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Abstract—The main evolution stages of the phase diagram of Fe—C in the carbide region (on the right from
the cementite line) is a recently discussed theoretical topic that has been considered. It has been determined
that previously isolated e-Fe,C, y-FesC,, and g-Fe;C; carbides (except for cementite @-Fe;C) are nonstoi-
chiometric compounds. Thus, they are variable composition phases containing stoichiometric composition
or second-type interstitial solid solutions based on daltonides and berthollides. It has been stated that the
iron—cementite phase diagram can be identified as the iron—e-Fe,C carbide phase diagram in the concentra-
tion range of 0—9.7% C. The following phase transformations are introduced to the diagram: reaction of non-
variant syntectic equilibrium of cementite ©@-Fe;C crystallization; reaction of peritectic equilibrium of car-
bide y-Fe;C, crystallization; low-temperature peritectoid transformation of carbide, at which solid solutions
of ferrite and cementite form solid solution possessing broad homogeneity range based on e-carbide Fe,C
berthollide. It has been shown that the carbide phases represent a uniform isomorphous quasi-carbide solid
solution, while the carbide phase crystallizes in the form of the carbide phase mixture as quasi-eutectics.
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Iron (cast iron and steel) based alloys currently rep-
resents the basic material for the production of
machines, mechanisms, and contemporary industrial
constructions. According to the estimation of World
Steel Association (WSA), steel discharge by 64 leading
manufacturing countries increased by 3.4% in 2019 up
to 1.87 millions of tons, while that of cast iron
increased to 1.2 millions of tons. For comparison,
International Copper Study Group (ICSG) provides
the data that global production of copper, which is the
leader among nonferrous metals, would increase only
to 250 thousands of tons in 2020.

Investigation, improvement, and formation of the
characteristics of steel and cast iron as basic alloys of
the Fe—C system and, consequently, experimental
and theoretical description of this system is one of pri-
ority directions in the theory of alloys, which looks
quite promising. Knowledge and control of phase
transformations according to the Fe—C phase diagram
represent the theoretical, technological, and physico-
chemical foundation of metallurgy, metal science, and
thermal treatment of steels and cast irons.

In spite of detailed and careful study of the Fe—C
phase diagram [1—10], some structural aspects require
more detailed consideration, in particular alloys and
flow processes. In addition, there are large regions in
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which the structure of this diagram is not totally estab-
lished, in particular, temperature, composition, and
pressure ranges not directly related to cast iron and
steel production.

Characteristics of iron and graphite are studied in
sufficient detail unlike carbide phases. Iron and car-
bon can form a number of carbide phases [7]: FeC,
Fezc, Fe3C, FC3C2, FC4C, F65C2, Fe(,C, FC7C3, Fegc,
Fe,;C,, and Fe,;C¢, which are considered metastable
transient phases. In fact, a total of four types of car-
bides were so far distinguished in the Fe—C system:
cementite ©-Fe;C, e-carbide Fe,C, Hégg carbide x-
Fe,;C (further x-Fe;C), and Ekstrom-Adcock carbide
g-Fe,C; (further g-Fe,Cy).

Extensive literature on carbides [11—22] described
only cementite ®-Fe;C with poor data; only the type
of crystal lattice and some thermodynamic functions
were determined [4]. The melting point of cementite
varies in the range from 1250°C [4, 9, 13, 15] to 1650°C
[11], which is quite strange even for carbide possessing
nonstoichiometric composition.

Cementite [Theta]-Fe;C and carbides e-Fe,C,
x-Fe;C, and g-Fe,C; were analyzed in great detail in
the monograph from [11]. It was shown that carbides
undergo mutual transformation at heating. The car-
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Fig. 1. Phase diagram of the Fe—100% C system ([4],
Fig. 71, p. 97).

bide x-Fe;C transforms into cementite at the tempera-
tures higher than 360°C. In the range of 380—400°C,
e-carbide Fe,C is transformed into carbide g-Fe,C;.
At the temperatures higher than 420°C, e-carbide
Fe,C does not exist. There are almost no data on other
types of iron carbides. Carbide phases are not shown
in the Fe—C phase diagram, because these phases are
considered metastable and transient.

Figure 1 shows a full phase diagram of the Fe—
100% C system from the diagram atlas [4] with a refer-
ence to the works of V.K. Grigorovich, which indicates
only carbides y-Fe,C; and e-Fe,C by arrows without
lines corresponding to phase equilibria. G.I. Sil’man
specified the diagram of the Fe—C metastable system
using thermodynamic analysis [2, 9] by calculating the
position of cementite liquidus in the cementite range
and “post-cementite” range (before carbide Fe,C;)
and determining the conditions of thermodynamic
equilibrium of carbide g-Fe,C; with other phases
(Fig. 2).

Let us highlight the most important statements
from that work.

(1) A low-temperature modification of carbide
Fe,C; can be correlated with e-carbide Fe,C accord-
ing to chemical composition and thermodynamic
characteristics, which is precipitated upon the decom-
position of martensite during tempering of quenched
steel.

(2) Cementite possesses a clear homogeneity range.

(3) The structure of the phase region between
cementite Fe,C and carbide Fe,C; represents a quasi-
eutectics, which consists of primary crystals of Fe,C,
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Fig. 2. Metastable equilibria diagram in the Fe—C system
before carbide

(this carbide is indicated as e-Fe,C in the diagram)
and finely differentiated quasi-eutectic mixture of
cementite with carbides of various compositions.

(4) There is nonvariant peritectic equilibrium L +
e-carbide = C at 1258°C; i.e., cementite melts incon-
gruently.

(5) There is eutectoid equilibrium C = o + &-car-
bide at 290°C, whereas both carbide phases are char-
acterized by a high degree of metastability below this
temperature.

The most important theoretical statement of
G.I. SiI’man is focused on the equivalence of carbides
and their mutual co-crystallization in the form of
quasi-eutectic mixture. It should be noted that his the-
oretical calculations were not confirmed in experi-
mental alloys.

Alloys with 7.0—9.0% C consisting of the carbide
Fe,C; crystals surrounded by layered eutectics Fe;C—
Fe,C;, whose melting point is close to 1400°C, were
prepared in [12, 13] at the temperatures of up to
1500°C and pressures up to 9.9 kPa from the mixtures
of iron powder and carbon soot. X-ray diffractometric
and metallographic studies showed that the alloys
contain a small impurity of cementite Fe;C and in fact
represent the synthesized carbide Fe,C; with a
pseudo-hexagonal orthorhombic lattice; in this case,
diamond lattice was not detected. Derived from the
experimental studies, configuration of phase equilibria
in the post-cementite range of the diagram as the ini-
tial stage of the iron—diamond diagram was plotted
(Fig. 3a).

It might be argued that the configuration of the
post-cementite range of the Fe—C phase diagram
under excess pressure of 9.0 kPa is incompatible with
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Fig. 3. Alloy phase diagram of the iron—diamond system:
(a) under the pressure of 8.0 kPa ([12], Fig. 3, p. 182);
(b) plotting of diamond liquidus line on the iron—carbon
diagram: (/) graphite liquidus and (2) variants of diamond
liquidus ([13], Fig. 4, p. 196).

the Fe—C diagram under atmospheric pressure. How-
ever, the studies from [12] showed that the alloy struc-
tures formed under excess pressure should decompose
after its release, because they are unstable (metastable)
under atmospheric pressure; however, X-ray diffrac-
tometric and metallographic analyses were carried out
under atmospheric pressure and the structure did not
respond to the change of environmental pressure and
remained stable. This contradiction was solved in [23],
which was devoted to investigation of the iron carbide
stability under the pressure of the Earth’s core. Fig. 4
shows the change of the enthalpy of iron, diamond,
cementite O-Fe;C, and carbides g-Fe,C; and e-Fe,C.

Enthalpy is the energy stored in substance during
its formation for the maintenance of the stable state of
its molecular structure. Enthalpy of all considered
carbides is varied nearly identically up to the pressure
of 300 GPa, which indicates its structural stability.
This effect is proved by the retention of the main ther-
modynamic parameter values of carbide phases
[23—31]; enthalpy H = 0.2 MeV/atom, energy of for-
mation Fy,,,, = 0.058—0.07 eV/atom, and energy of the
main state £, from —8.53 to —8.63 eV/atom.

The studies in [23] showed that the structure of
carbides is stable up to the pressures of 200—250 GPa.
Consequently, external excess pressure does not alter
phase processes of structure formation and stability of
the carbide phases in the Fe—C system, The system
practically did not respond to the pressure of 9.0 GPa
in [12], the obtained structures were in fact real car-
bide compounds in the Fe—C system, and external
pressure nearly did not influence the form of phase
transformations in the carbide range of the phase dia-
gram. Consequently, either excess external pressure
over the melt or ultrahigh overheating temperature of
the melt, or both, are necessary to prepare the alloys
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Fig. 4. Formation enthalpy per one atom of substance for
the investigated iron carbides, pure iron, and diamond
depending on pressure ([23], p. 216, Fig. 1).

with more than 5.0% C; in this case, the obtained
structures in the alloys would not contradict to the
laws of two-phase diagrams of alloys.

Density values of the carbide phases, g/cm?, were
also determined in [23] under atmospheric pressure:
cementite @-Fe;C, 8.36; g-Fe,C;, 8.17; and &-Fe,C,
8.10. Similar density values also indicate a homoge-
neous structural state of carbides or uniform isomor-
phous quasi-carbide solid solution in the Fe—C system.

Thus, excess external pressure does not change the
structural state of carbide phases in the Fe—C system
and does not alter phase transformations; it rather
provides process capability of the preparation of high-
carbon quasi-carbide alloys up to the concentration of
15.0% C upon electric-arc melting at the temperature

of overheating of 6000°C (N& =15.0% C).

In [24], formation conditions of graphite and dia-
mond at the temperature and pressure values of the
Earth mantle were investigated. The interaction of
iron carbide Fe;C and iron oxides was studied on a
high-pressure multiple-blanking instrument of “dis-
sected sphere” type at 6.3 GPa in the range of 900—
1600°C for 18—20 h. It was determined that graphite
crystallizes along with Fe?* containing wustite upon
carbide—oxide interaction in the Fe;C—Fe,O5 sys-

tem!. Oxidation of cohenite? by following reactions is

! Iron monoxide characterized by lattice defects of bcc lattice,
which is described by Fe;_,O formula. It represents nonstoi-
chiometric compound with deficiency of iron atoms.).

2 Mineralogical name of cementite.
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the main mechanism of formation of free graph-
ite/diamond from carbide carbon:

(1) Fe;C + 3Fe,O; — 9FeO + c’ (graphite, dia-
mond);

(2) FeO + Fe,C — (Fe’",Fe’)O + C° (graphite,
diamond).

At the temperatures above solidus (=1400°C), a
redox mechanism of crystallization of graphite and
diamond with the formation of associate of Fe3* con-
taining wustite + graphite/diamond is realized upon
oxidation of metal-carbon melt with wustite. Reaction
in the Fe;C—Fe,0;—MgO—Si0, system results in the
formation of the associate of Fe*" containing magne-
siowustite, olivine, and graphite. At ¢ > 1500°C, two
contrast melts are generated, more specifically, metal-
carbon and silicate-oxide, whose redox reaction leads
to crystallization of graphite and growth of diamond.

Thus, it was experimentally proved that cementite
transformation into diamond is possible only upon
redox reactions based on oxides of iron and other ele-
ments under high pressure and temperature in another
alloy system and there is no “diamond” phase, as well
as graphite and diamond liquidus lines on the Fe—C
phase diagram (Fig. 3). The hypothesis of A.A. Zhu-
kov [3, 8, 10, 13] focused on the possible direct trans-
formation of cementite ®-Fe;C, carbides g-Fe,C;,
and e-Fe,C into diamond at high temperatures and
pressures in iron-carbon alloys and plotting corre-
sponding iron—diamond diagram is presently consid-
ered invalid. Results of theoretical calculations with-
out experimental validation are usually interesting
though tentative.

Consequently, full physicochemical identification
of carbides (even though this problem could practi-
cally not be solved due to the absence of the studied
objects represented by single phases of different com-
position carbides) and investigation of the alloys with
the content of 6.0—10.0% C, whose phase and struc-
tural compositions should presumably consist of
cementite ®-Fe;C and carbides ¢-Fe,C and g-Fe,;C;,
are necessary to specify phase composition in the
post-cementite region of the phase diagram. However,
these supercarbon alloys are yet not prepared. In con-
trast to the production of other types of metal carbides
[14—21], cementite as carbide is not available at indus-
trial scale and it is produced for experimental studies
at low quantities using electrolysis from steels, ferroal-
loys, and white cast irons [11, 22]. Absence of the
cementite synthesis technology at industrial scale con-
tradicts to its identification as a chemical compound.

Real single crystal rather than molecule inherits the
properties of a substance in solid state or, in other
words, appearance of any chemical compound as an
individual substance. Single crystal acts as a quantum-
mechanical system in chemical reactions with solid
body and its thermodynamic characteristics, such as
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melting, boiling, and vaporization temperature; lattice
type; entropy; enthalpy; energy of formation and main
state; and others do not depend on the degree of non-
stoichiometry and imperfection of crystal lattice.
According to a general analysis of the nonstoichiome-
try degree of crystals, it can be stated that cementite
possessing unusual characteristics, such as broad
range of melting point, significant variations of chem-
ical composition, and its inaccessibility through direct
synthesis unlike other metal carbides, is not carbide to
some extent.

Development of mechanosynthesis or mechanofu-
sion [25, 32, 33] solved the problem of full identifica-
tion of physicochemical and thermodynamic proper-
ties of the carbide phases of the Fe—C system [23—33].
Single phases of cementite ©®-Fe;C [26, 27] and car-
bides -FesC, [28], g-Fe,C; [29], and e-Fe,C [26—28]
prepared through low-temperature (<100°C) mecha-
nosynthesis of o.-Fe powder (<100 um) were studied
in full detail upon its dispersion in centrifugal plane-
tary mill with balls that are 8 mm in diameter in liquid
hydrocarbons (toluene C,Hg) [26—29]. This method
provides iron carbides in single-phase state within
their thermal stability range. Analogous results were
obtained in [25, 33]. The following was determined
[24—31]:

Single-phase cementite ©-Fe;C and carbides
x-FesC, [28] and g-Fe,C; are the phases with variable
composition or solid solutions of carbon in cementite
rather than stoichiometric compounds;

Carbon diffusion is drastically enhanced upon
heating of single-phase carbides, which indicates the
absence of strong valence bond of carbon with crystal
lattice of iron, which is not intrinsic for single crystal;

There is unusually high concentration of vacancy—
carbon atom equilibrium pairs (V—C,), which form
graphite phase, upon heating of single-phase cemen-
tite in the range of 625—727°C; consequently, there is
irreversible change of single-phase cementite with
precipitation of solid solution of a-Fe and graphite;
i.e., its thermal decomposition occurs without diffu-
sion and ends at the temperature of 762°C;

Single-phase ¢-carbide Fe,C is carbide and
decomposes at the temperatures above 380°C with dif-
fusion according to the scheme €]-Fe,C — x-Fe;C, —
cementite ®-Fe,C + graphite;

Single-phase carbide y-Fe;C, is a structural modi-
fication of e-carbide Fe,C and is stable up to 600°C;

Single-phase carbide g-Fe,C; is stable in the range
of 500—652°C.

In [30] and the monograph from the group of
authors edited by V.M. Schastlivtsev [31], upon a large
experimental material, it was proved that cementite
represents a solid solution of carbon in iron with vari-
able composition (with broad homogeneity range),
which is stoichiometric within this range correspond-
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ing to compound Fe;C. More generally, cementite is a
solid solution with the broad homogeneity range and
interstitial phase corresponding to carbide ©-Fe;C.
Interstitial phase is featured by the difference of its lat-
tice type (orthorhombic) from the lattice type of the
ferrite matrix metal (bcc). The e-carbide Fe,C is also
related to this type of solid solution with interstitial
phase.

Identification of cementite as solid solution also
solves the problem of its “melting” point. Melting
points of austenite and martensite are not discussed;
any solid solution is characterized by the temperature
range of its precipitation from solution or dissolution
upon melting rather than melting point. The studies
devoted to quenching or iron-carbon melts [34] estab-
lished that there are austenite and cementite in the
structures upon quenching of melts in the range of
1300—1700°C. In [24] devoted to the study of the for-
mation conditions of graphite and diamond from iron
carbides upon quenching of metal-carbon melts
(mean C content in the melt is 5.0—6.0%), only aus-
tenite and cementite were detected in hardening struc-
tures from the temperature of 1400—1600°C. Conse-
quently, it is reasonable to consider that the “melting”
point of cementite corresponds to the range of 1600—
1650°C [11, Table 2]. However, assuming the fact that
“alloys” in the Fe—C system are solutions, the “melt-
ing” point of cementite at heating is in fact the tem-
perature corresponding to its full dissolution in liquid
iron. The range of its “melting” temperatures from
1250 to 1700°C is the temperature range of its dissolu-
tion as solid solution in analogy with austenite. When
cooling the solution of iron with carbon, it becomes
oversaturated with respect to carbon. Furthermore,
the temperature of 1600—1700°C corresponds to the
stable precipitation range of solid solution of cemen-
tite from the melt. From this viewpoint, the suggestion
that stable precipitation of cementite from melt occurs
through peritectic reaction [36] could be accepted. In
particular, the melting point of sodium chloride is
800.8°C; however, the temperature of salt dissolution
at 100°C in boiling water is not identical to its melting
point.

Identification of cementite ©-Fe;C [26, 30, 31]
and carbides y-Fe;C, [28], g-Fe,C; [29], and e-Fe,C
[26—29] as solid solutions is not sufficient for their full
identification from the conventional viewpoint of clas-
sification of chemical substances and their accordance
in phase transformations on the Fe—C diagram.
According to the theory of N.S. Kurnakov on berthol-
lides and daltonides, cementite ®-Fe;C and carbides
x-FesC, and g-Fe,C; can be related to daltonides,
whereas €-Fe,C is considered berthollides. Nonstoi-
chiometric compounds were identified as daltonides,
that is, phases with transient composition containing
stoichiometric composition and berthollides without
stoichiometric composition. Berthollides are based on
dissociated chemical compounds, whereas daltonides
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are based on non-dissociated compounds. More
detailed analysis of daltonides and berthollides is given
in [37] with the suggestion to introduce the existing
phase region of carbide €-Fe,C and peritectoid trans-
formation on the Fe—C diagram.

The possibility of nonstoichiometric compounds
being solid solutions from excess atoms of components
in the main substance allows one to consider nonstoi-
chiometry as the ability of crystalline compounds to
dissolve their own components; i.e., iron-based car-
bide phases could dissolve carbon. Consequently, car-
bon should freely distribute inside the iron sublattice
forming a particular type of solid solution. Thus, the
carbide phase is related to second-type interstitial
solid solutions.

This fact was proved in [38—40, 41], which showed
that unbound carbon in the iron sublattice of cemen-
tite is distributed along four types of pores: “normal”
and “distorted” octahedral and prismatic. This results
in the entropy gain and a decrease in the free energy of
cementite, which is intrinsic for the behavior of carbon
in solid solution.

It was determined in [25—33] that single-carbide
phases possess the following type of crystal structure
and space group:

cementite ©-Fe;C, orthorhombic, Pnma (62 gr);

carbide g-Fe,C;, orthorhombic, Pnma (62 gr);

e-carbide Fe,C, orthorhombic, Pnm (58 gr);
carbide x-Fe;C,, monoclinic, SG[:C1 2/cl; struc-
tural modification e-carbide Fe,C.

In fact, iron-based carbide phase possesses similar
chemical structure (single-type molecular composi-
tion of components and identical type of chemical
bond) and forms nearly identical crystal lattices. Such
phenomenon is referred to as isostructurality and its
most important consequence is isomorphism. In this
case, all carbides can simultaneously participate in the
formation of a general crystal lattice forming mixed
crystals, which represent uniform mixtures of solid
substances or solid solutions.

It was shown in [29] that all structural models of
the iron-based carbide phase can be generalized in the
“averaged” model with the limiting number of Fe and
C atoms, ng, = 40 and n- = 24, which are localized in
the space group Pnma according to seven and five
crystallographically nonequivalent positions of rhom-
bic cell, respectively. One example is that the ©@-Fe,C
cementite phase corresponds to 25% in such universal
cell, whereas the x-Fe;C, carbide phase is less than
44 at % of the maximum allowable number of Fe and
C atoms. Within this model, the impurity atoms (C)
do not replace matrix atoms (Fe); they are rather
located in the interstices. Dissolving impurity atoms
(C) statistically occupy previously unoccupied inter-
stices between matrix atoms. This type of isomor-
phism can be characterized as isovalent isomorphism
due to the following: the same C atoms possessing the
STEEL IN TRANSLATION  Vol. 50
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Fig. 5. Full diagram of the iron—¢e-carbide Fe,C system.

same ionic radius and the same valence state are added
to the Fe sublattice as a solvent with an increase in the
carbon concentration in the alloy, as well as the elec-
troneutrality of the solid solution’s crystal lattice is not
altered.

The consequence of isomorphism is nearly identi-
cal thermodynamic parameters of carbide phases
[23—31]: enthalpy H = 0.2 MeV/atom, energy of for-
mation F,,, = 0.058—0.07 eV/atom, energy of the
main state £, from —8.53 to —8.63 eV/atom. Conse-
quently, the entire combination of the structural orga-
nization of phases (alloys) on the Fe—C diagram from
the concentration of 6.67% C (cementite ©-Fe;C) to
9.7% C (e-carbide Fe,C) can be characterized as a
general isomorphous quasi-carbide solid solution
containing interstitial phases of stoichiometric com-
positions of cementite ©-Fe;C and carbides y-FesC,,
g-Fe,C;, and e-Fe,C. This statement is confirmed by
theoretical calculations of G.I. SiI’'man (Fig. 2) and
experimental data by A.A. Zhukov (Fig. 3).

Because the solid solution of cementite cannot rep-
resent the component of the phase diagram of alloys,
the component of the diagram is represented by chem-
ical compound berthollide e-Fe,C and the iron—
cementite phase diagram in the concentration range
from 0t0 9.7% C can be renamed to the iron—carbide
e-Fe,C phase diagram of alloys. In [37], the carbide
transformation of peritectoid type in Fe—C alloys
based on e-Fe,C was considered for the first time.

A significant advance recently achieved in the
study of iron carbides and behavior of iron—carbon
alloys under critical parameters allows one to update
the Fe—C diagram primarily in the range of phase
transformations of iron carbides up to the concentra-
tion 0f 9.7% C corresponding to the chemical compo-
sition of e-carbide Fe,C. Fig. 5 shows the suggested
full diagram of the iron—e-carbide Fe,C system in the
concentration range of 0—9.7% C. A low-temperature
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Fig. 6. Carbide region of phase equilibria in the iron—e-car-
bide Fe,C system.

carbide transformation of peritectoid type is given on
the diagram on the left from the line of cementite, at
which solid solutions of ferrite and cementite form a
solid solution with a broad homogeneity range based
on berthollide ¢-Fe,C. This part of the diagram was
analyzed in detail using experimental data in [37]. In
the diagram, on the left from the cementite line, the
lines of phase equilibria in the carbide region are given
in general form, whereas Fig. 6 shows full details of
this region. Only two temperatures corresponding to
full dissolution of cementite as solid solution, point
D(0©), and isotherm of eutectic transformation were
experimentally determined [12]. Other temperature
lines are conditionally derived from nearly the total
identity of carbide phases as a general isomorphous
quasi-carbide solid solution in the range of 1400—
1650°C and obviously require further experimental
validation.

The CR line is the part of liquidus line coinciding
with the carbon isoactivity line ac = 1.0 according to
the data from [3, 10]. The point R corresponds to the
limiting solubility of carbon in liquid iron N = 5.5%
C at 1650°C.

Calculation was carried out as follows [3, p. 44,
Eq. (65)]:

Ne, =a+bT, 2)

where a =0.047, 5=10.873 x 10~*K, and 7 is tempera-
ture, K.

At present, it is considered that both carbides Fe;C
and Fe,C; are formed from melt as a result of peritec-
tic reactions [42, 43] (A.P. Gulyaev in 1990 suggested
[36] that stable precipitation of cementite from melt
proceeds according to this reaction; however, this sug-
gestion was not accepted).

As mentioned above, there are austenite and
cementite in the structures upon quenching iron—car-
bon melts (up to 6.0% C) in the range of 1300—
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1700°C; consequently, the onset of cementite precipi-
tation from solution as the crystal phase was recorded
in the range of 1600—1700°C [24, 34, 35]. These stud-
ies stated that the liquid phase at the pre-crystalliza-
tion stage consists of two phases, such as high-carbon
and low-carbon,; i.e., the delayered melt and is trans-
formed into two coexisting liquid solutions. Such
delayering is described in the theory of alloy phase dia-
grams as the peritectic-type transformation according
to the reaction of nonvariant three-phase syntactic
equilibrium by RD isotherm:

LC + Lcarbide A (G_FGBC)a (3)
where L is high-carbon (“graphite”) liquid, L., is
low-carbon (“carbide”) liquid, and Fe;C is cementite
as solid solution.

Consequently, the line RD(®) in Fig. 6 describes
the isotherm of syntactic reaction (3), whereas the
dome section over it corresponds to syntactic binodal.
The melt decomposes along binodal via the reaction
L& Le + Lpige- In the region a below binodal, the
system consists of L + L, pige- After Ly pige ¢ FesCs s
transformation below RD isotherm, the system con-
sists of L + C;.

In the region b, there is daltonide represented by
cementite ®-Fe;C as a solid solution of carbon in
cementite with the broad homogeneity range. The
region e is Lg + (©-Fe;C, ). The liquidus line @[e] is
the line of crystallization of carbide g-Fe,C; with the
temperature #(ee) of its full dissolution:

L < Ly, + (g-FesCy). “)

Crystallization of carbide x-FesC, is described
within peritectic-type transformation according to the
reaction of nonvariant three-phase peritectic equilib-
rium along @y isotherm:

(g-Fe,Cy) + Lyyy © (x-FesC,). (5)

Carbide -Fe;C, is intermediate and is easily trans-
formed into carbide g-Fe,C; or cementite ©-Fe;C; it
represents a counterpart of €-carbide Fe,C [25—31].
Therefore, the carbide %-FesC, is given by line as a
chemical compound with a stoichiometric composi-
tion in order to not complicate this variant of the dia-
gram (Fig. 6).

Regions d, Ly + (x-FesC,); e, Ly + (g-Fe;Cy);
f, (x-FesC,) + (g-Fe,Cs); and g is the existence range
of daltonide carbide g-Fe,C; as solid solution of carbon
with the broad homogeneity range. Eutectics E, . =
(x-FesC,) + (0©-Fe;C) could be observed on the
of3d isotherm. Consequently, the region r consists of
E,_. T (0-Fe;C); and region s, E,_, + (x-FesC)).
Eutectics E, . = (g-Fe,C;) + (g-Fe,C) could be
observed on the Auv isotherm; region u consists of
E,. t+ (g-Fe;,C;) and region v consists of E, . +
(e-Fe,C). There is berthollide represented by e-car-
bide Fe,C as a solid solution of carbon with the broad
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homogeneity range including stoichiometric compo-
sition of carbide €-Fe,C in the region #.

If we proceed from the definition of carbide phases
as a single isomorphous quasi-carbide solid solution,
the carbide phase crystallizes in the form of the car-
bide phase mixture as quasi-eutectics, in which the
individual analytical determination of the carbide in
an isolated phase is quite a difficult problem, accord-
ing to the suggested diagram variant. In experimental
studies from [12] (Fig. 3) and [2, 9] (Fig. 2), the possi-
ble structural type of carbide phases was also identified
as quasi-eutectics.

The suggested variant of the iron—carbide €-Fe,C
phase diagram allows one to develop the construction
and tailored materials of a new class, more specifically,
carbide alloys. They can be conditionally divided into
two groups: graphite-carbide and carbide types.
Graphite carbide alloys can be prepared through par-
tial graphitization of carbides forming a unique com-
position structure: disperse phases carbide + graphite
possessing high wear resistance and antifriction behav-
ior. In particular, in the range of co-crystallization of
carbides g-Fe,C; and y-FesC, (Fig. 5, region f), one
can suggest the formation of layered carbides, which
are structurally similar to ledeburite or can form a gra-
dient structure. These would provide significant com-
position strengthening of the carbide alloy, due to the
high isomorphism of carbide crystal lattices. Carbide
alloys need to be additionally alloyed with carbide-sta-
bilizing elements, such as chromium, titanium,
molybdenum, vanadium, manganese, and others. Sta-
bilization of the carbide phase would provide such
characteristics as heat resistance, acid resistance, and
wear resistance.

Formation of the high-carbon (superhigh-carbon
15-50% C) liquid phase allows one to develop the
technology for liquid-phase high-temperature prepa-
ration of new-generation construction composition
materials such as: alloys reinforced with intermetal-
lides along with fullerene-based carbon nanoparticles,
or composition alloys structured by nanoparticles of
different origin in the liquid-phase high-temperature
process possessing unique characteristics, primarily
high heat resistance and acid resistance. One example
is FeBe, (25% Be), FeBe; (45% Be), and FeBe,,
(70% Be) in the Fe—B system; Nb;Fe, (30% Nb, ¢,, =
1800°C), NbgFe,; (40% Nb, Z4ecomp = 1500°C), and
NbFe, (55% Nb, ¢, = 1655°C) are formed in the solid
state by niobium and iron in the Nb—Fe system. Car-
bon exists in the nanophase in these alloys consisting
of carbon interstices of different morphology, such as
fullerenes, endohedrals, graphite aggregates, carbyne-
type chain structures, and others.

Intermetallides and graphite phase may exist both
in the form of high-disperse particles and nanoinclu-
sions. Morphology regarding the state of the men-
tioned phases is governed by the phase transformation
types in the alloy, precipitation age hardening
STEEL IN TRANSLATION  Vol. 50
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(decomposition of oversaturated solid solution) or
spinodal delayering of the liquid phase as a result of
high-speed cooling into nanostructures of different
origin. Consequently, liquid-phase technology of
alloying and modification of high-carbon carbide
alloys can form the main design of a new class of con-
struction composites, more specifically, metal-
ceramic cast materials (ingots and moldings) struc-
tured and strengthened by nanoparticles of different
origin. At present, these alloys are prepared in techno-
logically complex and expensive solid-phase processes
of powder metallurgy.

CONCLUSIONS

(1) Full diagram of the iron—carbide e-Fe,C sys-
tem in the concentration range of 0—9.7% C without
“graphite” and “diamond” liquidus lines has been
suggested.

(2) Following phase transformations are added to
the diagram:

crystallization of cementite ®-Fe;C according to
the peritectic reaction of nonvariant three-phase syn-
tactic equilibrium;

crystallization of carbide y-Fe;C, according to the
reaction of nonvariant three-phase peritectic equilib-
rium;

low-temperature carbide transformation of peri-
tectoid type, at which solid solutions of ferrite and
cementite form a solution with the broad homogeneity
range based on berthollide e-carbide Fe,C.

(3) It has been shown that the carbide phases rep-
resent a single isomorphous quasi-carbide solid solu-
tion and the carbide phase crystallizes in the form of
the carbide phase mixture as quasi-eutectics according
to the suggested variant of diagram.

(4) As a result of nonvariant three-phase syntactic
equilibrium, excess C is precipitated from the liquid
oversaturated with carbon in the form of interstices of
crystalline graphite as inactive phase (precipitate) of
solution.

(5) Ledeburite represents the mutual crystalliza-
tion product of two solid solutions, more specifically,
cementite and austenite.

(6) Iron—graphite and iron—diamond phase dia-
grams joined with Fe—C diagram should be scientifi-
cally reviewed due to its invalidity.
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