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X-RAY MICROANALYSIS OF Fe(B,C)-BASED SOLID SOLUTIONS

The structure and properties of FeB-based solid solutions of Fe-B-C alloys cooled
within the range of crystallization rates from 10 to 10° K/s are investigated. The solubility of
Mn, Cr, V, Ti, Si, Al, Ni, Cu, Mo, or Nb in Fe(B,C) phase is estimated using X-ray
microanalysis. The crystallization of this phase is established to proceed either from the
liquid or under peritectic reaction depending on alloying element added. The existence of two
polymorphic modifications of iron monoboride with transition temperature at about 1398 K
is confirmed. The elements which additions allow increasing hardness and decreasing
brittleness of Fe(B,C)-based solid solutions are determined. The change of the structure and
properties of the phase caused by the increase in a cooling rate up to 10° K/s is described. The
brittleness of Fe(B,C) crystals lowers with decreasing quantity of the electrons taking part in
the electron exchange and weakening “boron-boron” and “metal-boron” bonds of the phase
crystal lattice while the iron atoms are substituted by the atoms of alloying elements.

Keywords: iron monoboride, alloying elements, solid solutions, dendrite parameters,
electron structure, microhardness, brittleness.

HccaeaywTesi CTPYKTYpa M CBOMCTBAa TBepAbIX pacTBOpoB Ha ocHoBe Gopuaa FeB B
cniaaBax Fe-B—C, 3akpuCTa/JIN30BAHHBIX B HHTEpPBajle CKOPOCTel OXJazKIeHHs 10-10° K/c.
PacrBopumocts Mn, Cr, V, Ti, Si, Al, Ni, Cu, Mo uau Nb B ¢a3ze Fe(B,C) onpegeasiercs ¢
HCIO0JIb30BAHMEM PEHTIeHOCHEKTPAJbHOIO0 MUKPOAHAIN3A. YCTAHOBJIEHO, YTO B 3aBHCHMOCTH
OT COCTAaBa JIETHPYIIIHX J00aBOK KPHCTAJIM3ANMA 3Toii ¢a3bl MOMkKeT NPOTEKaTh KakK
HeNnocpeJCTBEHHO M3 ’KMAKOCTH, TaK W MO NepuUTekTHYeckoil peakmuu. IloaTBepxkmaercs
CylecTBOBaHHE JABYX MOJUMOPHBIX Moaudukanuii MoHoOOpHIA :Keje3a ¢ TeMiIepaTypou
nepexoga 1398 K. Omnpenensilorcsi 3JjieMeHTbl, BBeJeHHE KOTOPBIX MO3BOJsieT YBeJHYUThH
TBEPAOCTh U YMEHBIIMTH XPYNKOCTh TBEepPAbIX PACTBOPOB HAa OCHOBe MOHOOOpHAA :KeJie3a.
OnuceiBaeTcsi U3MEHEHHE CTPYKTYPbl M CBOHCTB ¢a3, BHI3BAHHOE YBEJIHYEHHEM CKOPOCTH
oxaaxaenns 10 10° K/c. Tlokaszano, 4To cHHKeHHe XPYNKOCTH TBEPABbIX PACTBOPOB HA OCHOBE
Fe(B,C) npu 3aMeleHHM aTOMOB :Kejie3a aTOMAMHU JIETHPYHIIMX 3J1eMEHTOB CBS3aHO ¢
YMeHbIIEHHEeM KOJHMYeCTBA 3JeKTPOHOB, YYAaCTBYWIIUX B 3JeKTPOHHOM oOMeHe, H
ociadaeHneM cBsi3ell «00p—00p» U «MeTaAI-00pP» B KPHCTAJJINYECKOi pemeTke (a3pl.

KiaroueBble cjoBa: MoOHOOOpPHJ Kele3a, JETHPYIONIUE D3JIEMEHTH, TBEpIbIe pPacTBOPHI,
JICHAPUTHBIE TapaMeTPhl, 3IEKTPOHHOE CTPOCHUE, MUKPOTBEPAOCTh, XPYIIKOCTb.

JocaiakyoTbesi CTPYKTYpa Ta BJACTHBOCTI TBepAUX pPo34uHiB Ha ocHOBi Gopuna FeB y
cnaaBax Fe-B-C, zakpucrajizoBanux B iHTepBaJi IIBHAKOCTEH 0XO0JIOJKEHHS 10-10° K/c.
Po3uyunuicts Mn, Cr, V, Ti, Si, Al, Ni, Cu, Mo a6o Nb y ¢a3i Fe(B,C) Busnauaerbca i3
3aCTOCYBAaHHSIM MeTOAY PEHTTeHOCNMEeKTPaabHOro MikpoaHanidy. BcraHoBiieHO, IO 3aJe:KHO
Bil cKJany Jeryw4ux JAoMilIoOK Kpucrtatgidanis uniei ¢a3sm Moxe BigdyBaTtuca K
0e3mocepeHbO 3 PiAMHHU, TaK i 32 mepUTeKTUHYHOIO peakuicro. IlinTBepaAKy€eEThCS iCHYBaHHS
ABox moJiMoppHux moaudikaniii monodopuaa 3aniza 3 Temmepartypor mnepexoay 1398 K.
BuzHayaTbesl eJleMEeHTH, J0AABaHHA SIKUX A03BOJsI€ 30iNbIIMTH TBepAicTh i 3MeHIIUTH
KPHXKICTh TBepAMX PpO34YHMHIB Ha OCHOBIi MomHoGopuaa 3axiza. Hanaerscsa omme 3MiHuM
CTPYKTYPH Ta BJjacTHBOcTell ¢a3, cnpuYuHeHy 30i1bIIeHHIM MBHUAKOCTI 0XO0JI0AXKEHHA 10 10°
K/c. Iloka3aHo, 0 3HHMKEHHSI KPHXKOCTI TBepaux po3uuHiB Ha ocHoBi Fe(B,C) y pasi
jaMilleHHs aTOMIB 3aJjii3a aToOMaMH JIeryWYHX eJIeMeHTiB NoB’si3aHe 3i 3MeEHIIEHHAM
KIJIBKOCTI eJIeKTPOHiB, 0 OepyTh Y4YacTbh B eJeKTPOHHOMY OOMiHi, Ta mocJia0JieHHAM
3B’A3KIiB «00p—00p» i «<MeTan—0op» y kpuctadivuiii rpatui ¢pasu.

Kaw4voBi cjaoBa: moHOOOpHI 3ani3za, JErylodi €JIEMEHTH, TBEPAi PO3YHHHU, ACHIPHUTHI
napaMeTpH, eIeKTpoHHa OyaoBa, MiKPOTBEPAICTh, KPUXKICTD.
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Introduction

Fe—B-C alloys for industrial applications can be successfully utilized since the
alloys have sufficient thermal stability to resist oxidation, corrosion, abrasive wear at
elevated temperatures [1, 2]. Strengthening is accomplished through structure stabilization by
Fe(B,C) crystals appearing in the high boron iron alloys. However, under impact loads
these alloys become inadequate because of their low resistance to cracking. It results in
the loss of the valuable properties and severely limits the high temperature characteristics
of the alloys restricting their use in critical applications. Recent results have indicated that
the alloying of the Fe(B,C) crystals not only influences their morphology, but also
significantly reduces their brittleness [3—6]. To obtain a high-quality coatings based on
Fe-B-C alloys with good comprehensive mechanical properties, it is important to be
aware of their microstructure. X-ray microanalysis is one of the main methods of
studying crystal structure. Since only a few studies have been carried out and are in some
aspects contradictory, especially in the alloyed Fe-B—C system, experiments were
initiated to determine the effect of alloying elements on the structure and the properties of
Fe(B,C)-based solid solutions.

Experimental procedure and results

The chemical composition of Fe—-B—C alloys, determined by chemical and spectral
analyses, has been within the composition region 10—14 wt. pct. B, 0.1-1.2 wt. pct. C,
0-5 wt. pct. M (where M — one of the following elements: Mn, Cr, V, Ti, Si, Al, Ni, Cu,
Mo, or Nb), Fe — remainder. The specimens have been prepared by melting the
constituent elements of high purity in a resistance furnace and solidified by cooling in air.
X-ray diffraction with CuK, radiation and high resolution scanning electron microscopy
(SEM) using a field emission gun Jeol-2010 F equipped with an energy dispersive X-ray
link system, operating at 200 kV, have been employed to characterize the phases.
Microhardness (#,) and critical stress intensity factor (K;c) of Fe(B,C)-based solid solutions
have been estimated by means of PMT-3 device from the following relationships

1854P
H, =—5, (1)

0,15k(2¢/d )=/
Ko == - HAd/2,F=3k=32 2)

where d — diagonal length of hardness indentation, m; P — load, N; ¢ — brittle fracture
zone radius, m; H — Vickers hardness, MPa.

The structure and the properties of Fe(B,C)-based solid solutions have been
investigated in the range of cooling rates from 10 to 10’ K/s. The solid solution Fe(B,C)
arises on the base of FeB iron boride and grows in the form of three-dimensional
dendrites (Fig. 1,a). Under the quenching from the temperatures of 1653—1443 K in the
Fe(B,C) dendrites the dark and the light twin bands are revealed after etching.
Deformation by the twinning is a primary mechanism of plastic flow of metal with a
close-packed lattice. Therefore it may be assumed that at the elevated temperatures the
crystals of Fe(B,C) possess not the rhombic (a-modification) but more close-packed
lattice (B-modification). The results of thermal analysis also show the possibility of
polymorphic transformation B-Fe(B,C)—a-Fe(B,C). The weak thermal effect registered
may be related with heat production in consequence of polymorphic transformation.
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X-ray microanalysis of Fe(B,C)-based solid solutions

The following changes have been observed after alloying the Fe(B,C) crystals with
the elements specified above. X-ray microanalysis shows that within the investigated
range of cooling rates Mn, V, or Cr dissolve in the phase in noticeable quantities, while
the solubility of Ti, Si, Al, Mo, Nb, Ni or Cu is insignificant or practically absent (Fig. 1).

Manganese dissolves in the iron monoboride to the full (Fig. 1, b), critical stress
intensity factor K¢ of the phase increasing (Table). This element slightly decreases dendrite
parameters of alloyed Fe(B,C) crystals. Vanadium dissolved to the amount of 2—5 wt. pct.
gives rise to the non-homogeneous structure of the Fe(B,C)-based solid solutions (Fig. 1, c).

Fig.1. SEM images (x400) of Fe(B,C)-based solid solutions taken in: a — secondary electrons; b — MnK;
¢ — VK d - CrKg; e — TiKy; f— SiKg; g — AlIK,; h — NiKy; i — CuKg; j — MoLy; k —NbL,
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A light needle-like phase is clearly seen in the dendrite interior. X-ray microanalysis data
indicate this phase to be FeB, boride. It can be assumed that the first solid phase forming
from the liquid has the composition FeB,. Then the peritectic reaction L + FeB, — Fe(B,C)
takes place. Cooling through the peritectic temperature causes a type of nonequilibrium
structure called surrounding. This nonequilibrium structure appears because there is not
enough time for peritectic reaction to go to completion, and not all the liquid is consumed
by reacting with FeB, to produce Fe(B,C) crystals. Instead, part of the liquid solidifies to
produce a structure consisting of the phase of FeB, surrounded by a shell of Fe(B,C).

Alloying with vanadium does not practically change dendrite parameters of Fe(B,C)
phase but significantly enhances the critical stress intensity factor K;c (Table). The
dissolution of chromium in Fe(B,C) crystals is complete, as illustrated in Fig. 1,d. This
element causes the largest increase in the plasticity of the phase slightly decreasing its
dendrite parameters.

Titanium added to the iron monoboride dissolves in the dendrites insignificantly.
Only traces of the element are revealed by X-ray microanalysis as small but noticeable
background (Fig. 1, e). Consequently, at the boundaries of iron monoboride the numerous
light crystals of TiC are seen in the SEM micrographs. For all that, the increase in
microhardness /, and the decrease in critical stress intensity factor K¢ tend to be more
marked while the dendrite parameters remain practically unchanged (Table).

The additions of silicon, aluminum, or nickel dissolve in the dendrites of Fe(B,C) in
negligible quantities (Fig. 1, f~h). In the SEM micrographs Fe(B,C) crystals look dark.
The studies indicate the presence of SiC, AlB,C, or Ni,B crystals, respectively, at the
Fe(B,C) boundaries. Therefore, alloying with these elements does not essentially
influence dendrite parameters (Table). Similarly, copper produces globular inclusions at
the dendrite boundaries, as seen in Fig. 1, i.

Table
The influence of alloying elements on the dendrite parameters and the properties of Fe(B,C)-based
solid solutions

Alloyin Dendrite parameters, muy* H,, GPa** KIC,MPa-m” ok
cooling rate, K/s cooling rate, K/s cooling rate, K/s
elerient 10 10° 10 10° 10 10° 10 10°
dy Iy dy Iy
w/0 29.9 33.1 4.9 5.2 17.1 19.0 2.3 4.5
Mn 29.0 31.3 4.6 4.8 17.2 19.3 3.5 —
\% 29.8 33.1 4.4 4.8 17.0 19.1 3.6 —
Cr 28.4 31.9 4.1 4.3 16.5 18.6 3.8 —
Ti 29.6 32.9 4.7 5.0 18.2 20.5 1.8 4.7
Si 29.1 31.1 4.6 4.9 17.9 20.0 2.2 5.1
Al 28.7 324 4.5 4.8 17.9 19.9 2.0 53
Ni 28.6 32.0 4.2 4.5 17.4 19.8 2.4 5.2
Cu 28.9 32.2 4.3 4.6 17.7 20.1 2.3 5.0
Mo 23.6 27.2 3.1 3.6 17.7 20.0 2.1 —
Nb 22.4 343 2.4 2.8 17.8 20.2 2.1 5.9

* dy — diameter of dendrite branches of Il order; /, — spacing between the dendrite
branches of 11 order, both accurate + 2 pct.;

** —accurate up to 1-3 pct.;

*** _ accurate up to 3—4 pct.;
case of no cracking

[T

indicates the impossibility to determine K¢ in
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X-ray microanalysis of Fe(B,C)-based solid solutions

The dendrites of Fe(B,C) alloyed with molybdenum and niobium do not yield any
significant changes in the structure. Only negligible content of these elements is revealed
by X-ray microanalysis (Fig. 1,],k). Correspondingly, the light crystals of Mo,B, Mo,(B,C),
or NbB, are seen at the Fe(B,C) boundaries. Molybdenum and niobium cause substantial
reduction in dendrite parameters, as shown in Table. In this case the microhardness and
the critical stress intensity factor are not influenced.

The increase in a cooling rate up to 10° K/s brings about a significant increase in the
microhardness and the critical stress intensity factor of Fe(B,C)-based solid solutions (Table).
The results of alloying elements influence on dendrite parameters and micromechanical
characteristics prove to be similar to those obtained for alloyed Fe(B,C) crystals cooled at the
rate of 10 K/s. And what is more, not only manganese, chromium, or vanadium, but
aluminum, molybdenum, or niobium as well reduce brittleness of Fe(B,C) phase, most likely
because its crystals become smaller. Thus, the brittleness of Fe(B,C)-based solid solutions is
dependent on alloying, with higher cooling rate giving rise to a higher Kjc..

The results obtained can be explained by the peculiarities in the structure formation
of Fe(B,C)-based solid solutions. The stability of Fe(B,C) crystals depends on B-B and
Fe—B bonds energy. The strength of these bonds is determined by the distraction of
collectivized valence electrons of iron [7]. The ions of such elements as Mn, V, Cr, Mo,
or Nb have p°-shells and form with boron the same valence bonds like the atoms of iron.
As a result of substitution of iron atoms by the atoms of Mn, V, or Cr the fewer electrons
take part in the electron exchange. The B-B and the Fe-B interactions weaken and
therefore the microhardness and the brittleness of the solid solutions are found to
decrease. The reverse is true for titanium. When alloying with this element, quantity of
non-located electrons tends to increase. It causes strengthening above all the B-B bonds
and, accordingly, gives rise to higher microhardness and brittleness of (Fe,Ti)(B,C) crystals.

Aluminum and silicon are sp-elements, whereas nickel or copper atomic
configurations tend to the stable d’-states. It makes difficult the delivery of electrons and
imposes restrictions on the electron exchange. Therefore the atoms of Al, Si, Ni, or Cu do
not practically substitute for the iron atoms in the Fe(B,C) lattice. When dissolving, these
elements are most likely able to form the metal-metal (M—M) bonds. In the electron
exchange, some electrons of iron localized in the d'’-states pass over to the d’-states with
the energy gain. It causes strengthening M—M bonds and weakening Fe-B bonds in the
lattice of the crystals. Taking into account the negligible dissolution of these elements and
small contribution of the above bonds in the bond energy balance their insignificant
influence on micromechanical properties stands to reason.

The probability that molybdenum and niobium valence electrons are localized in the
stable d’-configurations is high. That is why these elements are electron acceptors. Any
redistribution of electrons in such system will result in the energetically non-
advantageous destruction of the stable configurations. Therefore the solubility of
molybdenum and niobium in Fe(B,C) crystals is negligible and they do not affect the
micromechanical properties.

Conclusions

Alloying of Fe(B,C)-based solid solution with manganese, chromium, or vanadium
can be recommended to lower the brittleness of the phase. As the results of X-ray
microanalysis show, the effect can be achieved due to a high solubility of the above
elements in Fe(B,C) crystals. Their atoms mainly substitute for the iron atoms in the
Fe(B,C) lattice, this leads to weakening “metal-metal” and “boron—boron” bonds of the
solid solutions.
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The negligible dissolution of titanium, aluminum, silicon, nickel, copper,
molybdenum, or niobium in Fe(B,C) crystals is responsible for the appearance of new
phases based on these elements at the Fe(B,C) boundaries. The results can be explained
by electron structure of the alloying elements that do not supply necessary electrons for
the electron exchange and do not influence the properties of Fe(B,C)-based solid
solutions.
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