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Investigation was carried out for Fe-B-C alloys with carbon content of 0.0001-0.01 % (wt.) and boron content of 0.0001-0.01 %
(wt.), the rest is iron. To determine the structural state of alloys we use the microstructure analysis, X-ray microanalysis and X-ray
structure analysis. The level of microstraines, dislocation density and the coercive force of ferrite is determined, and it is shown that
structure imperfection grows with boron content increase in the alloy. The obtained results enable to suggest that boron atoms in a
solid solution of a-iron occupy substitutional-interstitial positions depending on boron content. In the paper it is shown
experimentally, that at room temperature solubility limit of boron and carbon in the ferrite is 0.00012 % (wt.) and 0.006 % (wt.).
When boron and carbon content increases further, the following phases are formed: Fe:B, Fes(CB) and Fe23(CB)e. In this paper by
means of quasi-chemical method we obtain for the first time temperature dependence of the free energy for a-iron solid solution, as
well as solubility limit of carbon and boron. Maximum mass fraction of carbon may be up to 0.016 % (wt.), and maximum boron
mass fraction — up to 0.00025 % (wt.). At room temperature the boron solubility limit in ferrite is 0.0001 % (wt.), and carbon one is
0.004 % (wt.). The calculated numerical values of the solubility of boron and carbon in ferrite of the Fe-B-C system alloys are less
than that of the experimental results. This can be explained by the fact that boron atoms interact more actively with structure
imperfections than carbon atoms. At high temperatures the solubility of carbon and boron in given phase increases.
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It is known that boron has a low solubility in iron-based solid solutions [1-2], but authors suggest different values
for boron solubility in a-iron solid solution of the Fe-B system. Thus, authors of work [1] indicate that boron solubility
in solid solution of a-iron in the Fe-B system is 0.004 % (wt.) at 983 K, and 0.08 % (wt.) at 1179 K. The authors of [2]
note that the maximum solubility of boron in ferrite is 0.002 % (wt.) at the temperature of 1184 K. The other solubility
of boron is pointed out by the authors of Ref. [3]: from 0.0035 % (wt.) to 0.00000038 % (wt.) when the temperature
decreases from 1179 K to 983 K. In [4] the boron solubility is 0.0003-0.0067% (wt). The authors of [5] report the
numerical value of boron solubility is 0.0019 % (wt.) at the temperature of 773 K.

According to [2], the boron solubility in é-iron is 0.15 % (wt.), and according to [3] - 0.16 % (wt).

It is known that maximum solubility of carbon in the Fe-C system in 6-iron is 0.1 % (wt.) at 1772 K, and in a-
iron— 0.02 % at 973 K, and 0.01 % (wt.) at room temperature [6-7], whilst the authors of work [3] note the value
0.025 % (wt.) at the temperature of 996 K.

At the moment, there is no information in the literature on the solubility limits of boron and carbon in a-iron of the
Fe-B-C alloys.

The objective of this paper is to determine the solubility limits of boron and carbon in ferrite of the Fe-B-C system
alloys.

MATERIALS AND METHODS

Investigation was carried out for the specimens with carbon content of 0.0001-0.01 % (wt.) and boron content of
0.0001-0.01% (wt.), the rest is iron. The following components were used to obtain the Fe-B-C system alloys: carbonyl
iron (with iron content of 99.95 % (wt.)), amorphous boron (with boron content of 97.50 % (wt.)), graphite (with carbon
content of 99.96 % (wt.)). Smelting of specimens was performed in a Taman furnace with 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 analysis was used [8]. Microhardness was measured by PMT-3 device.

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 analysis was performed with DRON-3 diffractometer in monochromated Fe-K, radiation.

RESULTS AND DISCUSSION
The study of boron and carbon content in the Fe-B-C system alloys shows that boron and carbon maximum
content in a-iron solid solution at room temperature can take such numeric values: 0.000 12% (wt.) and 0.006 % (wt.).
At this boron and carbon content there is no formation of boron- and carbon-bearing phases except for ferrite (Fig. 1).
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With boron content increase in alloy there boride are formed on the boundaries of ferrite grains, and with carbon
content increase in alloy the formation of pearlite on the boundaries of ferrite grains occurs (Fig. 2).

If the content of boron or carbon in the alloy is greater than 0.0012 wt. % (boron) 0.004 wt. % (carbon), then the
Fe,B, Fe3(CB), Fex3(CB)s phases are formed in the alloy [9].

It is known that the lattice parameter of bce iron at room temperature is 2.862 A [6]. Under boron and carbon
doping of alloys the change in the lattice parameter of ferrite is observed (Table 1).

The results shown in Table enable to qualitatively evaluate the structure imperfection of ferrite depending on
content of boron and carbon in the alloy. As boron content increases in the alloy, the microstrain degree, the density of
dislocations in ferrite and the coercive force grows.

An increase in the coercive force for alloys containing higher content of boron and carbon can be explained by
change in the density of dislocations and decrease in the size of the crystallites. The results (Table 1) show unique
correlation relationship between the characteristics of the H, on the one hand, and the microstrain degree and density of
dislocations, on the other hand, in all the specimens examined.

In addition, the results represented in Table 1 show that doping of ferrite only with boron leads to increase in the
size of crystallites L, the density of dislocations p, the microstrain degree and the coercive force H. compared with
carbon doping. The obtained results can be explained by the fact that boron atoms in a-iron solid solution occupy
substitutional-interstitial positions depending on boron content, which is in line with the results of other authors [10-11].

The structure of ferrite represents as body-centered lattice and pertains to the space group 027 Im3m with eight

atoms in the first coordination shell [12]. For each atom of the bcc lattice there are six tetrahedral and three octahedral
pores. Two of the six atoms surrounding the octahedral pore, are closest compared to others [13]. The arrangement of
carbon atoms in the bcc lattice can be described as the arrangement of the atoms of carbon or boron in the octahedral
pore, which have four nearest metal atoms at a distance of 2.02 A and two at the distance of 1.43 A, each metal atom
has eight neighbors located at the distance of 2.48 A from each other (Fig. 3).
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Fig. 1. Iron-based alloy with boron content of 0.0012 % (wt.) and carbon content of 0.004 % (wt.): a) microstructure, x800,
b) microspectrum analysis curve, ¢) diffractogram
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Fig. 2. Microstructure of alloys with: a) 0.005 % (wt.) boron and 0.004 % (wt.) carbon, b) 0.0012 % (wt.) boron
and 0.04 % (wt.) carbon, X500

Table 1
Dependence of lattice parameter of ferrite a, crystallite size L, density of dislocations p, microstrain degree and coercive
force H. in ferrite on the boron and carbon content in alloy

Content, % (wt.) a, A H, A/cm LA Microstrain p, cm2
degree of ferrite
Boron Carbon
0.0001 0.001 2.8614 4.6 1006 4.84-107* 6.91-10'°
0.0001 0.005 2.8610 5.8 1097 498104 7.52-10'0
0.001 0.001 2.8623 6.9 1114 5.62:10* 4.77-10'°
0.001 0.005 2.8629 7.54 1230 5.23-10* 9.82-10'0
0.005 0.001 2.8633 8.21 1098 6.45-10° 10.1-10'°
0.005 0.01 2.8642 8.97 1087 7.62:1073 10.48-10"°
0.0001 - 2.8650 42 1123 2.5-107 7.2:101°
- 0.001 2.8616 3.9 1056 1.11-10°3 2.3-10"

To calculate the solubility limit of carbon and boron atoms in
the ferrite lattice, we use the quasi-chemical method with
accounting for data on the boron and carbon position in a-iron
solid solution [14].

The interaction of Fe-Fe, Fe-C, Fe-B and Fe-V atoms (where
V is vacancy) can be taken into consideration as follows: the
energy of interaction between eight atoms at the distance of

248 A is vFeFe’VFeBl , Ve » between atoms at the distance of

2.02A - Viee> Vren, Vrer, and for two carbon or boron atoms
s

located at the distance of 1.43 A — v}ec s Veer, and VEes, - For the

values of the interaction energy of the atomic pairs, we use the

Fig. 3. Structure of ferrite results given in [9].
The free energy of ferrite can be determined by the formula

F=FE—-kTInW , where E is the internal, W is the thermodynamic probability of the atom location in the sites of the
ferrite crystal lattice, 4=1.38-1023 J/K is Boltzmann constant, T is absolute temperature.
Thus, the free energy of ferrite is found as:

8 4
F= _Z:(NFeNB1 Ve, T NeNeVeope t NyNe Vi ) — Z(NFeNC Viee NFeN82 VFes, + NFeNVl Vrey )_
i=1 i=1

2
- Z (NFeNCvFeC + NFeNBz Vees, T NFeNV, VEer, )_

i=1
—kT((Ny + N, +Ny)(In(N,+N,,+N;)-1)- N, (InN,,-1)+ N, (In(N, —=1)—
=Ny (In N, =D)+(N,, + No + N, )JAn(N, + No + Ny )-1)=N.(In N, -1)-
- Ny (InNy =) -N, (In(N,, —1)),

where N, = N 5 T N 5, is the number of boron atoms.
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To calculate the solubility of carbon and boron in ferrite, we should find the solution of set of equations:

oF ~0. oF 0. oF —0. oF 0. oF ~ 0 and oF
ON,, ON, c oN B, oN B, oN,, v,

The obtained set of equations (1) 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 (1) as Taylor expansion (this is
admissible in accordance with its convergence conditions):

=0 (1)

a?\f = _Zgl‘, NBvFeBl + ZNFevFeFe - i (NCVFeC +NyVey )_

_ o (FU” I(NFQ) (=1 (Np )" CVNe 2"y,
Z( N + Ny Vi, )T ( Z(N oY ),,H(HU 21 . )=0;
F _ 3 2 (~'(N)" % (=D)"(N )™

+i(—1)”(1:c—1)"):0 )

8 4

2 ’ = (<1)'(N, —1)"
Z(NFevFeBl Z(NFeVFeBZ)_Z(NFeV FeBz)—kT(Z( ) (n ! ) =0;

i=1 i=1 i=1
24:(1\’ Vi, ) (-1)" 1(NBZ)" i (—1)"(N, )"
Br = (N, +N.)"'(n+1)

1
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o n
8 _ o ()TN (-1)"(N, =1)""! (VN =)
- SNFe FeV kT( n nzl( +N )n+1(n+1)+; n ) 0
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n

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 results of solving of the set of equations are presented in Fig. 4.
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Fig. 4. Content of boron (a), carbon(b) in a-iron solid solution

The solubility of carbon in d-iron is estimated to be 0.062 % (wt.) and boron solubility is 0.15 % (wt.). The
analysis of the results enables to determine the solubility of carbon and boron in ferrite: it was revealed that up to
0.016 % (wt.) of carbon atoms can get into the pores in the ferrite lattice depending on temperature. According to the
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calculations, the maximum content of boron in ferrite can be up to 0.00025 % (wt.). At room temperature the boron
solubility in ferrite is 0.0001 % (wt.), and the carbon one is 0.004 % (wt.). The obtained results can be explained by the
fact that boron doping of the iron-based alloys leads to displacement of the eutectoid point to the left in the state
diagram of Fe-C and to the increase in the pearlite volume ratio, meaning, the carbon atom more likely to be located
surrounded by iron atoms than by boron atoms [10-11]. Besides, boron atoms in the position of interstitial into the
crystal lattice of a-iron have a greater binding energy with iron atoms than that with carbon atoms [10-11]. The effect of
boron atoms in the position of interstitial in a-iron solid-solution on carbon atoms promotes the formation around the
boron atoms of carbon-depleted zones [10-11]. The resulting values of the solubility of boron and carbon in ferrite of
the Fe-B-C system alloys are less than those of other authors. This can be explained by the fact that boron is a
horophilic element and interacting more actively with dislocations than carbon atoms [15]. Therefore, according to the
results of experimental studies, the values of carbon and boron content is slightly higher.

CONCLUSION

It was shown that the solubility limit of boron and carbon in a-iron solid solution according to experimental data is
0.00012 % (wt.) and 0.006 % (wt.) at room temperature. As boron and carbon content grows, the formation of Fe,B,
Fe3(CB), Fe3(CB)s phases occurs.

In the paper, using the quasi-chemical method, the temperature dependence of the free energy of a-iron solid
solution is determined for the first time, as well as the solubility limit of carbon and boron in ferrite is calculated. The
ferrite can contain up to 0.016 % (wt.) of carbon, and up to 0.00025 % (wt.) of boron, depending on the temperature. At
high temperatures the solubility of carbon and boron in this phase increases.

The work was performed within the specific project “Resurs” KC063.18 “Development of chemical composition
and technological decisions for the manufacture of railway wheels for different application and their maintainability” of
the NAS of Ukraine.
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PO3YNHHICTH BOPY TA KAPBOHY B ®EPUTI CIIJIABIB CUCTEMM Fe-B-C
H.IO. ®inonenxo' 2
1113 « uinponempoecovka depoicasna meduuna axademis MO3 YVipainuy
49044, Yxpaina, m. [ninpo, eya. Borooumupa Bepradcvkoeo, 9
2Inemumym vopnoi memanypeii im. 3.1. Hexpacosa HAH Vkpainu (IYM HAHY)
49107, Yrpaina, m. [ninpo, na. Ax. Cmapooybosa K.®., 1
JocnipkeHHss mpoBoawin Ha criaBax cucrtemu Fe-B-C 3 Bmictom kap6ony 0,0001-0,01 % (mac.) i 6opy 0,0001-0,01 % (mac.),
iHIIe — 3a1i30. [ly1sl BU3HAUCHHS CTPYKTYPHOT'O CTaHy CIUIaBiB BUKOPHCTOBYBAJIHM MiKPOCTPYKTYPHHH, MIKPOPEHTI €HOCTIEKTPaIbHUIM
Ta PEHTTCHOCTPYKTYPHUI aHani3u. Bu3Ha4ueHO piBeHb MiKpOHANPYXKEHb, MIUIbHICTh JUCIOKALiH Ta KOSPUUTUBHA cuia (epury Ta
MOKa3aHo, 110 3i 301IbIIEHHIM BMicTy 60py B cIuiaBi JedeKTHICTh CTPYKTYpu 3pocTae. OTpuMaHi pe3yabTaTd JO3BOJISIOTh BUCYHYTH
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MPUITYLICHHsI, 1[0 aTOMH 0Opy B TBEpAOMY PO34YMHI (-3aJli3a B 3aJIEKHOCTI BiJ BMICTy 0opy 3aiiMaroTh Mo3uLil MPOHUKHEHHS-
3aminieHHs. B maniii poGOTi eKcriepHMEeHTaIbHO MMOKa3aHo, 10 MPY KIMHATHIN TeMIepaTypi Mexa po3drHHOCTI 60py Ta KapOoHY B
deputi cxnagae 0,00012 % (mac.) ta 0,006 % (mac.). Ilpu moganeiomy 30inblIeHHI BMiCTY O0py Ta KapOOHY BinOyBaeThcs
yrBopenHs HacTymHuX (a3 Fe:B, Fe3(CB), Fe23(CB)s. B poboti Bmepmie 3 3acTOCYBaHHSIM KBa3iXiMIYHOTO METOXY OTPHMAHO
3aJIeKHICTh BUTBHOT €HEprii TBEpAOTro PO3UMHY Ha OCHOBI (i-3a)1i3a BiJ TEMIIEpaTypd Ta BH3HAYEHO MEXY PO3UMHHOCTI KapOOHY Ta
6opy. MakcumanbHa MacoBa 4acTka kapOoHy Moske ckiamara no 0,016 % (mac.), a 6opy mo 0,00025 % (mac.). Ilpu kimHaTHIH
TEMITepaTypi Mexxa po3uuHHOCTI 6opy B pepuri cknagae 0,0001 % (mac.), a kapoony 0,004 % (mac.). Po3paxoBaHi 4iCIOBI 3HAUCHHS
PO3YHHHOCTI 6opy Ta kKapOoHy B ¢epurti criaBiB cucremu Fe-B-C MaroTh MEHIIN YHCIIOBI 3HAYCHHS HIXK 33 CKCIICPUMEHTAILHUMU
pesyabratamu. 1le MOXKHa MOSCHUTH THM, IO aTOMH 6Opy OLIbII aKTHBHO B3a€MOJi€ 3 Ae(eKTaMu CTPYKTYPH HIXK aTOMH KapOoHy.
3i 30ibLICHHSIM TEMIIEpaTypy PO3YMHHICTh KapOoHy Ta Oopy B AaHiii ¢asi 3pocTae.

KJIKFOUYOBI CJIOBA: deput, po3unHHICTh O0py Ta KapOoHy, ciutaBu cuctemu Fe-B-C.

PACTBOPUMOCTDB BOPA " YTJIEPOJA B ®EPPUTE CIINTABOB CUCTEMBI Fe-B-C
H.IO. ®uionenko'?
'T'Y «/[nenponemposckas zocyoapcmeennas meduyunckas akademus MO3 Yrpaurvly
49044, Yrpauna, 2. [{nenp, yn. Braoumupa Bepnadckoeo, 9
2Uncmumym uepnoii memannypeuu um. 3.4. Hexpacoea HAH Yxpaunor (M4M HAHY)
49107, Yxpauna, e. qnenp, yn. Ax. Cmapooybosa K. ®., 1

HccnenoBanus mnpoBoauiuch Ha cruiaBax cuctemsl Fe-B-C ¢ comepxanumem yrmepoma 0,0001-0,01% (mac.), 6opa 0,0001-
0,01% (mac.), octampHOe —xene30. s ompeneneHus CTPYKTYPHOTO COCTOSHHS CIUIABOB HCIOJIB30BAIM MHKPOCTPYKTYPHBIH,
MHUKpPOPEHTT€HOCTIEKTPAIbHBII M PEHTTeHOCTPYKTYPHBIH aHamu3bl. OmpeneneH ypOBEeHb MUKPOHAINPSHKEHHH, IIIOTHOCTH
JUCIIOKAINH ¥ KOAPIUTHBHAS CHiIa (eppHTa U MOKA3aHO, YTO C YBEJINUCHUEM COAEPKAHMS Oopa B CIUIaBe Ne(EKTHOCTh CTPYKTYPHI
yBennuuBaeTcs. [lodydeHHbIe pe3yIbTaThl TO3BOJISIIOT BEIABHHYTH IPEIIIONI0KEHHE, YTO aTOMBI 60pa B TBEPAOM PacTBOpE O-XKee3a
B 3aBUCHMOCTH OT COZIEP)KAaHMS 3aHUMAIOT IO3HLUH ITPOHNKHOBEHUsI-3aMelleHns. B paboTe skcrnepuMeHTanbHO OKa3aHo, YTO PU
KOMHATHOM TeMIiepaType mpeaeibHOe coepKannue 6opa U yrieponaa B TBEpAOM pacTBope deppura cocrasiset 0,00012 % (mac.) u
0,006 % (mac.). IIpu nanbHeifieM MOBBIIIEHUH COAEpKaHUs Oopa U yrieponga obpasyrorcs cnemyromue ¢assl: Fe:B, Fes(CB),
Fe23(CB)6. B paboTe BnepBble ¢ MPUMEHEHHEM KBa3MXUMHYECKOTO METOJA MONYYHIN 3aBUCHMOCTb CBOOOJHOM SHEPTUH TBEPIOTO
pacTBopa Ha OCHOBE O-)KeJe3a OT TEMIIEPaTypsl U ONPEAeIHIN Ipeell PACTBOPUMOCTH yriaepoja u 6opa. MakcHManbsHOE MaccoBOe
coJiepKaHUe yriepoja NMpH KOMHATHOW Temmeparype MoxkeT coctaBiste g0 0,016 % (mac.), a 6op mo 0,00025 % (mac.). Ilpu
KOMHATHOH TeMmIlepaTtype npeznen pactBopumoctu 6opa B deppute cocraBmser 0,0001 % (mac.), a yrmepoma 0,004 % (mac.).
PaccunTanHbIe 3HaUCHUS PACTBOPUMOCTH Oopa M yriepona B ¢eppure ciuiaBoB cucteMsl Fe-B-C mmeroT MeHblme dmcioBoe
3HAUEHHUE, YeM 110 pe3yJbTaTaM IKCIEPHUMEHTa. DTO MOXKHO OOBSCHUTH TE€M, YTO aTOMbI Oopa 0oJjiee aKTUBHO B3aHMMOJCHCTBYIOT C
nedexTaMu CTPYKTYpbl, 4eM aTtoMbl yriepona. C HMOBBILICHHEM TEMIIEpaTypbl PacTBOPHMOCTH yriepola M Oopa B JaHHOH (ase
YBEINYUBAETCS.

KJIIOUEBBIE CJIOBA: deppur, pactBopuMocTh 6opa U yrieposa, ciuiaBbl ciuctembl Fe-B-C



