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In this work we study the structural properties of hypoeutectic and hypereutectic Fe-B alloys, depending on the
temperature of heating above the liquidus line and the cooling rate. Experiments were carried out for the Fe-B system
aloys with boron content of 2.0-4.5% (wt.), the rest is iron. To determine physical properties of the alloys
microstructura and X-ray diffraction analysis were used. It is shown that overheating of the molten alloy to 150 K
above the liquidus line and aftercooling |eads to complete suppression of the formation of primary iron crystalsin the
hypoeutectic aloys and partialy to suppression of Fe,B formation in the hypereutectic alloys of the Fe-B system.

For the firgt time it is shown that heating of Fe-B hypoeutectic aloys to 150 K above the liquidus line and
cooling with a rate of 10° K/s lead to formation of Fe;B boride in as-cast state, which was present in the eutectic
colony.

Taking into account the contribution of the first degree approximation of the high-temperature expansion of the
thermodynamic potentiad for FesB iron boride in the binary Fe-B aloy, we obtain for the first time temperature
dependences for the thermodynamic functions such as Gibbs energy, chemical potentials of boron and iron in FesB
boride, entropy, enthapy and heat capacity C,. In addition, the method suggested enables to determine the
temperature of the formation of FesB iron boride, which isin agreement with the data of other authors.
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I ntr oduction

Boron-bearing alloys containing boron find practical
application because of a set of unique properties such as
infusibility, high hardness, chemical resistance in various
corrosive environments, and others [1-2]. Thus, borides
and boron-bearing aloys are used in the producing of
new composite materiads, where borides are used as
hardening phases[1-2].

It is known that in aloys of the Fe-B system with
boron content of 3.8 % (wt.) formation of the eutectics
L® g+ Fe,B occurs. The structure of hypoeutectic alloys

is represented by two congtituents, primary a-Fe
dendrites and y-Fe+ Fe,B eutectics, and structure of
hypereutectic alloys consists of Fe,B and eutectics [1, 3-
4]. The formation of Fe;B boride in the binary Fe-B
alloys was observed as a result of the annedling of
amorphous films [5-7], abrasive wear of films, etc. [8]. It
was found that Fe;B boride exists in the temperature
range 1423 K to 1523 K in two modifications: Fe;B(0)
orthorhombic high-temperature and Fe;B(t) tetragonal
low-temperature [9-10].

Invetigation of the phase composition and
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thermodynamic functions of boron-bearing alloys is of
theoretical and practical importance, because borides are
formed in a wide concentration range, as well as a result
of the process of saturation of the aloy surface with
boron, and affect the physical properties of the boronated
layer. In addition, it would enable to develop the meta
alloys containing borides, composite materials and
coatings with predictable physical properties and phase
composition.

The objective of this paper is to investigate the
structural state of the hypoeutectic and hypereutectic
aloys in the Fe-B system in terms of the heating
temperature and cooling rate, along with thermodynamic
functions of the FeB boride, ther temperature
dependences with accounting for the firs degree
approximation of the high-temperature expansion for the
thermodynamic potential of binary alloys, describing the
fluctuation processes.

I. Materials and research techniques

The research was carried out for the specimenswith
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Fig. 1. Microstructure (a) and diffractogram (b) of the alloy with boron content of 2.7 % (wt.) after heating up to the
temperature of 1753 K and cooling with rate of 10* K/s

boron content of 2.0-4.5wt. % (the rest is iron), for
which furnace charge consisting of carbonyl iron (with
iron content of 99.99 % (wt.)), amorphous boron (with
boron content of 97.5 % (wt.)) was used. To prevent the
segregation, aloys were made from premixed intimately
and pressed powders of charge materials. The smelting of
specimens was performed in a Taman's furnace with a
graphite heater in alundum cruciblesin argon atmosphere
with overhesting of 50-200 K above the liquidus line
Then the melt was cast into a copper wedge-shaped
mold. The cooling rate was 10? to 10* K/s.

To determine the chemical composition of alloy
chemical and spectral analysis were used [11].

The phase composition of alloys after cooling was
determined by X-ray microanalysis by means of JSM-
6490 microscope, as wel as by means of optical
microscope “Neophot-21". The X-ray diffraction
anaysis was performed with DRON-3 diffractometer in
the monochromated Fe-K , radiation.

1. Resultsand Discussion

The microstructure of hypoeutectic Fe-B alloy with
boron content of 2.7 % (wt.) after crystallization from a
temperature up to 50 K above the liquidus temperature
(1480 K) with cooling rate of 10° K/s consists of two
structural components. the primary dendrites of a-Fe
phase and the o-Fe+ FeB eutectics with a lamellar
structure. With increase in the coaling rate of alloy up to
10" K/s, the size of the o-Fe dendrites and their volume
fraction are considerably reduced, whereas degree of
differentiation of the eutectic colonies grows, indicating
displacement of the eutectic point to the left on the Fe-B
system state diagram.

The increase in overheating of the melt up to 100 K
above the liquidus line and aftercooling results in the
formation of a more dispersed eutectics and further
suppression of the forming of primary iron crystals.

After hesting of the Fe-B alloy with boron content of
2.7 % (wt.) to 150 K (up to the temperature of 1630 K)
above the liquidus line and aftercooling with rate of
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10°K/s, in addition to o-Fe phase and a-Fet+FeB
eutectics, another eutectics is observed, with a differing
structure, namely, disperse rod morphology, and
differing coloring. As a result of X-ray diffraction
andysis, in this part of the wedge the Fe;B boride
presence is detected (Fig. 1).

The availability of the Fe3B phase area on the phase
diagram of Fe-B alloysis given in the Khan’s article [9-
10], and the state diagram of the Fe-B system alloys with
FesB presence can be found in several directories [12-
13]; in other sources [2-4] there is no such information.
This is because of the fact that Fe;B phase is revealed
only after the annealing of amorphous films, after high-
temperature synthesis or mechanical processing [5-6],
but not in the as-cast condition.

The analysis of the obtained results enables to
assume that overheating of alloys to a temperature over
than 150 K above the liquidus line and aftercooling at
rate of 104 K/s makes it possible to detect for the firg
time the FesB boride presented in the eutectic colony in
the as-cast condition.

Similar results are obtained in the study of the effect
of heating temperature of the hypereutectic alloy above
the liquidus line and aftercooling with different rates on
formation of the FeB phase. For hypereutectic alloys
with boron content of 3.9-45% (wt.)) which were
heated to a temperature of 50 K above the liquidus line,
we observe a decrease in the size and increase in the
volume fraction of primary crystals of the Fe,B phase.
The eutectics inherits the shape of primary Fe,B crystals
and islamélar, cellular and rod in morphology.

Asaresult of cooling with rates of 102 and 103 K/s,
we observe significant decrease in the volume fraction of
primary crystals of Fe;B compared with specimens
overheated to a lower temperature, and at overheating to
150 K we observe suppression of the formation process
of the Fe,B phase crystals. The eutectics has more
homogeneous dructure, such as rod and partialy
lamellar ones.

One of the key factors of the phase formation and
phase transformations is thermodynamic functions of the
phase. Vaue calculation of thermodynamic functions of
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Fe3B boride from experimental data runs into certain
difficulties. In this paper we consider the contributionsto
Gibbs free energy, which are responsible for fluctuation
processes, and this enables to determine theoretically the
thermodynamic functions of Fe3B boride.

2.1. Gibbsenergy of Fe3B iron boride.

The Gibbs energy of the phase is known to be a
function of independent variables G = G(p,T,y) , where
p - ispressure, T -istemperature, y - isweight content of
eements. For molar fractions of components in a
compound or in aloy the following condition is fulfilled:

4 1
a y =
i="

In thé potentials of the most existing models the
contribution of the first degree approximation of the
high-temperature expansion of the thermodynamic

potential for binary aloy is not taking into account.

Asiit is known from the theory of binary alloys, the
partition function of such a system cannot be evaluated
exactly, but according to the Kirkwood method it can be
written as infinite series in powers of 1/T. In accordance
with the Kirkwood method [14-15], the first term of the
expansion take theform:

Lie; B y|2:e yé
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where Z is coordination number, which isequa to Z =9
for Fe;B boride [16].

So, the Gibbs energy with accounting for the first
degree approximation for the Fe3B iron boride is defined
as.
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As aresult of the calculation, the following relation 2 Fe,B g 2 92
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According to the results given in [17], the heat of FeB er
the phase formation is 22796.4 JYmol, and in present 2.F8bg 122
work — 27592.4 Jmol. il Grg T SR Ve @
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Gibbs energy for Fe;B phase enables to determine its
value in the high-temperature region, as well as the
Gibbs energy of formation of this phase from the liquid.
2.2. Chemical potential of iron and boron in
FesB boride.
The chemical potential of boron in the boride is
calculated as:
FHeB ¢
Gn2 2

+ _0
="Gg +RT(Inyg +1) +

QﬂyB or

&
2
LreB

2
+Ypel - YEeY
Fe-FeB 7RT Fe’B
Its temperature dependenceis:
Mg =- 27834+ 41T +2X0°T ™+
The chemical potential of iron in the Fe3B borideis
derived to be equal
Mee = - 21563+ 2,4T +6X10°T ™+

As it is known from Ref. [18], to determine the
temperature of formation of the Fe3B phase, one should

m
find a solution of the equation: 11TT_ =0.
y
The chemica potentials of boron and iron in boride
take minimum values, which correspond to the most
stable state of this phase:
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The solution of eguations (2) makes it possible to
find the temperature of formation of Fe;B boride
T =1465,6K which agrees with the results given in

papers[9, 10, 19, 20].

2.3. Entropy, enthalpy and heat capacity Cp of
Fe3B boride.

One of the important thermodynamic characteristics
of the phaseis entropy. The entropy of the Fe;B phaseis
determined as

&GO
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According to the calculation results, entropy of
boride a the formation temperature is equd to
2.13Jmol™-K™, which coincides with the results of
Refs. [20-21].

Accounting in the Gibbs energy for the contribution
of the first degree approximation of the high-
temperature expansion of thermodynamic potentia
enables to determine the enthalpy of boride. To
calculate the enthalpy of Fe3B phase, we use the next
relationship [18]: PH =DG+TDS

The enthalpy's dependence on temperature for this
phase has the form:
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Fig. 2. Temperature dependence of heat capacity C, of Fe;B boride.

H =-32527 +0,5T +10°T *
The enthal py at the temperature of boride formation
is - 27673.6 ymol, and - 22796.4 ymoal, according

to theresults of [22], and ~ 1800 , g-latom-1 by [23],
correspondingly.

Conseguently, the results obtained in this paper for
the values of the Fe3B phase enthapy are consistent
with the results of other authors.

For the Fe;B phase the heat capacity is determined
as.

SO _ Lien
& g, RZT?

Analysis of the obtained results enables to conclude
that accounting for the contribution of the first degree
approximation of the high-temperature expansion of the
thermodynamic potential for Fe-B binary aloy makes it
possible to calculate such thermodynamic quantities of
FesB iron boride as entropy, enthalpy, heat capacity,
and to determine their temperature dependence. Besides,
it enables to describe boride the most completely from

thermodynamic point of view, taking into account
fluctuation processes.

C,=T

2 .2
XYreYB

Conclusions

It is shown that overheating of the melt over than
150 K above the liquidus line and rapid aftercooling
leads to complete suppression of the formation of
primary iron crystals in the hypoeutectic alloys and
partidly to suppresson of FeB boride in the
hypereutectic alloys of the Fe-B system.

It is established experimentally that at overhesting
of the Fe-B hypoeutectic alloys to 150 K above the
liquidus line and at cooling rate of 10° K/s, the
formation of the Fe;B boride presented in the eutectic
colony in the as-cast condition occurs.
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It should be noted that thermodynamic functions of
the phases make it possible to predict the physical and
chemical properties of alloys under alternate externa
conditions such as temperature, pressure, etc. Known
methods for calculations of thermodynamic phase
functions can be used only under equilibrium conditions
and do not take into account the fluctuation processes.

Therefore, taking into account the contribution of
the first degree approximation of the high-temperature
expansion of thermodynamic potential for the Fe;B iron
boride in the binary Fe-B alloy, we obtaine for the first
time temperature dependences of such thermodynamic
functions as Gibbs energy, chemical potentias of boron
and iron in FesB boride, entropy, enthalpy and heat
capacity C,. In addition, proposed method makes it
possible to determine temperature of the formation of
the FesB iron boride, which coincides with the data of
other authors.

The advantages of the applied method arethat it can
be used to calculate the thermodynamic phase functions
of any systems, in which fluctuation processes should
be taken into account.
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B po6ori Oyi1o JOCHiIKEHO CTPYKTYPHI BJIACTHBOCTI IOEBTEKTHMYHHMX Ta 3aCBTEKTHYHHX CIUIABIB CHCTEMU
Fe-B B 3anexHoCTI BiJ TeMIepaTypu HarpiBy BHILE JIiHii JIKBiZyCy Ta MIBUIKOCTI OXOJIIOIKEHHS. JlociimKeHHs]
MPOBOIIM Ha ciuiaBax cucreMd Fe-B 3 Bmicrom Gopy 2,0 -4,5% (mac.), iHme — 3amizo. Jis BU3HAYCHHSI
(bi3M4HUX BJIACTUBOCTEH CIUIaBIB BUKOPHCTOBYBAJIM MIKPOCTPYKTYPHMI Ta PEHTI€HOCTPYKTYPHHUI aHami3u. B
poborti nokaszaHo, mo neperpis posmwiaBy Bix 150 K Burme niHii JiKBiqycy Ta HaCTYIHE MIBHAKE OXOJOIKCHHS
NPU3BOJUTH JI0 MOBHOTO IPUTHIYCHHS IPOLIECY YTBOPEHHS NEPBUHHHUX KPHCTAJB 3alli3a B JIOEBTEKTHYHHX
CIUIaBax Ta 4acTKoBO - Oopuny Fe,B B 3aeBTexkTHUHMX cutaBax cuctemu Fe-B.

Briepie nokasaso, 110 pH HarpiBi JOEBTEKTHYHUX CIUIaBiB cucteMu Fe-B Buie niHii snikBigycy Ha 150 K
Ta mpu mBHAKOCTI oxonomkenns 10° K/c BinGysaethcs yrBopenHs Gopumy FesB B nmromy crawi, skuii Gys
NPHUCYTHIH B €BTEKTUYHIi KOJIOHIT.

Bnepme 3 ypaxyBaHHSAM BHECKY IEpIIOTrO CTYHNEHS HAONMIKCHHS BHCOKOTEMIIEPaTYpHOIO pPO3BHHEHHS
TEPMOJMHAMIYHOIO MOTeHILiany 6opuny 3aiiza Fe;B y 6inapromy crutasi Fe-B Oynu orpumani 3anexHoCTi Bij
TEMIIepaTypu TaKUX TepMOAMHAaMIYHUX (yHKLUiH, sk enepris ['160ca, xiMiuHi moTeHuianu Oopy Ta 3amiza B
6opuni FesB, entpomist, enransmis i TerwtoemHicts Cp. Kpim Toro, 3ampornoHOBaHUI METOZ J1aB MOXIIMBICTBH
BHU3HAYHUTH TEMIEPATypy YTBOPEHHs OopHy 3aii3a Fe3B, sika kopernroe 3 TaHUMH 1HIINX aBTOPIB.

KirouoBi ciioBa: posruias, neperpi cruiaBy BUIIE JIiHIT JIIKBigyCy, ciutaBu cucremu Fe-B, Tepmoannamivni
¢bynkuii, 6opun 3aniza Fe;B.
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