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Abstract. A historical overview of the development of iron foundry production in the world is presented. The modern level of the material structure in iron
casting has an outstripping growth of ductile cast iron grades. The paper describes the features of iron foundry production in Belarus. Technologies
and equipment are significantly inferior to foreign ones in terms of productivity and specific resource costs per unit of product. The specific character
of Belarus lies in the still widespread use of cupolas, molds from sand-clay mixtures, predominant use of gray cast iron, and small volumes of ductile
cast iron production. The total capacity of all foundries is 557.5 thousand tons of casting per year, but the peculiarity is that only about 250 thousand
tons per year are actually produced. Development and implementation of the “Program for the Development of Foundry Industries of the Republic of
Belarus for years 2017-2030” made it possible to ensure more efficient operation of the foundry industry in the country. In the near future Belorussian
foundry industry will reproduce the global trend for critical casting products: transfer to ductile cast iron instead of gray one and further transition to
ausferritic (bainitic) cast iron instead of rolled steel.
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AnHomayus. Tlpe/cTaBieH HCTOPHUYECKUI 0030p Pa3BUTHSI YYT'yHOJIUTEHHOTO MPOU3BOJACTBA B MUpE. PacCMOTpEH COBpPEMEHHBIH YPOBEHb MaTe-
PHANBHOM CTPYKTYPBI JIUThSI YyTYHOB, B KOTOPOM HAOJIIOIAETCS ONEPEKAIONIHN POCT MAPOK BBICOKOIIPOUHBIX YyTryHOB. OnHcaHbl 0COOCHHOCTH
4YyryHOJIUTEIHOro mpousBojcTBa bemapycu. Iloka3zaHo, 4TO TEXHOJIOTMH U O00OPYHAOBAHUE 3HAYUTEIBHO YCTYMAIOT 3apyOEKHBIM IO IPOM3BO-
JIUTENIBHOCTH M Y/IENIbHBIM 3aTparaM pecypcoB Ha equuuily u3nenus. Crenuduka bermapycu 3akimodaercs BO Bee €Ille IIMPOKOM MPUMEHEHUU
BarpaHok, GopM U3 MecYaHO-TIIMHUCTBIX CMECEH, Pe00IIaIatoNeM HCIIOIB30BAHHH CEPOro YyTyHa, HeOONIBIIHX 00bEMaX BBIIIABKH BHICOKOIIPOU-
Horo 4yyryHa. CyMMapHBIE MOIIHOCTH BCEX JUTEHHBIX MPONU3BOICTB COCTABIAIOT 557,5 THIC. T JINThS B TO/, HO OCOOEHHOCTBIO ABIIAETCS TO, YTO
(haKTHYECKU OTIIMBACTCS TOJBKO OKosIo 250 Thic. T B roj1. PaspaboTka u BBeneHue B jeiicTBue «IIporpaMmbl pa3BUTHS JIMTCHHBIX POU3BOJICTB
PecnyOnuku Benapycs na 2017 — 2030 rr.» no3Bonuiu odecriednTs 6onee 3G (HeKTHBHYIO ASSATEIBHOCTD JTUTeHHOH oTpaciu pecyOnuku. [Toka-
3aHo, 4To B benapycu B Oimkaiiiiee BpeMsi IPOM30MIET MOBTOPEHHE MHUPOBOI TEHACHIIMH TEPeX0/ia OTBETCTBEHHBIX H3JCIHH HA OTIMBKU M3
BBICOKOIIPOYHOT'0 YyryHa B3aMEH CEporo M AalbHEHIIHi epexos Ha ayceppuTHbIH (OCHHUTHBIN) Y9yTyH B3aMEH CTAIBLHOTO IpoKaTa.
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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” (meaning
“work”). The advent of iron smelting technology in China
is purported to trace back to the 5" to 3™ 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)

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

Puc. 1. LlenbHonmuTast 4yryHHas OTJIMBKA JIbBA BeCOM 44 T,
n3rotopaeHHas B 954 r. B Kurae

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

Puc. 2. IlepBblit 4yryHHBIH MOCT, TOCTPOEHHBIH B 1779 1. B AHIIIMM
yepes pexy CeBepH

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
metallurgists 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 14" century. The late 15" 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 16 century, with Russian artistic iron casting gaining
widespread acclaim (Fig. 3).

Fig. 3. Examples of artistic castings

Puc. 3. IIpumepsl XyI0KECTBEHHOTO JIUThS
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Fig. 4. Examples of typical engineering parts made from cast iron:
piston rings («); camshafts (b); crankshaft (¢); brake discs (d); cylinder block housing (e);
cases of modern wind power plant (f)

Puc. 4. Ilpumeps! TUIOBBIX MAIMHOCTPOUTENBHBIX JI€Talel U3 UyryHa:
MOPIIHEBBIC KOJBIIA (@); pacrpeieuTeabHble Balbl (); KoJeHuUaThlii Baj (¢); TOPMO3HBIC IUCKH (d);
KopIryc O10Ka LIMIIMHAPOB (€); KopIlyca COBPEMEHHON BETPSIHOM dIeKTpocTaHuH (f)

Into the 21 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.

Bl 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).
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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.

[l STATE OF GLOBAL IRON CASTING:
A CONTEMPORARY ANALYSIS

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

Mexico Brazil
Japan 2.86 2.07
Germany 3.45 Italy i
3.48 1.55 China
51.95
Russia

4.20

USA
9.75

India
11.31

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

Puc. 5. Pacnipezienenune BblIycKa JUThsl BCEX MaTepHUaIOB
0 JIecsaTH Haubouiee epeIoBbIM CTpaHaM MUpa
322020 . 3]
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Fig. 6. Structure of world production of castings
by the type of material for 2020 [5]

Puc. 6. CTpyKTypa MHPOBOT'O IIPOM3BOACTBA OTIIMBOK 10 BUIAM
marepuanos 3a 2020 r. (mo gaHHbIM )KypHaia Modern Casting [5])

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.

Copper
1.5%

Aluminum

39 Magnezium
()

0.5%

Ductile
cast iron
4%

Gray cast iron
78 %

a

Magnezium
1%

Copper
4%

Gray cast iron
49 %

Ductile cast iron
26 %

"

b

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)

Puc. 7. CpaBHEeHUE MaTepHaIbHONW CTPYKTYPHBI
MHPOBOTO IIPOU3BOZCTBA OTIMBOK C HHTepBasioM B 50 niet [6]:
B 1996 1. (a) uB 2016 . (b)
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Fig. 8. Dynamics of world production of ductile
iron in natural (million tons) (/) and percentage (2) terms
(share of all other cast materials) in recent years [5]

Puc. 8. JlunamMuka MUpOBOTO IIPOM3BOJICTBA BHICOKOIIPOUHOTO UyTyHa
B HaTypaibHOM (MJIH T) (/) ¥ IpOLIEHTHOM (2) BBIPQKCHUU
(o7Ist OT BCeX APYTUX JIMTHIX MAaTE€PUAJIOB) 3a MOCIEAHUE TOIbI [7]

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

Puc. 9. CooTHOIIEHHE TIPOU3BOICTBA CEPOTO M BHICOKOIIPOYHOTO YyTYHA IO JECSTH HanOOoJIee TIepeI0BBIM CTPaHaM MHpa
(mannbie Modern Casting 3a 2019 r. [7]). Poccust npeocraBuiia cymMmMapHsIe laHHbIe, He pazaeisist CH u BU

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 products
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 various types of castings, with iron cast-
ings making up approximately 700,000 tons of this total.
In 1985, the per capita production of castings in Belarus
was 100 kg, ranking the country third in the world at that
time based on this metric.
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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”;
— 0OJSC “Gomel plant of casting and normals”;

—0JSC “Mogilevliftmash” — Managing Company
of the Holding”;
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Fig. 10. Distribution of castings in Belarus according
to the smelting method

Puc. 10. Pacnipenenenune nuTbs B benapycu o MeTony miaBku

— 0OJSC “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 country.

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”,
0OJSC “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

Pressure

I\(qunprest‘sure die casting ~ Other types
ie casting o 429,
24% 35% ’

Casting into molds
from CHM
123 %

Casting into molds from SCM
77.6 %

~__

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

Puc. 11. Pacnipenenenue nuths B benapycu
1o MeToAam (HopMooOpa3oBaHuUs

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
0JSC “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 inuse at several facilities,
including OJSC “Minsk Tractor Works”, OJSC “Gomel
plant of casting and normals”, CJSC “Altant” subsidiary —
“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;
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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”

Puc. 12. Ctpyxkrypa npousBogumoro B berapycu nutbs
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nuTelHoro npousBocTea benapycu na nepuox 2017 — 2030 rr»

— 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, continuously
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
program. 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 Ministry 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.
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Fig. 13. Dynamics (actual and forecast for 2023 —2030)
of changes in the utilization of capacity of the basic
foundry enterprises in Belarus

Puc. 13. lunamuxa (daxr u nporxo3 Ha 2023 — 2030 rr.)
H3MEHEHHs 3arpy3KH JINTEHHBIX MOLIHOCTEH 6a30BbIX
TMUTEHHBIX peanpusTtuii bemapycn

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.

[l 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 Sukhoi
State Technical University of Gomel offers degree in
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Characteristics and utilization of capacity of the foundry production of basic enterprises
for gray and ductile irons for October 1, 2022

XapaKkTepuCcTHKA U 3arpy3Ka MOLIHOCTEH JIMTEHHOI0 IPOU3BOACTBA 0A30BbIX NPEANPUSTHI
10 NMPOU3BOJICTBY CEPOro M BHLICOKONMPOYHOIro yyryna Ha 1 okrsiops 2022 r.

. Capacity
Installed A PRI T, utilization, % from
Alloy grade Company name cabasit tenr tons, for three the beginnin
pactty, by quarters of 2022 & &
of the year
0OJSC “Minsk Tractor Works” 110,000.00 44,812.72 54.32
“Minsk Automobile Plant” — Managing
Company of “Belavtomaz” Holding 12,336.41 3059.40 >4.68
0OJSC “Centrolite” Gomel Foundry” 21,200.00 7833.85 49.27
0JSC Moglle’\’/hftmash — Managing Company 10,600.00 6465.55 8133
of the Holding
. . 0JSC “Gomel plant of casting and normals” 8716.50 5065.05 77.48

Gray iron casting

(GI 10-30) 0JSC “Lida Foundry and Mechanical Plant” 8620.00 6315.03 97.68
0JSC “Mogilev Metallurgical Works” 17,679.00 6138.00 46.29
0OJSC “Legmash Plant” 400,00 94,82 31,61
0JSC “Mogilev Plant Strommashina” 0 0 0
0OJSC “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
0OJSC “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

Ductile iron « . »

castings (DI 50) OJSC “Gomel plant of casting and normals 816.50 4930.05 75.41
0JSC “Managing Company of the Holding,
“Minsk Motor Plant”, Stowbtsy 8000.00 1568.04 26.13
TOTAL: 38,636.50 16 590.37 57.25

“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
secondary 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:

0JSC “Minsk Tractor Works”. Modernization efforts in
Foundry Shop No. 1, including the molding and melting
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.

0JSC “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.
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0JSC “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.

0JSC “Mogilevliftmash”. Replacing a commercial
frequency 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.

0JSC “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.

0JSC “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.

0JSC “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
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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 20KhN3A 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 Specialists
‘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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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 hypothesis 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
and germ structure. The germ mass affects the pellets’ structural properties. The author obtained the dependences of structural changes’ relative values
on the sprayed layer surface on pressure of air-charge jet and particle size of the sprayed charge. There is relationship between geometric dimensions
of the sprayed charge layer and the structural changes’ size. A probable mechanism of porosity formation in the germ mass during heat-power spraying
of a wet charge onto the pelletizer skull was formulated. The aerodynamic characteristics of air-charge jet influence the formation of porosity. New
possibilities of heat-power spraying of wet charge can intensify pellets production and improve their quality.
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BO3MOXHOCTU TEN/TOCUNIOBOIO HAMbINIEHUA
BIAXXHOM LWUXTbI B NMPOLUECCE POPMUPOBAHUA CTPYKTYPHbIX CBOUCTB
OKYCKOBAHHDbIX XXENE3OPYAHbLIX MATEPUANOB

B. M. lIaBsoBen;©

Cubupckuii rocyiapcTBeHHbINH HHAYCTPpUAIABLHBIH yHuBepeuTeT (Poccus, 654007, Kemeposckas 061. — Kyszbacc, HoBoky3Helk,
yi. Kupoga, 42)

&) pawlowets.victor@yandex.ru

AHHomayus. I1oBblIIeHNE CTPYKTYPHBIX CBOMCTB OKYCKOBaHHOT'O METAJITyPrHIECKOTO CHIPBS 3a cueT GOPMUPOBAHUS OIArONPUSTHOM TOPOBOH CTPYK-
TYPBI Y XKeJIC30PY/IHbIX OKaThIILIEH SBJISETCS aKTyalbHOH 3a1a4eil. MeTobl GOPMHUPOBAHUS CTPYKTYPHBIX CBOHCTB y ChOPMOBAHHBIX JUCIIEPCHBIX
MaTepHaJOB NPOAHATN3UPOBAHBI IPUMEHUTEIBHO K PA3NIMYHBIM OTpACIsAM IPOMBIIUICHHOCTUH. B paboTe mpencTaBICHBI TEXHOIOIMYCCKHUE
BO3MOXKHOCTH TI€PCIIEKTUBHBIX TEXHOJIOIMH MPOMU3BOJICTBA XKEJIC30PY/IHBIX OKATBIIICH Ha OCHOBE TEIJIOCHIOBOIO HANBUICHUS BIAKHOH IIMXTHI
Ha LIMXTOBBIA TapHUCAX OKOMKOBATENs U KOMKYEMbIE MaTepualibl. TemIoCHI0BOE HANbUICHUE BIAKHON INUXThI B TEXHUKE MPUHYIUTEIBHOIO
3apobllIe00pa3oBaHus M03BOJISIET HOPMUPOBATH CTPYKTYPHBIE CBOMCTBA HKEJIC30PYIHBIX OKATHILICH HA CTaMU OKOMKOBaHHs. KOHCTpYKTHBHbBIE
0COOEHHOCTH YCTPOICTB JUISl MOJYy4YEHHs OKAThIIIEN 3aBUCAT OT IPUMEHSIEMBIX IPOM3BOACTBEHHBIX TEXHOJIOIMH HANBUIEHHUS BJIAKHOM IIUXTHI
Ha OrpakJICHUsI OKOMKOBATessl. METOANKH SKCIIEPUMEHTOB 3aBUCAT OT TEXHUKHU TIPUHYAUTENIBLHOTO 3apojibiiieo0pa3oBanus. TeXHOIOI U IPUHY-
JUTEIBHOTO 3apObIIIC00pa30BaHNs BIMAIOT HA MAKPO- H MHKPOCTPYKTYPBI 3apOABIIIECBOIl MacChl. [IpHHINIIBI pEerIaMEHTHPOBAHHOTO CTPYKTY-
poobpa3oBaHus MO3BOJISIOT (POPMHUPOBATH YIyUIICHHbIE METAITYPrUuecKrue CBOWCTBA OKarblei. Ha MoBepXHOCTH HANBUICHHOTO CJIOS IIHXThI
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00pa3yloTcs CTpyKTYpHbIE U3MEHEHHUs B hopMe YNIyOIeHNH U MIMXTOBBIX HAIUIBIBOB. BhICKazaHa rumnoTesa o CTpyKTypHOM COOTBETCTBHM T€OMe-
TPUUYECKHX Pa3MepoB, pelbeda IMHUXTOBBIX HAILUIBIBOB U YITyOJIE€HUH y HATIBIIICHHOTO CIIOS ¢ XapaKTepOM IIOPUCTOCTH U CTPYKTYPHI 3apOABIIICH.
KonnuecTBo 3apozibleBOi MacChl BHYTPH OKaThIILIEH BIMSET HA UX CTPYKTYpHBbIE cBOHCTBA. OTHOCUTEINIbHAS BEJIMYNHA CTPYKTYPHBIX M3MEHEHUH
HAa MOBEPXHOCTHU HAIBIJIEHHOTO CJIOS IIUXTBI U X KOJIUUYECTBO ONPEENIAIOTCS JaBIEHHEM BO3IYIIHOLIMXTOBON CTPYH U pa3MEPOM HAIbLIIEMBIX
yacTuil. BeposTHbIi MexaHu3M (HOPMHUPOBAHUS HOPUCTOCTH 3apOJIBIIIEBOH MacChl B MPOLECCE TEIIOCHIOBOrO HANBUICHHS BIAXKHOH IIMXTHI HA
TapHUCA)X OKOMKOBATEILA 3aBHCHT OT ITapaMeTPoB TexHomoruu. OG0CHOBAH CABHIOBBIH MEXaHH3M 0OpPAa30BAHHSA OTKPBHITOH MOPHCTOCTH B CTPYK-
Type 3apojbIIIeBOl Macchl. APpOAMHAMHYECKHE XapaKTePUCTUKH BO3IYLIHOMIMXTOBON CTPYH BIUSIOT Ha (hopMHUpoBaHHE rnopuctocTd. Hosble
TEXHOJIOTHH TEIUIOCHIOBOTO HAIBIICHUS BIAXKHON MIMXTHI MO3BOJIAIOT HHTEHCH(UIINPOBATh IIPOU3BOACTBO H YTyUIIaTh Ka4eCTBO OKATHIIICH.

Kawuessle caoea: CTPYKTYpPHBIC CBOﬁCTBa, OKYCKOBAaHHOC MCETAJIIyPTUICCKOC ChIPBE, XKCIIC30PY/THBIC OKATHIIIN, TCIUIOCUIOBOC HAIIBIIICHUE BIIAYXKHOU
IIMUXTBI, 3apOAbINICBAs MacCa, TEXHOJIOTUA MPUHYAUTEIIBHOTO 3ap0;lblme06pa303aﬂnﬂ

/Jlnsi yumuposaHus: T1asnoser; B.M. Bo3M0XHOCTH TETIOCHIOBOTO HAIBUICHHS BIAYKHO IIMXTHI B Tporiecce GOpMUPOBAHUSI CTPYKTYPHBIX CBOHCTB
OKYCKOBAHHBIX JKEJIC30PYAHBIX MaTepHaloB. Mseecmus 8y306. Yeprnas memannypeus. 2024;67(1):19-26.
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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, a.
The spraying schemes for pelletized materials are
depicted in Fig. 1, b, ¢. 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

TexHUYeCKHE MOKA3ATEIH TEXHOJIOT Ui moJIiyvueHust oKaTbIlIei

L Pelletizing technologies
Technical indicators
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
threzil;i S’e;ientage of sprayed material in the pellet B up t0 70 up 10 40 up 1o 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, % - 04-12 04-1.0 0.5-0.9
}[\i/f)(;l’sf(tg/ez rLezrf:))val intensity in the process of nuclea- B 4-8)10° | (5-10)10° | (5—10)10°
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
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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, a) [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, ¢).
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 easily
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 m*/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, ¢):
1, 2 — independent flows of the loaded charge; 3 — sprayed layer (@), spraying area (b, c)
in the layer of pelletized materials; 4 — germs; 5 — suitable pellets; 6 — divider of sprayed layer (SL)

Puc. 1. CxeMbI OJTy4eHHUS OKATHIIIEH HA OCHOBE TEIUIOCHIOBOTO HAIBIIICHHSI BIIQXKHON IIIMXTHI
Ha [IMXTOBBIN TapHUCAX Tapesib9aToro OKOMKOBATEs (@) M KOMKyeMble MaTepuaisl (b, ¢):
1, 2 — caMOCTOSITENbHbIE TOTOKH 3arpy’kaeMoil MUXThl; 3 — HABUICHHBIH CJI0# (@) 1 oOnacTh HanbuieHus (b, ¢)
B CJIO€ KOMKYEMBIX MaTepHaoB; 4 — 3apOJIBIIIN; 5 — FOJIHbIE OKATHIIIN; 6 — neaurtesns HC
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and 26447 — 85) and density. In each SL zone, defined
by a relative diameter & 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
E{h 5

electric furnace at 800 °C.
AL, {
s
Wi {:’r ! R

Al

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, ¢). 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 (B) 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, ¢ — SL surface, x10; d, e, f— thin section in the horizontal plane, x100; g, 4, i — thin section in the vertical plane, x100;
a, d, g— SL central zone 6 = 0; B = 90°; b, e, h — intermediate zone & = 0.5; f = 90°; ¢, f, i — peripheral zone 6 = 0.7; § = 90°

Puc. 2. Makpoctpykrypa nosepxHoct HC mociie HanmbuieHHsS 1 MUKPOCTPYKTYPBI TOBepXHOCTH 06pasioB HC
HA TOPU3OHTAIBHOM M BEPTUKAIBHOM IIIOCKOCTSIX 00pa3IoB:
a, b, c —nosepxnocts HC, x10; d, e, f— noBepxHOCTh HUTH(A B TOPU3OHTANIBHOIT T10CKOCTH, X 100;
g, h, i —IoBepxHOCTH NUTH(a B BEpTUKAIBHOH mIockocty, X100; a, d, g — nenrpansHas 3oHa HC, 8 =0, = 90°;
b, e, h — npomexyTouHas 30Ha, & = 0,5, B = 90°; ¢, f, i — nepudepuiinas 3oHa, 6 = 0,7, f = 90°
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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 0, and the relative number of structural
cavities 0,,, amount/m? (1/m?), on its surface. The relative
width of the structural cavities can be determined using
the expression

where A is the average width of structural cavities,
mm; 4 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; f, is the area of the SL with a diameter of d, m>.

The technique of measuring structural changes is
detailed in [9]. These parameters, 0, and 0,, are eva-
luated in relation to variables such as the ACJ pres-
sure P,;, moisture content /¥_ 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 6, shows a marked decrease
as the ACJ pressure increases to 800 Pa, beyond which
it declines more gradually (Fig. 4, a). 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 A outpaces
the growth in the sprayed layer’s height 4. 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 W, = 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 (4 <0.1 —0.2 mm),
whose dimensions can be measured and analyzed under
sufficient magnification. Conversely, at a moisture con-
tent of W_=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 W_= 10.0 %, there
is a significant increase in the amount of mobile charge
pulp of lower viscosity. This pulp readily 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].

h, m d, m
0.030 - -4 0.12
0.025 |- -4 0.10
0.020 - - 0.08
0.015 - - 0.06
0.010 | - 0.04
0.005 - - 0.02
L L L L L L 0
0 200 400 600 800 1000 1200 P,y Pa

Fig. 3. Dependence of the average height (@, @, @) and diameter
of the sprayed layer of charge (I, I, [) on pressure
of air-charge jet (ACJ), moisture content of the charge:
1-10.0%;2-75%;3-50%
at the average charge particle size of 0.068 mm

Puc. 3. 3aBucumocTb cpeniHeil BoicoThH (@, @, @) U 1uameTpa
HanbuteHHOTO ciost XThI ([, [, M) ot naBnenus BIIC
MPY BIQKHOCTH IIUXTHI:
1-10,0%;2-17,5%;3-5,0%,
cpenuuii pazmep yactur wuxTh 0,068 Mm
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The parameter 6, , whichrepresents the relative number
of concentric structural cavities on the surface of the SL,
varies with P, pressure (Fig. 4). A notable increase in
0, nearly fourfold, is observed as the charge moisture
content rises from 5.0 to 10.0 % ata P, ., = 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 fg; (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 0,, which is defined as
the ratio of the sizes of structural cavities to the sur-
face area of the sprayed layer (6, =4 /F, m™), reveals
that at a moisture content of 10.0 % 0, remains con-
stant across a wide range of ACJ pressures, maintain-
ing a value of 0.1. This consistency in 0, 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 %, 0, 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-
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Fig. 4. Dependence of the relative size (@, @, @) and relative number
of structural cavities of the sprayed charge layer (I, H, l)
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 P, ;=580 Pa, W_=10.0 % (b),
the average charge particle size of 0.068 mm

Puc. 4. 3aBUCUMOCTb OTHOCHTEIILHON BEIMYMHBI CTPYKTYPHBIX
yrnyosnennii (@, @, @) 1 OTHOCHTEILHOTO KOJIMYECTBA CTPYKTYPHBIX
yrayOnenuii HarblieHHOTO ci1ost WuxXTh! ([, [, [)
ot gasnenus BIIC mpu BIaKHOCTH IIUXTHI:

1-10,0%; 2-17,5%; 3—5,0 % (a) n cpeanero pamepa 4acTHIL
npu P, ;= 580 ITa, W, = 10,0 % (D),
cpenHuii pamep yactur muxTel 0,068 MM

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 layers
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, 4, 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



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 ...

due to the dynamic pressure of the ACJ, which is directed
from the SL axis towards the periphery, leading to a cha-
racteristic 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, a, b, ¢)
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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JOINT PROCESSING OF PEROVSKITE AND ILMENITE CONCENTRATES.
PART 1. CHEMICAL-MINERALOGICAL (MATERIAL) CHARACTERISTICS
OF PEROVSKITE AND ILMENITE CONCENTRATES
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K. V. Pikulin, L. A. Cherepanova
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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 TiO, 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), ancylite-(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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COBMECTHASA NEPEPABOTKA NEPOBCKUTOBOTIO
U UNbMEHUTOBOIO KOHUEHTPATOB.
COOBLWEHUE 1. XUMUKO-MUHEPANTOTUYECKAA
(BELIJ,ECTBEHHAFI) XAPAKTEPUCTUKA NEPOBCKUTOBOIO
M UIbMEHUTOBOIO KOHUEHTPATOB
C.A. ®epopoB®, JI. 10. YaoeBa, A. C. Bycuxuc,

K. B. [lukynun, JI. A. YepenaHoBa

| HucruryTt Metajnypruu Ypauabckoro oraeiaenust PAH (Poccus, 620016, ExarepunOypr, yi1. Amysicena, 101)
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AHHOmal{Hfl. Poccust 06na;(aeT BHyHII/ITSJILHOﬁ MI/IHCpaJILHO—CLIpI)eBOﬁ 6azoit TUTAaHA, [IPU 5TOM €€ BKJIaJl B MUPOBOC ITPOU3BOACTBO TUTAHOBBLIX

KOHIIEHTPATOB HUYTOXKHO MaJl. TeKy1as rososas orpedHOCTb POCCUHCKUX NPEANPUSITHI B THTAHOBOM ChIpbe B 40 pa3 BbILLIE €ro IPOU3BOJICTBA.
J1uist BOBIIeUEHHS B [IepepabOTKy OT€UeCTBEHHOTO THTAHOBOTO CBIPBSL, /ISl KOTOPOTO XapaKTepHO HU3KOE KAYECTBO U CIIOKHBIH TOJTUMHUHEPAIbHBII
COCTaB, HEOOXOMMbI HOBbIE TEXHOJIOTMIECKHE PEILCHHUs, TO3BOJIIONIME MOJHOLEHHO u3BeKarh TiO, U COMyTCTBYIOIIME LIEHHbIE KOMIOHEHTBI
U3 Pyl MECTOPOXKACHHH, OCBOCHUE KOTOPBIX IUIAHUPYETCSl WM YK€ HA4aJoCh (HapHMep, NEePOBCKUT-TUTAHOMAarHETUTOBOE MECTOPOXK/ICHUE
Adpukanaa Ha Kosbckom nomyoctpose). B HacTosiiem cOOOIIEHUH HPEICTaBICHbl PE3YNbTaThl U3YUSHUS] XMMHUYECKOr0 U MUHEPAIbHOIOo
COCTAaBOB MEPOBCKUTOBOTO U HJIBMEHHUTOBOTO KOHIL[EHTPATOB JUIS OLCHKH BO3MOXKHOCTH MX COBMECTHOW IepepaboTKH myTeM KapOoTepMmuue-
CKOM BOCCTaHOBMTEIILHOM IIJIaBKH. B HcClie0BaHUsIX MCIIOIb30BAaHbI METO/IbI SMUCCHOHHOW CIIEKTPOMETPUH, PEHTTCHOBCKOM ArdpaKinu, eK-
TPOHHON MHUKPOCKOIIMU U PEHTICHOCIIEKTPAIbHOIO MHUKpOAHaIn3a. YCTaHOBIICHO, YTO B IPOOE HIBMEHUTOBOTO IPaBUTAIIMOHHOIO KOHIIEHTpaTa
OCHOBY COCTABJIE€T U3MEHEHHBIIl MIbMEHUT, IPE/ICTABICHHBIH NPOIYKTaMH JIEHKOKCEHU3AIMU — IICEBAOPYTHIIOM U PYTHIIOM, CyMMapHasi 1015
KOTOPBIX B KOHILIEHTpare okosio 80 mMac. %. B He3HAYNTENbHBIX KOIMYECTBAX TUTAH BCTPEYAETCS B COCTABE JAPYrHMX MUHEPANIOB (AIFOMOXPOMHUT,
XPOMHUT, MarHeTHT) B KauecTBe npumMeceii (2 — 3 mac. %). B npobe nepoBCKUTOBOTO (hJIOTOKOHIICHTPATa TUTAH COJEPKUTCS B IEPOBCKUTE U THTA-
HHTE, COCTABIISIIOLINX OCHOBHYIO YaCTh PYJHBIX MUHEPAJIOB KOHLIEHTpara. 113 MUHEepaIoB pelkuX U peAKo3eMenbHbIX eMeHToB (P3D) B mibMe-
HUTOBOM TpoOe oOHapyKeHbl MOHAIMUT, cojepxammid 10 33 mac. % Ce, u uupkon. B nepoBckutoBoii npobde P33 HaxomsTcst (KOHIEHTpALUs
P33 B mac. %) B nomapure-(Ce) (22,8), amromunonepure-(Ce) (46,2), ankmmute-(Ce) (51,3), Topure (22,3), a Taxke B OCHOBHOM MUHepale —
nepoBckute (2,8). 3a nckmodeHneM neposckura u gonapura-(Ce), apyrue P3D-coaeprkarine MUHEpabl BCTPEUAKOTCS PEJIKO, U UX JIOJS B CyMMe

He npeBblimaeT 1 mac. %.

Kawouessle c108a: THUTAHOBOE CbIPpbC, UIIbMEHUT, IICEBAOPYTHII, IICPOBCKUT, KOHLICHTPAT, XUMUYECKUI cocCras, MI/IHCpaHLHHﬁ COCTaB, MUKPOCTPYKTYpa
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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

28

at 587.6 million tons of TiO, 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
Register of Reserves.
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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 % TiO,, 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-carth 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, including
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 TiO, and CaTiO,, ensuring a slag melting
temperature of 1400 — 1450 °C [24]. It is proposed that
achieving the desired TiO,/CaTiO; in the titanium slag
could be more efficiently accomplished by incorporating
perovskite concentrate, based on calcium titanate CaTiOj,
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.

Inourstudy, 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.

[l 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: CuK  radiation
(A =0.154051 nm), with a voltage of 34 kV and a current
of 40 mA. Data were collected across a 26 range from 20
to 80 —90°, in 0.02° increments, with a point exposure time
0f 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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Table 1. Chemical composition of the ilmenite and perovskite concentrates

Ta6/1uua 1. XuMHYeCKHUii COCTaB WJILMEHUTOBOIO U NMEPOBCKUTOBOI'0 KOHIHEHTPATOB

Content of main components, wt. %
Concentrate - ;
TiO, | Fe, | ALO, | CaO | MgO | Cr,0, | CeO, | SiO, | Nb,O,
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

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 Fe,Ti,O,
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 um. For most grains, this parameter lies between
150 and 200 um (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].
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Fig.1. XRD pattern of the ilmenite concentrate:

1,3 - Fe,Ti,0,;

Ti,0,; 2 - TiO, (rutile); 4 - FeTiO,; 5 — Al[AISiO]; 6 — (Fe, Mg),AL[(Si, ADO,],0,[OH],; 7 - TiO, (anatase)

Puc. 1. ludpaxrorpamma HIbMEHHUTOBOTO KOHIICHTpATA:
1, 3 - Fe,Ti,0,; 2 — TiO, (pytun); 4 — FeTiO;; 5 — Al[AISiO.]; 6 — (Fe, Mg),Al[(Si, Al)O,],0,[OH],; 7 - TiO, (anaras)

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

Tabauya 2. ®a30Bblii cOCTAB HILMEHHTOBOI0 KOHLIEHTpaTa (Hymepanus ¢a3 no puc. 1)

Phase Mineral Formula Content, wt. %
1,3 | Pseudorutile Fe,Ti,0, 48
2 Rutile TiO, 29
4 Ilmenite FeTiO, 7
5 Sillimanite Al[AISIO,] 7
6 Staurolite (Fe, Mg),Al,[(Si, Al)O,],0,[OH], 5
7 Anatase TiO, 4
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Fig. 2. XRD pattern of the perovskite concentrate:
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Puc. 2. ]Iudpaxrorpamma nmepoBCKUTOBOTO KOHIICHTpATa:

5~ Fe,TiO,; 6 — Fe,[SiO,]; 8 - SiO,

90

1, 7—CaTiOy; 2 — CaCO,; 3 - CaTi[SiO,]O; 4 - Fe,0,; 5 — Fe,TiO,; 6 - Fe,[SiO,]; 8 - SiO,

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

Tabauya 3. @a30BbIii COCTAB NEPOBCKUTOBOI0 KOHIEHTPATA
(aymepauus (a3 no puc. 2)

Phase Mineral Formula Content, wt. %
1,7 Perovskite CaTiO, 56
2 Calcite CaCoO, 13
3 Titanite CaTi[SiO,]O 11
4 Magnetite Fe,O, 5
5 Ulvospinel Fe,TiO, 7
6 Fayalite Fe,Si0, 2
8 Quartz Sio, 6

Pseudorutile is characterized by well-rounded grains
(Fig. 3, @), 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 um. 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 TiO,. It is noteworthy that polymineral grains with
clear signs of secondary alteration of ilmenite, known as

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),0,),aluminochromite (Fe(Cr, A1),0,),
chromite (FeCr,0,), ganite (ZnAl,O,), hercynite
(FeAl,0,), aluminomagnetite (Fe?'(Fe**, Al),0,) and
magnetite (Fe*"Fel'O »)- The grains of these minerals
ranging in size from 50 to 200 um, 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, ¢), 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 (CePO,) and zircon (Zr[SiO,]) were identified.
Monazite is represented by elongated wedge-shaped
grains, 150 — 200 um 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 um in
length and up to 5 pm in cross section.
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Fig. 3. BSE-images of the ilmenite concentrate:
a — general view (/ — pseudorutile, R — rutile, Al-Cr — aluminochromite, St — staurolite, Ky — sillimanite, Sp-1 — picotite,
2 — Mg and Fe aluminosilicate); 6 — grain of modified ilmenite, consisting of pseudorutile and rutile;
6 — octahedral crystal of picotite (Sp-1) covered with cracks; 2 — monazite grain (Mz), close to tabular shape, Q — quarz

Puc. 3. BSE-u300pakeHus1 WIbMEHUTOBOIO KOHIIEHTpATA!
a — obmmit Bux (I — ncesnopytui, R — pyrmi, Al-Cr — amomoxpomut, St — craBpoiut, Ky — cuyumumanut, Sp-1 — MUKoTHT,
2 — amromocunukar Mg u Fe); 6 — 3epHO W3MEHEHHOTO MIIBMEHHTA, COCTOSIIIIECE M3 MICCBIOPYTHIIA U PYTHIIA,
6 — OKTadIPUUYECKU KpucTa/ul MUKoTUTa (Sp-1), OKPBITHIN TpelMHaMK; 2 — 3epHO MoHauuTa (Mz), 6au3koe k Tabnutyaroit Gpopme, Q — kBapi

Fig. 4. BSE-images of the perovskite concentrate:
a — general view (Prv — perovskite, Mt — magnetite with an impurity of titanium, Dp — diopside, Ttn — titanite, / — loparite-(Ce));
6 — loparite-(Ce) intergrown with perovskite and titanite; ¢ — aluminocerite-(Ce) grains (2) as inclusions in titanite associated with perovskite;
2 — prismatic thorite crystals (4) in association with loparite-(Ce), titanite, and perovskite;
0 — ancylite-(Ce) grain (3) in association with calcite (Ca), perovskite, and augite (Aug)

Puc. 4. BSE-1300paxeHus IEpOBCKUTOBOTO KOHIIEHTpATA:
a — obmmit Bux (Prv — nepoBckut, Mt — MarHeTuT ¢ mpuMecsio Tutana, Dp — quonicun, Ttn — turanur, / — nonapur-(Ce));
6 — nonaput-(Ce) B CPOCTKE C MEPOBCKUTOM M THTAHUTOM; 6 — 3epHa antomuHolieputa-(Ce) (2) B BUIe BKIIOYCHHUI B TUTAHUTE,
ACCOLIMUPOBAHHOM C IIEPOBCKUTOM; & — IPH3MATHYECKIE KPUCTAIIIEI TOpUTA (4) B acconuanui ¢ JonaputoM-(Ce), TATAHATOM H IIEPOBCKUTOM;
0 — 3epHo ankunuTa-(Ce) (3) B accouunanuu ¢ kaapuutoM (Ca), IEpOBCKUTOM 1 aBrUTOM (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 pm. Sillimanite and
staurolite form grains that are poorly to medium rounded
and prismatic in shape, with their sizes not exceeding
100 — 200 um and 200 — 300 pm, respectively. Quartz (Q)
occurs exclusively as inclusions in pseudorutile, with
sizes ranging from less than 1 to 60 pm (Fig. 3, d).

The perovskite concentrate, a rough flotation concent-
rate from the Afrikanda deposit, is aloose, crushed material
with the grain size ranging from 20 to 300 um (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 um (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 pm.

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 um. 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)O,, forms crys-
tals that are close in shape to octahedrons and cubes,
with sizes ranging from 50 to 120 um (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 um 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),Al[SiO,],[SiO,(OH)],(OH),, forms iso-
metrically shaped grains ranging in size from 5 to 100 pm
(Fig. 4, ¢). 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(CO,),(OH)-H,0,
is characterized by isometric grains and irregularly shaped
particles of varying sizes, from less than 2 to 150 pm
(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 pm and thick-
nesses up to 2 um (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),[SiO,], phlogopite
KMg,AlSi,0,,(OH),, enstatite Mg,[Si,O], aegirine
NaFe[Si,0,] and augite (Ca, Mg, Fe),[(Si, Al),O,]. 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
valuable 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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MECHANICAL PROPERTIES AND MICROSTRUCTURE
OF Al-Mg (5052) ALLOY PROCESSED
BY EQUAL-CHANNEL ANGULAR PRESSING (ECAP)
WITH VARIATION OF ECAP ROUTES AND HEAT TREATMENT

V. Puspasari'®, L. N. G. P. Astawa !, S. Herbirowo?, E. Mabruri!
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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 4, Ba, Bc and C. Deformation route 4 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, A1-Mg (5052) alloy, deformation routes, microstructure, hardness number, tensile strength, heat treatment

Acknowledgements: The work was supported by the Ministry of Research and Technology of Indonesia through Master Research Scholarship.
The authors express their gratitude to the Research Center for Metallurgy the National Research and Innovation Agency of Indonesia for permitting
them to utilize the facilities for this research.

For citation: Puspasari V., Astawa [.N.G.P., Herbirowo S., Mabruri E. Mechanical properties and microstructure of Al-Mg (5052) alloy processed
by equal-channel angular pressing (ECAP) with variation of ECAP routes and heat treatment. /zvestiya. Ferrous Metallurgy. 2024;67(1):37-46.

https://doi.org/10.17073/0368-0797-2024-1-37-46

© V. Puspasari, I. N. G. P. Astawa, S. Herbirowo, E. Mabruri, 2024 37


https://doi.org/10.17073/0368-0797-2024-1-37-46
mailto:vind001@brin.go.id
https://fermet.misis.ru/index.php/jour/search/?subject=ECAP
https://fermet.misis.ru/index.php/jour/search/?subject=Al-Mg (5052) alloy
https://fermet.misis.ru/index.php/jour/search/?subject=deformation routes
https://fermet.misis.ru/index.php/jour/search/?subject=microstructure
https://fermet.misis.ru/index.php/jour/search/?subject=hardness number
https://fermet.misis.ru/index.php/jour/search/?subject=tensile strength
https://fermet.misis.ru/index.php/jour/search/?subject=heat treatment
https://doi.org/10.17073/0368-0797-2024-1-37-46
mailto:vind001%40brin.go.id?subject=

U3BECTHUA BY30B. YEPHAA METANIJYPIrUd. 2024;67(1):37-46.
Iycnacapu B., Acmasa H.H.I'Il. u dp. MexaHW4YecKue CBOMCTBA U MUKPOCTPYKTypa cmiaBa Al-Mg (5052), 06paboTaHHOT0 METO/IOM ...

MEXAHUYECKME CBOUCTBA U MUKPOCTPYKTYPA
cnNABA Al-Mg (5052), O6PABOTAHHOIO METO40M
PABHOKAHA/IbHOIO YINOBOIO NPECCOBAHUA (PKYN)

C BAPUALMAMU METOA0B PKYI U TEPM WYECKOI OBPABOTKMU
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AHHomayus. PaBrokananbHOe yrioBoe npeccoanue (PKVYII) crano sddekTuBHBIM METOI0M MHTEHCHUBHOMW IUIACTHYECKOH nedopmanun s

IIPOMU3BOJICTBA CBEPXMEIKO3EPHHUCTBIX METAIUIOB C YIy4lIEHHBIMA MEXaHUYECKUMHU CBOMCTBAMH, TAKUMH KaK XOpolIee COYeTaHue IPOUHOCTH
u actTuyHocTu. CBepenus o BnusHuK MapupytoB PKVII Ha Mexanuueckyio MpoYHOCTh U MUKPOCTPYKTYpPY allOMHHHEBOrO cruiaBa 5052
OTCYTCTBYIOT. B nanHoil padore juis 06paborku crutaBa Al-Mg (5052) ncronb30Banochk HECKOJIBKO MapIIpyTOB Ae(GOpMalHy, a MMCHHO
A, Ba, Bc, u C. Mapuipyt nedopmanmu 4 BKiIr04al B ceds MHOTOKpaTHOE MpoTaikuBanue oopasia B marpuiy PKYII 6e3 Bpatienust, Mmapuipyt
Ba npennonaran nopopor obpasua Ha 90° B pa3sHbIX HaIpaBIEHUAX MEXAY IPOX0JaMM, MapupyT Bc — noBopor obpasua Ha 90° B oxHOM
HaMpaBJICHUU MEXIY npoxogaamu, a MapiipyT C — moBopoT obpasua Ha 180° mexay mpoxoaamu. JoOaBieHre KOJHMYECTBA IPOXOI0B YMEHb-
maeT pasmep 3epHa o0pasios, oopadorannsix PKVYII, o cpaBHenuio ¢ o6pasnom nocie omxura. MceiaegoBanue MUKpOCTPYKTYPhI IIOKa3al1o,
4TO 00pa3libl MOCIe BOCBMH IPOXO0B MMEIOT Ooiee MENIKUIT pa3Mep 3epeH, ueM nocie oTkura. MapupyTt Bc 3apekoMeHaoBal ce0st Kak
Hanbonee 3Pp(EKTUBHBIN IS IOIYYCHNS PABHOOCHOH YIBTPAMEIIKO3EPHUCTON CTPYKTYpPHI II0 CPABHCHHUIO C APYTHMH MapiipyTaMu aedop-
Maluu. DTO SBJICHUE MPOMCXOIUT U3-3a HENPEPhIBHOW Aedopmaliy Bo BceX KyOMUECKUX IIOCKOCTSAX U BOCCTAHOBIICHHE MOCIIE YETBEPTOTO
npoxona OyneT GopMHpOBATh OBICTPYIO 3BOIIONHIO CyO3epeH K OOJNBIICYINIOBBIM IPaHULAM 3€PeH, 00pa3ys paBHOOCHSBIC 3epHa. [lobaBicHue
yucna npoxoxgoB PKVYII ysenuuuBaer TBepaocTh anromuHueBoro cmaBa 5052. OOpasipl, 00paboTaHHbIe O MapupyTy Bc, MOKa3bIBaIOT
caMylo BBICOKYIO TBepocTh — 168,4 HB. Bonee Toro, nogo6Hoe sBiaeHne oOHapyKUBaeTCsl, KOT/a MpeJell IPOYHOCTH NPHU PACTSKEHUH BCEX
nyteir neopmanuu PKYII umeer conocraBumsbie 3HaueHUs. BiusiHue TepMuyeckoil 00paboTki 00pa3ioB ¢ MapuIpyTOM B¢ TakKe MOKa3bl-
BaeT, uTo oroxokeHHbIH mpu 200 °C o0Opasel uMeeT caMblii BHICOKHI 110Ka3aTellb TBEPAOCTU U MIPEAEN IMPOYHOCTH Ha PacTsKEHHE 110 CpaB-

HEHUIO C IPYTUMHU 00pa3iamMu.

Kawoueswie cnosa: PKVII, crinas Al-Mg (5052), mapiipyt nedopMaiui, MUKpOCTPYKTYpa, YUCI0 TBEPAOCTH, IPe/Ies IPOYHOCTH, TEPMOOOpabOTKa

Bbaazodaprocmu: PaboTa BeINOIHEHA TPU TTOAJIEPKKe MUHKUCTEPCTBA HCCIIEA0BAHUI U TeXHONOT Uit MiHIoHe3nn Ha 060pynoBaHuu M ccienoBaTebeko-
TO [IEHTpa MeTa/ulypriuy HalmoHaabHOTo areHTCTBa MCCie0BaHNi U nHHOBaMi HI0He3UH.

Jns yumuposaHnus: Tlycnacapu B., Acraa W.H.I'Il., Xepouposo C., Mabpypu D. MexaHudeckue CBOHCTBa M MHKPOCTPYKTypa CIUIaBa
Al-Mg (5052), 06paboTaHHOTO METOROM paBHOKAaHAIBHOIO yrioBoro npeccosanus (PKYII) ¢ Bapuamusamu meronos PKYII u Tepmudeckoit o6pa-
601K, M36ecmus 6y306. Yepnas memannypeus. 2024;67(1):37-46. https://doi.org/10.17073/0368-0797-2024-1-37-46

[ 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 metals 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 without any change in the cross-sectional dimen-
sions [2]. The samples are subjected to the shear phenom-
enon during 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 A4, Ba, Bc and C. The different treatments
of the sample are pressed continuously either without
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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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Fig. 1. Schematic illustration of ECAP routes variation
in Al-Mg (5052) alloy ECAP process

Puc. 1. CxemaTnyeckasi WITFOCTpaIyst n3MeHeHnst MapipyTos PKVYII
B nipouiecce PKVYIT crimaa AI-Mg (5052)

hardness and wear resistance properties of 7075 alu-
minum alloy due to the fragmentation of precipitates
and grain refinement phenomenon [9]. Nejadseyfi 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 variation of channel angles from 90 to 160° has been
studied 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 4
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 4 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 4 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. Tanski T. et al. inves-
tigated the strength and structure of AIMg, 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 properties.
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 flowing
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 4, Ba, Bc and C.

Deformation route 4 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,
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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 ECAP facilities and the samples
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 (¢) 120° and corner
angel (¢) 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 1x1 cm
sample was grinded using silicon carbide paper with
a 400 — 1500 grid mesh, followed by polishing and
etching using Poulton’s reagent for 5 — 10 s. The etched
samples were washed with water and alcohol, dried, and

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

Puc. 2. O6opynosanue st PKVTI, ucnonszyemoe B 3KcriepuMeHTe (a),
u o0pa3siibl ocie npoxoxaeHus npouecca PKYII (b)
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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 AI-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 4 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 4, 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 2" pass. Regarding
route Bc where the samples were rotated 90° repeatedly,
continuous deformation was exhibited in all cubic planes.
Restoration occurs after 4" 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 AI-Mg (5052) alloy. The addition of an ECAP pass
will promote grain refinement in the AI-Mg (5052) alloy.
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Fig. 3. Microstructure of Al-Mg (5052) alloy with a variation of routes and number of passes of ECAP

Puc. 3. Muxpoctpyktypa cruiaBa Al-Mg (5052) ¢ uamenennem mapupyro PKYII u konuuecTBa npoxoos

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 AI-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. 4. SEM Characterization of Al-Mg (5052) alloy with a Bc ECAP route and variation of number of ECAP passes:
a—-0;b-2;¢—4;d-8

Puc. 4. COM-xapaxkrepuctrka cruiaa Al-Mg (5052) ¢ mapuipyrom Be PKVYII n n3meHeHreM KoJIM4YecTBa MPOXOI0B:
a—0;b-2;c—4;d-8
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Fig. 5. Hardness properties of AI-Mg (5052) alloy
with a variation of routes and number of passes of ECAP

Puc. 5. Teepnocts cruaBa AI-Mg (5052)
MIPU U3MEHEHHH MapIIpyTOB U KoJi4yecTBa mpoxoxos PKYII

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-
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ECAP routes

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

Puc. 6. Kpusas mapmpyta PKVYII ¢ yka3zanuem npoqnoctu
Ha pactspkenue (@) u orHocurenbHoro yinHenus ()

tion routes, Fig. 4 shows that the routes A, Ba, Bc and C
applied in the ECAP experiments result in a relatively
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 4
results in the accumulation of dislocation in the same
direction, and the annihilation of the dislocation which
reduces the dislocation density. Thus, it eventually
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 samples [29]. The increase
of annealing temperature from 200 to 300 °C causes

Fig. 7. Microstructure of AI-Mg (5052) alloy with variation of annealing temperature:
a — without treatment; b — annealing at 100 °C; ¢ — annealing at 200 °C; d — annealing at 300 °C

Puc. 7. Mukpoctpykrypa ciuiaBa Al-Mg (5052) npu n3MeHeHHH TeMIIepaTypbl OTKHUTa:
a — 6e3 o6pabotku; b — orxur npu 100 °C; ¢ — orsxur npu 200 °C; d — orsxur npu 300 °C
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Fig. 8. Effect of heat treatment temperature after ECAP
on hardness of AI-Mg (5052) alloy samples

Puc. 8. Biusinue temneparypsl TepmoobpaboTku nocie PKYIT
Ha TBep/I0CcTh 00pa3uos ciuaBa Al-Mg (5052)

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)- 10> m2 to about (0.05 +0.04)-10'> 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.
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Fig. 9. Effect of heat treatment temperature after ECAP on tensile
strength (/) and elongation (2) of Al-Mg (5052) alloy samples

Puc. 9. Biusinue temneparypsl TepMoodpaborku nocie PKYIT
Ha Mpees NPOYHOCTH MpHU pacTsukeHuu (1)
¥ OTHOCHTENIbHOE yiuHeHue (2) o0pasnos cruiasa Al-Mg (5052)

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 (yqg), wherein the fce 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
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Fig. 10. XRD peaks of AI-Mg (5052) alloy in conditions
of initial (/), ECAPed (2), and heat treated after ECAP
at 100 (3), 200 (4) and 300 °C (5)

Puc. 10. PertrenoBckue nuku ciuiaBa Al-Mg (5052)
B ucxoaHoM coctostaui (1), mocie PKVYII (2)
u repmoobpadorku nmocie PKYII mpu 100 (3), 200 (4) 1 300 °C (5)
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Fig. 11. FWHM of Al-Mg (5052) alloy in conditions of initial,
ECAPed, heat treated after ECAP at 100, 200 and 300 °C

Puc. 11. TlonHas mupuHa Ha TIOJIOBUHE BBICOTHI ciutaBa Al-Mg (5052)
B HCXOIHOM coctosiHuu, nociie PKYII u Tepmoo6paboTku
nocite PKYIT mpu 100, 200 u 300 °C

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 measuring
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 crystallite. 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 samples 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.

[ ConcLusiOoNs

The effect of ECAP routes and heat treatment temper-
ature after ECAP on the microstructure and mechanical
properties of AI-Mg (5052) alloys was investigated in
this work. In general, the microstructure of the ECAPed
samples 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-
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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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IMPROVEMENT OF THE CANTOR ALLOY’S MECHANICAL PROPERTIES
BY ALLOYING WITH NIOBIUM AND ZIRCONIUM

V. E. Gromov!®, S. V. Konovalov?, M. 0. Efimov?,

I. A. Panchenko?, X. Chen?

! Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
2Wenzhou University (Changshan, Zhejiang Province 325035, China)
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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 c—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 + Y,0,, 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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Annomayus. Coznannsiii B 2004 roay BeicokosuTponuiiabiii (BOC) msrukomnonentHsiii cruiaB Kantopa CoCrFeNiMn no-npexHeMy HaxoIuTCs
B (hoKyce BHMMaHUS McclieoBareneid B 00iacTi GU3NUECKOro MaTepuaoBeIeHNs Oarofapsi XopoueMy CO4eTaHUI0 TPOYHOCTHBIX U IUIACTH-
YECKHUX CBOWCTB, KOTOPBIC OTKPBIBAIOT MEPCIIEKTHBBI €r0 UCIOJIb30BaHUS B PA3IMYHBIX HAYKOEMKHX OTPACISIX MPOMBIIUICHHOCTH. BbinoiaHeH
KpaTKuit 0030p MyOIMKaLMil MOCIETHUX JIET OTEUSCTBEHHBIX M 3apyOeiHBIX HCCIIeIoBaTeeH M0 YIyUdIlIeHHI0 MEXaHMYEeCKUX CBOMCTB CIUIaBa
Kanropa myTem JierupoBaHusi HHOOMEM U [IUPKOHHEM, XOPOIIO 3apEKOMEH/I0BABIIMMH Ce0s TPH JIETMPOBAaHUU TPaJULUOHHBIX CIUIaBOB. Jleru-
pOBaHHE LMPKOHUEM NPUBOAUT K Oosiee HU3KOM TeMIepaType IIaBiIeH s 13-3a 00pa30BaHus IBTEKTHKH CO BCEMH dIeMeHTamMu citaBa Kanrtopa.
JlerupoBanue aroMamu HuoOus B auamaszoHe 0 — 16 ar. % obecrneunBaer oOpasoBanue o0beMHOH nomu a3 JlaBeca u o-dassl 1o 42 %, uTo,
B CBOIO O4€pPe/ib, OTBETCTBEHHO 3a IISTHKPATHOE yBeauueHue mpeaeia rekydectu ot 202 1o 1010 MITa. [Tpoananu3upoBaHbl paboThI [0 COBMECT-
HOMY JiernpoBanuto criaBa Kantopa cucremamu Zr + Ti +Y,0,, Nb + C, Nb + V. [Ipu KOMIJIEKCHOM JIETHPOBAHUH 3HAYUTENLHO YITyYlIAlOTCs
MEXaHU4YeCKHe CBOWCTBA. B pabore packpbIThl M 00CYyxIeHbl (Gu3nueckue MexaHu3Mbl ynpounenus. Mukpoaeruposanue 0,2 % Nb cruiasa
¢ 1,3 % C obecneunBaeT npeBocxopHoe codeTanue npenena tekydectu (~1096 MIla) u otHocurensHoro yumHenus (~12 %) nocne orxura
npu 700 °C.
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- INTRODUCTION

High-entropy alloys (HEAs), a novel class of metallic
materials discovered towards the end of the 20" 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
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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 failure.
Furthermore, 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 Ac, 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
Y,0,, 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 2.01-10?! m~), contributing to its
exceptional mechanical properties. The average grain
size was around 130 nm, with oxides forming hexagonal
(YTiO,), orthorhombic (Y,TiO;), and monoclinic (Ti,O,,
Y,Zr,0,) 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], CoCrFeNiZr 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 volume fraction of the Laves C15 phase increased,
the alloys exhibited enhanced strength but showed
increased brittleness at room temperature; the mode
of fracture transitioned from ductile inter-lamellar
to brittle 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 o-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 CoCrFeNiNb  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 CoCrFeNiNb . 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 variance 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), . Nb ;0 <x <16 at. % under
compression. This study demonstrates that the volumetric
fraction of secondary phases (Laves and c-phases) esca-
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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 CoCrFeNiNb_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 + V,0. The discussions in these studies
primarily focus on the physical mechanisms of hardening
induced by these alloying processes.
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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 H,S 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.
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AnHomayus. BozzeiicTBrue CepoOBOOPOIHOIO ChIPbs HA CTaJbHOE 000PYIOBAHHE M TPYOOIPOBOIBI U3BECTHO U CBSI3aHO HE TOJBKO C MPOLECCAMH
BHYTPEHHEH KOPPO3UH, HO U C HABOJOPOKMBAHHEM HPUMEHSIEMBIX YIIEPOAMCTBIX W HU3KOJIETHMPOBaHHBIX craneil. IIpoHnkHOBEeHHE BogOpoOaa
B CTaJIb MOXXET HMPUBOAUTH K ITOTEPE €€ MPOYHOCTHBIX CBOWCTB M MOCIEAYIOIIEMY Pa3pyIICHHIO Ta301IPOBOIOB, SKCILIyaTHPYEMbIX B yCIOBHIX
MOBBIIICHHBIX JaBIeHUN. XapaKTepHbIE Ul CEPOBOJOPOIHBIX CPeJl MPOSBIECHHs PACTPECKUBAHUS, SBIIAIOMINECS MOCIEICTBUEM TPOHUKHOBEHHS
BOJIOpPOJIA B CTaJIb, HAMOOJIEE OMACHBI C TOYKH 3pEHHUS OS30IIaCHOCTH U HAJISKHOCTH PaboThl 0OBEKTOB 110 J00BIUE U TPAHCIIOPTHPOBKE KOPPO3HU-
OHHO-arpeccuBHoro rasa. Mccnenosano soszeiicteue H,S Ha cHMKeHUE MIACTUMHOCTH OCHOBHBIX BHIOB KOHCTPYKLMOHHBIX CTajel 1o pe3yiib-
TaraM MMHUTAIMOHHBIX HcHbITaHuil. 3adukcupoBaHo 0Opa3oBaHUE ONUCTEPUHIOB (B3MYTHH) M TPELIMH HA MOBEPXHOCTH CTAlleH BCJIEACTBUE
BO3/I€MCTBHS BOJOpO/IAa HA cTalb. [IpoBeneHo n3ydenne (Ha3oBOro cocraBa M CBOMCTB MPOIYKTOB KOPPO3HHU C IEIbIO OLEHKH MX BO3MOXXHOTO
BJIMSIHUSL Ha NIPOLIECCHI HABOAOPOXKHBaHUs cTainu. OOpa3oBaHHe PaBHOMEPHO PACHOJIOKEHHBIX T10 TIOBEPXHOCTH U HanOOJIEe IJIOTHBIX KOPPO3H-
OHHBIX OTJIOXKEHHUH OyaeT 3aTPyAHATH IPOLECCHl KOPPO3HUHU U IPOHUKHOBEHUE BOJOPOAA B CTailb. CHI)KEHHUE IIIACTHYECKUX CBOMCTB cTalu HalIIIo-
JTACTCsI ¥ IIPU BO3JICHCTBIM BOJIOPO/Ia, KOTOPBII MOJKET TPAHCIOPTHPOBATHCS KaK B OTJEIBHOCTH, TAK M COBMECTHO C METAHOM I10 MarHCTPAIbHBIM
razonpoBozaM. OCHOBHBIM BO3MOMKHBIM CPEJICTBOM 3alUTHI CTajei, HECTOMKMX K HAaBOIOPOXKMBAHHIO, SIBIISIETCS NMPUMEHEHHE MHTHOMTOPOB
KOppO3HMHU. YCTaHOBJICHO, 4TO Haubosee 3p(HeKTUBHBIC MHTHOUTOPBI KOPPO3UH C PAIMOHATIBHBIMU TEXHOJOTUSIMU TIPUMEHEHHS U JI03UPOBKOI
MOTyT 00eCHeunTh 3alUTy CTalei OT NPOHUKHOBEHHS B HUX BOZOPO/A M €r0 Pa3pyLIUTEIbHOTO JeHCTBHA.
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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
(CO,) and hydrogen sulfide (H,S), especially when water
is present (either formation water or from condensation),
can lead to widespread or localized corrosion and frac-
tures [1].

Environments containing H,S 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 H,S 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 H,S and CO, extracted from fluids during
processing) are being developed at the Astrakhan field
for disposal and enhanced condensate recovery in later
production stages [5]. The H,S 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 H,S:
atomic hydrogen is generated, diffuses into the steel
from the surface, and then dissociates, causing local dis-
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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 H,S 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 different
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 CO, and/or H,S, 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 (7) 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 CH,COOH, were used. A 0.5 % NaCl solution was
used for the tests in the presence 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 (SVO8A steel) before destruction accor-
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ding to GOST 1579 — 93 [10]. The decrease in plasticity
(P, %) 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 Al 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 H,.

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;

— X428S is a ferritic-perlitic steel;

— St20 is a ferritic-perlitic steel with non-uniform dis-
tribution of lamellar pearlite;

—30KhMA 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 H,S 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 H,S purging showed [16] that in the humidified
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Steel Appearance

09G2S

30KhMA

St20

X42SS

S75

Microstructure and appearance of various structural steels after simulation tests in the MB2 environment at PCOZ =0.13 MPa and PHZS =0.54 MPa

MuKpoCTpyKTypa ¥ BHEIIHUH BUJ] pa3IMYHBIX KOHCTPYKIIMOHHBIX CTaJel MOciae MMUTAMOHHBIX UCTIBITAaHUH B cpene MB2
npu Pcoz =0,13 MlIlau PHZS =0,54 MIla
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Table 1. Conditions and results of simulation tests in H,S-containing environments

Tabauya 1. YeaoBusi M pe3yibTaTbl AMHTALMOHHBIX HenbITanuii B H,S- conepskamux cpexax

glsltl?:l;ird?éggz Steel Phase HZ;)’ MP;OZ T,°C | K, mm/yr | Pl %
MB2 solution
1 St20 Aqueous 0.54 0.13 30 0.458 -
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
MBI 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

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
H,S 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 P/ 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 CH,COOH was added to the aque-
ous environments. Such acidification of the environment
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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, CH,COOH evapo-
rates along with H,S 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 B, 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
B values for the samples (post-exposure to aqueous and
vapor phases) exhibit variations of different magnitudes
from the standard value (= 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)

Tabauya 2. XapaKTepUCTHKA 0CAKA U KPHCTAJIMYECKOH CTPYKTYPbI MOJYYEeHHBIX COeTHHEHN I MAKHHABUTA
U BHelIHUii BuJ cTajabHbIX (C120) 00pa3uoB (Hymepanus npuBeaeHa no tadu. 1)

Ratio . . Without
Number of the 5 B (for hkl***-peak CSR. nm With corrosion corrosion
test conditions phases, of crystalline FeS (T)—001), deg ’ products
Cr/X* compounds** products
95 % FeS (T)
1 % FeS (K)
1 100/0 3 9 NaCl 0.1719 13,928
1 % CaSO,-2H,0
28 % FeS (T)
3 40/60 8 % FeS (K) 0.1875 1,721
4 % NaCl
* Cr — crystal, X — X-ray amorphous.
** T — tetragonal FeS (mackinawite) and C — 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, ¢ 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 Py, which affects the morphology and structure
of the corrosion films formed. Investigations on API X65
pipeline steel in environments containing H,S have
shown that the incidence of hydrogen cracking is con-
tingent on both Py and the pH level [24]. As Pys
increased from 0.001 to 0.1 MPa, there’s a predictable
rise in the number of visible microcracks on the steel
surface. However, the pH level exerts a more significant
influence on hydrogen permeation; in acidic conditions
(pH = 3.5), permeation rates surpass those in relatively
neutral conditions (pH ranging from 5.5 to 6.5). For
example, at PHZS =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 Py s =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 H,S protection measures, like corrosion inhibitors,
under identical conditions (/7). 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 Py
value in the hydrogen-methane mixture. However, there
is a consensus among researchers [26 — 27] that a higher
H, 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 CO,
is commonly encountered at oil and gas facilities and may
be transported alongside H, 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 H, (with CO,
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, CO, 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 H, and CO, simultaneously increases the rate
of fatigue crack growth more than in an environment con-
taining only hydrogen. This suggests a synergistic effect
of CO, 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 H, 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 H, and CO, are present during
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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)

Ta6auya 3. BHenrHuii BU 00pa3noB mocjie ucnbiTanuii B cpene MB1 1 3auinTHBIE CBOWCTBA HHTHOUTOPA KOPPO3UHU
(Hymepaiusi ycJIOBHii IKcIIepUMeHTa NpuBeaena no tada. 1)

9 | 10

1 | 12

Without the corrosion inhibitor

With the corrosion inhibitor

|

w

D

F

e

K=0.013 mm/yr;
Pl=8.8%

K =0.026 mm/yr;
Pl=41%

K =10.038 mm/yr;
PI=129%

K =0.070 mm/yr;
PI=217%

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

Interestingly, in the vapor phase of H, and CO, (without
contact with water), no decrease in steel plasticity was
observed, similar to conditions where the water is satu-
rated with CO, 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 H,S environment (Table 1) than
with H, alone. According to [30], the increase in hydro-
gen cracking in an H, 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 %,
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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 Py, Research cited in [32] identifies a critical Py,

Table 4. Results of the studies in 0.5 % NaCl solution
on change in plasticity of SVO8A wire after autoclave tests

Tabauya 4. Pe3yaprarsl uccaenoBanuii B 0,5 %-nom
pactBope NaCl no u3MeHeHHI0 IACTUYHOCTH NMPOBOJIOKH
CB08A mociie aBTOK/JIaBHBIX HCIBITAHMIT

P, MPa PL, %

e H, Co, tht:‘,ilr:llll(i)}:l)liior the iwnllltil;)itor
Aqueous | 0.81 1.78 50 - 60 0

Vapor 0.81 1.78 0 0
Aqueous | 140 | 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
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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 H, and H,S 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 (Py, 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 H, 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
seriously 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 (P/=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 H, and CO,,
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
quenching and tempering enables obtaining the metal
structure with such levels of microstresses and dislo-
cation density that resistance to cracking in the H,S
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 H,S 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 H,S 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 H,S-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 H, and H,S, including
scenarios where CO, is also present.
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STRUCTURE AND ITS DEFECTS
IN ADDITIVE MANUFACTURING OF STAINLESS STEELS
BY LASER MELTING AND ELECTRIC ARC SURFACING

Yu. G. Kabaldin, M. A. Chernigin®

I R.E. Alekseev Nizhny Novgorod State Technical University (24 Minina Str., Nizhny Novgorod 603022, Russian Federation)
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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 10Cr12Nil0Ti (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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CTPYKTYPA U EE AEDPEKTbI NPU ABAUTUBHOM BbIPALLUBAHUU
HEP)XXABEIOLWMUX CTANEA METOAAMM NNASEPHOTO CNEKAHUA
U SNEKTPOAYIOBOWU HAMNNABKMU

10. I. Ka6aaauu, M. A. YepHurun ©

Huzkeropoackmii rocynapcrBennblii Texnnueckuii ynusepceurer uM. P.E. AnexceeBa (Poccust, 603022, Huxuuit Hosropon,
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AnHomayus. B Hactosmiee BpeMsI MPOUCXOMUT aKTUBHOE Pa3BUTHE M M3Y4YEHHE aJANTHBHBIX TexHoiIoruid. TexHomormm 3D-meuatn merammamn
MIO3BOJISIFOT ITOJY4aTh JICTalM ¥ KOHCTPYKIIMU CIIOKHOW KOH(UTypaluu ¢ MpUMEHEHHEM MHHUMYMa (popMOOOpa3yIOIIUX ONepaluii, 4TO MOXKET
MIPUBOJUTH K CHIDKEHUIO O0IIeH ceOecTOMMOCTH TOoydaeMbIX u3leiuil. B maHHO# paboTe mccinenoBanock CTpyKTypooOpa3oBaHHE TPHU U3rO-
TOBJIEHUH M37eaui n3 Hepxkaseromux craned 10X12H10T n 08X18H9 agmuruBHbiME MeTomamu — SLM (Selective Laser Melting, cenekTuBHoe
nazepHoe criekanue) 1 WAAM (Wire Arc Additive Manufacturing, >n€KTpoyroBoe BeIpallliBaHue). B xo1e MUKpOCTpYKTYpHOro aHaiu3a ObLIo
YCT@HOBIICHO, YTO MPU M3TOTOBJICHUH M3/ENUi 1o TexHomorun SLM o0OpasyloTcst Mellkue ayCTeHHTHBIC 3€pHA, OPHEHTHPOBAHHBIC 110 HAIPaB-
JICHHIO OTBOJA Terlia, a mpu Merone WAAM aycteHuT hopMHUpyeTCs IPEUMYILECTBEHHO B BHJE JeHAPUTOB. [loka3aHo, YTO NMPU M3rOTOBICHUH
00pa3ioB MeToioM SLM 00pasyeTcs IOpUCTOCTh, YTO CBS3aHO C HEMPOIUIABICHUEM OT/ISIIbHBIX YaCTHII opoIika. [Ipu peannzanun aauTuBHOTO
BhIpamuBaHus MeTogoM WAAM (371eKTpoayroBoi HAaIUIaBKOH) MOBBIMICHHAS MOPHCTOCTh OTCYTCTBYET. B Xo1e nccienoBaHus BBISIBICH HOBBII
JIe(eKT CTPYKTYpbI, GOPMHUPYIOIHMICS IPH U3TOTOBICHUU U3/ICINil 000MMH METOJaMH — 3TO 00pa30BaHHE I'PAHHUI] Paszieia MEXIY CIOSIMH, YTO
CBSI3aHO C CaMO¥ TEXHOJIOTHEH aIMTUBHOTO BhipamuBanus. [Ipu BeipammBanuu uznenus MetoqoM WAAM oH niposiisieTcst 0071ee sIBHO, YeM TpH
HoJTydeHnu Metaia MetooM SLM. I'paHuibl HarIaBOYHBIX BAJIMKOB IIPU W3TOTOBJICHUU M3zenuii MetogoM SLM Oosee MHTEHCHBHO HaKaIuIu-
BAIOT PA3IMYHbIC MHTEPMETAIUIH/bI U CTPYKTYpHBIE Je(eKThl. BeiencTBue Manoro OTHOCUTENIBHOTO 00beMa OTHOTO HAIUIABOYHOTO BAJIMKA, 110
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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 (samples) 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 10Cr18NilOTi steel
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with spherical particles ranging from 50 to 80 um in
size. Various initial powders were used to produce seve-
ral samples (samples / and 2). While both samples were
surfaced using powder from the same manufacturer,
sample / 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 2696121Cl1.
The 3D printing process was investigated with gas torch
travel speeds of 350 and 400 mm/min in a CO, 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 5cm?® HNO,, 50 cm?
HCI, and 50 cm® H,O 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, %

Ta6auya 1. Xumudeckuii coctaB 00pa3ios,
HM3roToBJIeHHBIX MeToaoM SLM, %

C Mn Si S P Ni Cu Mo Cr
0.080]0.694{0.43210.236 10.147| 10.6 | 0.296 | 0.9913 | 17.1
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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 sample
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

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

Tabauya 2. XuMHYeCKHIi COCTAB MPOBOIOKH H3 CTATH
08X18H9 u HannaBaeHHOr0 MaTepuana Mmeronom WAAM, %

C |Mn|si|s | P | N |[Cu M| C
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]0.01310.000.10 | 0.10| 20.00

100 pm
—

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

Puc. 1. Herpasnenslii numd odpasna /, noxydeHHOro Metogom SLM

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 welding.

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 um
(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 samples
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 3. Points of contamination of the section
with various non-metallic inclusions in accordance
with GOST 1778

Tabauya 3. Banapl 3arpsi3HEHHOCTH NLTH(Da
Pa3JMYHBIMHM HEMETAJUINYECKUM BKJIIOYEHUSIM
B coorBeTcTBUM ¢ [OCT 1778

Type of inclusion Score

Spot oxides 2

Line oxides 0

Spot nitrides 1

Line nitrides 0
Sulfides 0
Non-deformable, brittle 0

and plastic silicates
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Fig. 2. Structure of sample / obtained by SLM: %200 (a); x500 (b)

Puc. 2. Ctpyktypa obpasma I, momyderHoro meronoM SLM: x200 (a); X500 (b)

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 12Cr18Nil0T 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

Section 2
Length: 36 pm

Section /3 .

Section /
Length: 73 pm
Length: 51 pm
Section //
Length: 42 pm

Length: 52 um
Section /2
Length: 52 pm
Section 10 Section 17
Length: 141 pm ection
gth H Length: 31 pm

Section 15
Length: 55 pm

Section /6
Length: 43 pm

Section 23
Length: 64 ym

Length: 52 um Length: 40 um

Section 5

Section 2/ Section 26
Length: 62 pm Length: 45 pm

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.

Section &
Length: 37 pm

Section 7
Length: 46 pm
Section9
Length: 144 pm

‘
Section /8 Section 22 Length: 52 pm L Secttli?l;sw
Length: 210 um | | Length: 65 um e i
Length: 65 um | | ength: 63 um

100 pm
—

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

Puc. 3. Herpasnenslii numd obpasua 2, noaydeHHoro merorom SLM
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Fig. 4. Fractogram of the fracture of sample 2 obtained by SLM
after its stretching

Puc. 4. ®pakrorpamMmma u3iaoMa obpasua 2, moxy4eHHoro MetogoM SLM,
MOCIIE €r0 PaCTSKCHUS

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

Table 4. Points of contamination of the section
with various non-metallic inclusions in accordance
with GOST 1778

Tabauya 4. Banjbl 3arpsA3HEHHOCTH LU pa
Pa3JMYHBIMH HEMETAJUINYECKHM BKJIIOYEeHUAM
B coorBercTBuM ¢ [OCT 1778

Type of inclusion Score

Spot oxides 0.5

Line oxides

Spot nitrides

Line nitrides
Sulfides

Non-deformable,
brittle and plastic silicates

oS (oo |0 o

Fig. 5. Structure of sample 2 obtained by SLM:
%200 (a); x500 (b)

Puc. 5. Crpykrypa obpasua 2, 1ojay4eHHOro MetoaoM SLM:
%200 (a); 500 (b)

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

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

Puc. 6. Herpasnenslii numd odpasna, noxyderroro merorom WAAM
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Fig. 7. Microstructure of metal of the sample obtained by WAAM
from welding wire Sv-08Cr18Ni9 (ER308Lsi)

Puc. 7. MukpocTpyKTypa MeTasuia o0pasiia, MoIy4eHHOTO METOIOM
WAAM w3 cBapouHoit npoBosioku CB-08X18H9 (ER308Lsi)

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
discrepancy is attributed to the differing thicknesses
of the layers 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 6- and o-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, a, 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.
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Fig. 8. Micrographs of metal interface of the samples:
SLM, sample / (a); SLM, sample 2 (b); WAAM (c)

Puc. 8. MukpodoTtorpadun rpaHuLibl pazaeia Metania 00pasios:
SLM, o6paseu / (a); SLM, obpazen 2 (b); WAAM (c)

- 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
during 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-
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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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Short Report
Kpamkoe coob6ujeHue

INFLUENCE OF COPPER AND SILICON ON PHASE TRANSFORMATIONS
IN THE IRON — CARBON SYSTEM

G. Adilov, N. T. Kareva, V. E. Roshchin ®

I South Ural State University (76 Lenina Ave., Chelyabinsk 454080, Russian Federation)

&) roshchinve@susu.ru

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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BAMAHUE MEQU U KPEMHUA HA ®A30BbIE NPEBPALLEHUA
B CUCTEME XENE3O — YINEPOL

I. Axunos, H. T. Kapega, B. E. Pouqun ©
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AnHomayus. I1pu n3BiedeHUH HKelne3a U3 MeeTUIaBUIIbHbIX IIAKOB 00pa3yeTcst 4yTr'yH ¢ IMOBBIILIEHHBIM COAEPKAaHUEM MU U KpeMHus. JlJist OleHKH
($a30BOro U CTPYKTYpPHOTO COCTaBa MENIONIMX TEJ, HPOM3BEICHHBIX U3 TAKOrO UyryHa, OBUIM paccYUTaHbl ()a30BbIC PAaBHOBECHS B CHCTEME
JKEJe30—yIIeposl ¢ 100ABICHUEM PA3HOT0 KOJIMYECTBA MEIU ¥ KpeMHHMS. PacyeTsl ObUIN IPOBEAEHBI ¢ UCIIONB30BAHUEM IIPOrPAMMHOTO KOMILIEKCa
ThermoCalc, koTOpBIi O3BOIAECT CTPOUTH (ha3oBble AuarpaMMel o Meromy Calphad. B xome pacueToB OBbUIH OIGHEHBI TeMIEPaTyphl Hadaia
(ha30BbIX MPEBPAIICHUH C YYETOM BCEX BO3MOXKHBIX TEPMOAMHAMUYECKHMX (pa3 B CHCTEME IPH PA3JIMYHBIX COYETAHHUAX KOHLEHTPALMH Meau

" KpEMHUS.

Kntouessle c/1068a: MeeTIIaBUIBHBIN UIAK, YYTYH, OCIbIil 4yTyH, Me/lb, KeIe30, KPEMHUH, YIIepo, ayCTCHUT, Geppur

Jass yumupoeanus: Annos I, Kapesa H.T., Pournn B.E. Bimsinne Menu u kpeMHUS Ha (pa30BbIe IIPEBPAICHUS B CHCTEME XKeJIe30 — yIiepo. M3sec-
must 6y306. Yepnas memannypeus. 2024;67(1):73-75. https://doi.org/10.17073/0368-0797-2024-1-73-75

- INTRODUCTION

Large quantities of copper-smelting slag, primarily
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

© G. Adilov, N. T. Kareva, V. E. Roshchin, 2024

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-
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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 necessary 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 v1.1!. 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 methods?. 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 10° 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

! The CALPHAD methodology, Introduction to Thermo-Calc. URL:
http://www.thermocalc.com (Accessed 03.04.2023).

2 Computational Thermodynamics. Calculation of Phase Diagrams
using the CALPHAD Method. URL: http://www.calphad.com/calphad
method.html (Accessed 03.04.2023).
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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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EXPERIENCE IN IMPLEMENTING MACHINE LEARNING
TO CALCULATE THE QUALITY AND PRODUCTION OF AGGLOMERATE

A.S. Leont’ev, I. A. Rybenko ®

| Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)

&) rybenkoi@mail.ru

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 (R? > 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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OnbIT BHEAPEHUA MALWUUHHOIO OBYYEHUA
ANA PACHETA KAYECTBA U MPOU3IBOACTBA ATTOMEPATA

A. C.JleouTnes, U. A. Pbi6eHKo0 ©

Cudupckuii rocynapcTBeHHbIH HHAYCTpUaabHbIH yHuBepeuTeT (Poccus, 654007, Kemeposckas 061. — Kysbacc, HoBoky3Helk,
yi. Kuposa, 42)

&) rybenkoi@mail.ru

AnHomayus. B 2020 . na AO «EBPA3 O6wenunennsiii 3anaano-Cubupckuii Metamutyprudeckuit komounam (AO «EBPA3 3CMK»y) Obiia 3aBep-
HIeHa paboTa Mo CO3/IaHMI0 CHCTEMbl MATEMAaTHYECKOTO MOJICIIUPOBAHHS ISl BCEX MEpe/IeioB MEeTaJUTypruieckoro kombunara. B nporecce rectu-
POBaHMs CUCTEMBbI OblIa OOHAPY)KEHA BBICOKAst OTPEIIHOCTh CYIIECTBYIONEH (pakTOPHOH MOJEIN IPOTHO3UPOBAHMS IPOU3BOICTBA ArJIOMEpaTa,
KOTOpasi pa3padaThiBaach C yYETOM YACIbHOM CKOPOCTH CIICKAHMS OTICIbHBIX KOHIIEHTPATOB. B pabote npe/iaraercst HCIoNb30BaHue TMHEHHOM
perpeccuu Jisi IPOrHO3UPOBAHMS TPOU3BOAUTENILHOCTH aryIOMAlINH, KOTOPas B OTJAMYUE OT HENMHEHHBIX METO0B ONTUMAIIbHA JUISl BCTPAHUBAHUS
B BBICOKOIIPOHM3BOAUTENBHbIC CHCTEMBI ONTUMHU3AIUH. OCOOCHHOCTHIO PA0OTHI SIBJISETCS IPOrHO3UPOBAHKE C YIETOM JI0JICH [IMXThI AlIOMEPaLH.
Mogens 6bu1a onpobosana Ha AO «EBPA3 3CMK» u nokasaia 10CTaToO4HYI0 TOYHOCTb (R? > 90). OT Moaenu 0KuuaeTcs 60JIbIIONH SKOHOMHU-
yeckuil Appext. OTnenbHO MPOBEICHO HCCIISOBAHUE CYLIECTBYIOIIMX CHCTEM MPOrHO3UPOBAHUS KadecTBa arvioMepara. MeTojbl MallnHHOTO
o0yuenus (ML) B mocienHee BpeMst BHECIN OOIBIION BKJIAJI B PAa3BUTHE MOJENEH POrHO3UPOBAHUS, HCIIONB3YEMBIX JUIS OLIEHKH KauecTBa arjio-
Mepara. DTO CBA3aHO C TEM, YTO MPOLECC CIIEKaHHsI — OUCHB CIIOXKHAs IMHAMHKA ¢ HEIIMHEHHOCTHIO U OOJIBIIMM 3amna3ibiBaHneM. OU3HKO-XUMH-
YECKHE SIBJICHHS, BOBJICYCHHBIE B ATOT IPOIECC, CIOXKHBI U MHOTOYMCICHHbI. HelipoHHAas! ceTh MOXKET IOCTOSIHHO KOPPEKTHPOBATh MapaMeTpbl
MOJIeITH, YTOOBI OTPA3UTh H3MEHEHHUE CUCTEMHBIX MPUYKH. J[JIs1 MPOrHO3MPOBAHHUSI KauecTBa ariioMepara UCIOJb3yeTcs IMHeHHbINH MeTof. M3-3a
HHU3KOTO Ka4ecTBa MOJYYCHHOH JTMHEWHON MOJEIN MPUMEHSETCS METOJl MAIIMHHOTO OOy4YeHHs «CIy4daiHblil iecy. B HacTosiee BpeMst MOJIeIh
IKCIUTYaTHPYETCsl B COCTaBE IPOrpaMMbl KOMIUICKCHOW onTuMmmu3auuu Bcero kombunata CMM «IIporHos». st ynoOcTBa monb3oBarels Mpu
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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, agglomeration 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.

[l 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.

[l 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.
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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),, 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

Factors of agglomerate production intensification

(DaKTopbl l/lHTeHCl/l(l)l/lKal.[l/IPl MPOU3BOACTBA arjioMepara

Variafi Variation
Factor a.rla.tlon value
limits
Aa ATT
0-1.5 1.0 | +3.5

Lime in charge, % 1.5-2.0 1.0 | +2.0

2.0-3.0 1.0 | +1.0
Oxygen for ignition, mm>/tonn 4-10 1 +0.2
Charge heating up, °C 0-55 55 | +15.0
Increase of the returns content in 3045 10 | _10
charge, %
Increase of +5 mm fraction
content in the returns, % 0-10 10 | 04
Inc.rease of the proportion of fine- 50 10 | 03
grained concentrates, %
Incre;ase of depression in gas 750 100 | +3.0
manifold, mmHg
Increase of the height of the 250 — 300 10 | —06
charge layer, mm
Increase of FeO content in 14-18 10 | —05
agglomerate, %
Incfrease Qf agglomerate basicity, 090-1201 0.05 | _1.0
unit fraction
Increase of 1rc())n content in 5553 10 | —15
agglomerate, %
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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
influenced 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 productivity 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.
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Fig. 1. Specific productivity of various concentrates at EVRAZ ZSMK JSC

Puc. 1. YnenbHast IpOU3BOAUTEIIBHOCTD PAa3INYHBIX KOHIIEHTparoB Ha AO «EBPA3 3CMK»

- DEFINING OBJECTIVES FOR APPLYING MACHINE
LEARNING

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

y=b,tbx +byx,+..+bx, @)

where y the predicted volume of bin agglomerate, tonn;
b, is the intercept; b, b,, b, are the regression coefficients
corresponding to the factors; and x,, x,, x, 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 (R?).

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, SiO,, basicity);

— sintering machine process parameters (layer height,
depression in the header);

— volume of agglomerate production.

[l 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].
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72 This approach forms part of a comprehensive model
o 5 Model data that encapsulates both technical and economic aspects,
s .= 71 . . . .
5g.5 delineating the interplay between chemical, thermody-
g S 70 namic, mechanical processes, and productivity, alongside
8 2 5; 69 considerations for product availability and logistics costs.
< 3 A notable characteristic of the Prognoz system is its
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Fig. 2. Comparative analysis of model and actua
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1 data

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
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Fig. 3. Working window of the SMM system Prognoz

Puc. 3. Pabouee oxno cucrembl CMM «IIporHos»

il ainns[ ] S|

s

om0 |

swam |

80

Fig. 4. Visualization of the learning quality of the model
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Fig. 5. History of calculations and metrics
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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 having 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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EFFECT OF YTTRIUM ADDITIONS ON MICROSTRUCTURE
AND CORROSION RESISTANCE OF INCOLOY 825 ALLOY
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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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OLEHKA B/IMAHUA [OBABOK UTTPUA HA MUKPOCTPYKTYPY
N KOPPO3UOHHYIO CTOMKOCTb CN/ABA INCOLOY 825
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AHHOomayus. Pabota nocesieHa uecnea0oBanuio dGGexra MUKpOIeTHPOBaHHs IPUCAIKAMU HTTPUS TSI TOBBIICHUS] KOPPO3UOHHOI CTOWKOCTH BBICOKO-
JIETMPOBAHHOTO CITJIaBa Ha OCHOBE HUKeJst Mapku Incoloy 825. BiustHue UTTpyst HA MUKPOCTPYKTYPY OLIGHMBAIIM METaJUIOrpaduuecKuM METOIaMu
C TIOMOII[BIO ONITHYECKOTO M CKAHUPYIOIIETO AEKTPOHHOTO MUKPOCKOIIOB, CTOMKOCTh K TUTTUHIOBOM M MEKKPUCTAIIIUTHOH KOPPO3UH OLICHUBAIIH 110
W3BECTHBIM METO/MKAM ITPU IIOMOIIM JIEKTPOXHUMHUYECKUX U XMMHUYECKUX METO/IOB aHaim3a. B paboTe nokasaHo M3MEHEHHE CTPYKTYpbI, (ha3oBoro
COCTaBa M TBEPAOCTH JIUTHIX 00pa3ioB ¢ coxepxkanueM urtpus 0; 0,01; 0,05 u 0,1 mac. %. IlomyueHHble TaHHBIE KOPPEIUPYIOT C PE3y/bTaTaMu
TEPMOIMHAMUYECKUX pacueToB (a3000pazoBaHMs IPU KpUCTaIM3aLuu. McenenoBaHo BiausiHue 100aBOK HA CTPYKTYpy Hocie AehopMaliOHHOTO
ynpounenust. Masbie no6asku (10 0,01 mac. %) ciocoOCTBYIOT MOBBIILIEHHIO MOABHKHOCTH TPAHHUIL PEKPUCTAIUTM30BAHHOTO 3epHa. C yBeInueHHEM
KOJIMYECTBA UTTPHsl YMEHBIIACTCS pa3Mep 3epHa M YBEIUUMBACTCS TBEPAOCTh. [loka3aHo, 4yTo HanOOIBbIIAs PACKUCIISIONIAs CIIOCOOHOCTH HAOIIO-
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Canvinosa M.A., Yeayny TB, Toaouko O.B. OueHKa BAUSHUSA A,00aBOK UTTPHUS HA MUKPOCTPYKTYPY U KOPPO3UOHHYIO CTOMKOCTb CIJIABA ...

Jaercst mpu Maiibix jgobaBkax uttpus (o 0,01 mac. %), mpu 5ToM 00lee KOIUYECTBO PACTBOPEHHOTO KHCIOPOAA YMEHBIIMIOCH B 5 pa3. YBenu-
YeHHE COINCPKaHUS UTTPHUs CHIKACT BOSMOKHOCTD YIAJICHHS TSDKENIBIX BKIIIOYCHHI U3 PacIulaBa, B Pe3yIbTaTe PacTeT O OKCUIHBIX BKIIFOUCHHIL.
Oddexra nprcagok Ha a30T HE HAOIOAANIOCH, K 00BbEMHAs! 1011 HUTPHIHBIX BKIIOUEHHI He U3MEHMIIACh, OTHAKO YMEHBIIHJIICS pa3Mep HUTPUIHBIX
BKJIFOUCHHUH U XapaKTep UX paclpeneIeHIs H3MEHIICS Ha PAaBHOMEPHBIH, HeXKEIH! B CIUIaBe 0e3 UTTpHs. Pe3ynbraTsl HCIIBITaHHI Ha CTOMKOCTD CILIaBa
K IMTUTTHHTOBOMY M MEXKPHUCTAJUTUTHOMY Pa3pyIISHHIO MOKA3aJ1, YTO UTTPUH — ITO HIEMEHT, KOTOPBII MOKET OBITh MCIIONB30BAH [UIsl YIIyqIICHUs
KOPPO3UOHHBIX CBOHCTB cmiaBa Incoloy 825. Hammydmee codeTaHne CTOMKOCTH K JBYM THIIaM KOPPO3HH Habmonanocs y oopasna c 0,01 mac. % Y.

Kntoueswle caoea: Incoloy 825, penkosemensHele MeTamns! (P3M), Hemeramdeckue BraodeHus (HB), koppo3noHHast CTORKOCTb, MEKKPUCTAIIIHTHAS
xopposus (MKK), nurTuHroBas Kopposus, MOAU(GUIIMPOBAHKIE, MUKPOCTPYKTYPa, TBEPAOCTh

BaazodapHocmu: ViccnenoBanue 4acTudHO GUHAHCHPYeTCss MUHHCTEPCTBOM HayKH | BICIIEro oopasoBanus Poccuiickoit deneparin B paMKax mpor-
pammbl «HayuHslit ieHTp MupoBoro ypoHsi: Ilepenosie undpoble TexHonoruu (koHTpakT Ne 075-15-2022-311 ot 20 anpens 2022 r.).

Aaa yumupoeanus: Cansinosa M.A., Yryun T.B., Tonouko O.B. OneHka BiustHUsS J0OABOK UTTPHSL HA MUKPOCTPYKTYPY M KOPPO3HOHHYIO CTOMH-
kocThb crutasa Incoloy 825. Mzsecmus 6ys06. Uepnas memannypeus. 2024;67(1):83-88. https.//doi.org/10.17073/0368-0797-2024-1-83-88

[ 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 (NMlIs) are formed. NMIs are difficult to remove
from the melt and contribute to a reduction in material
impact strength.

84

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 Ni,Y, 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.

[l 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 °C
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-
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Calculated chemical composition of the samples and actual content of nitrogen and oxygen in them, wt. %

PacuerHblii xumMu4eckuii cocTaB 00pa3uoB U GpakTHYECKOE COAepKAHUE a30Ta U KMCJI0PoIa B HUX, Mac. %

Samples . . .
number Ni Cr Fe | Mo | Cu Ti | Mn | Si Al Y [N] | [O]
1 — 10.057|0.030
2 0.01 |0.054|0.006
400 | 21.0 | res. | 3.0 | 20 | 075 | 1.0 | 05 | 0.2
3 0.05 | - -
4 0.10 | 0.053|0.013

ment. Additionally, the phase composition was examined
using a DRON-7 diffractometer.

To evaluate the resistance of the compositions
to general and pitting corrosion, polarization curves
were generated. These curves were instrumental in deter-
mining the steady-state corrosion potential (£ ) 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 electrochemical 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.

Intensity

The alloys underwent intergranular corrosion (IGC)
testing following ASTM G28 [21] guidelines. Testing
involved immersing the samples in a boiling solution
comprising 50 % H,SO, and iron (III) sulfate for a dura-
tion of 120 h. Prior to testing, the samples were sensitized
at 700 °C 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,
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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 (¢, 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 during
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 um 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, ¢, 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 notably decreases, resulting
in oversaturation of the melt with yttrium. This facili-
tates the formation of high-temperature Ni,Y 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 um. 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 sensitivity
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 NMlIs 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 volume 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
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Fig. 2. Dependence of austenitic grain size of the samples after deformation and change of their hardness on Y amount, wt. %
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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) NMlIs, it
does alter the morphology of these inclusions. In samples
with yttrium microalloying, complex oxycarbonitride
inclusions of the Y,0,—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 Ni,Y 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
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Fig. 3. Variation of non-metallic inclusions and corrosion resistance
at different Y amounts

Puc. 3. 3menenne HB 1 kopp0o3nOHHO# CTOWKOCTH
TIPH Pa3HOM KOJIMYECTBE UTTPHS

ductility, necessitating the selection of a new heat treat-
ment regimen.
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INVESTIGATION OF PERFORMANCE LIMITATIONS
IN CONTINUOUS HOT-DIP GALVANIZING UNITS ASSOCIATED
WITH PRODUCT DEFECTS
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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.
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U3YYEHUE OFPAHUYEHUWA NPOU3BOAUTENBHOCTU ATPEFATOB
HEMPEPbIBHOIO rOPA4YEro ouMHKOBAHMHUA,
CBA3AHHDbIX C AEPEKTAMMU NPOAYKLUUU
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AnHomayus. LensiMu paOoOThI SIBISUINCH MOUCK M CHCTEMATH3alUsl OTPaHUYCHUI CKOPOCTH JIBMIKEHHUS CTAIBHOW MOJIOCHI P TOPSYEM OLUHKO-
BaHMH, CBSI3aHHBIX C yIp030il BO3HUKHOBEHHs Je(eKToB MpoayKiuu. [T0CKoiIbKy CKOPOCTh MOXKET OKa3bIBaTh COBMECTHOEC BIIMSHHE C MHOXeE-
CTBOM Jpyrux (hakTopoB, B paboTe MPOBEJCH 0030p W3BECTHBIX MPUYMH BO3HUKHOBEHHS PAcHpOCTPaHEHHBIX NedekToB. BrimonHena rpymmu-
POBKa IPUYHUH C YYETOM ONEPALfii CEKIMI arperaTroB HEMPEepHIBHOTO rOPsYEro OMHKOBaHus. J{i1st onpezeeHust 00CTOSTEILCTB BOSHUKHOBEHHUS
NeheKTOB MPUMEHEH CIIOCO0, IPEAIONATAOINIT TOITAHYIO CTPATH(HKAINIO PETPOCIICKTUBHBIX JAHHBIX M COMOCTABICHUE INIOTHOCTH PacIpeie-
JICHUS! BIUSOMNX (aKTopoB Juist AeheKTHOI U He JedeKTHOH mpoaykiun. [IpoBeeH aHanu3 gaHHbIX 0 Jedekrax Ha 3aBoge «MMK Metallurgy»
B Typuun, nomydennsix B 2020 — 2021 rr. [ns aHanuza ObUtM 0TOOpaHBI JOMYCTHMBIC U HE JOIyCTHMbIC Ne(eKThl JBaALaTH OIHOTO BHJA,
BO3HHUKAIOIIKE NpH olHKoBaHuH ctanu DX51D. B kauecTBe (pakTOpOB MPUHSTHI 1BA/IATh ABa TEXHOJIOTHUECKHUX MTApaMeTpa, BKIK0Yas CKOPOCTb
JIBHIKEHUS TTOJIOCKL. J{JIsl Kayk10ro 0ToOpaHHOTO BUa JIeeKTOB OonpeiesieH Habop BIMSIONMX (PAKTOPOB, I HEKOTOPBIX M3 HUX YKa3aHbI Mpe/l-
rosiaraeMble TIPUYMHBI UX BO3HUKHOBEHUs. [loka3aHo, 4To HaOiromaemasi Uil MHOTUX BHUIOB 1e(EKTOB CBsI3b CO CKOPOCTBIO JBHIKECHHUSI TTOJIOCHI
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B }leﬁCTBHTeHBHOCTH MOKET OBITh BbI3BaHA WHBIMH (baKTOpaMI/I. Onpeﬂenem,l BH/IbI Jle(i)eKTOB, BCPOATHOCTH BOSBHMKHOBEHHUS KOTOPBIX YBEIUYHBaA-
€TCs1 C POCTOM CKOPOCTH UJIM YPOBHEM €€ U3MCHCHUS. HpCJIJ'IO)KBHLI MEPONPUATHSL, HAIIPABICHHBIC HA MMPEAOTBPAIICHUE POCTA JOJIU ITPOAYKIINN

C I[e(l)eKTaMI/I TIIpU YBCJIMYCHUU MPOU3BOAUTEIIBHOCTH.
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[ INTRODUCTION

Galvanized sheet steel is a primary product of metal-
lurgical companies. The production from continuous
hot-dip galvanizing units (CHGUSs) 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 modify
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,
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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 ¢, ., and cool-
ing ¢ 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.
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Fig. 1. Recommended speeds depending on heat treatment mode:
1-CQ type (4, =720 °C, t, ., =750 °C, ¢, = 460 °C);
2—-EDDQ type (t.. . =750°C, ¢, =850°C,t_ =460 °C)

heat hold cool

Puc. 1. PexomeHyeMble CKOPOCTH B 3aBHCUMOCTH
0T peXHUMa TEPMUYECKOI 00paboTKu:
1 —1un CQ (¢, =720 °C, 1, =750 °C, ¢ =460 °C);
2 —tun EDDQ (¢, =750 °C, t, = 850 °C, ¢t = 460 °C)
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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 (P,..) compared
to quality products (P _ ). The most frequent defects
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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

Ta6auya 1. PacnipocTpaneHHbIe 1e()eKTHI 0TOPAKOBAHHOI MPOTYKIUU

Number Designation (English / Turkish) Defect s 70 | Piec s %0
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 1zi) 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 Non-conforming_ mechanical 0.10 1.08

Uygunsuzlugu properties
* When probability was calculated, we excluded the defects occurring as the unit stopped/started.
Table 2. Common acceptable defects
Ta6auya 2. PacnipocTpaHeHHbIe 1e()eKThI KAYeCTBEHHOI MPOTYKIUM

Number Designation (English / Turkish) Defect P oY% | Py %
D9 Ridge / Ridge Zinc bright edges 55.61 8.94
D10 Rough Coating / Puruzlu Kaplama Rough coating 52.98 13.55
D11 Snout Marks / Surtunme 1zi Abrasions 49.21 6.23
D12 Sink Roll Marks / Sink Roll Merdane 1zi Roller marks 16.98 2.98
DI3 Ocean Wave ((%‘zg:ﬁ E‘;gi;ll/a‘){“my Alintisi Wavelike coating 1679 | 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 critical
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 characteristics. 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 layers
(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 inevitable, 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, formability,
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 remedy, 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-
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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/m?. 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 N, — H, 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.
Achieving 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 recommended [24] to minimize the temperature

difference 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
variables 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 recommend
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
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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.

B 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 DXS51D 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.

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

Ta6auya 3. J1oyi1 pyJioHOB ¢ AedeKTaMH,
IIPH NPOU3BOACTBE KOTOPLIX BO3HHKAJ/1a 0CTAHOBKA

Defect Proportion, %
D1 — Uncoated Spots 8.84
D3 — Damage Marks 3.47
D4 — Dent 1.50

- 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
variations. 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 category (stratum), the effect of speed on the
occurrence of defects was examined. Fig. 2, a 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
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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))

Puc. 2. I1noTHOCTD pacipeeneHusi CKOpoCTH
ULt mpoykiuu ¢ nedexrom D19 (2) u 6e3 taxoro nedexra (1):
a — 6e3 crparuduKanuy;,
b — ipu crpatudukanuu s crparsl TonmuHoi 0,40 — 0,65 MM
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Table 4. Factors explaining the causes of defects

Tabauya 4. ®akTopsl 1Jisi 00bACHEHUS IPUYUH /1eeKTOB

Number Value
Fl1 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
Fl1 Strip width
F12,F13 Minimum and maximum melt temperature in the zinc bath
Fl14, F15 Pressure on front and rear air knives”
Fl16, 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 F'14 and F'15) 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.
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- 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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Table 5. Factors that can potentially affect the occurrence of a defect

Ta6/1ul4a 5. ‘I’aKTOpbl, KOTOPbI€ MOTCHUHUAJIBHO MOT'YT BJIUATHL HA BOSBHUKHOBECHHE Zle(l)eKTa

Factor number

Defect 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 (161 823|312 ]1/2[1]9]9]04|2]0/|12/10]1

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

0.8

IS)
(o))
T
T

Probability
IS
IN
T
T

0.2 o

150 0 20 40 60

0 50 100

Speed, m/min Speed difference, m/min
Fig. 3. Dependence of probability of uncoated spots (D1) on:
a —speed at strip height 2 = 0.80 —0.95 mm;

b — speed difference at 4 = 0.8 mm and an average speed of 50 m/min

Puc. 3. 3aBUCUMOCTb BEepOSTHOCTH MsiTeH 0e3 nmokpeitus (D1) ort:
@ — ckopocTu npu TosuHe nonockt 2, = 0,80 — 0,95 mm;
b — nepenaja cxopoctu ipu k=~ 0,8 MM 1 cpenneit ckopoctu 50 M/MUH

97



N3BECTUA BY30B. YEPHAA METAJIJIYPIUA. 2024;67(1):89-105.
Pa6uukoe M.10., Pa6uukosa E.C. u dp. U3yueHue orpaHuyeHHH MPOU3BOJUTENBHOCTH arperaToB HelPepbIBHOI'O ropsiyero OLIMHKOBAHMUS ...

Table 6. Factors affecting the occurrence of a defect

Tabauya 6. ®akTOpPHI, BIAUSIONINE HA BOSBHUKHOBeHHE ederTa

Impact . . .
Defect Circumstances in which the defect occurred
strong weak
F3. F9 On the strips of small height (%) at low speed (v). Large v differences, especially when strips are
D1 F1,F2, F20 F’l 3 > | 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 2, <1 mm.
m F1,F3, None High v, thick strips. High melt temperature in the zinc bath when thin strips are processed at high v
F13, F21 or thick strips are processed at any v. Very thick coating.
D3 Fl1,F2, F3, F17 Thick strips, low v. Thin strips, low v and reduced tension. Considerable v variations, except for
F20 high v. Elevated dew point in the indirect heating furnace.
D4 F1,F2, F17 3 Low v. High Flew point in the 1nd1.recF heating furnace at low speed. Increased v variations, high v.
Increased strip temperature after indirect heating
3. F14-15 High (>2 mm) or low (<0.5 mm) hn}et. Thick coating gt highh_ . Tlllin coating .at high l{me[ wi'Fh
D5 ’ ™1 ’ Fl1 strongly reduced pressure on the knives. The probability of a defect increases with growing strip
width at high 7.
D6 None F10 Increased (490 — 500 °C) strip temperature after closed-circuit cooling.
FLF3 At hm from. 0.6 mm. More often at 4, =2 mm. At hme.t up to 1 mm and high v. At lar.ge I
o no v impact is observed. At z__> 1.8 mm and elevated strip temperatures after direct heating and
D7 Fo, F10, None . . L omet . L . .
closed-circuit cooling section. Thick coating or low pressure on the air knives, the strips with /
F14-15, F21 met
up to Il mmand 4_, >2.5 mm.
D8 Stratification is impossible due to small amount of data.

More oftenat 2, <1.5mm. Ath_ . <1.2 mmand highv. Ath__ >2.4 mm and low knife pressure.

t t t

DY F1,F3 F14-15 When the tension at the inlet of the skin-pass rolling section is reduced.

D10 F3 F20 Ath_ from I to 2 mm and increased tension.

D11 F3 None | Often on the strips with 2 <1.5 mm.

D12 None I3 Very seldom on the strips with 2__ <1 mm.

FLF14-15 When the coating is thick, regardless of /. When the coating is thin, increasing v reduces

D13 ’ 1 ’ None | probability of a defect. When the coating is thin, reducing pressure on the knives increases
probability of a defect.

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

F21 ambiguous effect of dew point in the closed-circuit cooling section was observed.

D15 F3. F7 None Occurs at different hmet. If h{net >2 mm, the probabll%ty Qf a defegt is 3 — 4 times higher. Ath_
1.8 —2.2 mm and reduced strip temperature after the indirect heating furnace.

DI F3.F20 None The_probablhty grows with increasing hmet (P = 0.0011exp(1.78564, ) or with decreasing
tension. Defects are rare at &, <1 mm.
At h <1 mm; very low dew point values in the closed-circuit cooling section; 1 % elongation

D19 F3,F18, F22 F5 during rolling; reduced strip temperature after the direct heating furnace. More often at
h = 0.3 mm.
Occurs at different 4_,. More frequent on the thin strips (P = — 0.015In(%__) + 0.0196).

D20 F3, F21 None | Upto#, =0.9 mm, the coating thickness does not affect the likelihood of defects. As i grows,
increasing coating thickness enhances the likelihood of defects.

D21 F1,F3 None | Mostly at 4, <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.
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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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Fig. 4. Dependence of probability of obtaining an uneven coating (D2) on:

a — the temperature of the melt in the zinc bath (/ — &

met

=0.5—-0.6 mm at a speed of 160 m/min; 2 -7,

~ 2 mm at a speed of 60 m/min);

t

t

b—speedath  ~2 mm;c—speedath  ~0.5mm

Puc. 4. 3aBUCUMOCTb BEPOSATHOCTH ITOJIyUEHHUs] HEPABHOMEPHOTO MOKpPLITHS (D2) OT:
@ — TEMIIEPaTypbl paciiaBa B IMHKOBOH Banne (/ — A, = 0,5 —0,6 MM npu ckopoctu 160 m/mMun; 2 —h_ = 2 MM npu ckopocTu 60 M/MuR);

b — cxopoctu nipu A1 = 2 MM; ¢ — CKOPOCTH TIpH /1

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

0.3 0.4
a b
°
0.3 -
> 0.2
| 02
el
=
= o1}
0.1 |
| |
0 50 100 150 0 20 40 60
Speed, Speed changes,
m/min m/min

Fig. 5. Dependences of tail marks probability (D3) on:
a—speedath = 0.8 mm;
b — speed changes at 2 =~ 0.8 mm and a speed of 50 m/min

Puc. 5. 3aBucuMOCTH BEpOSTHOCTH HanaBoB (D3) oT:
a— cxopoctu ipu i = 0,8 Mm;
b — uamenenus cxopocty ipu i = 0,8 MM u ckopocTu 50 M/MuH

= 0,5 MM

met

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, a, ¢). 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.

0.20
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-~
[$)]
T
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Probability
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T
T
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| |
0 50 100 150 0 50 100 150
Speed, Speed changes,
m/min m/min

Fig. 6. Dependences of probability of imprints (D4) on:
a-speedath = 0.8;0.9 mm;
b — speed changes at 4, ~ 0.8 mm and a speed of 110 m/min

Puc. 6. 3aBHCHMOCTH BEpOSITHOCTH OTIIeyaTkoB (D4) or:
a— cxopocru ipu = 0,8; 0,9 Mm;
b — w3menenus ckopoctu ipu A, = 0,8 Mm 1 ckopoctn 110 M/Mun
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Fig. 7. Dependence of probability of macroinclusions (D7) on:

a—strip speed at A
c—h

met

= 0.9 mm; b — coating mass at h__
at a coating mass of 275 g/m? and a speed of 50 — 80 m/min

. = 2.5;2.8 mm and a speed of 45 m/min;

Puc. 7. 3aBUCHMOCTb BEPOSTHOCTH TTOSIBIICHUSI MAaKpOBKIIIoUeHUH (D7) OT:
@ — CKOPOCTH JIBHKEHUS NOJOCHI ipU /1 = 0,9 MM; b — Macchl NOKpbITHS NpU A, = 2,55 2,8 MM M CKOPOCTH 45 M/MHH;
¢—h, ., TIp¥ Macce NOKpbITUst 275 r/M? u ckopoctu 50 — 80 M/MuH

D9 - Zinc bright edges. Fig. 8, a 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, ¢) 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-

1.00 1.0 1.00
a b c
Y
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0.75 | 08 \ P 0.75 F v 2
z X %/
= 0.6 ( 2
) L L
g 050 A o 0.50 }:A(\
o 0.4 -
= 3 \{ 1
025 1 0000026 —0.0093x+ | 0.2} N 0.25
+0.0263
1 1 1 1 DA 1 1 1
0 50 100 150 200 O 1 2 3 0 50 100 150 200
Speed, m/min Strip thickness, mm Tension, kN

Fig. 8. Dependence of probability of bright edges (D9) on:

a — strip speed at i

met

=05mm;b—-h

met

at speed: / — 45 m/min; 2 — 75 m/min;

¢ —tension at the inlet of the skin pass section (/ — 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)

Puc. 8. 3aBUCUMOCTb BEpOSITHOCTH TTOSBIICHUsI HAILIBIBOB (DY) oT:

@ — CKOPOCTH JIBHKEHUS NOJOChI ipu /1 = 0,5 MM; b — b 1ipu ckopocTu: [ — 45 m/MuH; 2 — 75 M/MuH;

¢ — HaTsHKEHUSI Ha BXOZIE CEKIMU JpeccupoBkH (/ — TommuHa 1,8 — 2,0 MM, ckopocts 60 M/MuH;
2, 3 —tommuna 0,8 — 1,5 MM, ckopocTs coorBercTBeHHO 100 — 130 1 75 — 80 M/MuH)
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Fig. 9. Dependence of probability of abrasions (D11) on i
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Puc. 9. 3aBUCUMOCTb BEPOATHOCTH NOsIBIEHUs noTeprocteit (D11) ot A

tion aligns with findings from [35]. Conversely, a higher
speed diminishes the probability of defects, but only for
thinner coatings (up to 140 g/m?), 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. 1t 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/m? (Fig. 11, a). At the coating
mass of 80 — 140 g/m?, 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.

1.00 0.8

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 [§],
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
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Fig. 10. Dependence of probability of D13 defect on:
a — coating thickness; b — knives pressure at coating mass
of 100 — 140 g/m?, a speed of 45 m/min and /__ ~ 2.5 mm

t

Puc. 10. 3aBucumocTsb BeposiTHOCTH aedekra D13 oT:
@ — TOJILIMHBI OKPBITHS; b — IABICHHS HA HOXKAX [TPU MACCe TTOKPBITUS
100 — 140 t/m%, cropocTu 45 M/MuH I A~ 2,5 MM

Coating mass, g/rn2

Pressure, bar

Fig. 11. Dependence of probability of D14 defect on:
a — coating thickness at 4 = 0.45 mm, speed of 150 m/min;
b — knives pressure at coating mass of 100 g/m?,
a speed of 125 m/min and 4 = 0.6 mm

Puc. 11. 3aBucumocts BepostHOCTH AepekTa D14 oT:
@ — Macchl IOKpbITUS Ipu k= 0,45 MM, ckopocTr 150 M/MuH;
b — naBjieHMs Ha HOYKAX IIpU Macce HoKpwiTus 100 /M2,
ckopocty 125 m/mun u A = 0,6 MM
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Fig. 12. Dependence of probability of D18 defect
on tension before tempering at 2, = 2.5; 3.0 mm

Puc. 12. 3aBucumocTb BeposTHOCTH jedexra D18
OT HaTSKEHHUs NEPEL APECCUPOBKOH Tipu /2 = 2,5; 3,0 MM

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, a) 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
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Fig. 13. Dependence of probability of D19 defect on extension

during rolling at & = 0.4 mm and a speed of 160 m/min

Puc. 13. 3aBucuMOCTb BeposaTHOCTH D19 0T yanuHeHus
npu npokarke npu = 0,4 Mmm u ckopocta 160 M/Mun
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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;

0.015 0.04
a b
(6]
—1.793x
=0.0212
y=00212¢ 0.03
5 0010 F ®
< 0.02
E
A~ 0.005
0.01
O 1 1 1
0 1 2 100 125 150 175 200

Strip thickness, mm Speed, m/min
Fig. 14. Dependence of probability of D21 effect on:
a—h_;b—speed(ath . :1—0.4mm;2—-0.5mm)

met”
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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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INVESTIGATING EFFECTIVENESS OF CHANGING CALIBRATION
OF INPUT CONE OF ROLLS AND LINES OF A PIERCING MILL
WITH TAPERED ROLLS USING COMPUTER MODELING

0. A. Panasenkol, A. 0. Khalezov?, D. Sh. Nukhov?®

LJSC “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)
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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
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a piercing mill with tapered rolls using computer modeling. Izvestiya. Ferrous Metallurgy. 2024;67(1):106—111.
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UCCNEAOBAHUE 3O PEKTUBHOCTU USMEHEHUA
KAJIMBPOBKU BXOAHOIO KOHYCA BAZIKOB U TUHEEK
NMPOWWNBHOIO CTAHA C TPUBOBUAHBIMU BATKAMU
Cc NOMOLWbIO KOMMNbOTEPHOIO MOAENUPOBAHUA

0. A.lanacenko’, A. 0. Xane3os?, JI. I1I. Hyxos?“®
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AnHomayus. Ilporiecc BUHTOBOH NMPOIIUBKH 3arOTOBKH — 3TO HPOLECC CO CIOKHBIM IUKJINYHBIM XapaKTepOM TEYECHHUs MeTajula B odare jaedop-
Mmanuu. Hactpoiika nHCTpyMeHTa edopManny 1 ero KaanOpoBKa, a TAKKe TOYHOCTb MOJa4y 3ar0TOBKH M BBbIIAYM THIIb3bI U3 o4ara JedopManuu
OKa3bIBAIOT CYLICCTBEHHOE BIMSHHE HA KAUYeCTBO I'MIIB3bI: TOYHOCTH Pa3MEpOB U HaIW4YKe Ne()EKTOB HA BHYTPEHHEH U HAPYKHOW MOBEPXHOCTH
ruib3bl. B paboTe npeaiokeHo TEXHUYEeCKOe PelIeHNe MOBBIISHNS CTaOMIBHOCTH BEJCHHs POLiecca MPOLIMBKH HENPEPhIBHOIMTOMH 3ar0TOBKH
Ha CTaHaX BHHTOBOM NpOKaTKH. Peanm3amust uien mpeanonaraeT NpUMEHEHNE yCOBEPIICHCTBOBAHHON KaIMOPOBKN MHCTPYMEHTA IPOLINBHOTO
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cTaHa. I[J'Iﬂ oOecreueHust LCHTPOBKH 3arOTOBKU U CTaOUIIBHOM ee TIOJIa4YH IT0 OCH IPOKATKHU IMTPOLIMBHOTO CTaHa MPEIAJIOKEHO )106aBI/ITB Ha BXOIHOM
KOHYCC BaJIKa CIICIAJIbHOC €r0o YTOJIIICHUC (I‘pe6€HI)), a Ha JIMHCHKE N3MCHUTh KaJ'II/I6pOBKy BXOJHOI'O €€ y4acCTKa C IICJIbIO Oonee paHHeﬁ BCTpCUHN
3aroToBKH C BaJIKaMU — 0 INEPBUYHOIO 3aXBara BaJIKaMH 3aroTOBKH, T. €. 10 Haydajia )Ie(bOpMaLII/H/I BaJIKaMU McTaJlia HeﬂpepBIBHOHHTOﬁ 3aro-
TOBKH. Z[J'ISI TIPOBEPKU U KOPPCKTUPOBKHU ITPEAJIATacMOro peicHus OBLIM TIOCTABJIEHBI U PCHICHBI 3a1a91 KOHCYHO-3JIEMCHTHOI'O MOACIMPOBAHUS
rpouecca BUHTOBOM TIPOIIMBKHU C U3MEHEHHOM KOHCprKI_IHel\/'I FpI/I6OBPU1HOFO BaJIKa U JIMHEHKH. Perrenue 3aJ1a4 OCYILIECTBIIAJIOCH B IIPOIrpaMMHOM
KOMIIJIEKCE QFOITD 3D. PeSy.]'H)TaTLI KOHCYHO-3JICMCHTHOTO MOACIHUPOBAHUSA I[OKa3aJId, YTO IIPHUMCHCHUC yCOBepHIeHCTBOBaHHOﬁ KaHI/I6pOBKI/I
HUHCTPYMCHTA ITO3BOJIACT YIYUYIIUTh HEHTPOBKY 3arOTOBKU U 00ecreynTh CTa6HJ’IBHy}O €€ noxauy 1no OCu NpOKaTKU NPOUIMBHOI'O CTaHa. 3a cuer
OTOT0 yAaeTCsl CHU3UTH OMEHHUE 3aTOTOBKH B Ovare L[e(bopMaHI/II/I 1 TEM CaMbIM CHU3UTH yCHJIUC Ha BaJIKaxX C 8 mo 5 MH. PeSyIII)TaTLI 3aMepoB
TEOMETPUICCKUX ITapaMETPOB I'UJIb3, IOJYUYEHHBIC IPU IOMOIIN KOHECYHO-3JIEMEHTHOI'O MOJACIIMPOBAHMSA, IMOKa3aJIM HE3HAYUTEIIbHBIC OTHOCHU-
TCJIbHBIC OTKIIOHCHUS, KOTOPBIC YKIAAbIBAIOTCSI B HOPMATHUBHBIC ITPCACIIBI.

Kawuesvle c106a: BUHTOBas IPOLINBKA, TOYHOCTH Pa3MEPOB T'MIIb3, SHEPTOCHIIOBBIC TApaMeTpPhI MPOLecca, KOMITBIOTEPHOE MOJEINPOBAHNE, TBEP/IO-
TesbHAsI MOJIeNTb, CTaOMIIBHOCTH Iporecca nporusku, MKD-monenupoBanue

Jlns yumupoeaHus: Tlanacenko O.A., Xane3os A.O., Hyxos JI.11. UccnenoBauue 3¢pheKTHBHOCTH M3MEHEHHS KaTHOPOBKU BXOIHOTO KOHYCa Bal-
KOB M JINHEEK IIPOLIMBHOTO CTaHa ¢ IPHOOBHIHBIMU BaJKaMU C HOMOLIBIO KOMITBIOTEPHOTO MOAEIUPOBaHUs. M3secmus 6y306. Yepnas memaniyp-
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[ 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
axially 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 tolerance 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 failure
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

i
Al
i
E
Al

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)

Puc. 1. OTKIIOHEHHE 3arOTOBKH OT OCH MPOKATKH
[IPH TIEPBUYHOM 3aXBaTe:
IKCUCHTPHCHUTET OCEH 3arOTOBKH U MPOKATKH (a);
YTOJI HAKIIOHA 3ar0TOBKH (b)
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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,

Roll

Piercing
head

Hump

Workpiece Piercing

mill axis

Guide shoe
taper

Initial
capture

Guide shoe

Fig. 2. Center of deformation during piercing
of the workpiece in rolls with a hump on the input section

Puc. 2. Ouar nedopManuu 1mpu MpoIIuBKe 3ar0TOBKU
B BaJIKaxX ¢ TpeOHEM Ha BXOIHOM y4acTKe

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 modeling
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: Tt =yt , where
T is the friction stress, MPa, y is the friction index, and
T, 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

ITapameTpbl HACTPOIKH NPOIIMBHOIO CTAHA

Distance between The piercing head extending Angle of, deg Rolls
the rolls, mm | the guide shoes, mm | beyond the rolls overclamping, mm | feeding | rolling | speed, rpm
253 286 100 9.5 12 30
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a b

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

Puc. 3. TBepaotenbHast MOJEIb TIPOIIECCa MPOIIMBKHU 3aTOTOBKH (@) U JIEMOHCTpAIUsI CTAOMIBHOCTH TIEPBUYHOTO 3aXBara
¥ HaKOIUICHHMs ie(hOpMalIMH IIPHU TPOIIMBKE B Balikax ¢ rpedHeM (b) B mporpamme QForm 3D

/,/ Roll Parameters Guide shoe
/
1 8 Taper height, mm 200
75 Spherical radius, mm 400
40 Distance from the end, mm 0
11 1 I | I ) B b
Rolling direction
630 +
1
L)
f
30° é’/
‘\h VJ
(=
S R400 3
1° %
|4
a c

Fig. 4. Parameters of the hump on the roll and ruler:
drawing of the roll with a hump (@); main parameters (b); drawing of the ruler with a taper (c)

Puc. 4. ITapameTpsl rpeOHs HA BAJIKE U JTHHCHKH:
YepTex Balika ¢ rpedHeM (a); OCHOBHBIE MapaMeTpsl (b); YepTexk JTMHEUKN ¢ KOHYCHOCTBIO (C)

10

8 MN

(o))
T
T

Effort, MN

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Time, s Time, s

Fig. 5. Graphs of force on the piercing mill rolls during computer modeling:
basic model (a); model with modified calibration (b)

Puc. 5. Tpaduku ycuiust Ha BaJIK{ MPOLUIMBHOTO CTaHA IPH KOMIIBIOTEPHOM MOJICITUPOBAHUH:
6a3oBast MOIeIb (@); MOJIENTb ¢ U3MEHEHHOH KaauOpoBKoii (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 utilizing
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
acceptable regulatory standards.
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MATHEMATICAL MODELING OF GAS DYNAMICS
AND OFF-GAS POST-COMBUSTION ABOVE THE MELT
IN A MELTER-GASIFIER FURNACE
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Abstract. Organization of technological process and design of a furnace significantly affect the parameters of post-combustion, determining the need
to develop a mathematical model of post-combustion zone. Modeling of gas dynamics, chemical reactions, convective diffusion and heat transfer
in the gas phase above the melt was carried out in an experimental melter-gasifier furnace at three different values of mass flow rates and two posi-
tions of post-combustion tuyeres. Temperature distributions and off-gas components concentrations were obtained. It was found that at the lower
position of the tuyere, post-combustion is carried out in the area of reflected jet, stagnant zones are formed around the tuyere and between the reflected
jet and the melt surface, which decrease the post-combustion level. At the upper position of the tuyere, post-combustion occurs inside the primary
jet, intensive mixing of all components of the furnace atmosphere occurs, post-combustion undergoes more completely, which leads to an increase
in the off-gases temperature with an increase in uniformity of temperature fields and concentrations compared with the lower position of the tuyere.
At the lower position of the tuyere, the flame zone turns out to be open, its shape significantly depends on the mass flow, and the flame zone volume
increases with an increase in the mass flow. At the upper position of the tuyere, the flame zone is closed, with an increase in the mass flow, its shape
does not change, but the flame zone volume decreases. For reduction processes in slag melt, the upper position of the tuyere is preferable, while for
production of the producer gas at the furnace outlet, position of the tuyere closer to the melt surface is preferable.

Keywords: computational fluid dynamics, mathematical modeling, numerical modeling, temperature field, concentration field, flame zone, mass flow,
post-combustion, experimental melter-gasifier furnace
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MATEMATUYECKOE MOAENNPOBAHUE TASOAUHAMMUKMU
N AOXUTAHUA TOPIOYUX KOMIMOHEHTOB HAA PACMN/JIABOM
B NNABUNbHOMN NEYU-TASUDUKATOPE
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AnHomayus. OcoOeHHOCTH OpraHU3alNK TEXHOIOTHUECKOTO MPOIIecca U KOHCTPYKIMHU MeYH 3HAYUTEIBbHO BIUSIOT Ha ITapaMeTphl IPOLIECCOB JT0MKH-
raHus, TEM CaMbIM OHpe/essis HeOOXOIUMOCTb MOCTPOCHHUS MATEMAaTHUECKONH MO 30HbI JI0KUTaHUs. B TaHHOM HCCIIeIOBaHUHU MTPOBEJICHO
MOJICTHPOBAHHE Ta30IHHAMUKH, XUMUYECKHX PEaKIMil, KOHBEKTHBHOM M Py3un U TEII000MeHa B ra30BOM Cpe/ie HaJl PacIIaBOM B 9KCIIEPUMEH-
TaJbHOMW IUTABWIILHOM NeYH-Ta3u(HUKaTOpe MPH TPEX passINuHbIX 3HAUYCHUSAX PAcX0/a Iy Ths U JBYX MOJIOKeHUsX Gypm i noxuranus. [lomydeHst
pacupezeneHus TeMIeparyp U KOHIEHTPALUH IPOIyKTOB H0KUranus. [Ipy HIKHEM pacnoioKeHUH (YPMBbI IIPOLIECC JOKUTAHHSI OCYIIECTBIISIETCS
B 00JIACTH «OTPAXEHHOW» CTPYH, 00pa3yrOTCsl 3aCTOMHBIE 30HbI BOKPYT ()ypMbl M MEXJly OTPa)KEHHOH CTpyeil ¥ MOBEPXHOCTBIO PACILIaBa, YTO
yXyauaer goxuranue. [Ipu BepxHem pacroiokeHuu Gpypmbl JOKUTaHHE TIPOMCXOJUT BHYTPH NEPBUYHON CTPYH, OCYIIECTBIISICTCSI HHTEHCHBHOE
repeMelInBaH1e BCEX KOMIIOHEHTOB MEYHON aTMOC(ephl U JOKUIaHHE ITPOXOAUT OoJIee MOJIHO, YTO NPUBOIAUT K YBEIUUCHHUIO TEMIIEPATyphl OTXO0-
JUILMX Ta30B MPU YBEIMYCHUU OJHOPOAHOCTH TOJICH TeMIepaTypbl U KOHIEGHTPAILMH 10 CPABHEHHIO C HIHKHHUM TOJIOKEHHEM (GypMbl. YCTaHOB-
JICHO, YTO IIPU HIDKHEM HOJIOKEeHHH (ypmbl (hakes OKa3bIBaeTCsi Pa30MKHYTBIM, €ro (popMa CyIIECTBEHHO 3aBUCHT OT pacxoja AyThs, a 00beM
C POCTOM pacxozia IyTbhsl yBenuuuBaeTcs. [Ipu BepxHeM pacrionoxeHun Gypmbl haken SBISIETCS 3aMKHYTBIM, C YBETMYSHHEM PAacXo/a AyThsl €ro
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(bopma HC UBMCHSCTCA, a 00BeM YMCHBIACTCA. I[J'IH TIPOILECCOB BOCCTAHOBJICHHUS B IIIJIAKOBOM paCIUIaBE NMPEANIOYTUTCIIBHO BEPXHEE PACIIOTIOKCHUEC
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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 H, 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
designated 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 / 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

Puc. 1. Cxema 3KCTIepUMEHTAILHOH MIaBUIIBHOM Meur-ra3npukaTopa:
1 — obnactb pacmasa; 2 — GpypMsl; 3 — ra300TBO/IbI;
4 — OKHO IOJJauH CHITYYHX
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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 materials
(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-¢ 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]
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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 Y at every computational
mesh node. The equation is as follows:

0

ﬁt( pY;)+ v(PC‘)YI‘):_vji"‘Rz‘a (1

where p is the density of the mixture, kg/m3; @ is the
velocity vector, m/s; R, is the rate of formation of the it
component as a result of chemical reactions, kg/(m?-s);
J, is the diffusion flow density of the i component,
kg/(m?-s). The latter is influenced by the concentration
gradients of this component and temperature, which
can be expressed as:

7 Lolg ﬁT

J =—|pD. +—|VY.-D,. , 2

i [p im SC;J i T,i T ( )
where D, and D, 7 are the mass diffusion and ther-

mod1ffus1on coefficients (also known as Soret coef-
ficients) for the component ", m?/s, respectively;
Sc, is the turbulent Schmidt number, typically
defaulted to 0.7 (Sc, =

pD

t
coefficient of turbulent viscosity, Pa's; D, is the turbulent

diffusion coefficient, m?/s).

, where p, is the dynamic

For a component that is involved in multiple reactions
R, is the sum of the rates of formation of that component
from all the reactions R

Assuming the reactlons are irreversible for simplicity,
the ;! reaction can be summarized as:

N
DoV ML Y VM, 3)

where N is the number of chemical components in the
system; v; ; is the stoichiometric coefficient for the i
reactant in the ] M reaction; v! ; is the stoichiometric coef-
ficient for the i product in the J" reaction; M, symbolized
the i™ component; k., ; s the rate constant for the forward
Jj™ reaction.

For irreversible reactions, the molar rate of forma-
tion/destruction of the i" component in the j* reaction is
described by the expression:

éi,/‘ = (Vl"J /)( f]H|: “J“l/*m/)] 4

where C; is the molar concentration of the /' component
in the /™ reaction, kmol/m?; n; ; is the reaction rate index
of the /'™ component in the j™ reaction; n; ; 1s the reaction
rate index of the /" product in the j* reaction.
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Table 1. Kinetic constants for the studied chemical reactions [20]

Tabauya 1. 3HaYeHUs] KHHETHYECKUX KOHCTAHT JIJIsl paccMaTpuBaeMbIx peakuuii [20]

Reaction Aj B]. E Equation coefficient v Order of reaction n
H,+0.50,=H,0 | 9.87-108 | 0 | 3.1-107 | Vi, =1.0; vp, =0.5; Vi o =1.0 | my, =1.00; ng, =1.00; mjy o =0
CO +0.50,=CO, |2.239-10"2| 0 | 1.7-10% | Vo =1.0; v, =0.5; veo, =1.0| mio =1.00; mp, =0.25; ng, =0

Table 2. Boundary conditions in the calculation

Ta6auya 2. TpaHU4HbIE YCJI0BHsI, 3a1aBaeMble IPU pacyere

Cross-section Cross-section type Gas dynamics Temperature, K | Composition, vol. % [2]
M =0.2439 kg/s; 50 =20 .
Melt surface Mass-flow inlet d, =18m; 1773 €O =50; Ij2 30’_C02 %
gh | ’ H,0=8 N,=10
pulsations =5 %
M =0.03919 — 0.11757 kg/s;
Tuyere inlet cross-section Mass-flow inlet d,,=0.02 m; 293 0,=90;N,=10
pulsations = 15 %
=-160 Pa;
Gas offtakes cross-section Pressure outlet dgh =0.5m; 1773 0,=2I;N,=79
pulsations =5 %

The rate constant for the forward ;" reaction is compu-
ted using the Arrhenius equation:

E;

ky,=AT" ek, (5)
where 4; is the pre-exponential indicator (units vary
based on the reaction order); Bj is the temperature expo-
nent (dimensionless number); £ 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

CO molar

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-
meter 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

fraction

0.500
0.444
0.389
0.333
0.278
0.222
0.167
0.111
0.056
0

11

Fig. 2. Field of CO molar fraction for two variants of the tuyere position (/, /I) and three values of the blast flow rate (a, b, ¢)

Puc. 2. Ilone monbHO# o CO 11t 1ByX BApUAHTOB pacnonoxeHust Gpypmsl (Z, [1) u Tpex 3Ha4eHUH pacxozna nyTbs (a, b, ¢)
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H, molar
fraction

0.300
0.267
0.233
0.200
0.167
0.133
0.100
0.067
0.033
0

1 /A

Fig. 3. Field of H, molar fraction for two variants of the tuyere position (7, /1) and three values of the blast flow rate (a, b, ¢)

Puc. 3. TTone MosbHOI fomu H, aist 1ByX BapuanToB pacronoxenust ypmbl (£, I) n Tpex 3HaueHni pacxoja ayThs (a, b, ¢)

‘ b
a c

1 17

CO, molar
fraction

0.580
0.516
0.451
0.387
0.322
0.258
0.193
0.129
0.064
0

Fig. 4. Field of CO, molar fraction for two variants of the tuyere position (Z, I7) and three values of the blast flow rate (a, b, ¢)

Puc. 4. TTone mMosbHO# o CO, 15t IBYX BApUaHTOB pactiosioxkenus Gpypmsl (1, 1) u Tpex 3HaueHui pacxosna 1yThs (a, b, c)

s b
a C

1 11

H,O molar
fraction

0.393
0.350
0.306
0.262
0.219
0.175
0.131
0.087
0.044
0

Fig. 5. Field of H,0 molar fraction for two variants of the tuyere position (Z, /1) and three values of the blast flow rate (a, b, ¢)

Puc. 5. Tlone mosbHO# o H,O st aByx BapuanTtos pacnionoxkenus Gypmbi (1, I7) n Tpex 3Hauennit pacxona ay s (a, b, ¢)
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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 Mb: 0.03919 kg/s (a),
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 /, at 0.1 m from the melt surface,
and the upper position 7/, 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 H,) and a corresponding
increase in the concentrations of combustion products
(CO, and H,0). 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-

Temperature, K

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,

4223
3776
3328
2880
2432
1984
1536
1088
640

192

1

Fig. 6. Temperature field for two variants of the tuyere position (/, /) and three values of the blast flow rate (a, b, ¢)

Puc. 6. TemneparypHoe mosne JUist AByX BapuaHTOB pacroioxenus: Gpypmsl (/, I7) n Tpex 3HadeHuit pacxona 1yt (a, b, ¢)
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11

Fig. 7. Isovolumes for 2200 K with two variants of the tuyere position (/, /) and three values of the blast flow rate (a, b, ¢)

Puc. 7. I3006bemsl aist temiieparypbt 2200 K npu 1Byx BapuanTax pacnonoxenus Gypmsi (/, I1) v Tpex 3HaueHuit pacxopa nyTths (a, b, ¢)

»

a c
17

Fig. 8. Isovolumes for 2600 K with two variants of the tuyere position (/, /) and three values of the blast flow rate (a, b, c)

Puc. 8. 13006bemsr st temrieparypbl 2600 K npu 1Byx BapranTax pacnonoxenus ¢Gypwmsl (/, I1) v Tpex 3HaueHuit pacxona nyThs (a, b, ¢)

H,) 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

118

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 volume
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 volume
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
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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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SHEWHART CONTROL CHARTS —
A SIMPLE BUT NOT EASY TOOL FOR DATA ANALYSIS
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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 distributed
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 (/-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.
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Annomayus. Kourponsnsie kaptsl lyxapra (KKII) — MOMmHBIA U TEXHHMYECKH BECbMa MPOCTON MHCTPYMEHT aHaaM3a BapHaOEIbHOCTH
MPOLECCOB, HO OZHOBPEMEHHO OH HE MOXET OBITH MOJHOCTBIO ANTOPHUTMH3MPOBAH M TPeOyeT IIyOOKOro 3HAHHUS MPOLECcca B COUYETAHHM
C JONOJIHUTEIbHBIM aHaNIN30M JaHHbIX. XoTs camu 1o cebe KKII u3BeCTHBI Ou€Hb JaBHO, YMCIO0 PabOT OFPOMHO M CTAHAAPThl HA HpUMe-
HEHUE KapT BHEIPEHHI B OONBIIMHCTBE CTPAaH MUPA, CYLIIECTBYET HECKONBKO MIPUHIUNNAIBHO BaXKHBIX MPo0IeM ux 3(b(PEeKTHBHOTO IpHMe-
HEHMs, KOTOpbIE MPAKTUYECKM HE HAXOIAT CBOETO OTPAKEHMs HM B HAay4HO-UCCIIENOBATENbCKOH, HU B yueOHOH smteparype. MmeHHO
9TUM HpoOieMaM M IOCBAIIEHA JaHHas pabora. B wacTHOCTH, MccienoBaHBI ABa acIeKTa CTaHAAPTHOTO MOMYIICHHS O HOPMAalbHOCTH
3aKOHa pacrnpejesieHus AaHHbIX. CHauanaa aBTOPbl U3yUMIIUM IIMPOKO PACHPOCTPAHEHHOE 3a0Iy’KAEHHE O TOM, UTO PE3YJIbTAaThl U3MEPEHUI
BCET/Ia PacIpesieieHbl B COOTBETCTBHU € 3aKOHOM ['aycca. 3aTeM moka3aiu, 4TO OTKJIOHEHHE peanbHON (QyHKIMU pacmpenencHus JaHHBIX
OT HOPMAJILHOCTH MOXKET IIPU ONPEJECNICHHbIX YCIOBUSAX NPUBOAUTH K CYIIECTBEHHBIM M3MEHEHUSIM B METOAUKE ITOCTPOEHHS U MHTEpIIpe-
Talluu KOHTPOIBHBIX KapT. Jlanee, Ha mpuMepe KOHKPETHOTO Impolecca, ObUI0 pacCMOTPEHO, KaK MPAaBUIIBHO U KaK HENPAaBUIBHO CTPOUTH
n unrepnperuposars KKII, nocie yero ncciiesoBana NpUHIHUIIKAIBHO BaXkHas MpoOieMa ONepalioHalIbHOTO ONpeIesIeH s 0COObIX/Crienu-
aJIbHBIX NPUYHMH BapUallUi. ABTOPHI IPEIararoT BBECTU 1Ba THIA 0COOBIX MPUYUH: HE MEHAIOINX (/-TUI) U U3MEHSIOMUX (X-THII) CUCTEMY.
B koHI1le paboOThI PacCMOTpPEH BONPOC O TOM, Kak NpaBmiIbHO opranuzoBark pabory ¢ KKII. [ToguepkHyTo, 4TO MOCTPOSHUE U MHTEPIpE-
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Tanus KOHTpOHLHOﬁ KapThl — 5TO BCErjaa CUCTCMHas np06nema BSaHMO}IeﬁCTBHH MEXAY npoueccaMmu U JOAbMHU, pa60Ta}OH.IHMPI Haja yiy4-
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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 Deming,
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 spectrum of Dr. Shewhart’s con-
tributions has been revealed in liberal education, sci-
ence, and industry” [2]. This paper aims to address
some of the obstacles encountered in achieving the
vision articulated by Deming. 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

® CUSUM chart

Search term

® Shewhart chart

Search term

Worldwide 2004 - present * All categories ~

Interest over time

effectively. This analysis will draw upon both historical
studies and recent research findings.

[ 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
manufacturing, 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 various 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. I and a decrease in
the volume of related scholarly publications in esteemed
journals. The paper [12] recently addressed this topic.
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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
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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 theory. 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 dividing
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. However, current ShCCs theory assumes
that process data are completely random. In 2021, a paper
was released detailing 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 individual 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 limits
are predicated on a normal distribution of characteristics.
Given that control limits frequently serve as empirical
benchmarks in decision-making, reasonably small devia-
tions from normality are conceivable. The central limit
theorem posits that sample mean values 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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Fig. 2. Histograms and empirical distribution functions (DFs) for many repeated measurements
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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?

70

60 -

50

30 |

Unnormalized frequency

10 |

160 200 240 280 320
Random value

0 40 80 120

0 100 200 300 400 500 600
T T T T T b
o 7Tr
<
2 -2t
B
= E =3r \\S
2z 4l T o
o Se
o \\‘
£ -5F  y=-0.0092x—0.02 b
£ R =0.9925
-6 L]
-7

Fig. 3. Histogram (a) and empirical DF (EDF) (b)
for simulated random data

Puc. 3. I'uctorpamma (a) u smmupudeckast OP (b)
JUISL CMOJICTIMPOBAHHBIX CTyYalHbBIX JTaHHBIX

124

Initially, 400 samples of random numbers following
an exponential distribution with the parameter A = 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-
tion'. 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)? 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-

'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]: E, = 2.66;
D, = 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 values (x)
and nine points (accounting for 2.2 %) in the chart for
moving range (mR) exceed the upper control limit (UCL).
However, based on the findings in [17], the coefficient d,
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

Hapymel-mn TEXHOJIOIHYeCKOoM JUCHUILIMHBI HA KOMOUHATe

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
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Fig. 5. Box-and-whisker plot for Table data (a)
and Pearson curve plane from [17] (b)
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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 BS, corre-
sponding to the Barr DF. The E, 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.

[l 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
during 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 novice, 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,
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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 d,). A C 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:
C, = 1.53; section 4: C = 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.

[l VARIOUS FORMS OF PROCESS INSTABILITY

It’s clear that instability can manifest itself in various
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
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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.
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“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
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Fig. 9. Different types of variation:
1 — short-term; 2 — long-term
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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 /
(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 [ 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 manage
itself” [23] In such instances, the senior management
responsible for overseeing the system as a whole should
undertake the search for root causes.

[l 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 interaction 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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