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BH3HAUYEeHHS e()eKTUBHOI KOHLIEHTPAIlll PO3YUHEHOI0 00py

Goal. The effect of boron on the properties of steel is considered. It has been established that hardenability improves
due to the influence of boron, which is not bound in oxides, nitrides or other compounds. This boron is in solid solution in
austenite and is called an “effective” boron. The mechanism of increasing the hardenability of steel due to such boron is
associated with inhibition of the occurrence of crystallization centers of ferrite and bainite. Methodology.The effective
fraction of boron in dissolved state in austenite is determined by the method of electrochemical phase analysis.

The microalloying of low-carbon steel 08kp with boron is tested on industrial heats under conditions of Martin workshop
of JSC «Zaporozhstal». Smelting and teeming of steel were performed according to the requirements of operating
technology. The input of ferroboron into metal took place while letting out the heats into the ladle after completion of the
ferromanganese input. All the experimental heats were blown through in the ladle with argon to appearance of the
furnace slag. For microalloying the ferroboron of the grade FB20 was used.

At the by-sheet sorting of the experimental ingot of the heat (the average content of boron in the heat - 0,00138%),
sampling of metal rolled stock was brought off on 5 horizons by the height. In every sample the chemical analysis for the
content of boron was executed in 3th points, corresponding to the edge of roll, 2 on the width and axis. Results of the
chemical analysis are presented in the table 1. At the average content of boron in the heat - 0,00138%, the content of
boron was distributed along the height and width of the ingot was distributed from 0,0008% (-0,00058%) to 0,0024% (+
0,00102%).

Results. The technology of microalloying low-carbon steel with boron has been mastered with obtaining a guaranteed
content of at least 0,0008%. Putting a ferroboron into the ladle with a flow rate of 0.26 - 0.31 kg / t followed by purging
the metal in a ladle with pure argon provides the boron content in the steel 0.0009 - 0.0015%. The absorption of boron
during microalloying depends on the fractional composition of boron-containing material. For a fraction of less than 3
mm, assimilation is 29%, and for a fraction of 5-10 mm, 76% of the assimilation values obtained for an optimal fraction
of 20-40 mm. Boron in 08kp steel increases the tensile strength by 4.5% and the yield strength by 2.6% compared with
the average values of this steel without boron.
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Mema. PosznisiHymo ennue 6opy Ha enacmueocmi cmani. byno ecmaHoe/1eHo, Wo MpoKamleMiCmb  MOAiNWyemscs
3ae0sKku ernusy bopy, sikuli He noe'szaHull 3 okcudamu, Himpudamu abo iHwumu crionnykamu. Llel 6op 3Haxodumbcs 8
meepdomMy po34UHIi 8 aycmeHimi i Hasueaembcsi «echekmusHuM» 6opom. MexaHiam nid8uuljeHHsT npokanemocmi cmarii
3a paxyHOK makoeo 6opy noe'szaHull 3 npuesHiHeHHsIM rosieu UyeHmpie kpucmanizauii gpepumy i 6eliHimy. Memoduka.
MikponeaysaHHsi Husbkogyaneuyegoi cmani 08kn 3 6opom sunpobosyemscs 8 rpomuciosux ymosax MapmiHiecbko2o
uexy BAT «3anopoxcmanby. Bunnasky ma po3KUCleHHs cmari 8UKOHysanu 8idnosiOHo 00 sumoz eKcrisyamauitiHol
mexHornoeii. BeedeHHs1 ¢pepobopoHy 6 memarn g8idbysasocs rid yac 8urycky memarsly 8 Kiew ricrisi 3a8epUWeEHHs 8ge-
OeHHs1 chepomapeaHyo. Bei ekcriepumeHmansHi nnasku memary npodysanu 8 Koswi apeoHoM 00 nossu MivyHo20 winia-
Ky. [ns mikponeaysaHHs1 sukopucmosysanu ¢hepobopoH mapku FB20. [1i0 yac copmysaHHsI eKcriepuMeHmarsbHOo20
3numka menna (cepedHit emicm 6opy 8 menni - 0,00138%) 8idbip npob memanonpokamy 6y 3HAmMul Ha 5 20pU30H-
max 3a 8ucomoto. Y KOXHOMY 3pa3Ky XiMiyHul aHaniz Ha emicm 6opy rnpogodurnu 8 3-x moykax, wo eionosioaroms
Kparo earsika, ¥ 1o wupuHi ma oci. lpu cepedHbomy emicmi 6opy 8 memani 0,00138%, emicm 6opy po3nodinsecs rno
sucomi i wupuHi 3numka eid 0,0008% (- 0,00058%) do 0,0024% (+ 0,00102%). Pesynbomamu. EchekmueHa 4acmka
60py 8 po34UHEHOMY cmaHi 8 aycmeHimi gu3Ha4yaembCsi MEMOOOM erleKmpoXiMiYHo20 gha308020 aHani3y. TexHomnoeais
MiKposieaygaHHs1 HU3bKogyareyegoi cmaisi 6opom gidnpaubosaHa 3 OMPUMaHHSIM 2apaHmo8aHo20 eMicmy He MeHwe
0,0008%. 3asaHmaxeHHs1 ¢heppobopy e kisw 3 sumpamoto 0,26-0,31 k2 / m 3 HacmyrnHowW npodysKo Memary 8
Koswi yucmum apeoHom 3abesneyye emicm 6opy e cmani 0,0009 - 0,0015%. lNoenuHaHHs 60py npu MiKponeayeaHHiI
3anexums 8i0 ¢hpakuitiHoeo cknady bopsmicHo2o Mamepiany. [ns cpakuii meHwe 3 Mm acuminsayiss cmaHosums 29%,
a ona ¢ppakuyii 5-10 Mm - 76% 8i0 3Ha4eHb acuminsyii, ompumaHux 05151 onmumarsbHoi ghpakyii 20-40 mm. bop e cmani
08kn 36inbwye Mexy MiyHocmi Ha pospus Ha 4,5% i mexy nnuHHocmi Ha 2,6% & ropieHsIHHI 3 cepedHIMU 3HaYeHHAMU
uiei cmarni 6e3 6opy.

Knrouoei cnosa:eghekmusHuli 60p, Mikporieayg8aHHsI, 3aC80€HHSI, MiyHICMb

Nel, 2020

Introduction. The complex of valuable and vari-
ous physical and chemical and other properties of the
boron compounds is the basis, affording the wide use
of the boron in all branches of industry. As to the vari-
ety of using fields, from all the elements of the period-
ic system the boron yields only to the carbon. The bo-
ron as an alloying element is known long ago, and

many methods of improving the quality of ferrous and
non-ferrous metals and special alloys by means of
boron additions have use over a long period of time.
Analysis of literary data. The first systematic re-
searches, putting beginning to the scientific study of
the boron containing steel were done under the guid-
ance of the future academician of the Academy of
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Sciences of the USSR Chizhevskij N.P. and were
published in 1915 [1]. On the basis of results of ther-
mal and chemical analyses and microstructure of ob-
tained alloys, the diagram had been made up for al-
loys containing to 11,54% B. As a result of research
compounds FeB and Fe,B were found. Influence of
the boron on the redbrittleness, hardness and malle-
ability of steel had been studied. In 1942 -1944 the ar-
ticles appeared presenting the results of research on
the influence of small boron quantities in construc-
tional steel, which were systematized and published
in the paper [2].

In 1960 the book “Boron, its compounds and al-
loys” edited by G.V. Samsonov appeared in the pub-
lishing house of the Academy of Sciences of Ukraini-
an SSR [3]. In this book the description of all the
known systems with participation of the boron is giv-
en, the questions of using the alloys of boron in man-
ufacturing the heatproof alloys, radio engineering and
electronics, machine-building, metallurgy and chemis-
try had been considered in detail.

In 1961 a monograph on the influence of the bo-
ron, calcium, niobium and zirconium in cast-iron and
steel had been translated, edited by Vinarov S. M. [4].
It is noted in this paper that unlike the most of alloying
elements the boron is added to steel in extraordinarily
small quantities (10™ 10'3). On the other hand, addi-
tions of the boron must be restricted to some certain
limits, because excessively small doses can appear
not effective, and too large additions can result in fra-
gility and redbrittleness of steel.

In 1975 continuation of the work by Samsonov
G.V. has been published in the direction of studying
the boron and in particular borides [5]. In this book the
detailed analysis of existing data on the chemical
structure and crystalline structure of borides of metals
and non-metals had been performed, the questions of
chemical connection and electronic structure of bo-
rides and nature of their physical, physical and chem-
ical and chemical properties are considered. The dia-
grams of state for the systems of all the elements of
the periodic system are considered with the boron,
the characteristic of conditions of existence, formation
and properties of double boride phases had been
given. The methods of obtaining borides are de-
scribed as well as the most important fields of using
borides in industry and technique, and in scientific re-
search too.

In 1983 Tkachev K.V. and Plyshevsky J.S. pub-
lished the book on technology of inorganic com-
pounds of boron in the publishing house “Chemis-
try”[6]. Physical and chemical properties, fields of use
and source of raw materials of the major inorganic
oxygen compounds of boron are considered in given
book. Methods and technological schemes for manu-
facturing boron compounds from different raw materi-
al are presented. Physical and chemical basis of pro-
cesses, equipment to be used, quality of products to
be obtained have been described as well as the ways
of utilization of waste.
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In the work of the well-known metallurgist, acade-
mician of the Russian Academy of Sciences Lya-
kishev N.P. with colleagues published in 1986 infor-
mation is generalized about boron-containing steels
and alloys [7]. Physical and chemical properties of bo-
ron and its compounds with elements, entering the
composition of steel had been considered. Influence
of boron on properties of cast-irons, carbon and low-
carbon constructional steels, corrosion-resistant and
high-temperature steels and alloys had been studied.
Chemical and analytical basis of measuring the mass
share of boron in alloying alloys and steels have been
expounded.

Solubility of B in aFe and yFe is very small. At
temperatures 500 and 910°C no more than 0,001 and
0,13% (at.) of B is dissolved in aFe. At the tempera-
tures 910 and 1150°C about 0,008 and 0,025% (at.)
B is, accordingly dissolved.

In the Institute of casting problems of Academy of
sciences of Ukraine under the direction of Braun M.
P. the works had been conducted work in studying
the influence of alloying elements on properties of
steel and creation of economically alloyed steels for
machine-building. The results of research are pub-
lished in works [8-10]. In opinion of Braun M. P. the
best complex of mechanical properties of steels (sili-
ca-manganese, silicon-chrome, chrome-manganese,
chromium-manganese-siliceous and the other alloyed
steels had been studied) can be attained by the com-
plex alloying with strong carbide-forming and rare el-
ements. The author came to the conclusion, that the
joint influence of two carbide-forming elements on di-
minishing of size of grain is much more considerable,
than separate one.

By the published data, at the content (10 10%)
the influence of boron on the hardenability and vis-
cosity of low- and medium-alloyed steels corresponds
to the result which can be got while alloying with
chromium, manganese, molybdenum or nickel, only
in 100-300 times exceeding additions of the boron. In-
troduction of the boron in complex with other alloying
elements into the steel is especially effective. So, mi-
croalloying of the low-alloyed steels to be improved
with boron creates possibility of providing the of good
deformability simultaneously with high hardenability
what resulted in the increase of using such steels [7].

Raising of problem. Important property of steel is
its capacity for obtaining of maximal hardness at tem-
pering. Depth of the hard-tempered layer with mar-
tensitic or martensite-troostite structure depends on
many factors, including composition of austenite. All
the elements, dissolved in austenite (with exception of
Co), increase hardenability. The special role in these
processes belongs to boron. None of these elements,
at the content about 0,0005%, cannot be compared
with B as to efficiency. Not the whole boron influences
on hardenability, but only that part of boron, which is
unbound in oxides, nitrides or in other compounds,
and is in the solid solution in austenite; it is so-called
«effective» boron. At the content less than 0,007%
boron increases appreciably hardenability of steel ,
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and it renders no harmful influence on other proper-
ties. Therefore steels containing 0005-0,007% boron,
have an important industrial value.

The rapid introduction and wide use of such steels
abroad is explained mainly by financial viability, as
there is no more necessity of introducing alloying el-
ements used earlier. The mechanism of increasing
hardenability of steel due to boron is connected with
braking the originating of crystallization centers of fer-
rite and bainite. According to modern theories [11],
the mechanism of hardenability of steels is explained
by concentrating of boron on the borders of grains of
austenite before the beginning of transformation.

In liquid steel the boron unites easily with oxygen,
nitrogen and other admixtures. If this interaction is not
prevented, it will not remain free boron in steel. For
maintenance of part of boron in the free state during
melting, before addition of boron, steel must be fully
desoxydated by aluminium, and at the considerable
content of nitrogen, before addition of boron or to-
gether with it, it is necessary to add nitride-forming el-
ements (titanium or zirconium). Taking into account
that boron in the furnace usually oxidized and re-
moved to slag, in the productive melting the boron is
almost always added to the ladle. Application of the
boron is the most perspective for steel of EAF method
of production, containing the least amounts of oxy-
gen, sulphur, phosphorus and other admixtures.

One of reasons, braking, to az certain time, wide-
use of the boron for the improving hardenability of
steel products was difficulty in determining the thou-
sandth and tenthousandth percents of boron and, es-
pecially of its free part. If presently the problem of de-
termining of general content of small quantities of bo-
ron in steel is practically solved (in 2012 GOST [12],
allowing relatively simple to determine in steel from
the 0,0001% B and more), determination of the con-
tent of effective boron requires introduction on the
metallurgical plants of Ukraine of the special physical
and chemical methods of phase analysis. Absence to
the last time of such methodologies, in a certain
measure, brakes development and introduction of
application of boron in steel-smelting processes in
Ukraine.

Determination of the microquantities of the boron
is related to overcoming of a number of chemical and
metallurgical complications. At first, with high chemi-
cal affinity of boron to oxygen and nitrogen (it is easily
oxidized and associates in nitrides and oxides in fu-
sion), and secondly, with that in most cases it is re-
quired to provide very small content of boron in steel
and in narrow limits. Long-term practice of application
of standard ferroboron for microalloing steels showed,
that it did not provide stable results even at the spe-
cial technology of desoxydating and degassing. The
complex boron-containing ligatures, simultaneously
including strong desoxydating and degassing ele-
ments along with the boron, are more effective in ap-
plication. However, neither in Ukraine nor in Russia
such alloys are not produced. The production of com-
plex alloys is mastered abroad for the microalloying of
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steel with boron, such as Grainal, Bast and other.
They are characterized by low content of boron and
high price. Therefore their application becomes fre-
guently economic unprofitably.

In the Magnitogorskij state technical university the
new technology for obtaining the boron-containing al-
loying alloys on the basis of borides in the mode of
self-propagating high temperature synthesis (CBC)
had been developed and introduced under conditions
of Magnitogorskij metallurgical integrated works and
financial and technological viability of application of
such alloys is shown for the microalloying of steel with
boron instead of standard ferro-alloys [13].

Determination of boron fraction of (0,0005 -
0,0070% B), being in metallic solution, with a chemi-
cal method is connected with some complications. It
iS necessary to separate this microquantity of boron
from the residue of nitrides, carbides, oxides and bo-
rides. Free energy of formation of these compounds
is more than free energy of formation of the solid so-
lution of boron [14]. It allows to separate the «effec-
tive» boron by means of electrochemical phase anal-
ysis.

Experimental research of determining the mi-
croquantities of boron.

While performing analysis one distinguish some-
times the soluble and non soluble in acids part of bo-
ron, assuming [11], that efficiency of the boron is de-
termined by its soluble part. From some data [11],
soluble as well as non soluble in acids part of the bo-
ron influences the hardenability of steel, and distinc-
tion between them is caused by methodology of
chemical analysis.

Practically in all accessible to us in the last few
years articles, dissertations and patents, related to
the influence of the boron on hardenability of steel,
usually is not reported about determining the quantity
of boron, being in the solid solution. Only data about
the content of general boron and increase of the steel
hardenability are oresented. To our opinion, it is
reached at the account of the fact that the liquid steel
had been preliminary so cleared by metallurgical
methods, from oxygen and nitrogen, that the remain-
ing boron, unbound in nitrides, carbides and oxides,
appeared in the solid solution. However nothing is re-
ported about economic expenses of such treatment. It
is possible that the effect of increasing hardenability
at the expense of effective boron would be more
meaningful. But the absence of information about the
amount of boron in effective fraction does not allow to
predict the improvement of the steel hardenability due
to influence of boron.

All of this assisted the necessity of developing
physical and chemical methodology of determining
the amounts of the effective boron. As the uneffective
part of boron can be related to nitrides, oxides, car-
bides and borides, it was necessary to find such elec-
trolyte where these compounds would not dissolve.
Such solvents could be the weak acids.

There are no data dependence between the type
of boron compounds in steel and their solubility at the
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treatment of steel with different electrolytes. There is
information only about clean chemical compounds.
So, nitrides and carbides of the boron under normal
terms do not dissolve in diluted acids. Fe,B and FeB,
though being dissolved in HCI, HNO3; and H,SO,, es-
pecially in hot concentrated solutions, almost do not
dissolve in H,O at boiling.

We are set [15], that at the electrochemical disso-
lution of low-alloyed steels it is possible to dissolve
the metallic basis of steel, leaving in safety different
compounds of nitrides, carbides and oxides. It is re-
lated to that they are more steady as to thermody-
namics, than metallic basis. Compounds of boron are
not exception. At the same time, it allows to extract
the boron fraction at electrolysis into electrolyte.

Rapid introduction and wideuse of the boric steels
in 1937 - 1952 are explained mainly by the necessity
of economy of alloying elements. Development and
introduction of the boric steels became there possible
since one learned to control the amount of effective
boron and to find correlation between its content and
obtained hardenability.

One of the variants [16] had been used to solve
the problem of determining the effective boron. The
effective boron in the solid solution of steel is sepa-
rated from the boron bound in oxides, nitrides and
other compounds by means of electrochemical meth-
od of the phase analysis. The content of effective bo-
ron is determined according to GOST, [12] as well as
the general content of boron in electrolyte, got after
electrolysis. This methodology [17] was approved on
Nizhnedneprovskiy Pipe Rolling plant. The chemical
composition of the steel under investigation after the
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data of the plant (the common content: % mas):
0,24% With, 0,53% M, 0,09% Si, 0,012% P, 0,020%
S, 0,09% Cr, 0,04% Ni, 0,03% Cu, 0,037% Al
0,002% Ti, 0,003% B. After the data of NMetAU: the
content of the general boron is of 0,0024% and the
content of effective boron is of 0,0010% B. The use of
the offered methods extends the possibility of devel-
opment and introduction of the new high-quality bo-
ron-containing steels.

Results of industrial tests. The microalloying of
low-carbon steel 08kp with boron is tested on indus-
trial heats under conditions of Martin workshop of
JSC «Zaporozhstal». Smelting and teeming of steel
were performed according to the requirements of op-
erating technology. The input of ferroboron into metal
took place while letting out the heats into the ladle af-
ter completion of the ferromanganese input. All the
experimental heats were blown through in the ladle
with argon to appearance of the furnace slag. For mi-
croalloying the ferroboron of the grade FB20 was
used.

At the by-sheet sorting of the experimental ingot of
the heat (the average content of boron in the heat -
0,00138%), sampling of metal rolled stock was
brought off on 5 horizons by the height. In every sam-
ple the chemical analysis for the content of boron was
executed in 3th points, corresponding to the edge of
roll, ¥4 on the width and axis. Results of the chemical
analysis are presented in the table 1. At the average
content of boron in the heat - 0,00138%, the content
of boron was distributed along the height and width of
the ingot was distributed from 0,0008% (-0,00058%)
to 0,0024% (+ 0,00102%).

Table 1.Content of the boron in metal rolled stock by horizons

Ne of sample antent of boron, %
axis 1/4 edge Average value

1 (bottom) 0,0009 0,0008 0,0010 0,0009
2 0,0011 0,0011 0,0012 0,0011
3 0,0012 0,0017 0,0015 0,0015
4 0,0015 0,0024 0,0013 0,0017
5 (top) 0,0014 0,0012 0,0013 0,0013
Average 0,0012 0,0014 0,0013 0,0013

In the course of the work it was noted that assimi-
lation of the boron from a ferroboron is unequal and
depends on the method of input and largeness of fer-

roboron. On the Fig. 1 the results of analysis of the
boron assimilation are presented depending on the
fraction of ferroboron (mm).
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%50* §

fraction size, mm

Fig.1 Assimilation of the boron depending on the fraction composition of FeB*,%
* assimilation of FeB by the fraction 20-40 mm is accepted for 100%.
1 — fraction 0-3 mm; 2 - fraction 5-10 mm; 3 - fraction 20-40 mm.

At the control and acceptance tests of mechanical
properties in production line on all the batches results
were obtained as to ultimate strength and relative
elongation conforming to requirements GOST 16523-
97 "Thin-sheet rolled products from carbon steel of
high-quality and usual quality of general purpose".
Yield stress for steel of the got grades is not normal-
ized. Tests on the cold bend are satisfactory. Me-
chanical properties of all the tested samples satisfy
the requirements GOST 16523-97 for rolled metal
products of steel of the grade 08kp (group of durabil-
ity K260B), thickness of 2,8mm.

Conclusions.

1. Hardenability is improved at the expense of the
influence of not the whole boron, but only of that part
of its, which is unbound in oxides, nitrides or in other
compounds, but is in the solid solution in austenite; it
is so-called «effective» boron. The mechanism of in-
creasing the hardenability of steel at the expense of
such boron is connected with braking the origin of
centers of the ferrite and bainite crystallization

2. Possibility of determining the effective fraction of
boron, being in dissolved state in austenite had been

established. Free energy of formation of the solid bo-
ron solutions is smaller than free energy of formation
of nitrides, carbides, oxides and borides, that enables
to separate the «effective» boron by electrochemical
phase analysis.

3. Under conditions of the Martin production of
JSC «Zaporozhstal » the technology of microalloying
the low-carbon steel with boron had been mastered
with obtaining the guaranted content at level no less
than 0,0008%. Input of ferroboron into the ladle with
consumption of 0,26 - 0,31kg/t (65 — 75kg/ladle) with
the subsequent blow of metal in the ladle with the
pure argon assures the content of boron in steel of
0,0009 - 0,0015%.

4. Assimilation of the boron at microalloying de-
pends on fraction composition of boron-containing
material. Assimilation of ferroboron in fraction less
than 3mm makes 29%, and in fraction of 5-10mm -
76% from the values of assimilation, obtained for op-
timal fraction 20-40mm. The boron in the steel 08kp
increased the ultimate strength by 4,5% and vyield
stress by 2,6% as compared to the average indices of
this steel without boron.
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