to enhanced mixing and the lack of stag­

nant zones. Consequently, with the tuyere in its upper 
position, more complete post-combustion is attained, evi­
denced by the off-gases’ composition at the furnace out­
let and the temperature field, which aligns with the con­
centration field of the combustion products (Fig. 6). This 
suggests that for producing gas rich in combustible com­
ponents, positioning the tuyere at a lower level is prefer­
able, whereas for more efficient reduction, a higher tuyere 
position is advantageous. 

Fig. 6 demonstrates that increasing the blast flow 
rate causes the high-temperature region to expand with 
the tuyere lowered, but to contract with the tuyere raised.

Ansys Fluent’s Isovolume visualization tool facilitates 
the creation of three-dimensional surfaces corresponding 
to specific values of a given quantity, calculated as part 
of the problem-solving process. Selecting temperature 
allows for the visualization of concepts such as the flare 
zone, with Figs. 7 and 8 showcasing isovolumes for tem­
peratures of 2200 and 2600 K, respectively.

The findings indicate that with the tuyere in the upper 
position, the flame remains closed, its shape stays con­
sistent with increased blast flow rates, and the volume 
enclosed by the isosurface decreases. In contrast, rais­
ing the blast flow rate significantly alters the configu­
ration of the jet region “reflected” off the melt surface 
for the lower tuyere, increasing the volume enclosed 
by the isosurface and causing considerable scattering 
of the “reflected” jet. This results in an excessive heat 
flow to the water cooled panels, which is detrimental 
to the technological process.

 Conclusions

Using Ansys Fluent 15.0.7 software, we numeri­
cally analyzed the post-combustion of off-gases (CO, 

Fig. 6. Temperature field for two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 6. Температурное поле для двух вариантов расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)
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H2 ) released from the slag bath’s surface in the experi­
mental melter-gasifier furnace. Our study examined how 
the oxygen-enriched blast flow rate and the tuyeres’ posi­
tioning affect the post-combustion process, including the 
off-gases’ composition and temperature, flame configura­
tion, and the distribution of temperature and component 
concentrations within the furnace atmosphere.

We discovered that with the tuyere positioned 
at the lower level (0.1 m from the nozzle to the melt), 
post-combustion primarily occurs in the “reflected” jet 
area. This creates stagnant zones around the tuyere and 
between the reflected jet and the melt surface, reducing 
the effectiveness of post-combustion. With the tuyere 
at the upper level (0.7 m from the nozzle to the melt), 
post-combustion happens inside the primary jet, leading 

to intense mixing of all furnace atmosphere components. 
This results in more complete post-combustion, increas­
ing the off-gas temperature and improving the unifor­
mity of temperature fields and concentrations compared 
to when the tuyere is at a lower position.

At the lower tuyere position, the flame zone is open, 
significantly influenced by the mass flow, and its volu me 
increases with the mass flow. With the tuyere in the upper 
position, the flame zone remains closed, and while its 
shape stays constant with increased mass flow, the volu me 
of the flame zone decreases.

For reduction processes in the slag melt, higher posi­
tion of the tuyere is preferable. However, for generating 
producer gas rich in combustible components at the fur­
nace outlet, a location closer to the melt surface is more 

Fig. 7. Isovolumes for 2200 K with two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 7. Изообъемы для температуры 2200 К при двух вариантах расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)

Fig. 8. Isovolumes for 2600 K with two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 8. Изообъемы для температуры 2600 К при двух вариантах расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)



Izvestiya. Ferrous Metallurgy. 2024;67(1):112–120.
Erokhov T.V., Levitskii I.A., etc. Mathematical modeling of gas dynamics and off-gas post-combustion above the melt in a melter-gasifier furnace

119

advantageous, though it poses a risk of overheating some 
water cooled panels, potentially harming the furnace struc­
ture and affecting other process parameters adversely.
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Аннотация. Контрольные карты Шухарта (ККШ) – мощный и технически весьма простой инструмент анализа вариабельности 

процессов, но одновременно он не может быть полностью алгоритмизирован и требует глубокого знания процесса в сочетании 
с дополнительным анализом данных. Хотя сами по себе ККШ известны очень давно, число работ огромно и стандарты на приме­
нение карт внедрены в большинстве стран мира, существует несколько принципиально важных проблем их эффективного приме­
нения, которые практически не находят своего отражения ни в научно-исследовательской, ни в учебной литературе. Именно 
этим проблемам и посвящена данная работа. В частности, исследованы два аспекта стандартного допущения о нормальности 
закона распределения данных. Сначала авторы изучили широко распространенное заблуждение о том, что результаты измерений 
всегда распределены в соответствии с законом Гаусса. Затем показали, что отклонение реальной функции распределения данных 
от нормальности может при определенных условиях приводить к существенным изменениям в методике построения и интерпре­
тации контрольных карт. Далее, на примере конкретного процесса, было рассмотрено, как правильно и как неправильно строить 
и интерпретировать ККШ, после чего исследована принципиально важная проблема операционального определения особых/специ­
альных причин вариаций. Авторы предлагают ввести два типа особых причин: не меняющих (I-тип) и изменяющих (X-тип) систему. 
В конце работы рассмотрен вопрос о том, как правильно организовать работу с ККШ. Подчеркнуто, что построение и интерпре­
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Abstract. Shewhart control charts (ShCCs) are a powerful and technically simple tool for process variability analysis. However, simultaneously, they 

cannot be fully algorithmized and require deep process knowledge together with additional data analysis. ShCCs are well known, though, and 
the number of papers is great, as well as standards on ShCCs work in most countries, there are some serious obstacles for their effective application 
which are not being discussed in either educational or scientific literature. Just these problems are being considered in this paper. We analyzed two 
sides of standard assumption about data normality. First, we discuss the widely-spread misconception that measurement data are always distribu ted 
according Gauss law. Then, it is shown how the deviation from normality may impact the method of ShCCs’ constructing and interpreting. 
Using a specific process data, we debate on right and wrong ways to build ShCC. Further, the paper describes two new definitions of assignable 
causes of variation: not changing (I-type) and changing (X-type) the system. At the end, we discuss how the work with ShCCs should be organized 
effectively. It is outlined that creating and analyzing ShCCs is always a system question of interaction between the process and the person who 
tries to improve this process. 

Keywords: Shewhart control charts, non-normality, capability indices, chart construction
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All models are wrong, 
but some are useful.

George Box
 Introduction

Shewhart Control Charts (ShCCs) are widely recog-
nized as a principal tool evaluating process stability 
at almost all fields of human activity. These charts were 
developed nearly a century ago by Walter Shewhart, who 
is acclaimed for his significant contributions to the field 
of quality management. His famous works, published 
in 1931 and 1939, have been reissued in facsimile 
editions by the American Society for Quality in 1980 
and 1986, respectively [1; 2]. W. Edwards De ming, 
a close collaborator and friend of Shewhart, wrote 
a brief foreword to the 1939 publication, concluding 
with the following words: “Another half-century may 
pass before the full spect rum of Dr. Shewhart’s con­
tributions has been revealed in liberal education, sci­
ence, and indust ry” [2]. This paper aims to address 
some of the obstacles encountered in achieving the 
vision articulated by De ming. Firstly, we will examine 
the extent to which ShCCs have been adopted globally. 
Then, we will explain why, despite its apparent simp-
licity, the ShCCs remain a challenging tool to apply 

effectively. This analysis will draw upon both historical 
studies and recent research fin dings.

 Current status of ShCCs use

Upon first review, the use of ShCCs seems to be 
quite straightforward, finding application across diverse 
sectors such as metallurgy, automotive, semiconductor 
manu facturing, aviation, agriculture, government, health­
care, and education. 

ShCCs, as part of statistical process control (SPC), 
are widely cited in scholarly works [3 – 6], ranging 
from foundational texts that are considered classics to 
contemporary studies [7 – 10]. They are also supported 
by international standards like those mentioned in [11] 
and vario us online resources that provide instructions for 
their use.

However, there are at least two problems that cannot 
let us say “Everything is OK!” in the area of ShCCs. One 
notable issue is the declining interest in ShCCs among 
statisticians and industry professionals, as evidenced 
by the information depicted in Fig. 1 and a decrease in 
the volume of related scholarly publications in esteemed 
journals. The paper [12] recently addressed this topic. 

Fig. 1. Dynamics of internet requests to ShCCs and two its competitors 
(cumulative charts and charts with exponentially weighted moving average) throughout the World since 2004

Рис. 1. Динамика интернет-запросов по ККШ и двум конкурирующим с ними инструментам 
(кумулятивным картам и картам с экспоненциально-взвешенным скользящим средним) в мире с 2004 г.

тация контрольной карты – это всегда системная проблема взаимодействия между процессами и людьми, работающими над улуч­
шением этих процессов. 
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Part of this issue can be attributed to the formal and 
bureaucratic procedures for implementing ShCCs man­
dated by some international standards. Another concern 
is the noticeable scarcity of new research on ShCCs that 
goes beyond the conventional models of basic control 
charts. Our critique does not concern the creation of new 
types of charts – there is plenty of innovation in that area. 
Instead, we highlight the need for expanding the appli­
cations of charts beyond the traditional assumptions 
of ShCCs theo ry. Here are a few uncommon examples 
of such research. In 2011, the study “Assignable causes 
of variation and statistical models: another approach 
to an old topic” was published [13]. The authors, one 
of whom is a co-author of this article, suggested divi ding 
the assignable causes of variation into two categories: 
those caused by an intervention with the same distribu­
tion function (DF) as the original process and those with 
a different DF. While the former approach has been used 
in all prior studies, the latter presents an operating cha-
racteristic (the probability of a point exceeding the chart 
limits) that significantly deviates from what is described 
in textbooks. The 2017 publication [14] brought up 
the significant issue regarding the sequence of points, 
highlighting that processes with random data are nearly 
non-existent. Howe ver, current ShCCs theory assumes 
that process data are completely random. In 2021, a paper 
was released detai ling the effects of a transient shift 
in the process mean on ShCCs behavior [15]. The fin-
dings demonstrated that in cases of a transient shift, the 
chart for the mean might become less effective com­
pared to the chart for indivi dual values. This contradicts 
all standard SPC guidelines. These examples represent 
just a small fraction of the potential for broadening the 
scope of traditional ShCCs applications by challenging 
the assumptions that have underpinned standard models 
for decades.

This work further extends the exploration of tradi­
tionally overlooked conditions. This time, we will move 
beyond the common assumption that process parameters 
are normally distributed and will discuss several impli­
cations of this departure. Additionally, we will examine 
various types of assignable causes of variation and their 
effects on the utilization of ShCCs. 

 Effects of non-normal distribution on ShCCs
 

performance

This section is divided into two parts. Firstly, we will 
examine whether measurement results are always nor­
mally distributed. Secondly, we will show how the limits 
of ShCCs change when the DF is non-normal and will 
describe the most user-friendly method to address this 
issue. 

Are the measurement results always normally 
distributed? This assumption is widely accepted 

by numerous authors, texts, and even standards. For 
example, the standard [11] articulates: “According to this 
standard, the application of control charts for quantita­
tive data presumes that the characteristic under surveil­
lance adheres to a normal (Gaussian) distribution, and 
deviations from this norm can influence the effectiveness 
of the charts. The coefficients for calculating control li mits 
are predicated on a normal distribution of characteristics. 
Given that control limits frequently serve as empirical 
benchmarks in decision-making, reaso nably small devia­
tions from normality are concei vable. The central limit 
theorem posits that sample mean valu es tend toward a nor­
mal distribution, even if individual observations deviate 
from this norm. This supports the premise of normal­
ity for X-charts, even with sample sizes as small as 4 or 
5 units. However, for assessments of process capabilities 
using individual observations, the actual distribution is 
crucial. Although the distributions of ranges and standard 
deviations deviate from normality, the calculation of con­
trol limits for range and standard deviation charts initially 
assumed normality. Nevertheless, minor deviations from 
a normal distribution in process characteristics should 
not prevent the employment of such charts for empirical 
decision-making” (emphasis ours).

But what exactly constitutes “reasonably small devia­
tions from normality” or “minor deviations”? These terms 
do not provide a clear definition of what extent of change 
in the distribution law is deemed significant [16] Recent 
findings [17] offer an operational definition for these 
terms and an algorithm for constructing ShCCs under 
the clear presence of non-normal DF. 

A common misconception about the universal appli­
cability of the normal law is the belief that measurement 
results always follow a Gaussian curve. To empirically 
test this assumption, three parts from the same process 
but from different points within the tolerance range were 
each measured 150 times using the same instrument. 
The outcomes are depicted in Fig. 2. ShCCs for the parts 
indicated that the processes for the first and second parts 
were stable, whereas for the third part, just three distinct 
categories were identified. All histograms were notice­
ably non-normal, and the hypothesis of normality was 
conclusively disproven through the testing procedure 
outlined in [18]. Therefore, it is reasonable to argue that 
the results of repeated measurements might not adhere 
to the normal distribution, akin to the measurement out­
comes of various objects.

How does non-normality of DFs affect ShCCs 
coefficients? Numerous DF processes markedly devi­
ate from the Gaussian law. The question arises: how can 
the stability of such processes be assessed when a cont-
rol chart is the sole instrument for ascertaining process 
stability? The study [17] offers an exhaustive literature 
review alongside the outcomes of simulating asymmetric 
data. It contrasts the results of analyzing non-normal data 
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through both the conventional method and the algorithm 
introduced in [17]. The conventional method adheres to 
the declaration cited from the standard [11]. Yet, what 
will empirical evidence disclose?

Initially, 400 samples of random numbers following 
an exponential distribution with the parameter λ = 0.01 
were generated, with each sample comprising 400 points. 
This was achieved by generating random numbers from a 
uniform distribution function using Excel, and then trans­
forming these numbers by taking their logarithms and 
multiplying by (–100) to produce a set of exponentially 
distributed data samples.

The histogram for one of the generated samples is 
displayed in Fig. 3, a. Fig. 3, b illustrates the empirical 
DF on a probability plot for the exponential distribution. 
Both sections of Fig. 3 affirm that the sample’s point 
distribution closely aligns with an exponential distribu­
tion1. The descriptive statistics parameters are as follows: 
the mean is 105.5; the standard deviation is 105.0; skew­
ness is 1.82; kurtosis is 3.78 (Note: Excel 2013 calculates 
excess kurtosis); the minimum value is 0.51; the maxi­
mum value is 541.4; the median is 73.9; the first quartile 
is 31.1; the third quartile is 142.8; and the upper boun-
dary for extreme outliers is determined to be 477.87, 
which allowed for the identification of eight extreme out­
lier (EO)2 points (these are clearly visible in Fig. 3, b).

After removing EOs, the control chart for individual 
values and moving range (x-mR) was created using stan­

Fig. 2. Histograms and empirical distribution functions (DFs) for many repeated measurements

Рис. 2. Гистограммы и эмпирические ФР для многократных повторных замеров

Fig. 3. Histogram (а) and empirical DF (EDF) (b)  
for simulated random data

Рис. 3. Гистограмма (а) и эмпирическая ФР (b)  
для смоделированных случайных данных

1 Note to practitioners: When analyzing data, it's often unclear which 
distribution function (DF), if any, is appropriate to describe them. What 
should be done in such cases? Here's a solution: if the dataset contains 
more than 50 points, construct a histogram; if fewer, create a box-and- 
whisker plot. Often, these visual representations will indicate whether a 
normal approximation is feasible. Additionally, employing probability 
papers (such as normal, log-normal, or Weibull paper) can be beneficial 
help in some situations.

2 The Tukey method was used to detect EOs, the coefficient 1.5 being 
replaced by 3.0.
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dardized values of ShCCs coefficients [19]: E2 = 2.66; 
D4 = 3.27. The resulting x-mR chart is depicted in Fig. 4, 
with the control limits illustrated by dashed lines. The pro­
cess is identified as unstable, as seven points (representing 
1.8 % of the total) in the chart for individual valu es (x) 
and nine points (accounting for 2.2 %) in the chart for 
moving range (mR) exceed the upper cont rol limit (UCL). 
However, based on the findings in [17], the coefficient d2 
for an exponential DF should be 2.99, not 2.66. The limit, 
recalculated using the revised coefficients, is also dis­
played in Fig. 4, marked by long dashes. It is observed 
that with this adjustment, only six points in the x-chart 
exceed the UCL. Similarly, on the mR chart, the count 
of points exceeding the upper control limit dropped 
to four from nine, nearly halving the number of signals. 
Therefore, in this scenario, the incidence of false alarms 
was reduced by 14 % on the chart for individual values 
and by 44 % on the moving range chart. Using a chart for 
medians, instead of means, would have produced identi­
cal outcomes.

In a second example, monthly data on the number 
of technological violations at a large mining and proces-
sing plant are presented in a Table.

The question arises: Should the increased value in 
September be considered an assignable cause of varia­
tion, or in other words, is the process stable? 

To address this, an x-mR chart needs to be constructed. 
Using the traditional methodology for creating ShCCs, we 
obtain the following parameters for the chart: the center 
line (CL) is 20.7; the mean moving range (MMR) is 13.2; 
the UCL is 55.7. With the September value exceeding the 
UCL, it suggests that the process is unstable, and an inter­
ference cause should be identified. However, this conclu­
sion comes from the traditional approach. The critical 
inquiry then is whether employing the traditional method 
was appropriate for this analysis.

Given the small sample size, a box-and-whisker plot 
was chosen over a histogram (Fig. 5). This plot clearly 
indicates that the data are asymmetric. The question then 
arises: Is this level of deviation from normality significant? 
One method to address this question involves calculating 
the skewness and kurtosis values. Excel reports skew­
ness as 2.0 and kurtosis as 4.7. However, Excel calculates 
excess kurtosis, meaning the actual kurtosis value is 7.7. 
According to [17], for kurtosis values exceeding 7.0 – 

Violations of technological discipline at the plant

Нарушения технологической дисциплины на комбинате

Dynamics of technology violations for the year
January February March April May June July August September October November December

13 14 8 11 14 8 33 24 60 15 22 26

Fig. 4. x-mR chart for simulated data:
а – x chart; b – mR chart

Рис. 4. Карта x-mR для смоделированных данных:
а – x карта; b – mR карта
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when the specific DF matching our data is unknown – 
it is recommended to use the coefficient value for the 
closest point on the plane of Pearson curves (Fig. 5, b). 
For the data in question, the nearest point is B5, corre­
sponding to the Barr DF. The E2 value for this DF = 2.81 
and adjusted UCL = 57.7 [17]. Therefore, the value for 
September still exceeds the UCL, leaving the assessment 
of process stability unchanged. However, if the data had 
been closer to an exponential distribution (for example, if 
the kurtosis were about 9), then the adjusted coefficient 
would be 2.99, the adjusted UCL would become 60.1, 
and the process would be considered stable, indicating no 
assignable causes of variation on the chart. 

These examples demonstrate an important aspect 
of the ShCCs that is often overlooked by many schol­
ars and not fully grasped by practitioners: ShCCs are 
the tool that necessitates direct interaction with the pro­
cess. The construction of the ShCCs cannot be entirely 
reduced to an algorithm [20]. To use ShCCs effectively, 
one must possess a deep understanding of the process’s 
nuances as well as a solid grasp of control chart theory. 
The authors claim that the absence of such a synergistic 
approach is likely the main reason why this potent tool 
frequently fails to give a practitioner a helping hand.

 Reflections on process stability
 

and analysis techniques

As mentioned earlier, the Shewhart control chart is 
the only tool for determining process stability. However, 
different types of instability necessitate varied responses. 
Let us examine the process shown in Fig. 6, which comes 
from a real case with data collected from a machine-
building plant in Russia. The manufacturing techno-
logy for the part being monitored did not change at all 
du ring the period of observation, and the production sys­
tem remained the same. Fig. 6 illustrates that all manu-
factured parts met tolerance requirements (there were no 
rejections), which means the customer’s standards were 
met. From the perspective of process stability, let us 
examine the subject first through the eyes of an engineer 
unfamiliar with SPC procedures, whom we will refer to 
as a novi ce, and then from the standpoint of a user well-
versed in SPC methods, referred to as an expert. 

A novice, without hesitation, will analyze all avai-
lable data and derive the x-mR chart as illustrated in 
Fig. 7. The CL will be calculated at 40.865, the UCL 
at 40.913, and the lower control limit (LCL) at 40.817. 
This chart suggests that the process exhibits instabi-
lity (with one point exceeding the UCL and four points 
surpassing the UCLmR on the mR chart). Alternatively, 

Fig. 5. Box-and-whisker plot for Table data (а)  
and Pearson curve plane from [17] (b) 

Рис. 5. Ящик-с-усами для данных таблицы (а)  
и плоскость кривых Пирсона из работы [17] (b)

Fig. 6. Run chart for the hole diameter 40.87 ± 0.05

Рис. 6. Карта хода процесса для отверстия диаметром 40,87 ± 0,05
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it could be interpreted that the process was stable dur­
ing August and September 2021 and in March 2022 but 
entered a phase of instability in October 2021 and again 
in March 2022. For the novice, computing the Process 
Capability Index (PCI) also presents no challenge: Cp 
will be equal to 1.04 (0.1 divided by 6 sigma, with sigma 
being the mean moving range divided by d2 ). A Cp value 
of 1.04 equates to a potential non-conformity level (NL) 
of 0.18 % or a process yield (PY) of 99.82 %. 

An expert would observe that the process is distinctly 
heterogeneous and recommend its division into homoge­
neous segments for more accurate analysis. This approach 
of stratification is depicted in Fig. 8, where four segments 
are identified, each with distinct CL values and control 
limits: 

Section 1: August – October 2020.
CL = 40.8665; CLmR = 0.0173; UCL = 40.9124; 

LCL = 40.8206; UCLmR = 0.0564.
Section 2: February 2021.
CL = 40.8830; CLmR = 0.0189; UCL = 40.9331; 

LCL = 40.8329; UCLmR = 0.0616. 
Section 3: March 2021. 
CL = 40.8662; CLmR = 0.0123; UCL = 40.8990; 

LCL = 40.8334; UCLmR = 0.0403.
Section 4: end of March and August 2021.
CL = 40.8537; CLmR = 0.0256; UCL = 40.9218; 

LCL = 40.7856; UCLmR = 0.0837.

The PCI values for each section are as follows: 
section 1: Cp = 1.09; section 2: Cp = 1.00; section 3: 
Cp = 1.53; section 4: Cp = 0.73. Calculating NL for each 
section yields values ranging from 4.7 to 27,525 ppm. 
Given such a jaw-dropping difference, two pressing ques­
tions arise: 

– Which analytical method is most appropriate for 
process improvement? 

– How should the stability of such a process be inter­
preted? 

Let us address the latter question first.

 Various forms of process instability

It’s clear that instability can manifest itself in vario us 
forms. Dr. Deming highlighted this distinction in his 
introduction to Shewhart’s 1939 book [2]: “A signifi­
cant contribution of the control chart lies in its ability 
to methodically differentiate variation sources into two 
categories: (1) systemic causes (“change causes”, as 
Dr. Shewhart termed them), which fall under manage­
ment’s purview; and (2) assignable causes, referred 
to by Deming as “special causes”, which are tied to tran­
sient events and can typically be identified and eliminated 
by the process expert. A process is deemed to be in sta­
tistical control when it is free from the impact of special 
causes. Such a process, once in statistical control, exhi-
bits predictable performance”. Fig. 9, drawn from [21], 
explores various special causes of variation identified 

Fig. 7. x-mR chart constructed by a novice:
а – not stratified x chart; b – not stratified mR chart

Рис. 7. Карта x-mR, построенная новичком:
а – не стратифицированная x карта; b – не стратифицированная mR карта
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in different processes. In three of the four illustrations, 
a step change in the mean, outliers, and a drift in the mean 
are evident. However, only the illustration depicting out­
liers aligns with the “ephemeral event”. Deming men­
tioned in the previously quoted text. Deming wasn’t 
alone in this viewpoint. W. Woodall in the paper [22] 
provides this definition: “Common cause variation is 
attributed to the intrinsic characteristics of the process 
and cannot be modified without altering the process itself. 

“Assignable (or special) causes” of variation are unusual 
shocks or other disruptions to the process, the causes 
of which can and should be removed”.

The two left images in Fig. 9 indicate that the pro­
cess underwent a change due to some cause. The question 
arises: Is this cause common or assignable? Given that 
common causes are regarded as “constant” (a term used 
by Shewhart in his works [1; 2]) and inherent to the pro­
cess itself, the causes for the variation seen in the left 

Fig. 8. x-mR chart constructed by an expert:
а – stratified x chart; b – stratified mR chart

Рис. 8. Карта x-mR, построенная экспертом:
а – стратифицированная x карта; b – стратифицированная mR карта

Fig. 9. Different types of variation:
1 – short-term; 2 – long-term

Рис. 9. Различные типы вариаций:
1 – кратковременная; 2 – долговременная
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part of Fig. 9 should be classified as assignable. How­
ever, these causes differ from outliers and other transient 
events. Thus, it appears suitable to acknowledge different 
types of assignable (special) causes. In reference [13], 
the authors suggest introducing two types of assignable 
causes of variation. After slightly altering the language 
of [13], we propose the following definitions:

Definition 1. An assignable cause of variation, Type I 
(Intrinsic) does not alter the system within which the pro­
cess functions (for example, it does not change the type 
of the underlying DF). As a result, this kind of assignable 
cause can be naturally perceived as part of the system 
(though this is not a strict requirement).

Definition 2. An assignable cause, Type X (eXtrinsic) 
modifies the system in which the process operates (for 
example, it changes the type of the underlying DF). Con­
sequently, this kind of assignable cause can be naturally 
viewed as external to the system (though this, too, is not 
an absolute necessity).

If the scientific community agree with this idea, 
the distinction between a novice and an expert will boil 
down to understanding the nuances between various 
types of assignable causes. Regardless, the process under 
study is unstable. However, the different forms of insta­
bility are fundamentally distinct. When confronted with 
Type I instability, it is crucial to search for the root causes 
of interference within the system. This responsibility 
should fall to the process team, as they possess deep 
insights into the process and system. Conversely, when 
dealing with Type X instability, identifying the root cause 
outside the system becomes necessary. Dr. Deming often 
stated, “A system must be managed; it will not ma nage 
itself” [23] In such instances, the senior management 
responsible for overseeing the system as a whole should 
undertake the search for root causes. 

 Which analysis method is more suitable
 

for process improvement

The answer is obvious – it relies on the specific goal 
and current condition of the process. Each approach 
may be effective in one context yet ineffective in 
another, a notion that circles back to the initial discus­
sion in the article. Technically, ShCCs might seem ele­
mentary, yet their practical use is more complex. Even 
a grade school student might grasp the basic formulas for 
chart parameter calculations. But proper use of ShCCs 
requires a deep understanding of the analyzed process 
and a keen awareness of the many assumptions and limi­
tations that come into play in practical settings. More­
over, it demands the integration and effective applica­
tion of knowledge from diverse areas. Collaborative 
efforts often lead to the most successful outcomes with 
ShCCs. We agree with the statement expressed in [12]: 
to get closer to G. Wells’ vision that statistical thinking 

is as vital for competent citizenship as literacy, statisti­
cal thinking should be incorporated early in educational 
programs. This means that ShCCs fundamentals should 
be included in the elementary school curriculum.

 Conclusions

Our examination of the usage of ShCCs has revealed 
that, despite their widespread use, several challenges 
obstruct their more effective practical application. 
To address some of these challenges, we suggest:

– ignoring the standard assumption that data are nor­
mally distributed when analyzing measurement systems;

– using alternative constants to calculate ShCCs cont-
rol limits when it is evident that process data are non-
normal;

– adopting a new method for identifying assignable 
causes of variation.

Implementing these recommendations could signifi­
cantly refine the application of ShCCs, leading to more 
accurate decisions when analyzing real data and, there­
fore, enhancing the management quality of the processes 
in question. 

Our research revealed a significant insight: the proper 
deployment of ShCCs cannot be algorithmized auto­
matically. A deep understanding of the process details 
and additional analyses, such as understanding the dis­
tribution function or the sequencing of data points, is 
essential. This understanding is crucial for choosing 
the right sections of the process, deciding on the chart 
type, setting the length of phase 1, or picking the right 
coefficients for calculating control limits. Such under­
standing can’t be programmed into statistical software; 
it comes from the interac tion between the person manag­
ing the process and the process itself.

We hope that this article will help convey a straight­
forward yet overlooked point: the Shewhart control 
chart may seem simple as an SPC tool, but that simpli-
city is deceptive. To use it effectively, one needs a thor­
ough understanding of the process and solid knowledge 
of the theories underlying variability.
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