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It is known that solubility of elements affects the phase composition of alloys that are formed in the
solidification process. To predict the phase composition of alloys, it is necessary to determine the solubility
limit in the phases. In the paper the structural properties of austenite of alloys in the system of Fe-B-C are
studied and the solubility limit of boron and carbon is determined. The investigation is carried out for the
specimens with carbon content of 0.0001-2.3 wt.% and boron content of 0.0001-1.0 wt.%, the rest is iron.
To determine the physical properties of alloys, we use the microstructure analysis, X-ray microanalysis, X-
ray structure analysis and differential thermal analysis. It is shown experimentally that the maximum shift
of the eutectoid point is observed when boron content is up to 0.004 wt.% . When boron content of the alloy
increases to 0.01 wt.%, the eutectoid point shifts to the left to 0.21 wt.%-carbon and the austenite area
decreases. Further increase in the numerical value of boron content in the alloy is hardly caused the
eutectoid point to shift. In this paper, the vertical section of the Fe-B-C system state diagram is obtained
from experimental data.

For the first time we obtain temperature dependence of the free energy of y-iron solid solution, using
the quasi-chemical method, and determine the solubility limit of carbon and boron. The maximum weight
fraction of boron in the austenite can be up to 0.0136 wt.%, and that for carbon — up to 1.12 wt.%.
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1. Introduction

As it is known, solubility of boron in the austenite of alloys of Fe-B system is low and
equals 0.0001 wt.% at the temperature of 1423 K according to the results of Ref. [1]. The
authors of works [2, 3] note that at 1174°K the solubility of boron in the austenite is up to
0.15 wt.%. In [2] the numerical value of solubility is indicated to be 0.0165 wt.% at 1413 K.
The authors of [4] give the data that at the temperatures of 1183 K and 1423 K 0.008 and
0,025 atom.% of boron are dissolved, correspondingly. In [5] it is stated that 0.021 wt.% of
boron is dissolved in y-iron at 1422 K, and 0.009 wt.% of boron — at 1179 K. Such a
difference in the values of solubility of boron in the austenite can be explained by the
presence of impurities in the alloys [2, 5].

It is known that the maximum solubility of carbon in y-iron for the system of Fe-C is
2.14 % at the temperature of 1420 K [6-7].

The investigation of the effect of boron doping of Fe-C alloys demonstrates that at low
boron content the austenite region in the state diagram shrinks [8-13].

In the vertical section of the Fe-B-C state diagram suggested by authors of [9-11] it is
shown that the eutectoid point is shifted continuously from 0.8 wt.% to the lower carbon
content at the boron content ranged from 0 % to 0.01 %, correspondingly, and down in
temperature of austenite formation.

Thus, at present there is no unequivocal information on the solubility of boron and
carbon in the austenite of alloys of Fe-B-C system.

The purpose of this paper is to determine the solubility limit of boron and carbon in
v-iron of Fe-B-C system alloys.

2. Materials and methods

The investigation was performed for the specimens with carbon content of
0.0001-2.3 wt.%, the rest was iron. To obtain Fe-B-C alloys the following constituents were
used: carbonyl iron (with iron content of 99.95 wt.%), amorphous boron (with boron content
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of 97.5 wt.%), graphite (with carbon content of 99.96 wt.%)). Smelting of specimens was
performed in a Tammann furnace in alundum crucibles in argon atmosphere. The cooling
rate of alloys was 10 K/s. To determine the chemical composition of alloys, chemical and
spectral analyses were used [14]. To ascertain the peculiarities of the phase
transformations for Fe-B alloys, the differential thermal analysis of the specimens was
carried out by means of a derivatograph.

The phase composition of alloys was determined by X-ray microanalysis by means
of JSM-6490 microscope with ASID-4D scanning head and “Link Systems 860~
software energy-dispersive X-ray microanalyser, as well as by means of optical
microscope “Neophot-21”. X-ray electron probe analysis was carried out using internal
standards. The X-ray and X-ray diffraction analyses were performed with DRON-3
diffractometer in monochromated Fe-K, radiation.

3. Results and discussion

For Fe-C alloys with carbon content from 0.2 wt.% to 0.6 wt.% the microstructure
and phase composition correspond to the commonly used state diagram [6-7].
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Fig. 1. The microstructure and curves of differential thermal analysis of the alloys with carbon
content of 0.25 wt.% and boron content of: 0.002 wt.% (a), 0.004 wt.% (b).

The boron doping of the alloys of Fe-C system leads to decreasing the austenite
region and the eutectoid point shifting in the diagram to the left [8-9]. The maximum shift
of the eutectoid point is observed at boron content up to 0.004 wt.%. Further increase in
the numerical value of boron content in the alloy results in shift of the eutectoid point, but
slower (Fig. 1).
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For the alloy with carbon content of 0.25 wt.%, when boron content is increased up
to 0.002 wt.%, the volume fraction of pearlite is increased to 60%, a — y transformation
occurs at the temperature of 1073 K, and y — L transformation takes place at 1373 K.
Increasing the boron content in the alloy up to 0.01 wt.% is accompanied by an increase
in the temperature of a — y transformation up to 1187 K, and the temperature of y — L
transformation rises up to 1277 K.

Further increase in boron content does not affect the volume fraction of pearlite and
the temperature of o — y transformation.

T,K

1800 [T ?

1600 N N X
\\ \

0.01 % \
1400 0-6 y >
20 N+ //
=
% 002 % /
1000 ]

1.0 1.5 2.0
C, wt. %

0.

()]

Fig. 2. Vertical section of the Fe-B-C system state diagram.

Thus, doping of iron-based alloys leads to shift of the eutectoid point to the left and
to the decrease of the austenite region of the Fe-B-C system state diagram (Fig. 2). When
boron content of alloy is increased up to 0.01 wt.%, the eutectoid point shifts to
0.21 wt.%-carbon and the austenite area shrinks.

The vertical section of the Fe-B-C state diagram obtained in this paper is in
agreement with the results given in [9-11].

To determine and predict the phase transformations and phase composition in Fe-B-
C alloys in dependence on boron and carbon content, it is necessary to calculate the
solubility limit of boron and carbon as a function of temperature.

The face-centered cubic crystal lattice of austenite contains octahedral and
tetrahedral interstices (Fig. 3). The coordination number for the fcc lattice is 12. The
elementary cell of the fcc lattice accounts for 4 atoms. It is possible to inscribe a sphere
with radius of 0.41 r in the octahedral interstice. The boron atom located in octahedral
interstice is surrounded by 6 neighbor iron atoms. The iron atoms are located at the
distance of a/2 from the boron atoms, where « is lattice parameter of y-iron. In
tetrahedral interstice the boron atom is surrounded by 4 nearest iron atoms located at the

distance of a+/3/4. In the tetrahedral interstice we can put a sphere with radius of
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0.22 r. For every atom of an elementary cell there is one octahedral void and two
tetrahedral ones [15].

To obtain free energy of the
austenite, we apply the quasi-
chemical method [16].

Let us denote the number of
boron atoms in octahedral interstice
as Ny, the number of carbon atoms

as N, the number of vacancies as
Ny, and those numbers for

tetrahedral interstice as Ny, N

and Ny ,  respectively.  The

interaction of atoms can be
considered as follows: for atoms of
octahedral pore the energy of
interaction for pairs of atoms Fe-C, Fe-B and Fe-V is denoted as vp., Vg, Ve - 1he

Fig. 3. Austenite crystal lattice.

interaction energy between atoms at the distance of a3 / 4 (A)is Ve, » Vrev, » VFeC, -
1

The number of tetrahedral pores in the fcc lattice is 2N and that in the octahedral
interstices is N , correspondingly. The free energy of the phase is determined as

F =—6(Ng NgVeep + NNV +NFeNVvFeV)_4(NFeNB1VFeB1 + N Ne Veee, +
+ NeeNy Ve, )= KT(12(Ny + N + Ny Y(In(Np + Ne +
+Ny)~1)= 6N, (In Ny —1) = 6N (In Ne —1)— 6Ny, (In Ny —1) - 0
+4(Ng, +Nc, +Ny )In(Ng +Nc +Ny )—1)—4Ng (InNy —1)-
~4N¢ (InNg, ~D)=4N, (InNy —1)).

To calculate the solubility of boron in y-iron, we should find solution of the system
of equations:
oF oF oF oF oF oF oF

=0, =0, =0, =0, =0, =0, and
ONg, ON. ON_ ONg oN, B, ONy oN v,

=0 @

1

The obtained set of equations (2) is transcendental. Usually the solution of such
equations can be obtained graphically or numerically. But within this problem there is a
good reason to consider an asymptotic solution of the equations. For this we write the
logarithm appeared in each equation of the system (2) as Taylor expansion (this is
admissible in accordance with its convergence conditions):

o o qyn+l n
aF = —6NFeVFeC - 6kT(2ln(NB + NV) + Z ( 1) |: 2NC - (NC B l)niD ) 0

ON. “~ n | (Ng+Ny)"
oF > (=)™ N

= 4N Vee —4kT| In(Ny + Ny )+ S —(No =D)"||=0
aNCI Fe VFeC, ( ( B, V1) ”Z:; n (NBI +NVI),, ( C, )
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oo n+l n
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- ~ n | (Ne+Ny)"

a?\i | = 4 Np Ve, — 4kT[ln(Ncl +Ny,) +g H,im { (NCIALSJIVV, )y Pei DnD -
aa]\i =—6NpVeey —6kT(21n(NB +Nc) +2 - { (NszrV fva" W _DHD -
a?V}; v _4kT[ln(NB] +Nc1)+g (—12"“ [ (NBIAS’I]I]VCI)" —(Ny, —l)nD =0.

In this paper we consider the case when boron and carbon atoms penetrate the y-iron
lattice. The choice of such an approach is due to the fact that at present the boron position
in the y-iron lattice is not unanimous. There is an opinion only on the interstitial position
of boron atoms in the austenite lattice; the other opinion is the substitutional position of
iron atoms in the lattice or interstitial-substitutional one. It should be noted that more
interesting and appropriate task is to determine the solubility of boron in the interstitial
position and its effect on the solubility of carbon. In addition, the binding energy between
boron and iron atoms will be greater in numerical value at the interstitial position [17].

To obtain an asymptotic estimate of the system (2) solution, it is quite sufficient to
consider the first two terms of the logarithm expansion.

The result of performed calculations is that the maximum boron content in the
austenite may be up to 0.0136 wt.% and that for carbon is 1.12 wt.%.

The obtained results on the solubility of boron and carbon in y-iron reveal smaller
numerical values in comparison with solubility in corresponding binary systems. This
result is obtained provided that the y-iron lattice is free of defects. It is known that boron
is a horophilic element and interacts more actively with structural defects [18]. This can
explain the difference between our findings and the results of the solubility of boron and
carbon obtained experimentally. The analysis of outcomes reveals that boron doping of
Fe-C alloys leads to the decrease of the carbon content in the austenite, which may be a
reason of shift of the eutectoid point to the left in the Fe-C state diagram and increase in
the volume fraction of pearlite. In addition, carbon atoms are probably energetically more
favorable to be surrounded by iron atoms than by boron ones.

4. Conclusions

The investigation was performed for the specimens with carbon of 0.0001-2.3 wt.%
and boron content of 0.0001-1.0 wt.%, the rest was iron. It is shown experimentally that
the maximum shift of the eutectoid point is observed at boron content up to 0.004 wt.%.
When boron content in the alloy rises up to 0.01 wt.%, the shift of the eutectoid point to
the left up to carbon content of 0.21 wt.% occurs and the austenite region shrinks. Further
increase in the numerical value of boron content is hardly caused the shift of the eutectoid
point. In this paper we obtained the vertical section of the Fe-B-C system state diagram
based on experimental data.

For the first time applying the quasi-chemical method, we obtain temperature
dependence of the free energy for y-iron solid solution and determine the solubility limit
of carbon and boron depending on temperature. The maximum weight fraction of boron
in the austenite can be up to 0.0136 wt.% and that for carbon is 1.12 wt.%, which enables
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to predict the phase composition of alloys depending on the boron and carbon content in
the alloy.
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