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Abstract. The paper considers thermodynamic and physicochemical regularities of phosphorus behavior in multicom-
ponent systems of Fe—Cr—P, Fe—Cr, Fe—P, Cr—P and Fe—Cr—P—-O when using chromium-containing man-made raw ma-
terials, in particular substandard ores and leather industry wastes. The analysis of the current state of the raw material
base of chromium in Ukraine is carried out and the expediency of attracting alternative sources of chromium-containing
raw materials is substantiated. The literature data on phase equilibrium, thermodynamic properties and features of the
formation of phosphide and oxide-phosphate phases in these systems is summarized. It has been established that the
main problem of the use of man-made raw materials is the increased content of phosphorus, which negatively affects
the properties of the metal. It is shown that solid-phase reduction creates favorable conditions for controlling the distribu-
tion of phosphorus between the metal and slag phases. The influence of temperature, charge composition and intera-
tomic interaction on the stability of phosphide phases and the efficiency of dephosphorization has been determined.
Particular attention is paid to the role of the magnetic state of iron and the conditions for the formation of solid solutions
and intermetallics in the Fe—Cr—P system. The results obtained can be used to develop energy-efficient technologies for
the processing of chromium-containing waste and substandard ores in order to reduce import dependence and increase
the environmental safety of metallurgical production. The purpose of the work is to study the thermodynamic and
physicochemical patterns of phosphorus behavior in the Fe-Cr—P, Fe—Cr, Fe—P, Cr-P and Fe—-Cr—P-0O systems when
using complex chromium-containing raw materials (substandard ores and leather industry wastes), as well as to sub-
stantiate the possibility of controlled phosphorus removal in order to improve the quality of the obtained metals and al-
loys.Research methodology: A systematic analysis of the scientific and technical literature on phase equilibrium and
thermodynamic properties of Fe—Cr-P, Fe-Cr, Fe-P, Cr-P, Fe-Cr—P-O systems was carried out. composition of the
charge and reducing medium for the distribution of phosphorus between phases. Scientific novelty: The relationship
between the parameters of the interatomic interaction (ZY, d, tga, pl) and the thermodynamic stability of phosphide
phases has been established. Practical significance: The expediency of using leather industry waste as an alternative
source of chromium for metallurgy has been substantiated. Approaches to reducing the phosphorus content in the pro-
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cessing of complex raw materials, which allows to improve the quality of steel and ferroalloys, have been proposed. The
optimal temperature and thermodynamic conditions for the implementation of dephosphorization processes have been
determined. The results can be used in the development of energy-efficient technologies for solid-phase recovery and
recycling of waste. It helps to reduce Ukraine's import dependence on chromium-containing raw materials and increase
the environmental safety of production.

Keywords: waste recycling, leather industry, chromium-containing raw materials, Fe—Cr—P-O system, thermodynamic
modeling, ferrochrome, chromium utilization, phase transformations.

AHomauisi. Y pobomi po3ensiHymo mepmoOuHaMidHi ma ¢hi3uko-ximiyHi 3akoHomipHocmi nosediHku gpocghopy 6 baza-
moKoMrnoHeHmMHux cucmemax Fe—Cr—P, Fe—Cr, Fe—P, Cr—P ma Fe—Cr—P-0 npu sukopucmaHHi XpoMO8MICHOI mexHO-
2EHHOI CUPOBUHU, 30Kpema HeKoHOuuitiHux pyo i ei0xodie wkKipsiHOI mpomucniosocmi. [lposedeHo aHarni3 cy4yacHo20
cmaHy CupOBUHHOI 6asu xpomy 8 YkpaiHi ma obrpyHmosaHoO OOUiNbHICMb 3a5y4YeHHsI arnbmepHamusHUX Oxepesn Xpo-
MOBMICHOI CUPOBUHU. Y3azarnbHeHo niimepamypHi OaHi uj000 ¢hazosux pieHosae, mepmModuHamiyHUX enacmusocmedl i
ocobriusocmeli ymeopeHHs1 ¢hociOHUX ma okcudHo-¢hocchamHux ¢ha3 y 3a3HauyeHux cucmemax. BcmaHoeneHo, wjo
OCHOBHOIO PObIEMOI0 BUKOPUCMAHHSI MEXHO2EHHOI CupOo8UHU € nidsuujeHuli emicm ¢pocgopy, AKul He2amueHO
erniusae Ha enacmusocmi memary. [loka3aHo, w0 meepooghasHe 8iOHOBIIEHHS CIMBOPIOE CripusmMIIuei ymosu Or1si Ke-
pysaHHs1 po3rodinom ¢hocchopy MiXX Memarnego ma wakoeow ¢hazamu. BusHayeHo ernnue memnepamypu, cknady
wuxmu ma MixxamoMHoI 83aemMo0ii Ha cmabinbHicmb hochiOHUX ¢ha3 i egpekmusHicmb deghocghopauii. Ocobnugy ysa-
2y npudineHo porsi Ma2HimHO20 cmaHy 3aii3a ma yMosaM ymeopeHHsI meepOux po34uHie i iHmepmemanioie y cucmemi
Fe—Cr—P. Ompumati pe3ynbmamu mMoxymbs 6ymu sukopucmani 0rsi po3pobku eHepaoeghekmusHUX mexHosnoeill ne-
pPepPOobKU XpoMoBMICHUX 8i0Xx00i8 i HEKOHOUUIUHUX pyd 3 MEMOK 3HUXEHHS IMIMoOPMo3anexHocmi ma niod8uUWeHHsI eKo-
noeidHoi 6esneku memanypeiliHozo supobHuuymea. Memoro po6omu € OocrniOxeHHs mepmModuHaMiYHUX | ¢bi3uKo-
XiMidHUX 3aKoHoMipHocmel nosediHKu ¢hocghopy 8 cucmemax Fe—Cr—P, Fe—Cr, Fe—P, Cr—P ma Fe—Cr—P-O nipu 8uko-
pucmaHHi KOMIIEKCHOI XpOMOBMICHOI CUPOBUHU (HEKOHOUUItHUX pyd | 8i0x00i8 WKIPSHOI MPOMUC/IO80CMI), @ MaKoX
06rpyHmMy8aHHs1 MOX/1U80OCMI KepogaHo20 8udaneHHs1 hocchopy 3 Memoro Nid8UEHHS SKOCMi ompuMaHuUx memarie i
crnasis. Memoduka docnidxeHHs: [IposedeHo cucmeMHull aHari3 HayKo8o-mexHiYHoI nimepamypu wodo gha3osux
pigHo8az i mepmoduHamiyHUX enacmusocmel cucmem Fe—Cr—P, Fe—Cr, Fe—P, Cr-P, Fe-Cr—P-0. 3acmocosaHo me-
mod oyugpysaHHs epachiyHUx daHux (Giazpam cmaHy, 3anexHocmedl) Orsi popmyeaHHs1 perpe3eHmamueHuUx eubipok.
BukoHaHo aHani3 mixkamomHoi 83aemMo0ii Ha OCHO8I KOHUEenuii cripsiMo8aHo20 XiMiYHO20 383Ky 3 8UKOPUCMAaHHSM Mna-
pamempie (ZY, d, tga, pl). MpoeedeHo nopigHsANbHUL aHarnia ennugy memepamypu, cknady Wuxmu ma ei0Hoeoearb-
HO20 cepedosuwa Ha po3nodin ghocghopy Mix ¢hasamu. Haykoea HoeusHa: BcmaHO8/MeHO 83aEMO38’I30K Mix rnapa-
mempamu MixamomHoi 83aemodii (ZY, d, tga, pl) ma mepmoduHamiyHoro cmabinbHicmio pochidHux has. MpakmuyHa
3Hayumicmb: ObrpyHmosaHo AouyinbHiCMb 8UKOPUCMaHHS 8i0x00ie WKIpSHOI MpoMUCIo8oCMi K arbmepHamueHo20
Oxeperna xpomy 0151 memarnypeil. 3anpornoHosaHo nidxodu 00 3HUXeHHSI emicmy ¢hocghopy npu nepepobui KoMrieKc-
HOI cuposuHU, w0 do3eorsie nidsuwumu sikicms cmarsi i oepocnnasie. BudHayeHo onmumarnbsHi memnepamypHi ma
mepmoOuHamidHi ymosu 0nsi peanizauii npouecie deghocghopauyii. Peaynsmamu mMoxymbs 6ymu eukopucmaHi rnpu pos-
pobui eHepeoeghekmuBHUX mexHosoeili meepdoghasHO20 8iOHOBMEHHSI ma peyukriHey eidxodie. Cripusie 3MEHWEeHHIO
iMnopmo3sanex+Hocmi YkpaiHu wo0o XpoMOBMICHOI cUpO8UHU ma Mid8UUEHHIO eKorloeiyHOI be3neku supobHuuymea.
Knroyoei cnoea: peyukniHe 8idxodie, WKipsiHa MpoMuc/iosicmb, XpoMoeMicHa cuposuHa, cucmema Fe—Cr—P-0, mep-
MOOUHaMiYHe MOOerir8aHHs, hepoxpom, ymurizauis Xpomy, ¢ha3o8i mepemeopeHHs.

Introduction

The current state of ferrous metallurgy is charac-
terized by the search for innovative solutions to in-
crease profitability and minimize man-made impact on
the environment. The global market situation causes
the transformation of the production structure and
changes in the positions of key players in the seg-
ments of high-quality metal and pig iron [1-3].

One of the promising areas is the attraction of
non-traditional materials, in particular waste from the
leather industry, as well as substandard ores contain-
ing chromium. The choice of chromium is motivated
by its irreplaceable role in the production of high-alloy
and specialized steels - such as stainless, Cr—Mo al-
loys, heat-resistant materials and tool alloys, which
are in demand in the domestic market. Chromium is
one of the most important alloying elements in ferrous
metallurgy, which increases the corrosion resistance,
heat resistance, wear resistance and hardness of
steel. Chromium-containing steels are widely used in
power engineering, aviation and automotive indus-
tries, chemical engineering, as well as in the produc-
tion of stainless steels. Chromium-containing steels
are of particular importance due to their advantages,
namely: increased corrosion resistance in aggressive
environments; stability of the structure at high tem-
peratures; increasing the durability of parts and struc-
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tures; the possibility of reducing the weight of struc-
tures due to higher strength characteristics.

Ukraine is experiencing a shortage of its own raw
material base of chromium due to limited reserves of
deposits [4]. The main manifestations of chromite
mineralization are concentrated in the massifs of the
Middle Buzhzhia (interspersed ores, lenses, chromi-
um-nickel weathering crusts). The development of the
Kapitanovske deposit [5], which can partially meet the
needs of metallurgy, with chromite ore is promising.
At the same time, the deposits available in Ukraine (in
particular, the Middle Buzhzhia) are characterized by
a low content of Cr20s (9-25 %) and an increased
amount of impurities of iron, nickel and silicates [5].
This creates significant technological barriers. In par-
ticular, traditional beneficiation methods (gravitational,
magnetic) are effective only at a content of 230-35 %
Cr203. An additional problem is the fine-grained struc-
ture of ores, which complicates separation even when
using modern equipment.

One of the promising wastes containing a signifi-
cant amount of chromium oxide, about 70%, is ash
from leather production waste [6]. These wastes are
considered as potential raw materials for the produc-
tion of ferrochrome [7, 8].

It has been established [9, 10] that ash of leather
production, due to its biogenic origin, is marked by a



high concentration of phosphorus-containing com-
pounds. The use of such raw materials within the
framework of traditional ferroalloy production technol-
ogies will lead to the inevitable transition of phospho-
rus into the melt, which will lead to its increased con-
tent in finished alloys [11].

Despite the need to solve the problem of phospho-
rus removal, the involvement of leather production
waste in recycling has a comprehensive positive ef-
fect. In particular, this contributes to increasing the
level of occupational safety and health, reducing the
environmental burden on industrial regions, as well as
minimizing environmental pollution, which generally
improves life safety indicators [12].

Thus, although waste can replace part of the tra-
ditional raw materials, its use in classic smelting
schemes has significant limitations.

One of the most promising areas is the use of
technologies for solid-phase reduction of complex
charge containing waste. The essence of the technol-
ogy is that the reduction of chromium and iron oxides
occurs not in melt conditions, but in the solid phase,
at temperatures lower than the melting point of the
charge. For iron oxides (Fe,O; — Fe;0, — FeO —
Fe), the initial stages of transformation usually begin
as early as ~300—400 °C (especially in hydrogen re-
duction), intensive conversion to metallic iron often
occurs in the range of ~500-900 °C depending on the
reducing agent (Hz, CO or carbon agents), particle
size, and charge porosity [13]. For chromium oxides
(Cr203 and chromite), solid-phase (carbothermal or
gas-phase) reduction usually requires higher temper-
atures: the initial stages of reduction and formation of
chromium carbides/carbonitrides are observed at
~800-1100 °C, and the complete reduction of Cr,03
to metallic chromium in a "pure" carbothermal pro-
cess often begins to occur closer to 1200 °C and
above [14]. The main advantages of solid-phase Re-
covery should be attributed [15-17]:

- the ability to control diffusion processes and cre-
ate conditions for the oxidation of phosphorus;

- reducing the transition of unwanted impurities, in
particular phosphorus, to the metallic phase and di-
recting it to the slag phase;

- reduced energy consumption due to lower pro-
cess temperature;

- the possibility of processing substandard ores
and leather industry waste.

Thus, solid-phase recovery allows you to combine
environmental and economic advantages — rational
use of waste, reduce the burden on the environment
and at the same time obtain a precursor, followed by
the production of steel and ferroalloy.

Materials and methods of research. A signifi-
cant number of scientific studies have been devoted
to the study of multicomponent systems Fe-Cr-—P,
Fe—Cr-P, and Fe—-Cr—P-0 [18-25]. The accumulated
array of data on phase equilibrium and physicochemi-
cal properties of these systems has become the basis
for modern technology of steel smelting and optimiza-
tion of their chemical composition.
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At the same time, despite the in-depth study of the
main phases, a number of complex compounds po-
tentially formed in such systems remain insufficiently
studied. In particular, the study of their physical and
chemical nature in the context of phosphorus removal
from melts is of particular relevance, since a deep
understanding of the mechanisms of formation of
these compounds is critically important for the devel-
opment of effective methods of dephosphorization
and obtaining high-quality metal products.

As the accumulated scientific and practical experi-
ence of scientists [18-25] shows , the study of com-
plex multicomponent systems in metallurgy, such as
Fe-Cr-P, Fe-Cr, Fe—P, Cr—P, Fe—Cr—P-0, requires
the use of a whole range of experimental and analyti-
cal methods. The main features and factors that are
the key to successful experimental phosphorus reduc-
tion in these systems include:

1. High temperatures and reactivity. Iron, chro-
mium and phosphorus in melts actively interact with
oxygen, nitrogen and crucible materials. Experiments
require the creation of an inert or reducing atmos-
phere (argon, vacuum, hydrogen), which complicates
the design of equipment and increases the cost of re-
search. High temperatures (more than 1500 °C) lead
to intensive evaporation of phosphorus and its com-
pounds, which makes it difficult to accurately deter-
mine concentrations [18, 19].

2. Fragility of phosphide phases. Compounds
such as Fe;P and (Fe,Cr);P often have a brittle struc-
ture and can be destroyed during machining of sam-
ples, and such fine phosphides are difficult to fix dur-
ing quenching due to their tendency to dissolve dur-
ing rapid cooling [19, 20].

3. Problems of fixing the phase composition.
To construct phase diagrams, it is necessary to fix
equilibrium structures, but metastable phases often
occur in multicomponent systems. Slow cooling al-
lows to achieve equilibrium, but causes segregation
of impurities and isolation of secondary phases. . In
the work of Bernhard et al. [18] it has been shown
that even for relatively simple binary and ternary Fe—
P and Fe—C—P systems, there are significant discrep-
ancies between experimental phase fields and predic-
tions from thermodynamic models. The authors note
that with slow cooling, a coarse-crystalline structure is
formed with pronounced segregation of phosphorus
along the grain boundaries, which complicates the
fixation of equilibrium phases. Rapid quenching, on
the other hand, results in the preservation of meta-
stable phosphide phases (e.g. Fe3P or Fe2P), which
should not be present in real equilibrium. Thus, the
data obtained depend on the method of fixing the
structure, which complicates the construction of relia-
ble phase diagrams. In a study by Cao et al. [19] it is
emphasized that even when using CALPHAD model-
ing, the Fe-P system requires adjustment due to the
difficulty of obtaining pure experimental data. The au-
thors note that equilibrium phase ratios are highly de-
pendent on the cooling rate and in a number of exper-
iments phases are recorded that are the product of

65



ISSN 3083-7219 (Print), ISSN 3083-7227 (Online)

Teopisi i npakmuka memanypeii, 2026, Ne 1
Theory and Practice of Metallurgy, 2026, No. 1

non-equilibrium crystallization. This confirms that
thermodynamic optimization should take into account
the possibility of fixing metastable structures and ad-
just experimental data using model calculations.

4. Complexity of working with oxygen in the
Fe—Cr-P-O system. In the presence of oxygen,
complex oxide-phosphide inclusions are formed, the
composition of which is difficult to predict. When stud-
ying such inclusions in laboratory conditions, their
change in the analysis process is often observed (es-
pecially in an electron microscope due to heating with
an electron beam) [21-23].

5. Chromium in the Fe—Cr system forms solid so-
lutions in iron in a wide range of concentrations. Ex-
perimental difficulties are associated with the high
temperature of liquidus and the tendency of
chromium to oxidation, however, vacuum melting or
melting in an inert gas atmosphere is necessary to
obtain pure samples [24, 25].

6. Phosphorus in the Fe-P system is limited solu-
ble in a-iron, which leads to segregation at grain
boundaries. In experiments, it is difficult to repro-
duce the uniform distribution of phosphorus, es-
pecially at high temperatures, due to its volatility
[18, 19].

7. Chromium phosphides in the Cr-P system
are characterized by high hardness and thermal
stability. Their synthesis requires temperatures
above 1300 °C and strict control of the atmosphere,
otherwise Cr oxidation and the formation of Cr,O3 oc-
cur [20].

8. In the triple system Fe—Cr—P, complex inter-
actions between phases are observed, which de-
pend on the ratio of elements. Obtaining pure
three-component alloys requires a complex technolo-
gy that excludes the ingress of carbon and oxygen

[20]. In particular, in the Fe—Cr—P—-O system, the for-
mation of multicomponent inclusions containing ox-
ides and phosphates requires complex analysis — op-
tical metallography, X-ray phase analysis, scanning
electron microscopy.

9. The problem is the instability of some inclu-
sions in contact with air or moisture [21-23].

Research results and discussions. The review
of modern information on the behavior of phosphorus
in Fe—Cr-P, Fe-Cr, Fe-P, Cr-P, Fe—Cr—P-O sys-
tems was aimed not only at collecting a theoretical
scientifically grounded review, but also at forming re-
liable representative data samples, as an important
component for modeling and predicting physicochem-
ical interactions with an appropriate focus on the re-
moval of phosphorus into the slag phase. As a result
of the literature review, it was noted: that a significant
amount of information is not in an unconventional
format (tables of chemical compositions), but in
graphic representations, dependencies and state dia-
grams. That is why to create a representative sample
of data, the method of digitizing data was used while
maintaining their initial accuracy of fixation by re-
searchers (Table 3).

Based on the concept of directed chemical bond-
ing [26, 27], the dependence of the standard enthalpy
of formation (AH) of the Fe-P alloy on the phosphorus
content at temperatures of 298 K and 900 K accord-
ing to the data [28] was analyzed. This approach al-
lows to identify correlations between thermodynamic
parameters and phosphorus concentration in the Fe-
P system, which is represented through the parame-
ter of the interatomic interaction tga, which describes
the gradient of change in the radius of the ion from its
charge (Fig. 1).
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Figure 1 — Dependence of the standard enthalpy of formation (AH) of an alloy of the Fe-P system
according to data [28] on the parameter of the interatomic interaction tg(a).

The high correlation between the results present-
ed in the paper [28] and the obtained calculation data
confirms the expediency of using the parameters of
the interatomic interaction as criteria for the reliability
of the results. In particular, the tga parameter almost
completely reproduces the course of the curves de-
scribed by the authors [28]. Similar trends and de-
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pendencies persist at a temperature of 900 K. It has
been established that an increase in the absolute val-
ue of the negative enthalpy of the formation of a com-
pound indicates its higher thermodynamic stability
relative to the initial simple substances.

With an increase in the phosphorus content, its
charge increases, which is reflected by the parameter



tga in Fig. 2, at the same time, the weighted average
internuclear distance of ions in the system, repre-
sented by the parameter d, is minimal at its maxi-
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mum content, which testifies in favor of the formation
of strong interatomic bonds with the partner, in partic-
ular iron.
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Figure 2 — Relationship between changes in phosphorus content and parameters of interatomic interaction.

The results obtained confirm that the regulation of
the parameters of interatomic interaction in Fe—Cr—P—
O systems allows creating thermodynamically
grounded conditions for the effective reduction of iron
and phosphorus. The formation of stable phases in
the reduction process creates the necessary prereg-
uisites for their further extraction from complex oxide
systems.

The relevance of further developments is rein-
forced by the lack of comprehensive research in this
area. In particular, in domestic scientific practice, the
issue of disposal of leather production waste is usual-
ly considered only in the environmental aspect, which
neutralizes their value as a source of chromium-
containing raw materials for metallurgy. The analysis
of world publications also confirms the lack of atten-
tion to the technological potential of such waste.
Thus, the introduction of recycling of ash from leather
production waste will not only partially provide enter-
prises with important chromium-containing raw mate-
rials, but will also lay the foundation for the formation
of new global trends in the field of rational environ-
mental management.

Conclusions
The analysis of literature data of domestic and for-
eign scientists made it possible to find a promising

way to obtain chromium, in particular, it is the use of
leather production waste, but it should be noted a
significant number of related issues that need to be
solved for the successful implementation of the recy-
cling scheme. Namely, the removal of a significant
phosphorus content by directing it to the slag phase.

The limiting factors that should be taken into ac-
count for conducting experimental studies on phos-
phorus removal in Fe—Cr-P, Fe—Cr, Fe—P, Cr—P, Fe—
Cr—P-0O systems (high temperatures and reactivity,
fragility of phosphide phases, problems of fixation of
phase composition, and others) have been described
and systematized.

A representative sample of data has been created,
including data on Fe-Cr-P, Fe—-Cr, Fe-P, Cr—P, Fe—
Cr—P-O systems using the technique of digitizing
graphic data while maintaining their initial accuracy of
fixation.

The relationship between enthalpy at tempera-
tures of 298K and 900K and phosphorus content has
been investigated through the prism of the concept of
directed chemical bonding. A significant discrepancy
between the presented authors and the dependen-
cies obtained by us was revealed, which testifies in
favor of using the parameters of interatomic interac-
tion to assess the reliability of the data obtained.
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