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Abstract. Hot Briquetted Iron (HBI) or Direct Reduced Iron (Pellets) (DRI) is one of the most sought-after products in the steel industry because its use 

enables the environmentally friendly production of high grade steels. The purpose of this paper is to study the process of pellets carburization under 
the conditions of a shaft direct reduction (metallization) furnace in comparison with the carburization of pellets due to the preparation of an ore-carbon 
burden. Hot briquetted iron produced in the HYL-III process is different from Midrex briquettes in terms of carbon content. Difference in the amount 
of carbon is attributed to the processes of carburization and pyrolysis of natural gas in the shaft furnace workspace, as well as difference in composition 
of the gas phase and pressure in the workspace of the HYL and Midrex furnaces. As is known, the HYL-III process utilizes vapor conversion (higher 
H2/CO ratio) at elevated gas pressures beneath the furnace top, in contrast to the Midrex process. An increase in the carbon monoxide (CO) content in 
the gas phase of the Midrex process (carbon dioxide conversion) results in intensification on the pellet surface that was reduced to metal. The findings 
of the study demonstrated that carburization of pellets to a greater than 4.5 % carbon content through the process of gas metallization (direct reduction) 
in shaft furnaces is indeed feasible. The Midrex process, which relies on the reducing agent, mostly carbon monoxide (CO), allows for the treatment 
of pellets with methane. In contrast, the HYL process, which utilizes hydrogen (H2 ) mostly as the reducing agent, necessitates the addition of solid 
carbon, such as soot or coke breeze etc., to the burden for carburization. This finding suggests the potential for utilization of carbon-containing 
briquettes in metallization processes. Carbon, despite its presence in the form of a separate phase (soot), cannot be separated from the iron-containing 
components of pellets by magnetic separation or washing and does not pose any danger. 
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 Introduction and problem statement

Hot Briquetted Iron (HBI) or direct reduced pel-
lets (DRI) are among the  most sought-after products in 
the  steel industry, since their use enables the  environ-
mentally friendly production of high-grade steels [1 – 4]. 
This, in particular, explains the  increasing production 
of  direct reduced iron1. One of  the  important quality 
parameters of  this product is the  carbon content, which 
led to the development of the ACT Midrex technology2. 
According to  the  developer, this technology makes it 
possible to  achieve a carbon content in metallized pel-

lets of up to 4.5 wt. %. Assessing the conditions required 
to achieve this level and comparing them with the alter-
native approaches is an important objective, as it expands 
the  tools available for improving the  metallurgical pro
perties of HBI. One of the factors determining the quality 
of the metallized product (including the carbon content) 
is the material composition of pellets [5]. This aspect is 
not analyzed in the present study (the raw material in all 
the  samples is identical), and the  investigation focuses 
solely on the  kinetics of  carburization. The basis for 
the study was the primary data reported in  [5; 6], along 
with additional experiments. Table 1 shows the distribu-

1 World Steel Association. World steel in figures 2024. Available at 
URL: https://worldsteel.org/data/world-steel-in-figures-2024/#direct-
reduced-iron-production-2019-to-2023 (Accessed 13.05.2025). 

2 MIDREX Technologies Inc. Increasing carbon flexibility in 
MIDREX DRI products adjustable to 4–5 %: excellent temperature 
retention with MIDREX ACT. Available at URL: https://www.midrex.
com/tech-article/increasing-carbon-flexibility-in-midrex-dri-products-
adjustable-to-4-5-excellent-temperature-retention-with-midrex-act 
(Accessed 13.05.2025).

Table 1. Average carbon content in HBI [6] 

Таблица 1. Усредненное содержание углерода в ГБЖ [6]

Carbon content, wt. %
HYL-III No. 1 Midrex No. 2 Midrex No. 3

0.96 1.43 1.27
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Аннотация. Горячебрикетированное железо (ГБЖ, HBI) или восстановленные окатыши (DRI) являются одним из наиболее востребованных 

продуктов металлургической отрасли, поскольку их использование позволяет обеспечить экологичное производство высококачественных 
сталей. Одним из важных параметров качества такой продукции служит содержание углерода. Цель данной работы состоит в исследо-
вании процесса науглероживания окатышей в условиях шахтной печи металлизации в сопоставлении с науглероживанием окатышей за 
счет формирования рудо-углеродной шихты. Углерод в окатышах распределен между карбидами железа и отдельной фазой – сажей. Горя-
чебрикетированное железо, полученное по технологии Хил-3, отличается по содержанию углерода от брикетов Мидрекс. Разница в коли-
честве углерода объясняется протеканием процессов науглероживания и пиролиза природного газа в рабочем пространстве шахтной 
печи, а также отличием в составе газовой фазы и давления в рабочем пространстве в печах Хил и Мидрекс. Как известно, процесс Хил-3 
использует паровую конверсию (соотношение H2/CO выше) при более высоком давлении газа под колошником в сравнении с Мидрекс. 
Более высокое содержание СО в газовой фазе процесса Мидрекс (углекислотная конверсия) приводит к интенсификации процесса на 
восстановленной до металла поверхности окатыша. Результаты исследования показали, что науглероживание окатышей до содержания 
углерода более 4,5 % при использовании газовой металлизации в шахтных печах действительно возможно. При этом для процесса 
Мидрекс (восстановитель преимущественно СО) это возможно за счет обработки окатышей метаном, а для процесса Хил (восстано-
витель преимущественно H2) для науглероживания необходимо добавлять в шихту твердый углерод (сажа, коксик и т. д.). Указанное 
открывает потенциальные возможности использования углеродсодержащих брикетов при металлизации. Углерод, несмотря на его нахож
дение в виде отдельной фазы (сажи), не может быть отделен от железосодержащих компонентов окатышей магнитной сепарацией или 
отмывкой и не представляет опасности. 

Ключевые слова: ГБЖ, восстановленные окатыши, Мидрекс, Хил, шахтная печь, углерод, СО, сажа, брикеты

Для цитирования: Сабиров Э.Р., Поколенко А.Ю., Бижанов А.М., Берсенев И.С., Спирин Н.А. Исследование процесса науглероживания 
окатышей до содержания углерода более 4,5 % при металлизации в шахтных печах. Известия вузов. Черная металлургия. 2025;68(5): 
461–467. https://doi.org/10.17073/0368-0797-2025-5-461-467

1 ООО «НПВП ТОРЭКС» (Россия, 620902, Екатеринбург, ул. Старожилов, 72)
2 Уральский федеральный университет имени первого Президента России Б.Н. Ельцина (Россия, 620002, Екатеринбург, 
ул. Мира, 19)
3 Национальный исследовательский технологический университет «МИСИС» (Россия, 119049, Москва, Ленинский пр., 4)

Исследование процесса науглероживания окатышей 
до содержания углерода более 4,5 % 
при металлизации в шахтных печах
Э. Р. Сабиров1, 2 , А. Ю. Поколенко1, А. М. Бижанов3, 

И. С. Берсенев1, 2, Н. А. Спирин2

https://worldsteel.org/data/world-steel-in-figures-2024/#direct-reduced-iron-production-2019-to-2023
https://worldsteel.org/data/world-steel-in-figures-2024/#direct-reduced-iron-production-2019-to-2023
https://www.midrex.com/tech-article/increasing-carbon-flexibility-in-midrex-dri-products-adjustable-to-4-5-excellent-temperature-retention-with-midrex-act
https://www.midrex.com/tech-article/increasing-carbon-flexibility-in-midrex-dri-products-adjustable-to-4-5-excellent-temperature-retention-with-midrex-act
https://www.midrex.com/tech-article/increasing-carbon-flexibility-in-midrex-dri-products-adjustable-to-4-5-excellent-temperature-retention-with-midrex-act
https://fermet.misis.ru/index.php/jour/search/?subject=ГБЖ
https://fermet.misis.ru/index.php/jour/search/?subject=восстановленные окатыши
https://fermet.misis.ru/index.php/jour/search/?subject=Мидрекс
https://fermet.misis.ru/index.php/jour/search/?subject=Хил
https://fermet.misis.ru/index.php/jour/search/?subject=шахтная печь
https://fermet.misis.ru/index.php/jour/search/?subject=углерод
https://fermet.misis.ru/index.php/jour/search/?subject=СО
https://fermet.misis.ru/index.php/jour/search/?subject=сажа
https://fermet.misis.ru/index.php/jour/search/?subject=брикеты
https://doi.org/10.17073/0368-0797-2025-5-461-467
mailto:e.sabirov%40torex-npvp.ru?subject=


Izvestiya. Ferrous Metallurgy. 2025;68(5):461–467.
Sabirov E.R., Pokolenko A.Yu., and etc. Carburization of pellets to a carbon content of more than 4.5 % during metallization in shaft furnaces

463

tion of  carbon in HBI produced at Lebedinsky Mining 
and Processing Plant (Lebedinsky GOK) across three 
technological lines. 

According to these data, HBI produced by the HYL-III 
process differs in carbon content from Midrex briquettes. 
The difference in carbon amount between the samples is 
attributed to  the  processes of  carburization and natural 
gas pyrolysis in the shaft furnace workspace, as well as 
to  differences in the  gas phase composition and pres-
sure in the  furnace workspace of  the  HYL and Midrex 
processes  [7 – 9]. It is well known, the  HYL-III pro-
cess employs vapor conversion (higher H2/CO ratio) at 
higher gas pressures beneath the  furnace top compared 
to  Midrex. The higher CO content in the  gas phase 
of  the  Midrex process (carbon dioxide conversion) 
intensifies the reaction on the metallic surface of the pel-
let [10]:

	             Fe + 6CO → Fe3C + 3CO2 .	 (1)

Carbon in pellets is distributed between iron carbides 
and a separate phase  – soot. The purpose of  this study 
is to  investigate the  process of  carburization of  pellets 
(to a carbon content >4.5 %) in a shaft furnace, in com-
parison with carburization of pellets through the forma-
tion of an ore–carbon burden.

 Investigation of gas-phase carburization
 

of direct reduced pellets

To determine the  conditions influencing the  carburi-
zation of pellets, a research stand was prepared (Fig. 1). 
It  consisted of  gas cylinders  (1), a vertical electric fur-
nace containing a reaction crucible  (2), a combustion 
chamber (3), gas supply (4) and exhaust systems (5) with 
filters, and a gas analyzer (6). 

Methane was fed into the reaction crucible and heated 
as it passed between the  walls of  the  outer and inner 
tubes, flowing downward. It then moved upward through 
the perforated bottom (ceramic beads) of  the  inner tube 

and was discharged from the  crucible. It then entered 
a  sealed vessel filled with water, which served both as 
a  filter and as a cooler to  cool the  gas before its deli
very to the analyzer. Downstream of the analyzer, the gas 
was routed to  the  combustion chamber. This chamber 
was used to  neutralize explosive components formed 
during methane cracking, preventing their accumulation 
and potential ignition in the laboratory. The temperature 
and gas flow rate were kept constant during the isother-
mal holding stage. During the  test, elapsed time, mass, 
temperature, inlet-gas flow rate, and outlet-gas composi-
tion were recorded and logged. Methane decomposition 
was monitored by changes in retort mass and by analy
zing the chemical composition of the outlet gas. Methane 
(CH4 – 99.99 %; balance CO, CO2 , N2 , H2O, O2 , CmHn ) 
was supplied from a cylinder, and argon (Ar – 99.993 %) 
was used as the inert gas.

Experiments were conducted to  simulate the  car-
burization zone of  a shaft furnace using direct reduced 
pellets (degree of  reduction 95 %). The tests were car-
ried out at  temperatures of  1000 and 1100 °C (Table 2). 
The methane flow rate was determined from the reaction 
zone volume, the gas tract capacity of the unit, and the need 
to maintain a stable regulation range. The data in Table 2 
show that the presence of direct reduced pellets resulted in 
an increase in pellet mass due to soot deposition. 

At a methane flow rate of 1.757 L/min, the maximum 
increase in pellet mass due to  carbon deposition was 
56.48 g/h, with most of the carbon depositing on the sur-
face of  the  metallized pellets and within their pores. 
As  a  result, upon completion of  the  tests, the  samples 
grew in size (from 12 to  20 – 22 mm), and their shape 
changed from spherical to  angular (Fig. 2). Phase ana
lysis revealed up to 5 wt. % total carbon and more than 
2 wt. % carbon in the form of soot. 

To determine the possibility of separating the soot car-
bon from the metal, the pellets were ground to a –100 µm 
fraction. When the  dry fine material was separated by 
a  magnet into magnetic and non-magnetic fractions, it 
was found that all of  the material was magnetic. Wash-
ing the  ground material in water also failed to  separate 
the  phases. Therefore, isolating carbon as a separate 
product by these methods proved impossible. 

Fig. 1. Diagram of the research stand

Рис. 1. Блок-схема исследовательского стенда

Table 2. Experimental conditions and formation 
rate of soot with pellets

Таблица 2. Условия опытов и скорость образования 
сажи с окатышами

Experi
ment

Temperature, 
°С

Methane flow 
rate, L/min

Mass growth  
rate, g/h

1 1000 0.781 14.55
2 1100 0.781 16.39
3 1100 1.757 50.09
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 Investigation of solid-carbon carburization
 

of direct reduced pellets

Pellets and briquettes with an organic binder were pre-
pared for the laboratory tests. The organic binder does not 
reduce the content of valuable components in the metal-
lized product. It promotes the  development of  a  micro-
porous structure during reduction  – heat treatment and 
ensures adequate strength of  the  products at intermedi-
ate production stages (green handling, drying). Lime-
stone from the  Lebedinsky GOK was used as the  flux. 
The chemical composition of the components is given in 
Table 3. The soot contained 99.59 % carbon. The parti-
cle-size distribution of  the components met the  require-
ments for pellet production. The charge for briquettes and 
pellets consisted of  89.62 % concentrate, 5.35 % soot, 
2.03 % limestone, and 3 % organic binder (dry basis).

A laboratory stand (Fig. 1) was used to  carry out 
the  reduction–heat treatment of  ore–carbon samples. 
The heat treatment was carried out as follows. The samp
les were heated together with the furnace to 1000 °C in 
an inert atmosphere (argon remained in the  retort after 
leak-tightness testing). During heating, iron oxides were 
reduced by the solid reductant (soot) present in the samp
les, as no air was supplied to  the  retort. The smoke 
generated during carbon reduction was vented to  atmo-
sphere. When the sample mass reached a constant value 
and smoke emission from the retort ceased, it was it was 
considered that the carbon had fully burned out. Hydro-
gen was then introduced into the  reaction crucible and 

the reduction of the pellets continued to a degree of reduc-
tion >90 %. When constant mass was attained, the hydro-
gen supply to  the  retort was stopped and replaced with 
inert gas. The retort was removed from the furnace, and 
the inert gas continued to be supplied until the tempera-
ture fell to 60 °C. The retort was then disassembled and 
the sample taken out.

The experiments showed that the surfaces of the dried 
pellets tended to  crumble during loading and transfer. 
Because the pellets were not coated with chalk or cement 
suspensions to  suppress sintering, sintering occurred 
during reduction. For the  reduced samples (Fig. 3), we 
determined compressive strength (minimum requirement 
≥30 kg/pellet) and the chemical composition of the target 
components (Table 4). In addition, tests were performed 
on samples reduced solely by soot – i.e., without hydro-
gen supply to the retort – to assess the effect of carbon on 
oxygen removal from the iron-ore particles.

The data indicate that the compressive strength of pel-
lets reduced solely by soot differed by no more than ~3 % 
(relative). Accordingly, carbon-containing briquettes 
can be used in metallization without compromising 
the  strength of  the  reduced products, as also suggested 
in [11; 12]. The compressive strength of pellets reduced 
by soot was 1.5 – 2.0 times lower than that of  pellets 
reduced by hydrogen. This is attributed to  the presence 
of different phases in the samples characteristic of a metal
lization degree of ~45 %: Fe3O4 , FeO, and Femet . In cont
rast, when the pellets had a homogeneous structure rep-
resented by metallic iron, their strength increased. This 

Table 3. Chemical composition of burden components

Таблица 3. Химический состав компонентов шихты

Component
Chemical composition (dry basis), wt. %

Fetot FeO СаО SiO2 MgO Al2O3 S P LOI
Concentrate 70.13 30.37 0.12 2.56 0.23 0.11 0.147 0.015 0
Limestone 0 0 52.21 2.18 0 1.70 0 0 44.81

Fig. 2. View of pellets after reduction

Рис. 2. Вид окатышей после восстановления
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agrees with the results reported in [13; 14]. The compres-
sive strength of briquettes likewise increased with metal-
lization degree, mirroring the trend observed for pellets. 
Reduction of ore–carbon samples solely by soot (no H2 

feed) yielded a degree of reduction of ~45 – 50 %. At this 
stage, extensive reaction surfaces developed owing 
to burnout of  the organic binder and carbon, as well as 
the magnetite → wüstite phase transition. 

Fig. 3. Typical appearance of the reduced samples of pellets (a, b) and briquettes (c, d), reduced without hydrogen (а, c) and with hydrogen (b, d)

Рис. 3. Типичный вид восстановленных образцов окатышей (а, b) и брикетов (c, d), восстановленных без водорода (а, c) и с водородом (b, d)

Table 4. Physico-chemical properties of the reduced samples

Таблица 4. Физико-химические показатели восстановленных образцов

Sample
Compressive 

strength, kg/pellet 
(kg/briquette)

Fetot , %
Femet , 

% С, % S, % SiO2 , %
Degree of 

metallization, %

Pellets
Binder 1

without Н2 43.48 83.40 37.32 0.19 0.200 2.98 44.70
with Н2 63.40 96.92 91.64 0.20 0.016 3.25 94.50

Binder 2
without Н2 42.60 79.52 34.31 0.41 0.200 2.87 43.15

with Н2 88.31 98.48 92.19 0.19 0.024 3.24 93.61

Briquettes
Binder 1

without Н2 148.84 77.26 28.70 0.54 0.230 2.77 37.15
with Н2 261.21 91.82 87.48 0.34 0.072 3.21 95.27

Binder 2
without Н2 142.41 75.66 23.05 1.27 0.220 3.35 30.47

with Н2 187.72 91.69 89.47 0.24 0.053 2.86 97.58
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 Conclusions

The experiments demonstrate that achieving 
>4.5 wt. % carbon in pellets by gas-phase metallization 
in shaft furnaces is feasible. In the Midrex process (reduc-
ing agent predominantly CO), this can be attained by 
methane treatment of pellets; in the HYL process (reduc-
ing agent predominantly H2 ), carburization requires add-
ing solid carbon (soot, coke breeze, etc.) to  the burden. 
Although present as a separate phase (soot), carbon can-
not be separated from the iron-bearing pellet components 
by magnetic separation or washing and poses no hazard. 
During reduction and carburization of  pellets and bri-
quettes, deformation occurred, accompanied by volumet-
ric expansion and crack formation.
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