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The studies were performed for the specimens of Fe-B-C aloys with boron content of 0.005 — 7.0 wt.% and
carbon content of 0.4 — 5.5 wt.%, the rest was iron. From the data of microstructure analysis, X-ray structura and
differential thermd analyses, was determined that the primary phases formed as a result of crystallization of Fe-
B-C system aloys, depending on content of boron and carbon in the aloy.

As a result of the experiment carried out in this work, the phase composition and phase transformations
occurring in the adloys are investigated and the liquidus surface is constructed; it is shown that the point with
minimum temperature of 1375 K at the liquidus surface is observed at boron content of 2.9 wt.% and carbon
content of 1.3 wt. %.

For the first time, considering the contribution of the first degree approximation of high-temperature
expansion of thermodynamic potential into the Gibbs energy of Fe-B-C melt, was obtained that the surface of
thermodynamic stability of Fe-B-C melt, depending on temperature and content of boron and carbon in the alloy.
The findings show that in order to obtain the homogeneous Fe-B-C melt, which does not contain micro-
inhomogeneous structures in the form of short-range microregions, it is necessary to perform overheating more

thanto 150 K.
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I ntr oduction

It is known that the processes occurring in the alloy
melts affect the crystallization process and the phase
composition of the aloys. To predict these processes, the
region of thermodynamic stability of the melt should be
determined. Fe-B-C aloys have good physical properties
such as hardness and wear resistance [1-3].

Considerable attention is paid to study of the phase
composition of alloys of the Fe-B-C system [4-8]. The
authors of work [6] note that when boron content is 1.0—
2.5 wt.% the formation of primary phase of y-iron occurs
at the temperature of 1422 K in the Fe-B-C adloy after
crystallization. This is in agreement with the results of
the authors [5]. With an increase in boron content of the
aloy up to 3.8wt.% after crystalization the primary
phaseisFeB boride.

The liquidus surface of the Fe-B-C alloys was first
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obtained by G. Tammann; the ternary eutectic point with
boron content of 2.9wt.% and carbon content of
1.5wt.% at the temperature of 1383 K was mapped at
this surface. According to the authors of Ref. [8] the
eutectic point occurs at boron content of 2.6 wt.% and
carbon content of 1.5wt.% at 1339 K, and in [9] it is
stated that when boron content is 1.5wt.% and carbon
content is 25wt.% at 1402 K, there is minimum of
temperature, boron and carbon content at the liquidus
surface.

Thus, there is no consensus on the liquidus surface
temperature depending on boron and carbon content for
Fe-Fe,B-Fe3(CB) aloys. No data are currently available
on the homogeneity and thermodynamic stability of the
Fe-B-C melts.

The purpose of this paper is to investigate the
liquidus temperature depending on content of boron and
carbon in the aloy and to determine the homogeneity
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limit of the melt of Fe-Fe,B-Fe3(CB) system.

|. Materialsand methods

The investigation was carried out for the specimens
with boron content of 0.005-7.0wt. % and carbon
content of 0.4-5.5 wt.%, the rest was iron. To obtain Fe-
B-C aloys, we used such constituents. carbonyl iron
(with iron content of 99.95wt.%), amorphous boron
(with boron content 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 the aloys was
20 K/min. To determine the chemical composition of
aloys, chemica and spectral analysis was used [10]. To
ascertain the peculiarities of phase transformations in the
Fe-B-C system alloys, differential thermal analysis of 72
specimens was performed by means of derivatograph.

The phase composition of aloys was studied by
method of X-ray microanalysis by means of JSM—-6490
microscope with ASID-4D scanning head and “Link
Systems 860" software energy-dispersive X-ray
microanalyser, and by means of optical microscope
“Neophot-21". The 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.

1. Results and discussion

Investigation of the liquidus temperature in alloys of
Fe-B-C system and primary phases depending on boron
and carbon content shows that at boron content of
3.0wt% and cabon content of 0.65wt.% after
crystallization we have primary crystals of iron and two
eutectics: y-FetFe,B and y-Fe+Fe;(CB) (Fig. 1a).

In the process of crystallization, the formation of
primary y-Fe crystals occurs within the temperature
range of 1417-1420 K. In the range of 1397- K, the
formation of eutectics y-Fe+FeB takes place, and in the
interval of 1393-1396 K the eutectics y-Fet+Fe;(CB)
appears. The transformation y-Fe—a-Fe occurs at 996 K
(Fig. 1c).

The study of alloys with boron content of 0.3—
5.5 wt.% and carbon content of 2.1-6.6 wt.% shows that
primary crystals in the crystallization of mets are
crystals of boron cementite Fe3(CB). During aftercooling,
the formation of eutectics y-Fe+Fe;(CB) with lamellar
morphology is observed (Fig. 2a).

The formation of primary crystals of boron cementite
Fe3(CB) occurs in the temperature range of 1431-1427
K, and in the interval of 1403-1387 K the eutectics y-
Fet+Fey(CB) forms with a significant thermal effect. The
transformation y-Fe—a-Fe is detected at the temperature
of 973 K.

For aloys with boron content of 2.2-8.8wt.% and
carbon content of 0.5-2.1wt.% in the process of
crystallization, the formation of primary crystals of Fe;B
iron boride takes place. In certain areas of structure the
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Fig. 1. For aloy with boron content of 3.0 wt.% and
carbon content of 0.65wt.%: &) microstructure,
x800, b) diffractogram, c¢) curve of differentia
thermal analysis.

primary borides surrounded by shell consisting of
Fey(BC) boron cementite and eutectics a-Fet+Fe;(BC)
with morphology like to that of boride eutectics (o-
Fet+FeB) are observed (Fig. 3a).

According to results of differential thermal analysis
primary crystals of boride are formed from the melt in
the temperature range of 1533-1498 K in boron
cementite environment formed during peritectic

transformation L +Fe,B® Fe,(CB) in the
temperature range of 1388-1433 K; the eutectics y-

Fe+Fe;(CB) is formed at the constant temperature of
1399 K, which indicates possibility of four-phase
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Fig. 2. For alloy with boron content of 3.43 wt.% and carbon content of 2.25 wt.%: a) microstructure, x800, b)
diffractogram, B) curve of differential thermal analysis.
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Fig. 3. For alloy with boron content of 2.5 wt.% and carbon content of 4.0 wt.%: a) microstructure, x800, 6)
diffractogram, B) curve of differential thermal analysis.
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transformation L +Fe,B® y- Fe+Fe,(CB) and

the transformation y-Fe—a-Fe at 925 K (Fig. 3c).

The outcomes show that Fe-B-C system alloys are
characterized by low liquidus temperature compared to
binary Fe-B and Fe-C alloys. Thisisin good agreement
with the results of other authors[11-12].

Investigation of microstructure, X-ray diffraction and
differential thermal analyses of 72 specimens enables to
congtruct the liquidus surface for aloys of Fe-B-C
system (Fig. 4).

One of the important factors affecting the formation
of aloys structure under cooling is determination of the
liquid stability that is the temperature when the
homogeneity of the liquid is observed and there are no
microcrystalline formations.

The Gibbs energy of the phase is known to be a

function of independent variables G =G(p,T,x),
wherep ispressure, T'istemperature, x; isweight content
of dements, 1 =1, 2, 3 (X;=Xge, X=Xg, Xs=Xc). Provided
that there are no externd force and change in pressure
( p=const) the total differential of Gibbs energy is
[13]:
dG=dU - d(TS)+d(pV) =- AT+ § p;dx,,
i=1,2,3

where U isinterna energy.

Correspondingly, entropy of the system equals
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To determine the stability of the phase, let usfind the
variation of Gibbs energy:
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The general condltlon of phase stability by Gibbs is
that arbitrary variations of the internal energy and
externa parameters of the system should not cause both
reversible and irreversible processes in the system (to
keep the system in equilibrium), so they must be such
that
dU - TdS+ pdV - pydx - pdx, - pydx; >0, (2)
considering the relation between internal energy and free
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Inserting Egs. (3), (4) in the stabi Ilty condition (2) and consideri ng the second order terms, we obtain theinequality:
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determinant consisting of its coefficients and all principal minors (Sylvester's criterion) will be positive:
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The case D=0 was first defined by J. W. Gibbs as a
critical state of matter [14]. At supercritica transtions
the determinant and coefficients of stability pass through
finite minima that correspond to the growth of
fluctuations. The locus of these minima is low-stability
curve. It should be emphasized that for different
coefficients of stahility, the curves of lowered stahility
may differ. Thisiswhy the curve of lowered stability for
D [15], which includes dl eqguilibrium characteristics of
the system and therefore best describes its stability, is
used as a basis. The threshold case of supercritica
trangitions when fluctuations in the system reach the
maximum level, the determinant and coefficients of
stability pass zero minima, is the critical state. So, let us
consider when dD=0.

When calculating thermodynamic functions of the
phases for the high-temperature region, we take into
consideration the first degree approximation of high-
temperature expansion for thermodynamic potential of
the melt in the form of infinite series in powers of /T
[16] and obtain the temperature dependence of Gibbs
energy:

Edmz Edms
‘ﬂT B, e‘ﬂT z&
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T[XZ q’x3x1 gﬂxi" a'xlx2
&, 0
T[XZ a'xlx3 gﬂXC" Z‘r X1 X2
gw%emx gw%eum
S
G,=a xG°+RTa x Inx +
i=1 i=1
LZ ’ (5)
+é X X. L. - é L
a0 R, 2ZTR
where Gio is Gibbs energy for pure components (¥mol),

R isuniversal gas constant (R =8.31 J(mol-K)), T is
temperature (K), Lij is interaction energy of the
components (J¥mol), Z is coordination number, which
equals Z=10 for I|qU|d [17]. The summation is over all i
andj providing i 1 j.

To calculate the numerical values of thermodynamic
functions of the melt, we used data for pure components

G, G from [18, 19] and interaction energy between
components1and2 L, =a+bT +CcTInT (constants
a, b, ¢, between components 2 and 3
L,=d+eT +fTInT (constants d, e f), between
components 1 and 3 L, =K+IT+mTInT

(constantsk, |, m) from [20-22].
To determine the stability of the melt, the condition

dD = 0 should befulfilled:

dp = FP0 dT+?—; ? 2 g +ERY g =0 ©
eﬂ—r a(lxzxs T[Xi a'xzx3 a'xlx ﬂx3 a-xlxz
The condition (6) holds when
eﬂ—r a(lxzxs ﬂxi Q‘xzx3 X1 X3 ﬂx?’ a’xlxz

The solution of system of equations (7) is shown in
Fig. 4.

The experimental results obtained in this work make
it possble to congruct the liquidus surface, and
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caculated data enable to plot the surface of
thermodynamic stability of the met (Fig. 4). The
liquidus surface of the Fe-B-C alloys was first obtained
by G. Tammann; the ternary eutectic point with boron
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Fig. 4. State diagram of Fe-B-C system (o — Fe;(CB), A —Fe;B, © —y-Fe) and surface of thermodynamic stability of

the melt (== — Fe-B diagram,

—Fe-Cdiagram, s —eUtectiC lineS, m =

— surface of thermodynamic stability

of the Fe-B-C mdlt).

content of 2.9 wt.% and carbon content of 1.5wt.% at
1383 K was mapped on this surface. The ternary eutectic
point is the intersection of lines of monovariant binary
eutectics.

The liquidus surface study presented in [9] showed
that the ternary eutectic point occurs at boron content of
1.5wt.% and carbon content of 2.5wt.% and a the
temperature of 1402 K.

Theresults obtained in this investigation show that at
the liquidus surface in Fe-B-C alloys there is minimum at
boron content of 2.9wt.% and carbon content of
1.3 wt.% at 1375 K. The outcomes are in agreement with
data given in [4], where it is stated that the solidus
temperatureis 1400 K.

The process of primary phase's formation has a great
effect on the structura state and phase transformations in
the aloy. There are currently no known data on
determining and investigating the homogeneity of the
melt of Fe-B-C aloys. According to the findings, to
obtain the homogeneous Fe-B-C melt, which does not
contain a microheterogeneous structure in the form of
short-range microareas where primary crystals is y-Fe
phase, it is necessary to perform overheating more than
to 150 K. For the alloys with boron and carbon content
close to the quasi-binary cross-section, one need to
perform the overheating of alloy more than to 200 K to
obtain the homogeneous melt.
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Conclusions

In this work the phase composition and phase
transformation occurring in the alloys with boron content
of 0.005-7.0wt.% and carbon content of 0.4-5.5wt.%
(therestisiron) is studied. It is shown that formation of
primary phases y-Fe, Fe,B and Fe;(CB) takes place
depending on boron and carbon content in alloys.

The liquidus surface is plotted experimentally for Fe-
B-C dloys in the concentrarion range of 0-8.85 wt.%
boron and 0-6.65 wt.% carbon and it is shown that the
ternary eutectic point occurs at the liquidus surface in the
aloys of Fe-B-C systems with boron content of 2.9 wt.%
and carbon content of 1.3wt.% at the temperature of
1375 K.

In the paper, for the firg time, considering the
contribution of the first degree approximation of high-
temperature expansion of thermodynamic potential into
the Gibbs energy of the Fe-B-C melt, we obtain the
dependence of temperature of thermodynamic stability of
the melt on boron and carbon content in the aloy and
plot the surface of concentration anomaly without
microcomplexes in the melt. According to the findings, it
is necessary to perform the overheating more than to 150
K to obtain the homogeneous melt of Fe-BC, which does
not contain microheterogeneous structure in the form of
short-order microareas, where primary crystals is y-Fe
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phase. For Fe,B and Fe;(CB) phases the melt should be
overheated more than to 200 K.
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H.1O. quJIOHeHKol’S, O.M. Fanz[iHaz, 0.1 Ba6aquI<03, . A. KoHOHEHKO®
CTpyKTYpHUIi CTaH Ta TepMOAMHAMIYHA CTiliKicTh cmaBiB cuctemu Fe-B-C

Y13 «fJuinponemposcexa deparcasna meduuna axademis MO3 Yipainu» 49044, Vipaina, m. Juinpo, ey.
BonooumupaBepnadcvrozo, 9, natph2016@gmail.com
2uinposcukuii nayionanshuii yuieepcumenm iveni Onecs 'onuapa72 49010, Yipaina, m. Juinpo, np. lacapina, E-mail:
alexandragal dina@gmail.com
3 Iucmumym wopno imemanypeii im. 3. I. Hexpacosa HAH Vpainu (IYM HAHY)
49107, Vkpaiua, m. [Jninpo, na. Ax. Cmapody6osa K. @., 1 A_Babachenko@i.ua, perlit@ua.fm

JlocmixeHHs 3/1iHCHIOBAITH Ha 3pa3kax cruiaBiB cuctemu Fe-B-C Bmictom 6opy 0,005-7,0 % (mac.) Ta kapOoHy
0,4 - 5,5 % (mac.), iHmie 3aii30. 3a pe3ynbTaTaMi MiKPOCTYPKTYPHOTO, PEHTTEHOCTPYKTYPHOTO Ta Au(epeHIiHHOro
TEPMIYHOTO aHalli3iB BU3HAUEHI MEPBUHHI (a3H, 10 YTBOPIOIOTHCS B pe3yiIbTaTi KpUCTali3alii cruiaBiB cucremu Fe-
B-C B 3anexxHOCTI BiJ BMiCTy OOpy Ta KapOOHY B CILIaBI.

3a pe3ynpTaTaMH EKCIIEPUMEHTY, MPOBEIACHOTO B JIaHiil poOOTI mociimkeHo ¢a3oBuid ckiax Ta (as3oBi
TIEpETBOPEHHS, 110 BiJOYBAIOTHCS B CIUIaBaX Ta MOOYAOBaHA MOOY/IOBaHA MOBEPXHs JIKBIAYCy Ta MOKa3aHO, IO
TOYKa, sIKa Mae MiHiMaipHy Temreparypy 1375 K Ha moBepxHi JKBiIyCy crmoctepiraiu npu Bmicti 6opy 2,9 %
(mac.) Ta kapoony 1,3 % (mac.).

Bnepmie i3 BpaxyBaHHsM BHecky B eHeprii [100ca posmmaBy Fe-B-C mnepmoro cryneHss HaOnMmKeHHS
BHCOKOTEMITEPATYPHOTO PO3BHHEHHS TEPMOIWHAMIYHOI'O MOTEHIIally OTPUMAHO ITOBEPXHIO TEPMOAWHAMIYHOI
crifikocti po3miaBy Fe-B-C B 3anmexxHocTi Bijg TeMmmneparypu Ta BMicTy O0opy Ta kapOoHy B cruiaBi. OTpuMaHi B
poOoOTi pe3ynbTaTH TOKa3aid, W0 Ui JIOCSTHEHHs OfHOpigHoro po3miaBy Fe-B-C, mo He wMictuth
MiKPOHEOJHOPOAHOI CTPYKTYPH Y BUIJISAI MIKPOIIUISTHOK 3 OJMKHIM TMOPSAKOM HEOOXITHO BHKOHATU IEPErpiB
6inbm Hixk Ha 150 K.

Kunrouogi caoBa: crumasu cucremu Fe-B-C, 6opun Fe,B, 6oporiementut Fe3(CB), eBrekTrKa, TepMOIHHAMI YHA
CTIFiKiCTh PO3ILIaBY.
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