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PREDICTION OF CARBON CONTENT IN THE METAL
OF FINAL BLOW PERIOD IN BOF USING NEURAL NETWORK
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Abstract. Prediction and control of the carbon content after the end of oxygen blow in BOF converter are key points of steel production efficiency.
One of the most accurate methods is the dynamic predicting method based on the use of intermediate sublance measurement (TSC probe) when
about 85 —90 % of total oxygen is consumed and on the final period model. Models of the final period are traditionally based on exponential
or cubic functions, currently there are developments based on neural network technologies. We investigated the possibility of using a neural network
to predict the final carbon content using the results of intermediate sublance measurement (TSO probe) when about 95 % of total oxygen is consumed.
As a model of the final period, a two-layer neural network with one hidden layer and an activation function of the Softplus type for all neurons was
implemented in software. The input vectors contain initial carbon content and oxygen consumption for the second blow values. The output vector
contains the predicted final carbon content, the output training vector - actual final carbon content values. The network was trained on 700 heats
data of the training set. The model trained in this way was tested on 232 heats data of the testing set. The prediction errors distribution and values
of the mean absolute error and root mean square error for the training and testing sets are correspondingly close. They are also comparable with similar
indicators of the heats, the final period of which was carried out without oxygen blow (only flux additions and/or nitrogen blow), and this indicates
a high accuracy of the prediction.
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B META/INIE 3AK/TIIOMUTENBHOTO NEPUO/A NPOAYBKU
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AnHomayus. ITIporHo3upoBaHKe U yIpaBICHUE COJCPIKAHUEM YINIEpO/a B METaJlJIe 110 OKOHYaHUH MTPOYBKU B KUCIIOPOJHOM KOHBEPTEPE SBIISIOTCS
KJIIOUEBBIMH MOMEHTaMM B obecriedeHnu 3G ()EKTUBHOCTH MPOM3BOICTBA cTanu. Haubosee TOYHBIM METOIOM SIBIISIETCSI METOJ| TMHAMUYECKOTO
IIPOTHO3UPOBAHMs, OCHOBAaHHBIA HA MCIOJIb30BAaHMM HMH(POPMAIMU IPOMEXKYTOYHOro 3amepa Qypmoii-30H10M (Onok trma TSC) B mepuox
n3pacxonoBanus nopsaka 85 — 90 % obiiero pacxoia KMCIOPOAa Ha IUIABKY M NMPUHATOW MOJEIH 3aKIIOYUTEILHOTO Ieproaa npoxyBku. Jlis
IIPOTHOZUPOBAHMS TPAJUIIMOHHO HCIIOIB3YIOTCSI MOJICIH 3aKJIFOUUTEIBHOTO TIEPHO/a Ha OCHOBE SKCIOHEHIIMAIBHBIX MM KyOUUeCKUX (YHKIHH,
CYILECTBYIOT Pa3pabOTKK Ha OCHOBE HEHPOCETEBBIX TEXHOJIOTHH. B HacToOsIIIeM HCClIeIOBAHUH 3aKITIOYUTEbHBIH IEPHO ITTABKH ONPEICININ KaK
MIEPUOJT MEXK/Y NEPBBIM M ITOCIEIHUM (IIepe]] BBITYCKOM IUIABKH) 3aMepaMu (ypMOi-30HI0M. B 3aBUCHMOCTH OT pe3yibTaToB IEPBOTO 3amepa
1 TpeOyeMbIX MapaMeTpoB METAJIa B ATOT MEPUOJ] MOXKET MIPONU3BOIUTHLCS MPOIYBKA KHCIOPOJOM, TpUcaKa (IFOCOB, a TAKKE YCPEAHUTEIbHAS
IpojlyBKa a30TOM. bbula HcclieqoBaHa BO3MOXHOCTb HCIOJIb30BAaHMS HEHPOCETH JUIS MPOrHO3UPOBAHHUS KOHEYHOIO COMAEpIKaHHs yIIepona
C MCIOJIb30BaHUEM PE3yJIbTAaTOB IIPOMEKYTOYHOTO 3amepa (pypmoii—30Ha0M (010K Tuna TSO) B nepron u3pacxonoBanus nopsiuka 95 % obuiero
pacxojia KMCJIOpO/ia Ha IJIaBKy. B kauecTBe MozIeNH 3aKIF0YNTENBHOTO eprozia Oblila IPOrpaMMHO peaii30BaHa By XCIIONHHAS HEHPOCETh C OTHUM
CKPBITBIM CJIOEM U aKTHBAIIMOHHOW (yHKimed tumna Softplus ams Beex HeiipoHOB. BxojHbIe TaHHBIE - COAEPIKAHUE YITIEpoaa MPOMEKYTOUHOTO
3aMepa U pacxofl KMCJIOPOJa Ha 3aKJIIOYUTENIbHbIA epHOoJ MPOLYBKH. BEIXOIHbBIE JaHHbIE — IPOTHO3UPYEMOE KOHEUHOE COAEPKaHUE YrIIeposa.
Jlnst oOyueHus NCTIONB30BANIKCH JIAaHHbIE MO (haKTHUYEeCKOMY KOHEYHOMY COJEpXKaHHMIO yriepona B Meraiuie. HelipoHHas ceTh Oblia HacTpoeHa
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no panubiM 700 maBok oOywaromied BeIOOpkH. HacrpoeHHas TakuM o0pa3oM Mofenb Oblia JONOJHUTEIBHO HMPOTECTHPOBAHA HA JAHHBIX
232 nnaBoK, He HCIOIb30BABIINXCA IPH 00y4eHHUH. [lomydens! Onu3Kkue 3HaYeHNs OIIHOOK IIPOrHO3a I 00yJaroel 1 TeCTUPYIOMEeH BEIOOPOK.
Kpome Toro, nonydyeHHble 3Ha4€HUS OMIUOOK COMOCTABUMBI ¢ U3MEHEHUSIMU COJIEpKaHus yIIepoa Uil TIaBOK 0e3 MCIIOIb30BaHUS KHCIOpoIa
B 3aKJIFOYUTENBHBIN IEPHO, YTO TOBOPUT O BHICOKON TOUHOCTH IMPOTHO3A.

Kawueswlie caosa: KHCHOpOL[HLIﬁ KOHBEPTEP, COACPIKAHUC yIlIepoaa, U3MEpUTCIIbHAs (I)pra, MaTeMaTu4eCKOC MOJACIIMPOBAHUEC, IIPOTHO3UPOBAHUEC,

3aKJIIOUUTENNbHBIN IepUoA, HEHPOHHAS CETh

Jna yumupoeaHnus: Waxupos M.K., [Iporononios E.B., 3umun A.B., TypuanunoB E.b. [Iporno3upoBanue coaepanus yriepoia B MeTalIe 3aK-
JIFOUUTENILHOTO TI€PHOJa MPOAYBKH B KHCIOPOJHOM KOHBEPTEpPE C UCIIONL30BAHUEM HEHPOHHOI ceTu. Mssecmus 6y306. Yepnas memaniypeusi.
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[ INTRODUCTION

The accumulated operational experience with con-
verters employing upper oxygen blow has compellingly
demonstrated the process’s advantages. These include
high productivity, sufficiently durable unit lining, simple
equipment design and operation, and technological
flexibility regarding the composition of processed pig-
ments [1 —3]. However, achieving stable technological
melting indicators and overall process efficiency depends
significantly on the accuracy and correctness of deter-
mining the completion moment of the operation [4].

In the practice of organizing blowing, addressing this
challenge typically involves using indirect characteristics
to gauge the progress of blowing and the bath’s behavior.
Examples include:

— determining the completion moment of the blowing
operation based on the oxygen consumption amount;

— observing the luminosity intensity of the exhaust gas
plume above the converter;

—analyzing the chemical composition of exhaust
gases;

—examining changes in indirect characteristics such
as the bath’s behavior (acoustic phenomena, lance vibra-
tion), observing the temperature of the water cooling
the lance, and measuring the electrical conductivity
of the bath, among others.

Simultaneously, the enumerated elements and methods
for controlling the blowing process can be categorized as
subjective factors, assuming a high level of competence
among the process personnel. However, the rapidity
of oxidative refining processes within the BOF, coupled
with intense dust and gas emissions, and the fluctuating
bath level with the potential for emissions or, conversely,
slag coagulation, all contribute to the substantial comp-
lexity in managing the smelting process.

The scrutinized predictive models assume particular
significance in the production of specialty steels, espe-
cially low-carbon steels, including void-free steels with
minimal impurities (<0.003 % C and 0.004 % N). In this
context, the accurate prediction and control of carbon con-
tent in the metal during the final phase of the blowing
operation emerge as a critical task. Effectively addressing

this challenge facilitates an improvement and stabiliza-
tion of technological performance.

Incorporating additional information for predicting
smelting characteristics, the well-established methods
for calculating residual carbon content in metal prior
to release can be classified as follows [4; 5]:

— prediction through static models;
— prediction through dynamic models;

— intelligent prediction.

1. Static prediction

Static prediction employs what are known as static
melt models, relying on calculations of thermal and mate-
rial balances or statistical descriptions of the entire melt.
Initial data include the chemical composition and temper-
ature of the iron, the chemical composition of the solid
metal charge and additional materials, along with results
from previous melts and the required values of metal
indicators at the end of blowing — primarily the chemi-
cal composition and temperature. This method facilitates
the determination of the quantity of charge and additional
materials, including assessment of the amount of oxygen
consumed during the blowing period necessary to achieve
the desired carbon content in the metal [6 — §].

However, the accuracy of this method in predicting
post-blowing melt parameters is not consistently stable
due to the influence of numerous uncontrolled factors [9].
These factors may encompass variations in the chemical
composition and physical properties of the metal charge,
fluctuations in properties and quantities of additives,
uncontrolled heat losses, losses of oxygen during differ-
ent blowing periods, and more [7]. Theoretical [10 — 12]
or static [13 — 15] models, including those based on neu-
ral networks, are the most commonly used approaches for
static forecasting.

2. Dynamic prediction

It is established that the use of a sublance in combina-
tion with models for the final blowing period serves as
a dynamic control tool, leading to a reduction in the melt-
ing cycle by significantly minimizing the time required
for corrective operations (turndown, metal cooling) [15].
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Models for the final period are constructed on a statisti-
cal description of the relationships between the ultimate
values of melting parameters — primarily carbon content
and temperature — their initial values, and the quantity
of consumed oxygen [16]. In this scenario, the decarburi-
zation rate can be expressed as follows

_ac
ot

=k(C-C,), (1
where k is the decarburization reaction rate constant, s;
C is the current concentration of carbon in the liquid
metal, %; C, is the minimum achievable carbon con-
centration in liquid metal, characterizing mass and rate
of carbon oxidation in the region of its low values, %; 1 is

the duration of oxygen blowing, s.

The use of a sublance facilitates the measurement and
sampling of metal for chemical analysis without the need for
tilting, which typically involves interrupting oxygen purge
and tilting the converter. In this scenario, two measurements
are usually conducted for each melting operation: one dur-
ing oxygen blowing (after 85 — 90 % of the estimated total
oxygen amount has been consumed) and another at the con-
clusion of the oxygen blowing process.

The first measurement uses TSC probes (temperature,
sample, carbon): metal temperature and carbon con-
tent are determined based on the liquidus temperature
of the melt, and a sample is taken. To enhance result relia-
bility, the oxygen blowing intensity is reduced during
this measurement period. The first “dynamic” measure-
ment serves as input for the final period model, which
calculates the necessary amount of oxygen and potential
coolant required to achieve the desired temperature and
carbon content during metal tapping.

Following the oxygen blowing phase, measurements
are conducted using TSO probes (temperature, sample,
oxygen): the metal’s temperature is determined, its oxida-
tion is assessed, carbon content is calculated, and a metal
sample is taken.

However, in domestic converter shops, TSC probes
are currently not employed, and measurements are instead
carried out using TSO probes during the blowing period,
corresponding to a lower (less than 0.15 %) carbon con-
tent in the metal.

The use of a measuring sublance helps eliminate
the influence of fluctuations in the properties of charge
materials, thereby enhancing the accuracy of predicting
the final carbon content for converter smelting compared
to static prediction methods. Some Japanese manufac-
turers have achieved predicting accuracy of over 90 %
within an interval of £0.02 % C [17].

Another variation of dynamic carbon content predic-
tion involves an approach based on utilizing indirect indi-
cators of the decarbonization process, such as the results
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of exhaust gas composition analysis. The primary draw-
back of this option, coupled with the impact on the results
of analyzing the amount of air drawn from the atmosphere
in the gas discharge tract operation mode with partial
combustion of exhaust gases, is the presence of a delay
(time delay) in the initial information for calculation.

3. Intelligent prediction

Intelligent prediction of carbon content in the melt, as
per the aforementioned characteristics, involves employ-
ing additional indirect information about the progress
of the process, such as the vibration of the oxygen lance,
the level of slag-metal emulsion, acoustic characteristics
of the blowing progress, and more.

The initial application of this approach includes
the development of a model for the final blowdown period
based on a neural network [18].

Specifically, to predict carbon content, a network is
employed with input neurons corresponding to carbon con-
tent measured by the sublance of the probe, the amount
of oxygen, and coolant consumed during the final period.
The positive results obtained allow for conclusions regard-
ing the effectiveness of the method used.

The development and implementation of such app-
roaches underscore the advantages of predicting car-
bon content in the final blowing period using neural
networks compared to exponential, cubic, and carbon oxi-
dation models based on analysis of the chemical com-
position of exhaust gases. Notably, these studies were
conducted using experimental data from intermediate
measurements employing only TSC probes [17; 19 — 21].

Therefore, it appears pertinent to evaluate the suit-
ability of neural networks for describing the final period
of blowing, particularly for predicting the final car-
bon content in the metal based on intermediate mea-
surement data from TSO probes commonly used in
the industry.

[ RESEARCH METHODOLOGY

In this current study, the final blowing period was
defined as the conditional interval between the first
and last (prior to heat release) sublance measurements.
Depending on the outcomes of the first measurement and
the required final parameters of the metal, activities such
as oxygen blowing, flux addition, and averaging nitrogen
blowing can be conducted during this period.

The study aimed to assess the accuracy of predicting
the final carbon content in the metal using intermediate
measurements by TSO probes, accounting for approxi-
mately 95 % of the estimated total oxygen consump-
tion for melting. Additionally, the results obtained were
compared with similar ones derived from technology uti-
lizing TSC probes.



I1ZVESTIYA. FERROUS METALLURGY. 2023;66(6):638-644.
Shakirov M.K., Protopopov E.V, etc. Prediction of carbon content in the metal of final blow period in BOF using neural network

The data analyzed in this study were derived from
ongoing production heats conducted in a 350-ton con-
verter equipped with a measuring lance under the direct
supervision of the authors.

The melts chosen for training and testing the car-
bon content prediction specifically involved cases where
only oxygen blowing was employed in the final period.

The determination of initial carbon content relies
on sublance measurements conducted before the com-
mencement of the final period, while the final content is
ascertained through chemical analysis of a metal sample
taken with a sublance at the end of blowing. Table 1 pro-
vides the initial (C)) and final (C,) carbon content, along
with the change in carbon concentration resulting from
the final period (AC™ = C, — C)) and the oxygen con-
sumption for the operation. The Values are presented in
Table 1 as a ratio of the range of change in the numerator
to the average value in the denominator.

To predict the carbon content at the end of the final
blowing period, a two-layer neural network with one hid-
den layer was employed. The input data included the actual
carbon content in the metal before the start of the final
period C1 and the actual oxygen consumption in the final
period O5™. The output data consisted of the predicted
carbon content in the metal C2™*" at the end of the final
period. Training utilized data on the actual final car-
bon content from the metal sample. The activation func-
tion for the network was defined by the equation

Y=In(1 + ¢*). 2)
The initial and final carbon content, along with oxy-

gen consumption data, were normalized using the follo-
wing equation

* Cc-C_ .
C = i min , 3
l Cmax - Cvmin ( )

where C is the actual parameter value; C . and C_  are
the minimum and the maximum values of the parameter,

respectively.

A training set comprising data from 700 melts was
used, with the results tested on data from 232 subsequent
melts that followed the training set in chronological

Table 1

Parameters of the final oxygen blow period

Tabnuya 1. llapaMmeTpbl 3aKJII0YUTEIBHOIO
nepHoJa NPOAYBKH € HCIOJb30BAHUEM KHCJIOPO/iA

C,,% C,, % ACfml % | O, nmd
0.026 - 0.168 | 0.017-0.117 | 0-0.099 | 4114012
0.055 0.039 0.016 1156

order. Of these, 56 melts were conducted under the direct
supervision of the authors.

The network was trained using a backpropaga-
tion algorithm, specifically the gradient descent method.
Throughout the training process, the sum of squared
deviations between the actual C, and the predicted car-
bon content C¥** in the metal was minimized.

The accuracy of prediction was evaluated using
the following indicators:

— mean error, calculated as
(%-1). “)
where N is the number of observations; Y, );I are the actual

and the predicted values of the parameter, respectively;

— mean absolute error, calculated as

; )

sz%ik 7

(6)

[ RESULTS AND DISCUSSION

As a result of training and subsequent testing
of the neural network on the corresponding experimental
data arrays, a distribution of prediction errors of the final
carbon content in metal C,—Cy*™ was obtained
(see Fig.).

It’s noteworthy that the distribution of predic-
tion errors for the testing set closely aligns with
that of the training set. The indication that over 90 %
of errors fall within the range of =0.010 %, and approxi-
mately 70 % of melts fall within the range of £0.005 %,
suggests a sufficiently high accuracy in predicting
the final carbon content in the metal.

For a comprehensive comparison, the achieved predic-
tion accuracy indices for both the training and testing sets
were contrasted with similar indices obtained from melts
that did not involve the use of oxygen in the final period
of blowing. In these comparative melts, lime and/or lime-
stone additives were employed, and averaging nitrogen
blowing occurred through an oxygen lance. The initial
values of C|, derived from the results of the first sublance
probe measurement, were used as the predicted values for
the final carbon content C¥"** (Table 2). Accuracy indi-
cators were then calculated according to Egs. (4) — (6).

The results indicate that the accuracy indicators
characterizing the prediction for both the training and
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testing sets have close values. Additionally, these values
are comparable with those observed in melts conducted
without the use of oxygen in the final period. Changes in
carbon content (C,— C, = C, - CP* for such melts are
evidently associated with the heterogeneity of the chemi-
cal composition throughout the bulk of the metal bath.
In other words, the data obtained (Table 2) suggest
that the achieved prediction accuracy is on par with
changes in the carbon content in the metal, potentially
linked to the heterogeneity of the bath and, possibly, errors
in determining the carbon content during measurements
using sublance. The prediction accuracy of the proposed
model for the final period, within the ranges of +0.005
and +0.010 % for the testing set, was reported as 70 and
94 %, respectively.

The authors in [22] demonstrated, for technology
employing TSC probes, that a final period model based
on a neural network allows achieving a prediction error
for the carbon content in the metal within the ranges
of £0.005, +0.010, +£0.015 and +0.020 %, correspond-
ing to 25, 54 71 and 91 % of cases. The analysis con-

ducted indicates that these indicators outperform those
for exponential, cubic models, and the carbon oxida-
tion model based on an analysis of the chemical composi-
tion of exhaust gases.

However, it’s worth noting that in this case, the aver-
age initial value of carbon content was 0.244 % which is
significantly higher than that in the present study.

To optimize the obtained results, future research
can explore options and assess the impact of updating
the training set to adapt the model to changing conditions
during the converter campaign.

- CONCLUSIONS

The accurate prediction of carbon content in the metal
is crucial for effective management during the final smelt-
ing period in a BOF. The findings of this study align with
the results reported in works [21; 22], affirming the fea-
sibility of employing a neural network for predicting
the carbon content in the metal during the final blowing
period in a BOF.

Table 2

Comparison of parameters of training, testing sets and heats without oxygen in the final period

Tabnuya 2. CpaBHeHHe MoOKa3aTesIeii NJIABOK 00y4arolleil, TeCTUPYIOIIeil BLIOOPOK U MJIABOK
0e3 HCIO0/Ib30BAHMSI KHCJI0POJA B 3aK/JII0UHTeJILHbII Nepuos

Set Number of melts ME, % MAE, % RMSE, %
Training set 700 -1.36-1077 0.0044 0.0060
Testing set 232 -1.09-107 0.0043 0.0060
Without O, 330 2.53-10* 0.0040 0.0048
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FORMATION OF MICROSTRUCTURE IN RAIL STEEL GRINDING BALLS
DEPENDING ON QUENCHING MEDIUM PARAMETERS

A. A. Umanskii %, V. V. Baidin, A. S. Simachey,

L. V. Dumova, S. 0. Safonov

| Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
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Abstract. Studies of the formation of microstructure of grinding balls from the rejects of rail steel were carried out during their quenching in various
polymer media. At the first stage, based on studies of the cooling capacity of solutions of polymers PCM and Thermovit with varying concentrations
and temperatures, the authors constructed the cooling curves of grinding balls made of K76F rail steel. It was found that at concentration of these
polymers in an aqueous solution of 2 and 4 %, cooling rate of grinding balls made of K76F steel is almost identical at solution temperatures of 20
and 30 °C and significantly decreases when the temperature of the polymer solution increases to 40 °C. At the same time, the most noticeable
decrease in the cooling rate is characteristic of PCM polymer with its concentration at the level of 2 %. At the second stage, the authors carried out
metallographic studies of the microstructure of grinding balls made of K76F rail steel, which were quenched in laboratory conditions using polymers
PCM and Thermovit with concentrations of 2 — 4 % and temperature of 20 — 40 °C. As a result, it was determined that the use of the PCM solution
for quenching balls provides a significantly higher quality of microstructure and hardness of heat-treated balls compared to the use of the Thermovit
polymer. At the same time, varying the concentration and temperature of the PCM polymer quenching medium allows one to obtain grinding balls
with different performance characteristics that determine the potential areas of their application. Thus, quenching of balls in a solution of the specified
polymer with concentration of 2 % and temperature of 20 — 30 °C ensures the production of balls with high hardness (corresponding to the IV hardness
group according to the state standard GOST 7524 —2015), and the use of a solution of the same polymer with concentration of 4 % and temperature
of 20 — 30 °C for quenching creates the possibility of producing balls with lower hardness, but potentially high impact resistance.

Keywords: microstructure, grinding balls, rail steel, polymers, heat treatment, quenching medium, impact resistance
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UCCNEQOBAHUA NPOLLECCOB ®OPMUPOBAHUA
MUKPOCTPYKTYPbl MENIOLWWUX LLAPOB U3 PEIbCOBOM CTANM
B 3ABUCUMOCTU OT NAPAMETPOB 3AKAJIOMHOMW CPEADI

A. A. YmaHckuii ©, B. B. Baiiaun, A. C. Cumaues,
JI. B. iymoga, C. 0. Ca¢oHoB

Cubupckuii rocynapcTBeHHbIH MHAYcTpUaabHbIi yHuBepeutet (Poccus, 654007, Kemeposckas o6m. — Kysoacce, HoBoky3Herk,
yi1. Kupoga, 42)

&) umanskii@bk.ru

AnHomayus. TlposesieHsl uccie0BaHus GOPMUPOBAHUSA MUKPOCTPYKTYPBI MENIONIIMX IIAPOB U3 OTOPAKOBKU PEIbCOBOM CTAM MpPH MX 3aKajke
B Pa3sIMYHBIX NOJMMEPHBIX cpefgax. Ha mepBom 3Tame, Ha OCHOBaHHU HCCIICNOBAHUM OXJIaXIJAIONIEH CIIOCOOHOCTH PacTBOPOB IOJIMMEPOB
«IIKM» n «TepMOBUT» IpU BapbUPOBAHUU UX KOHLIEHTPALUIl U TeMIepaTypbl IOCTPOCHBI KPUBbIE OXJIAXICHUS MEJIOIIUX [LIapOB U3 PEIbCOBOU
cranu Mapku K76®. Ilpu KOHIEHTpaluu yKa3aHHBIX MOJIMMEPOB B BOIHOM pacTBope 2 U 4 % CKOPOCTb OXJIAXJIEHHUs MENIOIIHX IIapoB U3
cramn K76® npaktudeckn uaeHTHYHA mpu Temieparypax pactBopa 20 u 30 °C u 3HaYMMO CHIIKAETCS B Cllydae YBEJIMYCHHUH TEMIIEpPaTyphbl
pactBopa nomumepa 10 40 °C. Ilpu 3ToM Hanbosee 3aMETHOE CHUKEHHE CKOPOCTH OXJIAXIEHHUs XapakrepHo it nonumepa «[IKM» mpu ero
KOHIIGHTpaluu Ha ypoBHe 2 %. Ha BTopom sTame npoBeleHbl MeTamlorpaduueckue HCcie0BaHUus MHUKPOCTPYKTYPhl MEJIOIUX MIApOB U3
penbcoBoil cramu K76®, 3akanka KOTOPHIX MPOBOIWIACH B JIAOOPATOPHBIX YCIOBHAX C HCHONb30BaHHEM mnoiuMmepoB «IIKM» u «TepmoBuT»
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¢ koHueHtpauuit 2 —4 % u Temneparypoir 20 —40 °C. McnonszoBanue pactBopa «[IKM» s 3akanku mapoB oOecriednBaeT 3HAYUTEIBHO
Goree BBICOKHE KaueCTBO MUKPOCTPYKTYpPBI H TBEPAOCTh TePMOOOPAOOTaHHBIX IIAPOB [0 CPABHEHHUIO C NMpHMeHeHHeM nomumepa « TepMoBuT.
BapbupoBaHne KOHLEHTPALNH U TEMIIEPATyphl HOIUMEpHOH 3akanouHoi cpensl «[TKM» 1mo3BosieT momydaTs MEIIOMINE MIApbl C Pa3InYHbIMU
SKCIUTyaTalIOHHBIMU XapaKTePUCTHKAMH, OIPEASIIIOIIIMI TOTCHINANIbHBIC 00IaCTH MX IPUMEHEHHUS. 3aKallka IIapoB B PACTBOPE YKa3aHHOTO
noJyimMepa ¢ KoHueHrpauueit 2 % u temneparypoit 20 — 30 °C obecriednBaeT MOJyueHHE LIAPOB C BBHICOKOH TBEPAOCTHIO (COOTBETCTBYIOIICH
IV rpynne tBepnoctu o 'OCT 7524 — 2015), a ncnonb30BaHKeE JUIs 3aKaJIKU paCTBOPA ITOTO JKe MOJIMMEPa ¢ KOHIeHTpalueil 4 % u reMneparypoii
20 — 30 °C co3maeT BO3MOXXHOCTB ITPOM3BOJICTBA IIAPOB C OOJIee HU3KOH TBEPIOCTHIO, HO MOTEHIIMAILHO BEICOKOH YIapHOI CTOMKOCTBIO.

Knatouesble €108a: MUKPOCTPYKTYpa, METTIOIINE LIAPEI, PEIbCOBAs CTAIb, OTUMEPBI, TePMOOOPaOOTKa, 3aKaI0YHAs CPEa, yaapHas CTOHKOCTb
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- INTRODUCTION

In recent years, there has been a noticeable trend
towards the intensive development of domestic ball rolling
production. Several modern ball rolling mills have been
commissioned [1; 2], and significant efforts are underway
at various operational mills to enhance the technological
processes for grinding ball production [3 — 6]. This phe-
nomenon is attributed to the growing demand for grin-
ding balls with superior performance characteristics, spe-
cifically hardness, wear resistance, and resistance to shock
loads. This demand arises from the desire to extend the ser-
vice life of grinding balls used in the metallurgical, mining,
and cement industries. Prolonging the service life signifi-
cantly reduces the cost of the final product and enhances
its quality [7—9]. Cost reduction is achieved through
a decrease in the specific consumption of balls, while qua-
lity improvement results from minimizing the entry of bro-
ken ball particles into the crushed materials [10].

An analysis of materials from both domestic and
foreign researchers indicates that the enhancement
of hardness and impact resistance in balls is primarily
achieved through the optimization of the chemical com-
position of steels employed in ball production [11 — 13].
Additionally, improvements in heat treatment modes play
a crucial role in achieving these properties [14 — 16]. It
is noteworthy that, aside from the mentioned characteris-
tics, the impact resistance of grinding balls is significantly
affected by the quality of their macrostructure [17; 18].

The steels used for the production of grinding balls
can be categorized into two main groups based on their
chemical composition [19; 20]:

— specialized ball steel;

— steels initially designed for the production of other
types of rolled products (either carbon or alloyed).

It’s worth noting that within the second group
of steels, a substantial portion consists of rejected rail
steel blanks [21 — 23].

The technologies for the heat treatment of grinding
balls can be categorized into three main organizational
options:

1) hardening followed by self-tempering of the balls
in the air;
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2) hardening followed by low tempering;

3) “interrupted hardening” (hardening in several
stages), followed by low tempering.

The second and third options for the heat treatment
of balls are deemed more preferable, as they facilitate
the alleviation of quenching stresses [24; 25]. However,
implementing the third option is more challenging.

Irrespective of the chosen heat treatment option for
grinding balls, the development of their high-qua-
lity quenching microstructure is largely influenced by
the cooling capacity of the quenching medium employed.
Polymers emerge as the most promising type of quen-
ching medium, as their cooling ability can be effectively
regulated across a wide range by adjusting water dilu-
tion at different concentrations.

In summary, it can be affirmed that investigations
into the processes governing the formation of the quen-
ching microstructure in grinding balls made of rail steel
using polymer quenching media are currently of signifi-
cant scientific and practical interest.

[ MATERIALS AND METHODS

The research focused on grinding balls that had not
undergone heat treatment, selected from the mill line
after rolling but before hardening, sourced from the cur-
rent production of JSC Guryev Metallurgical Plant and
made from rejected rail steel grade K76F.

The research was carried out in two stages:

1 — examination of the cooling effectiveness of PCM
and Thermovit polymer quenching media on the Kompa-
ton facility, with variations in polymer concentration and
temperature;

2 — investigation of the microstructure of grinding
balls after quenching using PCM and Thermovit poly-
mer quenching media, with variations in their concentra-
tion and temperature.

The temperature of the cooling medium varied in
the range of 20 — 40 °C with increments of 10 °C, and
the concentration of each studied polymer was set at 2
and 4 %.

The Kompaton facility used in the research is equipped
with a digital thermometer featuring a temperature sensor.


https://fermet.misis.ru/index.php/jour/search/?subject=микроструктура
https://fermet.misis.ru/index.php/jour/search/?subject=мелющие шары
https://fermet.misis.ru/index.php/jour/search/?subject=рельсовая сталь
https://fermet.misis.ru/index.php/jour/search/?subject=полимеры
https://fermet.misis.ru/index.php/jour/search/?subject=термообработка
https://fermet.misis.ru/index.php/jour/search/?subject=закалочная среда
https://fermet.misis.ru/index.php/jour/search/?subject=ударная стойкость
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The temperature was recorded at specified intervals in
automatic mode, and the TC Soft program was employed
for data processing, enabling the construction of cooling
curves.

To assess the cooling effectiveness of polymer quen-
ching media, grinding balls were heated in a laboratory fur-
nace to the quenching temperature and subsequently cooled
in a tank filled with the respective quenching medium.
The hardening temperature was maintained 30 °C higher
than the Ac, point, taking into account the actual chemi-
cal composition factoring in the actual chemical com-
position of the samples, as determined by X-ray spectral
analysis using the Shimadzu XRF-1800 spectrometer.
The actual heating temperature of the samples for quench-
ing fell within the range of 790 — 802 °C, with a low tem-
pering temperature ranging between 195 — 215 °C.

Microstructure and hardness studies of the balls were
conducted on samples that underwent heat treatment.
For each ball, one portion underwent quenching, while
the other underwent quenching followed by low temper-
ing. The microstructure analysis utilized an OLYMPUS
GX-51 optical metallographic microscope, and hardness
was determined using a TK-2M hardness tester.
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Fig. 1. Cooling curves of K76F rail steel during quenching
in an aqueous solution of polymers PCM (@) and Thermovit (b)
with concentration of 2 % depending on the quenching
medium temperature

Puc. 1. KpuBsle oxnaxaenus penbcoBoit ctanu K76d npu 3akainke
B BosiHOM pactBope nonumepoB «ITKM» (a) u «Tepmosut» (b)
C KOHILIeHTpauuei 2 % B 3aBUCUMOCTH OT TEMIIEPATYPbl
3aKaJIOYHOMN CpeJibl

[ RESULTS AND DISCUSSION

The analysis of the obtained cooling curves for grind-
ing balls made of K76F rail steel suggests that, with both
PCM and Thermovit polymer quenching media, the cool-
ing rate remains practically identical at solution tempera-
tures of 20 and 30 °C, regardless of their concentrations
(2 or 4 %). However, a noticeable decrease in the cooling
rate is observed when the polymer solution temperature
is increased to 40 °C (Figs. 1 and 2). Notably, the most
pronounced decrease in the cooling rate is observed with
the PCM polymer at a concentration of 2 %.

Examination of the microstructure of grinding balls after
a complete heat treatment cycle (quenching + low tempe-
ring) reveals that the most optimal microstructure, compris-
ing martensite + carbides with some residual austenite, is
achieved under specific quenching medium parameters:

1) at a PCM concentration of 2 % and a solution tem-
perature of 20 and 30 °C (Fig. 3, a, b);

2) at a PCM concentration of 4 % and a polymer tem-
perature of 40 °C (Fig. 3, ¢);

3) at a Thermovit polymer concentration of 4 % and
a temperature of 20 °C (Fig. 3, d).
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Fig. 2. Cooling curves of K76F rail steel during quenching
in an aqueous solution of polymers PCM (@) and Thermovit (b)
with concentration of 4 % depending on the quenching
medium temperature

Puc. 2. Kpussle oxnaxaenus penbcoboit cranu K76@ npu 3akanke
B BOjiHOM pactBope nonumepoB «ITKM» (a) u «TepmoBut (b)
¢ KOHLeHTpauuen 4 % B 3aBUCUMOCTHU OT TEMIIEPATYPbI
3aKaJIOYHON cpelibl
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Simultaneously, the highest hardness, aligning with hard-
ness group IV as per the state standard GOST 7524-2015
(refer to the Table), is exhibited by balls hardened using
the first set of hardening medium parameters (PCM
concentration 2 %, solution temperature 20 and 30 °C).
Grinding balls hardened by employing the parameters
of the quenching medium according to the second and
third options only meet the criteria for hardness group II,

as per GOST 7524-2015 (PCM concentration 4 %, tem-
perature 40 °C; Thermovit concentration 4 %, tempera-
ture 20 °C).

When a 4 % PCM polymer solution is utilized for har-
dening balls at temperatures of 20 and 30 °C, a microstruc-
ture in the form of troostomartensite + carbides + resi-
dual austenite is formed (Fig. 4). Although the hardness
of such balls falls within hardness group II according

Fig. 3. Microstructure of grinding balls made of K76F rail steel after quenching with subsequent low tempering:
a, b — PCM polymer concentration of 2 % at 20 and 30 °C; ¢ — PCM polymer concentration of 4 % at 40 °C;
d — Thermovit polymer concentration of 2 % at 20 °C

Puc. 3. MukpocTpyKkTypa MEIIOMUX MIapoB U3 perabcoBoii cTanu K76d mocine 3akanku ¢ MOCIEAYIOUMM HU3KUM OTITYCKOM:
a, b — xonuenTpanus nomumepa «IIKM» 2 %, remneparypa 20 u 30 °C; ¢ — koHuenTpanus noaumepa «[IKM» 4 %, remneparypa 40 °C;
d — xoHuenTpanus nonumepa « Tepmosur» 2 %, remmneparypa 20 °C

Fig. 4. Microstructure of grinding balls made of K76F rail steel after quenching in a solution of PCM polymer
with concentration of 4 % at 20 («) and 30 °C (b)

Puc. 4. MukpocTpyKTypa MEIOIIKX MapoB U3 pesibcoBoi ctanu K76® nocie 3akaiku B pactBope noiaumepa « [ TKM»
¢ xoHueHrpauueii 4 %, remneparypa 20 °C (a) u 30 °C (b)
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Comparative analysis of hardness of the balls after heat treatment using various quenching media

CpaBHUTeIbHBIN aHAJIN3 TBEPIOCTH HIAPOB MOCJIe TEPMO0OOPadOTKH
TPH HCIOJIb30BAHUH PA3JIMYHBIX 3aKAJTOYHBIX CpPejt

Ball hardness after heat treatment using various quenching media and their

T;mpera}?lre concentrations, HRC
e e
2 % 4% 2 % 4%
Surface
20 54 -56 48 — 51 48 — 50 43 —-45
30 53-55 47-49 44 — 46 38 —-45
40 50-52 48 - 50 44 —45 46 - 48

Requirements of GOST 7524-2015 for balls 60 mm in diameter by groups

Group [

at least 43 HRC

Group II

at least 48 HRC

Groups III, IV

at least 53 HRC

At the depth of 1/2 ball radius

20 52-54 48 - 51 48 - 50 39-41
30 51-53 47-49 44 - 46 38-45
40 50-51 48 - 50 44 - 45 38-42

Requirements of GOST 7524-2015 for balls 60 mm in diameter by groups

Groups L, 11, IIT

Group IV

at least 43 HRC

to GOST 7524-2015 (refer to the Table), they exhibit
potentially higher impact strength owing to the properties
of the troostomartensite phase.

However, quenching balls according to other com-
binations of quenching medium parameters results in
a defective microstructure. In addition to martensite,
there is the presence of quenching troostite in various
forms: acicular, spheroidal, and in the form of a net-
work (Fig. 5). The existence of troostite in the structure
indicates a lower cooling rate, signifying inadequate
cooling capacity of the quenching medium. Regardless
of the type of troostite, its negative impact on the hard-
ness of the grinding balls is evident (refer to the table).
Notably, the more pronounced negative influence is nat-
urally exerted by the spheroidal troostite and the form
of a grid.

In general, it is noteworthy that the quality
of the microstructure in balls hardened with PCM solu-
tion is significantly superior compared to those hardened
with Thermovit polymer solution. For instance, balls
hardened in a PCM solution with a 2 % concentration at a
temperature of 40 °C exhibit only acicular troostite in
the structure (Fig. 5, a); balls hardened with Thermovit
polymer at a similar concentration and temperature dis-
play spheroidal troostite and troostite in the form of a grid
(Fig. 5, ¢). Moreover, the hardness of balls hardened using
PCM polymer with the specified concentration and tem-
perature, both on the surface and in the core, is, on ave-

rage, 6 — 7 HRC higher than the hardness of balls harde-
ned in Thermovit polymer medium (refer to the Table).

In conclusion, it can be inferred that altering
the parameters of the polymer quenching medium enables
the variation of performance characteristics in grinding
balls made of rail steel, thus determining potential appli-
cations. For example:

e quenching balls in a PCM polymer solution with
a 2% concentration at a temperature of 20-—30°C
ensures the production of balls with high hardness (hard-
ness group IV as per GOST 7524-2015).

* employing the same polymer solution for quenching
with a 4 % concentration and a temperature of 20 — 30 °C
creates the possibility of producing balls with lower hard-
ness but potentially high impact resistance.

However, caution is advised as certain combinations
of PCM and Thermovit polymer concentrations and tem-
peratures may lead to a high risk of obtaining a defective
microstructure.

- CONCLUSIONS

Based on laboratory experimental studies, cooling
curves were constructed for hardening of the balls made
of K76F rail steel in solutions of PCM and Thermovit
polymers, each with a concentration of 2 and 4 % and
temperature ranging from of 20 to 40 °C. The experimen-
tal research in the laboratory has elucidated the patterns
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Fig. 5. Defective microstructure of grinding balls made of K76F rail steel after quenching and low tempering:
a—PCM polymer concentration of 2 % at 40 °C;
b, ¢ — Thermovit polymer concentration of 2 % at 30 and 40 °C;
d, e, f—Thermovit polymer concentration of 4 % at 20, 30 and 40 °C

Puc. 5. JlepexTHast MUKpOCTPYKTypa METIOMINX IAPOB U3 pesbcoBoii ctani K76® nocine 3akaaku 1 HU3KOTO OTITyCKa:
a — xoHneHTpanus nomumepa «[IKM» 2 %, temmnieparypa 40 °C;
b, ¢ — xonuenTpamms nomumepa « Tepmout» 2 %, Temmeparypa 30 u 40 °C;
d, e, f— xonuentpaius nojaumepa «Tepmosut 4 %, Temneparypa 20, 30 u 40 °C

governing the formation of the microstructure in grind-
ing balls from the specified steel when utilizing PCM
and Thermovit polymer quenching media with varying
heat treatment parameters.

Notably, the use of PCM solution for ball harden-
ing ensures a significantly higher quality of the micro-
structure and hardness of the balls compared to utiliza-
tion of Thermovit polymer. As a result, recommendations
have been developed for optimal combinations of con-
centration and temperature of PCM polymer. These rec-
ommendations aim to ensure the production of balls with
increased hardness as well as the production of balls with

650

lower hardness but with a heightened level of impact
resistance.
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EVALUATING THE EFFICIENCY OF METALLIZED SIDERITE
CONCENTRATE ELECTRIC MELTING
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Abstract. The Bakal siderites belong to low-grade refractory carbonate iron ores. The low content of phosphorus and non-ferrous metals makes siderites
a valuable raw material for obtaining highly metallized concentrate suitable for use in steelmaking processes. Reduction of siderites in a rotary furnace
at 1300 — 1350 °C followed by magnetic separation of waste rock allows to obtain a concentrate with metallization degree over 90 % and a content
of waste rock of about 5 % suitable for steelmaking as raw materials. The purpose of this work is to evaluate the efficiency of the process aimed
at obtaining metal from siderite ore including obtaining of highly metallized siderite concentrate in a recovery furnace, as well as its hot loading
into ore-thermal furnace and melting process itself. To do this, the electric melting was calculated in the electric ore melting furnace providing for
determination of a large number of parameters including the electricity consumption required for melting. As raw materials we used a highly metallized
siderite concentrate (¢, = 92.3 %) containing 35 % of waste rock and, for comparison, a briquetted metallized siderite concentrate obtained from
a lump concentrate in which a significant amount of waste rock was removed by wet magnetic separation. The results analysis shows that increase in
concentrate temperatures from 25 to 1000 °C decreases specific energy consumption and at the same time increases the furnace productivity to values
comparable to the parameters of melting briquetted concentrate. This confirms the efficiency of the developed process. To reduce the melting point
of high-magnesium slag, it is proposed to use colemanite as flux.

Keywords: iron ore raw materials, Bakal siderites, ore benefication, metallization, concentrate, electric melting, colemanite
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AnHomayus. bakanbckue CHIEPUTHI OTHOCSATCSI K O€IHBIM, TPYAHOOOOTaTUMBIM KapOOHATHBIM JKeJie3HbIM pyaaM. Huskoe comepxkanue docdopa
M UBETHBIX METAJJIOB JENACT CHICPUTHI IICHHBIM CBIPHEM IS MOITYYCHHs BBICOKOMETAIM3UPOBAHHOIO KOHILEHTpATa, MPUTOIHOTO IS
HCIOJNB30BaHMsl B CTaJeIJIaBHIBHBIX Ipoleccax. Boccranopnenue cuaepuToB Bo Bparmatouieiics neun npu 1300 — 1350 °C ¢ mocneayrommm
OTIEJICHHEM ITyCTON MOPOJIbI METOIOM MarHUTHOMN Cenaparyy MO3BOJISIET MOTYyYHTh B KAUYECTBE ChIPhSI KOHLIGHTPAT CO CTEHECHBIO METAJUIU3ALIMN
6onee 90 % M copepkaHUEM ITyCTOH MOPOIBI OKOJIO 5 %, MPUTOIHBIA ISl BBIIUIABKU cTaiu. Llenb naHHO# paboThl — oleHUTb Y(PPEKTHBHOCTD
mpolecca MOJTydYeHHs MeTajula U3 CHICPUTOBOW PY/bI, BKJIIOYAIOIIETO IOJYYSHHE BBICOKOMETAJUIM30BAHHOTO CHJCPHUTOBOIO KOHIEHTpATa
B BOCCTAQHOBHTENILHOM I€UH, @ TAKXKE €ro ropsuyio 3arpy3ky B pyAHOTEPMHYECKYIO I€Ub M CaM MPOLecC MUIaBKH. s 3TOro npousseaeH pacuer
9NIEKTPOIUIABKH B HJICKTPHYECKOH PYTHOTEPMUYCSCKON MEUH, TIO3BOJISIIOLINI OMPEIeIUTh OOJIBIIOE KOJIUYESCTBO TaPaMETPOB, B TOM YHCIIE PACXOL
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DJICKTPOdHEPIUHU, HeO6X0ﬂHMBIﬁ JUIs 1U1aBKku. B kadecTBe HUCXOAHBIX MaTCpUaJiOB UCIIOJIB30BAIN KyCKOBOf/'I MeTaJ’[J’[HBHpOBaHHHﬁ CH}IepHTOBBIﬁ

KOHIEHTpaT (@, .

=92,3 %), conepxamuit 35 % mycroit mopozasl. [l cpaBHEHUs B3AT OPUKETHPOBAHHBINA METAJIN3UPOBAHHBIN CHIEPUTOBBIH

KOHLICHTPAT, IOJIyYEeHHBIH U3 KyCKOBOTO KOHLIEHTpATa, B KOTOPOM 3HAYUTENILHOE KOJIMYECTBO ITyCTOH MOPOIbI Y1aJIeHO METO0M MOKPOH MarHUTHOM
cemapanuy. AHAIN3 Pe3y/IbTaTOB IOKAa3bIBAET, YTO IMOBBIIICHHE TEMIIEPATyphl KycKOBOTo KoHIEHTpara oT 25 mo 1000 °C cHmkaeT ynenbHbIE
9HEPro3aTpaThl U OAHOBPEMEHHO YBEIMYUBACT NPOU3BOJUTEILHOCTD TI€UH 10 3HAYEHUH, CPABHUMBIX C TIapaMeTpaMH IIaBKH OpPUKETHPOBAHHOTO
KOHIIEHTpaTa. JTO MOATBEPKIaeT 3P(HEKTHBHOCTD MpeaIaraeMoro mpouecca. s CHIDKCHHUS TeMIIepaTyphl IIaBICHUS BEICOKOMATrHE3HAIbHBIX

IJIAKOB B Ka4YCCTBC (i)J'ﬂOC& TNPEIOKCHO HUCIIOJIb30BaTh KOJIEMAaHHUT.

Knatoueswle c108a: xene30pynHoe ChIpbe, OaKaabCKUe CHACPUTHI, 000TAICHHE PY/IbL, METAUTH3ALINS, KOHLECHTPAT, CKTPOIUTABKa, KOICMaHHT

BaazodapHocmu: Pabota BbinosHeHa pu nojaepxke Poccuiickoro HayuHoro ¢onza, mpoekT Ne 22-29-00400.

/Jlns yumuposaHus: Bycuxuc A.C., Jleoutses JIL.U., UecnokoB FO.A. Ornerka 3peKTHBHOCTH SIIEKTPOIUIABKH METAUTH30BAHHOTO CHICPUTOBOTO
KOHLIeHTpara. Mzeecmust 6y306. Yepras memannypeus. 2023;66(6):653-658. https://doi.org/10.17073/0368-0797-2023-6-653-658

- INTRODUCTION

The Bakal group of deposits, situated in the Chelya-
binsk region, holds siderites categorized as low-grade
refractory carbonate iron ores. Predominantly composed
of sideroplesite and pistomesite, these ores comprise
iron, magnesium, and manganese carbonate solid solu-
tions. Complementing these minerals are barren compo-
nents such as quartz-clay slates, dolomites, dolomitized
limestones, diabases, and quartzites [1 — 4].

Siderites, characterized by their low phosphorus con-
tent, absence of non-ferrous metals like copper and zinc,
and inclusion of manganese, stand as valuable resources
for yielding high-metal concentrates suitable for steel-
making processes [5; 6]. Various process solutions have
been devised for their production.

Pyrometallurgical techniques for processing low-
grade iron ores, involving metallization with a solid
reducing agent within rotary furnaces followed by waste
rock separation through grinding and magnetic proce-
dures, are widely employed in global industrial prac-
tice [7 — 11]. The refractory nature of siderite waste rock
permits operation at temperatures ranging from 1300
to 1350 °C. This facilitates the enlargement of iron grains
and significantly enhances their extraction into the con-
centrate through magnetic separation. In this process,
a product boasting a metallization degree exceeding
90 % is achieved, containing approximately 5 % waste
rock primarily composed of magnesium oxide [12; 13].
The preliminary removal of easily fusible slates enables
processing in heavy media [14], where during separation,
the lighter fraction of waste rock floats atop the suspen-
sion and is subsequently removed.

The metallurgical plants in the Ural region are cur-
rently facing a severe shortage of iron ore resources,
necessitating their importation from other regions
of the country [15— 17]. Consequently, ensuring steel-
making production with a high-quality metal charge
becomes a crucial objective. Therefore, there is an urgent
need to evaluate the potential utilization of metallized
concentrate derived from Bakal siderites through direct
reduction as a resource for electric steelmaking furnaces.
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In the majority of coke-free metallurgy technologies,
the final product designated for electric steelmaking typi-
cally consists 0f 90 — 93 % iron with a metallization degree
ranging from 92 -95%, alongside 3-5% waste
rock [18; 19]. As the proportion of waste rock increases,
furnace yield and productivity decline, while power con-
sumption rises. However, it is recognized that elevating
the temperature of the loaded resources leads to a signifi-
cant reduction in power consumption of the arc furnace,
electrodes, and refractory materials, while simultaneously
enhancing furnace productivity [19].

Hence, the objective of this study is to assess the effi-
ciency of utilizing metallized siderite concentrate within
an ore-thermal furnace.

[ MATERIALS AND METHODS

The methodology for calculation and the software
module developed for determining the technical and eco-
nomic indicators of smelting in an ore-thermal furnace
comprise a data input block, encompassing:

— chemical composition of charge materials;
— fluxing and fuel additives;
— furnace operation settings.

The electric smelting calculation in an ore-thermal
furnace entails:

— determining metal and slag yield;

— assessing the chemical composition of the final slag
with specified basicity or iron monoxide content;

— estimating the final metal temperature;

— designing sulfur content in the metal;

— analyzing the composition of flue gas;

— calculating mass and heat balances of the process;
— evaluating process production costs.

The developed software module, accessible in interac-
tive mode, enables the user to:

— enter and edit information, as well as input data
for calculations, with the ability to select and sort based
on displayed edit fields;
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Table 1
Chemical composition of metallized siderites, wt. %
Tabnuya 1. XuMU4ecKUi cOCTaB MeTAJLIN30BAHHBIX CHAEPUTOB, % (110 Macce)
Description C |Fe,| S P | CaO | SiO, | MgO | MnO | FeO | ALO, | ¢,
Metallized concentrate (lump) 0.90 | 57.07 | 0.14 | 0.03 | 3.49 | 12.89 | 14.34 | 3.28 | 6.12 | 1.77 | 923
Metallized concentrate (briquette) | 0.21 | 83.58 | 0.12 | 0.04 | 0.44 | 0.92 | 3.01 | 0.38 | 11.06 | 0.24 | 90.7

— quickly add new input data by copying and editing
existing records;

—archive and print both input data and calcula-
tion results, while also providing authorized access
to the software module.

To determine the chemical composition of the initial
materials used in the calculations, experimental modeling
of the siderite metallization process in a rotary furnace
was conducted. A graphite crucible containing raw side-
rite lumps ranging from 10 to 40 mm in size, along with
breeze coke filler sized between 0 and 5 mm, was placed
in a Tamman furnace heated to a temperature of 1300 °C.
The setup was maintained under specified conditions for
2 h before being cooled down with the furnace. This pro-
cess resulted in the formation of a metallized concentrate
(in lump form). Subsequently, a portion of the metallized
concentrate lumps underwent grinding and wet magnetic
separation to produce a product suitable for smelting in
an electric furnace in the form of briquettes, referred to as
metallized concentrate (briquette). The compositions
of these materials are outlined in Table 1.

The temperature at which the concentrate (metallized
concentrate in lump form) was loaded into the furnace
after reducing roasting varied within the range of 25
to 1000 °C. The concentrate (metalized concentrate in
briquette from) was loaded at 25 °C.

[ RESULTS AND DISCUSSION

Variants of calculations of melting indicators in
an ore-thermal furnace with the use of lump metallized
siderite concentrate loaded into the furnace at tempera-
tures of 25 — 1000 °C as an initial resource, all other con-
ditions being equal, are given in Table 2.

Graphical interpretation of the effect of tempera-
ture of the lump metallized siderite concentrate loaded
into a furnace on the productivity and specific power con-
sumption for melting is given in the Figure.

The analysis of the obtained results shows that the use
of highly heated lump metallized siderite concentrate is
one of the important process measures to increase the effi-
ciency of its electric smelting. When the temperature
of the material increases in the range from 25 to 1000 °C,
the specific power consumption decreases and the fur-
nace productivity increases.

Table 3 presents calculations comparing the melting
indicators in an ore-thermal furnace using a briquetted
metallized siderite concentrate loaded at a temperature

Table 2

Indicators of melting in ore-thermal furnace

Tabnuya 2. Iloka3areau IVIABKH B PYAHOTePMHYECKOI Meun

Indicator 25°C | 100 °C | 500 °C | 1000°C

Furnace capacity, MVA 16.5
S:;;‘;‘;f;lt‘s’nk;f/t‘fl‘;;’fe 1681.8 | 1681.8 | 1681.8 | 1681.8
1(\145&1)1)1252/: ONOEtIate 16818 | 16818 | 16818 | 16818
Dust output, kg/t metal 46.8 46.8 46.8 46.8
Metal losses, kg/t metal 10.0 10.0 10.0 10.0
E;f;oefaelconsump“"“’ 202 | 202 | 202 | 202
Metal composition, %

Si 0.40 0.40 0.40 0.40

Mn 1.24 1.24 1.24 1.24

P 0.03 | 0.03 | 0.03 0.03

S 0.005 | 0.005 | 0.005 | 0.005

C 0.10 0.10 0.10 0.10
Metal temperature, °C 1600 | 1600 | 1600 | 1600
Slag output, kg/t metal 579.8 | 579.8 | 579.8 | 579.8
Slag composition, %

Sio, 34.58 | 34.58 | 34.58 | 34.58

MgO 40.36 | 40.36 | 40.36 | 40.36

ALO, 489 | 489 | 489 | 489

MnO 5.32 5.32 5.32 5.32

FeO 5.00 | 5.00 | 5.00 5.00
Basicity of slag, CaO/SiO, | 0.28 0.28 0.28 0.28
Heat losses, % 35.0 35.0 35.0 35.0
Material balance, kg

Receipt 1678.2 | 1678.2 | 1678.2 | 1678.2

Consumption 1678.1 | 1678.1 | 1678.1 | 1678.1
E&‘]’Y f; f;ﬁ;“mpt‘on’ 1271.2 | 1229.2 | 1005.2 | 725.1
E;rt‘;?ghp‘“ capacity, ¥day | 313 | 2302 | 2925 | 4055
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Influence of initial temperature of metallized siderite (MS)
on parameters of ore-thermal smelting:
1 —power consumption; 2 — furnace performance

Biusinue HauanbHOH TeMneparypbl MeTamu3oBanHoro cuaepura (MC)
Ha [apaMeTpbl PyJIHOTEPMHYECKOH TJIaBKH:
1 — pacxo/l HIEKTPOIHEPIUur; 2 — MPOU3BOIUTEIBHOCTD IIEUN

of 25 °C as feedstock, with all other conditions held con-
stant. Additionally, the data obtained, along with the cal-
culated melting indicators of the lump metallized siderite
concentrate loaded at 1000 °C, are provided.

An analysis of the data reveals that feeding a lump
metallized siderite concentrate directly into an ore-ther-
mal furnace immediately after discharge from the rotary
furnace at temperatures exceeding 1000 °C (similar
to the technology employed in processing titanomag-
netites of the Bushveld complex in roasting furnaces
with loading of a hot stub end into the ore-thermal fur-
nace [20]), proves to be more efficient compared to melt-
ing a briquetted metallized siderite concentrate produced
through the pyrometallurgical processing of siderites as
described in [6; 12; 13].

Consequently, the pyrometallurgical processing tech-
nology eliminates the need for operations such as grind-
ing, magnetic separation for waste rock removal, as well
as drying and briquetting, thereby significantly reducing
the product’s overall cost.

The calculations demonstrate that the melting pro-
cess yields slag with a high magnesium oxide content,
characterized by a high melting temperature. However,
the addition of material containing boron, such as cole-
manite [21], to high-magnesia steelmaking slags signifi-
cantly reduces their melting point.

[ ConcLusions

The direct loading of lump metallized siderite con-
centrate into the electric furnace from the reducing fur-
nace in a hot state (at temperatures exceeding 1000 °C)
proves to be an effective method for melting and produc-
ing metal — a semi-product suitable for subsequent steel
production. To ensure adequate fluidity of the high-mag-
nesia slag at outlet temperatures, the addition of boron-
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Table 3

Comparative indicators of melting
in ore-thermal furnace

Tabnuya 3. CpaBHUTEbHbIE OKA3aTEIN MJIABKH
B PYAHOTEPMHYECKOH meqyn

Indicator 1000 °C | 25 °C

Furnace capacity, MVA 16.5
rCn(:;;lumption of iron-ore components, kg/t 16818 | 1114.1
Metallized concentrate (lump), kg/t metal 1681.8 0
x:s:lllized concentrate (briquette), kg/t 0 1114.1
Dust output, kg/t metal 46.8 27.2
Metal losses, kg/t metal 10.0 10.0
Electrode consumption, kg/t metal 20.2 20.2
Metal composition, %

Si 0.40 0.20

Mn 1.24 0.18

P 0.03 0.02

S 0.005 | 0.008

C 0.10 0.10
Metal temperature, °C 1600 1600
Slag output, kg/t metal 579.8 45.7
Slag composition, %

SiO, 3458 | 12.30

MgO 40.36 | 66.07

AlO, 4.89 4.29

MnO 5.32 0.76

FeO 5.00 5.01
Basicity of slag, CaO/SiO, 0.28 0.89
Heat losses, % 35.0 35.0
Material balance, kg

Receipt 1678.2 | 1132.1

Consumption 1678.1 | 1132.0
Power consumption, kW-h/t sold 725.1 | 773.4
Throughput capacity, t/day metal 405.5 | 380.2

containing materials, such as colemanite, to the charge
becomes necessary.
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STRUCTURE AND PROPERTIES OF LOW-ALLOY STEEL 10G2FBYuU
AFTER ROLLING IN EMBOSSED ROLLS UNDER CONDITIONS
OF ELECTROPLASTICITY

Yu. I. Pochivalov
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Abstract. The article describes the features of grain structure formation and mechanical properties of low-alloy steel 10G2FBYu after rolling in flat
and embossed rolls under the conditions of ordinary and electroplastic deformation. When rolling in embossed rolls, a significant non-uniformity of
deformation is achieved over the rolling cross-section, expressed in localized macroshifts directed at an angle of 45° to the rolling plane. It is shown
that local shear deformation during rolling in embossed rolls leads to an increase in the ultimate strength of the steel under study with a decrease
in plasticity of the rolled material. Rolling 10G2FBYu steel in embossed rolls under conditions of electroplasticity provides maximum strength
characteristics with a high hardening coefficient at the stage of macrodeformation. At the same time, the plasticity is maintained at a level sufficient for
technological purposes. Structural metallographic and electron microscopic studies showed that increase in strength of steel when rolling in embossed
rolls under conditions of electroplastic effect is caused by the refinement of ferrite grains to sizes less than 0.5 pm. Fractographic studies revealed
changes in the nature of fracture in steel during rolling in embossed rolls, which is expressed in appearance of areas of brittle fracture in the rolled
samples. Rolling under conditions of electroplasticity increases the proportion of ductile fracture and ductility of 10G2FBYu steel.

Keywords: 10G2FBYu steel, rolling, embossed rolls, electroplastic deformation, fracture, structure
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CTPYKTYPA U CBOUCTBA MANIONEFMPOBAHHOMN CTANM 10M2$610
MNOCNE NPOKATKU B PEJIbE®HbIX BAJIKAX B YCZTOBUAX
INEKTPONNACTUYHHOCTU
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AnHomayus. VccnenoBanbl 0COOEHHOCTH (OPMUPOBAHUS 36PEHHOM CTPYKTYpbl U MEXaHMYECKHE CBOMCTBA MasojieruposanHoi cranu 10I2DBIO
MoCJIe TMPOKATKU B IUIOCKUX M Pebe(HBIX BAJKaX B YCIOBUIX OOBIYHOI M 3ieKTporutacTuueckoi nedopmanuu. [Ipu mpokarke B penabeHbIX
BaJIKax JIOCTUIAeTCsl CyLIeCTBEHHAs HEPABHOMEPHOCTh Ae(OpMALIMH 110 CEYEHHIO MPOKATa, YTO BhIPAKAETCs B JIOKAIN30BAHHBIX MAaKPOC/ABUTaXx,
HAIpaBICHHBIX 1MOA yrmIoM 45° K IUIOCKOCTH Tpokata. JlokanbHas ciBUroBast aedopmanysi MpH NPOKaTKe B pelibe(HbIX BajKaxX HPHUBOAUT
K BO3pAcTaHUIO IIpejesia IMPOYHOCTH HCCIEYyeMON CTali IpU CHW)KEHUM IUIACTUYHOCTH IIpoKaTaHHoro Marepuana. IIpokarka cramu
10I"2DBIO B penbedHbIX BalKkax B YCIOBHSIX 3JEKTPOIUTACTUYHOCTH 00SCIIEUHBACT MAKCUMAJIbHBIC MPOYHOCTHBIC XaPAKTEPUCTUKH C BHICOKHUM
K03 HULUEHTOM YIIPOUHEHHUS Ha CTaJuu Makpoaedopmaiuu. [1I1acTHIHOCT TP HTOM COXPAHAETCS HA IOCTATOYHOM JUISl TEXHOJIOTUUECKUX LIeNei
ypoBHe. CTpyKTypHbIe MeTaIuIorpaduueckue 1 SIEKTPOHHO-MUKPOCKOITMYECKHE UCCIIEIOBAHMS MTOKA3aJI1, YTO MOBBIIICHNUE TPOYHOCTH CTAJIN IPH
MIPOKATKe B pesibe(PHBIX BAJIKaX B YCIOBUSX HJIEKTPOINIACTHYECKOro A dexra 00yCcIOBISHbI U3MENBIEHHEM 3epeH (eppHTa 10 pa3MEepOB MEHee
0,5 Mxm. dpakrorpaduueckue UCCleJOBAHNS BBISBIIN H3MEHEHUSI XapaKkTepa pa3pyIleHus B CTAJIN IIPU NPOKATKe B pesibePHBIX BaJIKax, KOTOpOe
BBIPAXKACTCSI B TOSBICHUM 00JIACTEll XPYIKOTro pa3pylIeHus B IPOKaTaHHBIX oOpa3uax. [lepexoxn k mpokaTke B yCIOBHAX IEKTPOIUIACTHYHOCTH
TIOBBIIIAET JIOJTIO BSI3KOTO pa3pyLICHHUs U MIaCTUIHOCTH ctanu 10 2DBLO.
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[ INTRODUCTION

Improving the quality of rolled sheets stands as
the paramount objective in rolling production. Attain-
ing enhanced strength in low-alloy steels, crucial for
construction, oil and gas equipment manufacturing,
and oil and gas pipeline production, can be achieved
through various methods: targeted alloying [1], cont-
rolled rolling [1; 2], asymmetric rolling [3], and other
techniques [4 — 6]. To produce high-strength fine-grained
rolled products, the suggestion is to employ deforma-
tion rolling processes featuring local macroshifts. These
macroshifts are facilitated by rolling sheet material in
rolls with annular grooves [7 — 9]. In [10], it is demon-
strated that rolling 09G2BT steel in such rolls results in
a 10 % increase in tensile strength and a 17 — 47 MJ/m?
boost in impact strength, while decreasing anisotropy (»)
from 2.8, observed during rolling in smooth rolls, to 1.9
when using rolls with annular grooves.

In [11 — 13], the study explores rolling in rolls with
a corrugated or wavy surface as a form of intense plas-
tic deformation. This induces local macroshifts, influ-
encing the rolled metal through localized deformation
effects. Such macroshifts play a crucial role in process-
ing the entire thickness of the sheet, refining the grain
structure, and forming a fine-crystalline grain structure.
This overall enhancement leads to improved strength
characteristics in the rolled metal, including an increase
in impact strength.

The quality of rolled metal can undergo substan-
tial improvement through the application of specia-
lized rolling methods combined with additional impact
on the metal via low-duty impulses of high-density elect-
ric current (up to 1000 A/mm?) [14 — 16]. This approach
is grounded in the electroplastic effect, which entails an
augmentation in the plasticity of materials under the influ-
ence of an electric current. Notably, higher deformations
have been achieved through rolling in the electroplastic
deformation mode, eliminating the need for intermedi-
ate high-temperature annealing [17 — 19]. In a related
study [20], it was demonstrated that rolling with current
could lead to the formation of a nanocrystalline structure
in titanium-based alloys and titanium nitride, signifi-
cantly enhancing their strength characteristics.

The current investigation encompasses an exami-
nation of the combined method involving rolling in
embossed rolls with the additional impact of electric cur-
rent pulses on the structure and mechanical properties
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of low-alloy steel 10G2FBYu. This is compared to rolling
in flat rolls, encompassing the electroplastic deformation
(EPD) mode.

[l MATERIALS AND METHODS

This study focused on low-alloy low-carbon steel
10G2FBYu. The steel composition includes, wt. %:
C0.10; Mn 1.58; Si0.38; S 0.005; P0.015; Ti0.019;
A10.034; V 0.076; Nb 0.048; N, 0.008.

The investigation involved steel in its as-delivered
state, specifically a 56 mm thick sheet after hot rolling.
Billets for rolling, in the form of rectangular section rods
measuring 15x10 mm with a length of 200 mm, were
cut from the original sheet along the rolling direction.
Four rolling modes were employed. Mode /: rolling bil-
lets in flat rolls, reducing thickness from 10 mm to 1 mm
without intermediate annealing in multiple passes with
a reduction per pass of 0.2 mm (referred to as rolling in
flat rolls). Mode 2: rolling samples from 10 mm to 3 mm
in flat rolls, from 3 mm to 1.6 mm in embossed rolls,
and from 1.6 mm to 1 mm in flat rolls without interme-
diate annealing in multiple passes with a reduction per
pass of 0.2 mm (referred to as rolling in embossed rolls).
Modes 3 and 4 differed from modes / and 2 by applying
electrical current pulses, with a frequency of 4 kHz and
a duration of 100 ps, from a specialized pulse generator
with a power of 600 W (referred to as rolling with EPD).

The rolling of steel samples took place on a VEM 3
laboratory mill.

Mechanical tests for uniaxial tension were conducted
using an Instron-5582 universal testing machine at a speed
of 10 s7! at room temperature. Samples of 10G2FBYu
steel for mechanical testing were cut into double-sided
blades with a working length of 25 mm and a cross-sec-
tion of 1x5 mm.

Metallographic studies utilized a Zeiss Axiovert 25
CA optical microscope.

Fractographic studies of the destroyed samples were
carried out using the raster electron microscopy with
a Tesla BS-300 scanning microscope.

Electron microscopic analysis was conducted utili-
zing a JEM—100 CXII transmission electron microscope
operating at an accelerating voltage of 100 kV. To pre-
pare samples for this analysis, sections were precisely cut
using an electrical discharge machine, ground to a thick-
ness of 100 um, and discs with a diameter of 3 mm were
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Fig. 1. Structure of 10G2FBYu steel in the state of delivery and after
rolling under different conditions:
a — in the state of delivery; b — after rolling in flat rolls;
¢, d — after rolling in embossed rolls;
e — after rolling in flat rolls with eloctroplastic deformation (EPD);
f— after rolling in embossed rolls with EPD

Puc. 1. Crpykrypa cranu 10I"2DBIO B cocTosiHIM OCTaBKA
U 110CJIe MTPOKATKHU B Pa3HBIX YCIOBHSAX:
a — B COCTOSIHMH MTOCTAaBKHU; b — MOCIIe MPOKATKH B IUNIOCKUX BaJIKaXx;
¢, d — 110c1e IPOKaTKU B pelibe(PHbIX BaJIKax;
e — TocTie MPOKATKH B IUIOCKUX Bajkax ¢ DI1/I;
f— mocie npokartky B perabedHbIX Bajkax ¢ DI1J]

subsequently cut. The samples were further polished until
a hole emerged through jet electropolishing in an electro-
lyte composed of 125 ml CH,COOH, 25 g GrO,, and
5 ml H,0.

[l RESULTS AND DISCUSSION

In Fig. 1, a, the structure of 10G2FBYu steel is
depicted in its as-delivered state after pickling in a 4 %
nitric acid solution.

The steel exhibits a typical two-phase grain structure
characterized by grains elongated along the rolling direc-
tion, displaying ferrite-pearlite banding (Fig. 1, a). Ferrite
grain sizes range from 5 to 15 pm, and the width of pear-
lite strips is 3 —7 pm. The tensile diagram of the steel
in its as-delivered state is illustrated in Fig. 2, curve /,
with a tensile strength of 563 + 12 MPa and a ductility
of approximately 15 % (refer to the Table).

Following rolling in flat rolls, 10G2FBYu steel deve-
lops a structure with grains elongated along the rolling
direction (Fig. 1, b). During the rolling process, pear-
lite colonies undergo substantial crushing and transfor-
mation into small particles, measuring 3 —5 pm in size
and exhibiting irregular shapes. The ultimate strength
of the steel experiences a notable increase (Fig. 2, Table).
However, concurrently, the ductility undergoes a signifi-
cant reduction, almost halving in comparison.

The structure of 10G2FBYu steel after rolling in
embossed rolls is presented in Fig. 1, ¢, d. Notably, roll-
ing in embossed rolls achieves significant, uneven defor-
mation across the cross-section of the rolled product, evi-
dent in localized macroshifts directed at a 45° angle to the
plane of the rolled product (Fig. 1, ¢). These shifts result

1200
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0 2 4 6 8 10 12 14 16
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Fig. 2. Stretching diagrams of 10G2FBYu steel:
1 — in the state of delivery; 2 — after rolling;
3 — after rolling in embossed rolls; 4 — after rolling with EPD;
5 — after rolling in embossed rolls with EPD

Puc. 2. lnarpammel pactsixenus cranu 10I2DBIO:
1 — B COCTOSIHUHM IOCTaBKH; 2 — HOCJIE MPOKATKH;
3 — mociie IPOKaTKH B peIbeHBIX Bajlkax; 4 — Hocie mpokarku ¢ DI1/1;
5 — mocse npokaTku B penbedHbIx Bankax ¢ DI1/]
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Mechanical properties of 10G2FBYu steel samples in the state of delivery
and after rolling without and with EPD

MexaHnuueckne cBoiictea 00pa3uos crajau 10I'2@BIO B cocTossHHN OCTAaBKU
u nocJjie npokarku 6e3 DI/ u ¢ I/

State Elastic strength | Yield strength | Ultimate strength Relative

(type of treatment) c,, MPa G,,> MPa c,, MPa elongation, %
As delivered 265 +22 353+£2 563 £12 15.0+2
After rolling 307 £27 502 +47 934+ 14 7.5+0.1
After rolling in embossed rolls 321+15 540 +29 938 +4 6.8+0.1
After rolling with EPD 278+9 423 +£24 958 £2 83+0.1
After rolling in embossed rolls with EPD 511+ 16 905 £ 17 1024 + 12 5.0=£0.1

from local shear deformation during the rolling process
in embossed rolls. Post-rolling, the grain structure under-
goes significant refinement, and a less pronounced banded
ferrite—pearlite structure is formed (Fig. 1, d) compared
to the original steel sample (Fig. 1, a). Strength charac-
teristics after rolling in embossed rolls are nearly identi-
cal to those of 10G2FBYu steel rolled in flat rolls (Fig. 2,
Table). Notably, there is a noticeable increase in the elas-
tic limit, the hardening coefficient at the macrodeforma-
tion stage, and, consequently, an elevation in the condi-
tional yield strength 6, .

Rolling in flat rolls in the electroplasticity mode
marginally enhances the tensile strength and ductility
of the steel compared to conventional rolling (Fig. 2,
Table). The structure of the steel rolled in the electroplas-
ticity mode remains consistent with that observed during
conventional rolling in flat rolls.

The structures of 10G2FBYu steel after rolling in
flat and embossed rolls in the electroplastic deformation
mode are depicted in Fig. 1, d, . Notably, the size and
morphology of cementite particles exhibit marked varia-
tions depending on the rolling method applied. Cemen-
tite particles in 10G2FBYu steel after rolling in flat rolls
with EPD (Fig. 1, e) are larger in size, with an average
width of 3.5 um, compared to rolling in embossed rolls
with EPD (Fig. 1, /) where the average width of cemen-
tite plates is 2.2 pm. In both rolling scenarios, highly
dispersed carbide particles are observed inside the ferrite
grains (Fig. 1, e, /).

The aforementioned mechanical test results for
10G2FBYu steel, following various rolling schemes,
underscore the significant influence of the rolling
scheme and additional impact on the strength proper-
ties of the rolled material. During rolling in embossed
rolls, where plastic flow occurs in both longitudinal and
transverse directions with significant local macroshifts,
the strength of 10G2FBYu steel surpasses that achieved
through conventional rolling in flat rolls. Rolling the steel
samples with the application of powerful electric current
pulses in the electroplastic deformation mode also leads
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to an increase in its strength characteristics. The peak
strength for 10G2FBYu steel is achieved after rolling
in embossed rolls while simultaneously subjecting it
to shear deformation and electric current pulses. In this
scenario, the tensile strength reaches 1000 MPa, accom-
panied by a substantial increase in the hardening coeffi-
cient at the macrodeformation stage, rising from 200 MPa
during conventional rolling to 500 MPa when rolling in
embossed rolls in the EPD mode.

An examination of the microstructure of 10G2FBYu
steel through transmission electron microscopy reveals
that in the as-delivered state, the predominant com-
ponent is ferrite (Fig. 3, a), with an average grain size
of 5~ 10 um. Deposits of iron carbide Fe,C of lamellar
or spherical type are observed inside and along the grain
boundaries. After rolling, a fine-grained structure with
an average grain size of 5 — 7 um forms in the steel, fea-
turing a cellular dislocation structure with misorientation
between cells ranging from 2 to 10°. It’s worth noting that
the post-rolling structure is highly heterogeneous.

Following rolling in embossed rolls, the average
grain size further decreases to 2 — 3 pum, and the grains
become fragmented into cells with sizes less than 0.5 pm.
This reduction in grain size during embossed roll roll-
ing is attributed to shear stresses, contributing to grain
refinement. Rolling under conditions of electroplastic
deformation, influenced by electric current pulses, leads
to an even more significant reduction in the average grain
size (less than 1 um) and the formation of a cellular struc-
ture with dimensions less than 0.3 um. This rolling mode
corresponds to the highest strength achieved for the stu-
died steel.

Similar findings were reported in [21], where it was
observed that rolling L80 brass in rolls with grooves led to
a reduction in the average size of the initial grain from 22
to 3 um. In contrast, traditional rolling only resulted in a
decrease in grain size to 9 um. The formation of a fine-
crystalline structure, as demonstrated in both studies,
contributes to an enhancement in the strength properties
of the rolled material.



I1ZVESTIYA. FERROUS METALLURGY. 2023;66(6):659-665.
Pochivalov Yu. L. Structure and properties of low-alloy steel 10G2FBYu after rolling in embossed rolls under conditions of electroplasticity

Fig. 3. Electron microscopic images of structure of 10G2FBY steel:
a — in the state of delivery; b — after rolling in embossed rolls

Puc. 3. DnekTpoHHO-MHKPOCKOIIMYECKHE U300paXeHus CTPYKTypbl cranu 10I2DBHO:
a — B COCTOSIHUHM IOCTaBKHU; b — MOCJIe MPOKATKU B pebedHBIX BalKax

The analysis of fracture patterns in 10G2FBYu steel
samples subjected to active tension reveals distinctive
characteristics. In the as-delivered state, fractures result
in knife-like patterns, with the fracture surface characte-
rized by plastic materials featuring a cup-shaped appear-
ance (Fig. 4, a, ¢). The size of pits on the fracture sur-
face ranges from 0.5 to 15 pm. Some pits contain small
(=2 pm) non-metallic inclusions. Tensile testing in this
state demonstrates the maximum ductility of 10G2FBYu

steel. The elongation of fracture pits indicates the pres-
ence of a shear stress component during fracture.

Following rolling in flat rolls, fractures in 10G2FBYu
steel exhibit delaminations along the rolled planes, signifi-
cantly elongated fracture pits, and the emergence of quasi-
cleavage areas (Fig. 4, b, d). The ductility of the steel
sharply decreases after rolling. These fracture features
persist during rolling in relief rolls and in the electro-
plastic deformation mode. After rolling in embossed

Fig. 4. Fracture factors of 10G2FBYu steel samples:
a, ¢ — in the state of delivery; b, d — after rolling in flat rolls; e — after rolling in embossed rolls;
f— after rolling in flat rolls with EPD; g — after rolling in embossed rolls with EPD

Puc. 4. ®pakrypsl pazpyienns oopasuos cranu 102DBIO:
a, ¢ — B COCTOSIHUH MTOCTABKH; b, d — MOCIIe IPOKATKH B IUIOCKUX BAJIKaX; € — MOCJIE IPOKATKH B peIbe(HBIX BaJIKAX;
f— mocie mpokaTku B IIOCKHX Bakax ¢ DI1J]; g — mocie mpokatku B peabedHbIX Bajkax ¢ DI/
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rolls, the proportion of quasi-cleavage increases, and
the fractograms of the fracture surface show large areas
with a quasi-brittle type of fracture (Fig. 4, e). Samples
rolled in the electroplastic deformation mode exhibit
a decrease in the proportion of brittle fracture. Fig. 4, f, g
display fractograms of the destruction of samples rolled
in flat and embossed rolls in the electroplastic deforma-
tion mode.

- CONCLUSIONS

The local shear plastic deformation occurring during
rolling in embossed rolls induces the formation of loca-
lized deformation bands. These bands play a crucial role in
effectively refining the grain structure and pearlite plates.
Structural investigations have demonstrated that, par-
ticularly during such rolling under conditions of electro-
plastic deformation, a submicrocrystalline structure with
a grain size of less than 0.5 um is established.

The development of a submicrocrystalline struc-
ture results in a significant enhancement of the strength
characteristics of the studied steel, including an increase
in the hardening coefficient at the stage of macrodefor-
mation. In this scenario, ductility experiences a reduc-
tion but remains at a sufficient level for practical appli-
cations. Fractographic studies have revealed alterations
in the nature of fracture in the steel during rolling,
manifested in the emergence of areas featuring brittle
fracture in the rolled samples. The shift to rolling under
electroplastic deformation conditions increases the pro-
portion of ductile fracture and enhances the ductility
of 10G2FBYu steel.
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ANALYSIS OF CONTACT ZONE OF COATING-SUBSTRATE SYSTEM
EXPOSED TO IRRADIATION WITH A PULSE ELECTRON BEAM

M. 0. Efimov?, Yu. F. Ivanov?, V. E. Gromov!®,

Yu. A. Shlyaroval, I. A. Panchenko?

! Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
2Institute of High Current Electronics, Siberian Branch of the Russian Academy of Sciences (2/3 Academicheskii Ave., Tomsk
634055, Russian Federation)

&3 gromov@physics.sibsiu.ru

Abstract. Using the wire-arc additive manufacturing method (WAAM) on a 5083 aluminum alloy substrate, a non-equiatomic Mn—Cr—Fe—Co—Ni
high-entropy alloy (HEA) coating was formed. By scanning and transmission electron diffraction microscopy we analyzed the structure, phase
and elemental composition of the contact zone after irradiation with high-current low-energy electron beams with the following parameters:
accelerated electron energy 18 keV, electron beam energy density 30 J/cm?, electron beam pulse duration 200 ps, number of pulses 3, pulse
repetition rate 0.3 s, Multiphase multiclement submicro- and nanocrystalline structures are formed predominantly in the substrate, which has
a lower melting temperature compared to HEAs. Mutual doping of the coating — substrate system occurs in the contact layer, which has sinuous
boundaries. The contact layers adjacent to the substrate and coating have the structure of high-speed cellular crystallization. In the layer adjacent
to the substrate, the cells are formed by a solid solution of magnesium in aluminum. Interlayers of the second phase, enriched in atoms of the
coating and substrate, are revealed along the cell boundaries. In the layer adjacent to the coating, the cells are formed by an alloy of composition
0.17Mg —20.3A1—4.3Cr — 16.7Fe — 9.3Co — 49.2Ni corresponding to the coating. Interlayers of the second phase, enriched mainly in magnesium
and, to a lesser extent, in atoms of the HEA coating, are located along the cell boundaries. Central region of the contact zone with a thickness
of ~1700 pm is formed by lamellar crystallites, which indicates the eutectic nature of its formation. Its main element is aluminum (=77 at. %).
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AHANN3 30HbI KOHTAKTA CUCTEMbI NOKPbITUE — NOANNOXKA,
NOABEPTHYTON OBNYYEHUIO UMNY/NIbCHbIM 3NIEKTPOHHbIM NYYKOM
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AHHOmMayus. MeTooM HpoBOJIOYHO-TYTOBOTO aaauTHBHOTO npou3BoactBa (WAAM — wire arc additive manufacturing) Ha TOJUIOKKE U3 aJro-
MuHHeBOro cruiaBa 5083 cdopmupoBaHO MOKPHITHE M3 BBICOKOAHTponuUitHOro criasa Mn—Cr—Fe—Co—Ni HeIKBHAaTOMHOTO cocTaBa. Me-
TOAAMH CKaHHPYIOLIEH W MPOCBEYUBAIOIIEH IEKTPOHHON AM(PPAKIIMOHHONW MHKPOCKOIMHU BBIIOJHEH aHAIM3 CTPYKTYpHI, (a30BOro  de-
MEHTHOTO COCTaBa 30HbI KOHTAKTa MOCJE OONYYCHUS! CHJILHOTOYHBIMH HHM3KOYHEPTeTHYCCKUMHU SJICKTPOHHBIMU MyYKAMH C MapamMeTpaMH:
SHEPrusl yCKOPEHHBIX 3JIEKTPOHOB 18 KdB; IJIOTHOCTL SHEPTUU MyuKa 31eKTpoHoB 30 JIk/cM?; IIMTENbHOCTh MMIYJIbCA IyYKa 3JIEKTPOHOB
200 MKC; KOJMYECTBO MMITYJIbCOB 3; 4acToTa cieqoBanus umnyibcoB 0,3 ¢! MHorogasHas MHOTO>IEMEHTHAs CYOMUKPO- U HAHOKPHCTAJ-
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JIMYecKasi CTPYKTYpbl (GOpMUPYIOTCS NPEUMYILECTBEHHO B IMOMJIOXKKE, KOTOpask UMeeT Oojee HU3KYIO TeMIeparypy IUIaBIeHHs 110 CpaBHe-
o ¢ BOC. B KOHTakTHOM cll0€, IMEIOIIEeM H3BUINCTBIC TPAHUIBL, IPOUCXOAUT B3aUMHOE JTETUPOBAHHE CUCTEMBI MOKPHITHE — MOIOXKKA.
KoHTakTHbBIE CI0M, NMPUMBIKAIOMINE K MOMIOXKKE U MOKPBITHIO, MMEIOT CTPYKTYPY BBICOKOCKOPOCTHOW sS4eHMCTOH KpucTaum3auuu. B cioe,
MIPUMBIKAIOMIEM K IOIOXKKE, STYeHKH 00pa30BaHbl TBEPIBIM PACTBOPOM MAarHHs B alfoMUHHUH. [1o rpaHUIaM sdeek HaXOATCS IPOCIOHKU BTO-
poii (a3bl, 00oraleHHbIe aTOMaMH ITOKPBITHS U MOIOXKKH. B cioe, npuMbIKaiomeM K MOKPBITHIO, sSIYeHKH ¢(OPMUPOBAHBI CIIABOM COCTaBa
0,17 % Mg —20,3 % Al —4,3 % Cr— 16,7 % Fe — 9,3 % Co — 49,2 % Ni, cOOTBETCTBYIOIIETO MOKPHITHIO. [0 TpaHKIIaM sUeeK pacnoIaraTcs
HpociIoiiky BTOpoit (a3bl, 000raIieHHbIe IPEUMYIIECTBEHHO MarHUEeM M B MeHbLIEeH cTenenn aromamu nokpsitus BOC. LlentpanbHaas odnacts
30HBI KOHTAKTa TONMHUHON npuMepHo 1700 MKM copMUpOBaHa KPUCTAIINTAMHE IIIACTHHYATOH (HOPMBL, UTO CBUICTEIIBCTBYET 00 IBTEKTUUC-
CKOH Tpupo/ie ee 00pa3oBaHusi. Ee OCHOBHBIM 3JIEMEHTOM SIBIISICTCS altoMUHUE (pumepHo 77 % (at.)).

Kalouegvle c/106a: BbICOKOOHTPONUMHBIN cIuiaB, criaB 5083, MeTos MPOBOJIOYHO-YTOBOTO aIMTUBHOTO MTPOU3BOJICTBA, UMITYJIbCHBIN AJIEKTPOHHBII

Iy4OK, SJIEMCHTHEII H (Pa30BBIi COCTaB, CTPYKTypa, 30HA KOHTAKTa
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[ INTRODUCTION

Over the past two decades, there has been a notable
surge in scientific interest regarding the development
and investigation of high-entropy alloys (HEAs) owing
to their distinctive microstructure, composite composi-
tion, and exceptional mechanical and functional prop-
erties [1; 2]. The pioneering materials in this category
were alloys within the Al-Co—Cr—Fe—Ni systems and
the Cantor alloy Mn—Co-Cr—Fe—Ni [3;4]. HEAs,
beyond possessing characteristics typical of conventional
metal alloys, exhibit unique and unconventional proper-
ties reminiscent of metal-ceramics. These include high
hardness and resistance to temperature hardening, disper-
sion hardening, a positive temperature hardening coeffi-
cient, elevated temperature strength, high wear and corro-
sion resistance, among other attributes [5 — §].

Various reviews [8 — 11] have comprehensively ana-
lyzed the structural-phase states, properties, simulation,
production methods, and application areas of the most
promising HEAs. It has been emphasized that the advent
of HEAs represents a significant leap forward in
the advancement of metal alloys.

Currently, there is a wealth of information being
actively accumulated on high-entropy alloys (HEAs),
encompassing structural-phase states, defect substruc-
ture, stability, deformation behavior over a broad tem-
perature range, the impact of doping and other factors,
as well as novel methods for HEA production [12 — 17].
In the realm of HEA physics, there is a distinct focus on
enhancing surface properties through various treatments,
including irradiation with low-energy high-current elec-
tron beams. Electron-beam processing offers ultrahigh
surface heating rates (up to 10® K/s) and subsequent cool-
ing through heat-water transfer to the material’s bulk.
This leads to the formation of nonequilibrium submicro-
and nanocrystalline structural-phase states, the develop-
ment of a columnar structure, and the homogenization
of chemical composition [18].

The primary objective of the current study is to ana-
lyze the structural-phase states within the contact zone
of the HEA layer (coating) formed by wire-arc additive
manufacturing on alloy 5083 (substrate) and subjected
to electron-beam treatment.

] MATERIALS AND METHODS

The material under investigation in this study comp-
rised a coating — substrate system. The coating was
a high-entropy alloy with the elemental composition
Mn-Cr—Fe—Co—Ni, fabricated onto the substrate using
wire-arc additive manufacturing [1; 2]. The substrate
material employed was alloy 5083. The contact zone
of the coating—substrate system underwent irradiation
with an intense pulsed electron beam using the SOLO
installation. The process parameters for the irradia-
tion were as follows: accelerated electrons’ energy
U = 18 keV, electron beam energy density £, =30 J/cm?,
electron beam pulse duration z = 200 ps, number of pulses
N = 3, and pulse repetition rate = 0.3 s7'. The irradiation
took place in a vacuum at a residual gas pressure (argon)
in the installation chamber of p = 0.02 Pa. To investigate
the structural phase states of the contact zone between
the coating and the substrate, scanning electron micros-
copy (SEM 515 Philips with EDAX ECON IV X-ray spect-
ral microanalyzer) and transmission diffraction electron
microscopy (JEM-2100) were employed [19 — 21]. Foils
for the transmission electron microscope were prepared
through ion thinning (Ion Slicer EM-091001S, utilizing
argon ions) of plates obtained from bulk samples using
an Isomet Low Speed Saw unit. The cutting was per-
formed perpendicular to the surface of the HEA deposited
layer, extending from the interface between the substrate
and the deposit. This method facilitated the observation
of structural and phase composition changes in the mate-
rial with distance from the contact zone of the coating
with the substrate.
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Fig. 1. Structure of the contact zone of HEA surfacing
and substrate (AMg5) irradiated with a pulsed electron beam (a, c)
and energy spectra obtained from regions 4 (b) and B (d)
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Puc. 1. CtpykTypa ob1acT KoHTaKTa HamwaBku BOC
1 TOJU10KKH (AMTS), 00JIy4eHHOI NMITYIbCHBIM AJIEKTPOHHBIM
My4KOM (&, ¢) ¥ SHEPreTHYECKUEe CIICKTPBI, OITyYCHHbIS
¢ obnactu 4 (b) n obnactu B (d)

[l RESULTS AND DISCUSSION

In Fig. 1, an electron microscopic image displays
the cross-section of the contact zone between the coa-
ting (HEA) and the substrate (alloy 5083). An extended
layer, up to 700 pm thick, is evident, characterized by
microcracks along the contact boundary on the substrate
side. The sinuous boundaries of the contact layer suggest
a high degree of fusion between the substrate and deposi-
ted material.

X-ray spectral microanalysis revealed mutual diffu-
sion of atoms from the substrate and coating, as indicated
in Table 1. Notably, the near-contact layer of the coating
shows aluminum doping (Fig. 1, a, b, analysis region 4),
while the near-contact layer of the substrate exhibits dop-
ing with HEA elements (Fig. 1, ¢, d, analysis region B).
Significantly, aluminum is more pronounced as a dopant
in the coating, likely attributed to its lower melting
point compared to HEA. Fig. 2 illustrates the change in
elemental composition in the contact layer of the film —
substrate system during the transition from the surfacing
metal to the substrate metal (Fig. 2, ). A smooth transi-
tion in the elemental composition of the contact zone sug-
gests the absence of vortex flows in the employed method
of coating deposition on the substrate and subsequent
irradiation with a pulsed electron beam.

Under the conditions of irradiation with a pulsed elec-
tron beam, mutual doping of the coating and substrate is
expected to result in a significant alteration of the phase
composition in the contact zone. The elemental and phase
compositions were investigated using thin foil methods in
layers (Fig. 2, b).

The examination revealed that the structure of layer /
is characterized by cells displaying high-speed crystal-
lization (Fig. 3, a). As it moves away from the contact
zone with the coating, the cellular structure transforms
into a layered structure (Fig. 3, b). The majority of cells
constitute a solid solution of magnesium in aluminum,
consistent with alloy 5083 (Table 2, analysis regions /
and 2 are indicated in Fig. 3). Second-phase layers

Table 1

Results of microrentgenospectral analysis
of elemental composition of the coating in 4 region
and the substrate in B region

Tabnuya 1. Pe3yabTaTbl MUKPOPEHTIE€HOCIIEKTPAIBLHOIO
AHAJIM32 3JIEMEHTHOI'0 COCTaBa MOKPBITHS B 001acTH A
U NOLJI0KKH B 00jactu B

. Content, at. %
Region .
Mg | Al Cr | Mn | Fe Co Ni
A 57 1924 03 | 05 ] 05 03| 03
B 0 123 | 12.6 | 2.7 | 325 | 25.3 | 14.6
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Fig. 2. Dependences of alloying elements concentration (b) of the contact zone of coating and substrate identified along the line (0 — 1700)
shown on a (Z, 11, III — layers in which the analysis of structural-phase states was carried out by TEM and STEM methods)

Puc. 2. 3aBUCHMMOCTH KOHIIEHTPALMH JETUPYIOIIHX JIEMEHTOB (b) 30HbI KOHTAKTa MOKPBITHS U TOATIOKKH,
BhIsiBIIeHHBIE B0 JiuHKH (0 — 1700), mpuBeneHHoi Ha o3. a (uudpamu 7, 11, 111 0603Ha4YEHBI CIIOH, B KOTOPBIX OCYIIECTBIISUICS aHAIIN3
CTpYKTYpHO-(ha30BbIX coctosinuii Metonamu TEM u STEM)
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Fig. 3. Structure of layer / of the surfacing — substrate system irradiated by a pulsed electron beam
(I and 2 — areas of microrentgenospectral analysis of the alloy elemental composition)

Puc. 3. CtpykTypa ci1ost / CHCTEMBI «HAIIaBKa — IIOIOKKA, 00TyYeHHOH HMITYIbCHBIM 3IEKTPOHHBIM ITy9KOM
(mmdpamu / n 2 0603HaueHBI 00JIACTH MUKPOPEHTICHOCIIEKTPAIBHOTO aHAIM3a JIEMEHTHOTO COCTaBa CIIaBa)

at the cell boundaries are enriched with atoms from both
the surfacing and substrate.

Through darkfield analysis with subsequent micro-
electronogram identification, it was determined that
the majority of high-speed crystallization cells were
formed by a solid solution based on aluminum. These
cells are separated by layers of the Mg,Si phase.

Layer /I exhibits a lamellar structure seemingly arising
from eutectic transformation during high-speed heat treat-
ment initiated by the pulsed electron beam (Fig. 4, a). X-ray
spectral microanalysis of the foil indicates that the predo-
minant element in layer // is aluminum (76.8 %), accom-
panied by smaller amounts of Mg (4.1 %), Cr (2.2 %),
Mn (0.3 %), Fe (4.9 %), Co (1.6 %), Ni (10.1 %) (at. %).

Darkfield analysis, coupled with subsequent micro-
electronogram identification, revealed that this layer
is composed of plates corresponding to the follo-

Table 2

Results of micro-X-ray spectral analysis
of the elemental composition of the surfacing — substrate
system irradiated with a pulsed electron beam

Tabauya 2. Pe3yabTaThl MUKPOPEHTI€HOCTIEKTPAJIBHOIO
aHAJIM32 3JIEMEHTHOI'0 COCTABa CHCTEMbI «HAIJIaBa — MOJI-
JIOKK2», 00/1y4eHHOI UMITYJIbLCHBIM 3J1eKTPOHHBIM IIy4KOM

Spect- Content, %
rum | Mg | Al | Si | Cr | Mn| Fe | Co | Ni
Region A
1 3.55 19645 0 0 0 0 0 0
2 5.69 |83.06|3.95|0.27 | 038 | 1.44 | 0.41 | 4.79
Region B
3.00 | 97.00| 0O 0 0 0 0 0
2 10.73 1 80.65|2.43 1 0.29 | 0.31 | 1.25 | 0.33 | 4.02
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Fig. 4. Structure of layer /7 of the surfacing — substrate system:
a — light-field image; b, d — dark-field images; ¢ — microelectronic image from the foil section (a).
Image (b) was obtained in reflex [113]Al,;Fe,; image (d) was obtained in reflexes [101]Cr—Ni-Fe + [114]Al Fe;
on (c) the reflexes are indicated in which the dark fields / (b) and 2 (d) are obtained

Puc. 4. Crpykrypa ciost I cUCTEeMBbI «HAIUIaBKa — MOJUI0KKa»:
a — CBETJIONOJIbHOE N300paxkeHue; b, d — TEMHOIIOIBHBIC H300paXKEHHUS; ¢ — MUKPOJIEKTPOHHOTPAMMA ¢ ydacTka (poibru (a).
Uzobpaxenue (b) nomyueno B pedexce [113]Al,;Fe,; nzobpaxenue () nonyqeno B peduekcax [101]Cr—Ni-Fe + [114]Al Fe;
Ha 1103. (¢) 0003HaueHbI peIeKchl, B KOTOPBIX OIy4eHbl TeMHble oiist [ (b) u 2 (d)

wing phases: Al Fe, (Fig. 4, b), Cr—Ni-Fe and Al Fe
(Fig. 4, d).

Layer /11, akin to layer I, consists of cells displaying
high-speed crystallization (Fig. 5, a). The majority of these
cells constitute an alloy with the composition 0.17 % Mg —
- 20.3%Al-4.3% Cr—16.7% Fe —9.3 % Co—49.2 % Ni,
aligning with a HEA doped with substrate elements. Inter-
layers of the second phase, situated along the bounda-
ries of the cells, are also formed by elements from
the surfacing and substrate (41.5 % Mg— 10.9 % Al —
-9.0%Cr—1.0%Mn—-15.2% Fe—4.1 % Co—18.4 % Ni).

Darkfield analysis, along with microelectronogram
indication, revealed that the bulk of high-speed crystal-
lization cells in layer /II is constituted by a solid solu-
tion based on HEA, doped with aluminum and magne-
sium (Fig. 5, b). These crystallization cells are separated
by interlayers of the Al,Cr,Mg, phase (Fig. 5, c).

- CONCLUSIONS

The wire-arc additive manufacturing method was
employed to create a HEA coating with a non-equi-

Fig. 5. Structure of layer /I of the surfacing — substrate system after electron beam processing:
a — lightfield image; b, ¢ — dark-field images and microelectronogram () obtained from the foil section (a).
Image (b) was obtained in the reflex [210]Cr-Ni-Fe; image (c) was obtained in reflexes [222]Cr-Ni-Fe + [880]Al ,Cr,Mg;;
on (d) the reflexes are indicated in which dark fields / () and 2 (¢) are obtained

Puc. 5. Ctpykrypa cinost /I cucTeMsl «HaIIaBKa — IOI0KKA) TIOCIIE 3IEKTPOHHO-ITyIKOBOI 06paboTKu:
a — CBETJIONOINIbHOE N300pakeHne; b, ¢ — TEMHOIOJIbHBIC H300paXKEHUsI 1 MUKPO3JIEKTpOHOrpamMma (), moay4eHHbIe ¢ yyactka (Goibru (a).
U3zo6paxenue (b) nonyueno B peduexce [210]Cr—Ni-Fe; uzobpaxenue (c) nonyueno B peuiekcax [222]Cr—Ni-Fe + [880]Al Cr,Mg;;
Ha 1103. d 0003Ha4eHbI peIIeKChI, B KOTOPBIX MOTy4eHbl TeMHbIe 1oiist [ (b) u 2 (c)
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atomic elemental composition Mn—Cr—Fe—Co—Ni on
alloy 5083. The contact zone of the coating — substrate
system underwent irradiation with an intense pulsed
electron beam. Through advanced techniques in physi-
cal materials science, investigations into the elemental
and phase compositions, as well as the state of the defec-
tive substructure of the alloy formed in the contact
zone of the substrate — coating system, were conducted.
The analysis revealed mutual doping of the coating
and substrate in a layer with an approximate thick-
ness of 1700 pm. The high-speed cooling of the contact
zone in the coating — substrate system, occurring under
the thermal influence initiated by a pulsed electron beam,
resulted in the formation of a multi-element, multi-phase
submicro-nanocrystalline structure. The contact layer
adjacent to the substrate exhibited a high-speed cellular
crystallization structure, with the cell bulk formed by a
solid solution of magnesium in aluminum, corresponding
to alloy 5083. Interlayers of the second phase, enriched in
atoms from both the coating and substrate, were observed
along the cell boundaries. In the central region of the con-
tact zone, plate-shaped crystallites were found, suggest-
ing a potential eutectic nature of formation. The primary
chemical element in this area was aluminum, constitut-
ing approximately 77 at. %. The contact layer adjacent
to the coating displayed a high-speed cellular crystal-
lization structure, with the majority of cells formed
by an alloy composition (0.17 % Mg — 20.3 % Al —
—43%Cr—16.7 % Fe — 9.3 % Co — 49.2 % Ni) corres-
ponding to HEA, doped with substrate elements. Inter-
layers of the second phase, located along the boundaries
of'the cells, were enriched with magnesium and, to a lesser
extent, with atoms forming the coating.
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LUDERS AND PORTEVIN—LE CHATELIER PROCESSES
IN AUSTENITIC-MARTENSITIC TRIP STEEL
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Abstract. The authors studied the nature of mobile fronts of localized deformation that generate and propagate during deformation of metastable
austenitic-martensitic TRIP steel VNS9-Sh along the entire length of the loading curve from the yield point to fracture. A joint research of the nature
of the deformation fronts movement and kinetics of the magnetic phase accumulation made it possible to establish that the fronts under consideration
are the fronts of the thermoelastic phase transformation of metastable austenite into martensite. This transformation is realized firstly by formation
of the Chernov-Liiders bands and then the Portevin—Le Chatelier bands. Both processes are consistent with staging of the deformation curve,
which contains a pseudo-plateau, a section with an increasing hardening coefficient, and a section with a decreasing hardening coefficient. It is
shown that the deformation-induced phase transformation corresponds to the fronts propagating on the pseudo-plateau and on the section of loading
curve with an increasing hardening coefficient. The Portevin—Le Chatelier bands, which are formed in the section of the loading diagram with
a decreasing hardening coefficient, are not associated with “austenite-martensite” transformation and have a twin nature. The kinetics of thermoelastic
transformation fronts, as well as deformation fronts in materials with a shear mechanism of shaping, can be described in terms of the autowave
concept. On the yield plateaus, the phase transformation occurs through generation and propagation of localized plasticity switching autowaves.
In the section with an increasing hardening coefficient, it continues through generation and movement of excitation autowaves. The propagation
regions of excitation autowaves are limited in the sample space. They are set by the zones of origin and annihilation of primary switching autowaves
which were formed on the yield plateau.

Keywords: TRIP steel, thermoelastic phase transformation, localized deformation fronts, Chernov—Liiders bands, Portevin—Le Chatelier bands, switching
autowaves, excitation autowaves
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Mprouecchbl J1IIOAEPCA U MOPTEBEHA-JIE LUATENDBE
B AYCTEHUTHO-MAPTEHCUTHOM TRIP-CTANU

B. U. lanusioB “, [I. B. OpJioBa, B. B. lTop6aTeHko, JI. B. lanuioBa

HHceTuTyT QU3UKU NPOYHOCTH M MaTepuaJioBeneHus Cudupcxoro oraenenuss PAH (Poccus, 634055, Tomck, np. Akagemudec-
Kui, 2/4)

&) dvi@ispms.ru

AnHomayus. ViccnenoBana npuposa MOABHKHBIX (PPOHTOB JIOKATM30BaHHON Ae(OpMAaIMU, KOTOPbIE BOZHUKAIOT U PACIIPOCTPAHSIOTCS B HpoLecce
nedopMupoBaHus MeTacTaOMIbHON aycTeHuTHO-MapTeHcuTHOH TRIP-crann BHCO-11I Ha Bcem mpoTskeHUM KPUBOI HArpy>KeHHs OT Ipezesna
TeKyuecTH 10 paspyiieHus. COBMECTHOE MCCIIeJOBaHHE XapaKTepa ABMKEHUs 1e(OpPMALMOHHBIX ()POHTOB M KMHETHKH HAKOIJICHHS MArHUTHOM
(a3bl 1M103BOJIMIIO YCTAHOBUTb, YTO PacCMaTpHBaeMble (PPOHTHI ABISIOTCS (PPOHTAMH TEPMOYHPYToro (azoBoro npeBpaeHus MeTacTabHIbHOTO
aycTeHHTa B MapTeHCHMT. JlaHHOe mpeBpallleHHe peainsyercs BHauane myTteM (opmupoBanus nonoc Yepnosa—Jliomepca, a 3arem mosoc
Iopresena—Jle Illarense. O6a npouecca CONIacoOBaHbl CO CTaAMHHOCTBIO 1e(hOPMALIIOHHOM KPUBOM, KOTOPAsi COAEPHKUT BHIPOXKICHHYIO IIOLIANKY
TEKY4eCTH, Y4aCTOK C BO3PACTAOMINM KO3(D(DHUIIMEHTOM YIPOYHEHUSI M y4acTOK ¢ yObIBaromuM ko3 duuneHtom ynpodnenus. [lokazaHo, uyto
nedopMalmOHHO-UHYLIMPOBAaHHOMY (Da30BOMY MPEBPAIIEHUIO COOTBETCTBYIOT (DPOHTHI, PACIPOCTPAHSIOIIMECS HA IUIOMIAJKEe TEKy4eCTH U Ha
y4acTKe KPUBOH HarpyxKeHusi, ¢ Bo3pacraroiium koddduipentom ymnpounenus. [lonocer [TopreBena—Jle Illarense, koTopsie 0Opa3yrorcsi Ha
y4acTKe JUarpaMMbl Harpy>KeHUsl ¢ yObIBAIOIIUM KOI(D(PULMEHTOM YIIPOUHEHUS], C IIPEBPALLEHHEM «ayCTEHUT — MAPTEHCUT» HE CBA3aHbl U UMEIOT
JIBOMHHUKOBYIO Tpupoay. KuHernka GppoHTOB TepMOYNpyroro NpeBpalleHus, Kak ¥ JeGopMalnoHHBIX (POHTOB B MaTepHaiax cO CABUTOBBIM
MEXaHU3MOM (DOPMOU3MEHEHHMs, MOXKET ObITh ONMCAHA B PaMKaxX aBTOBOJIHOBOM koHuenuu. Ha ruromankax Tekydectu (a3zoBoe NpeBpalleHue
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TIPOUCXOJUT ITYTEM 3apOXKJACHHUSA U paCIPOCTPAaHCHUA aBTOBOJIH IEPEKIIOUCHUA JIOKAJIM30BaHHOM MIacTUYHOCTH. Ha ydacTKax C BO3pacTarouium
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KOTOpPBIC ObLIN C(bOpMPIpOBaHLI Ha mjiomaakax TeKy4eCTH.
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[ INTRODUCTION

The utilization of the autowave concept to characte-
rize Liiders deformation in low-carbon steel has proven
to be productive [1]. This conceptual framework enabled
the establishment of the nonlinear relationship between
the speed of Liiders fronts and the deformation rate, shed-
ding light on the underlying reasons for this nonlinea-
rity. It is recognized that, at the microscopic level in
low-carbon steel, the emergence of Chernov-Liiders
bands (ChLB) is attributed to two competing processes:
the thermally activated movement of dislocations, where
the primary barriers are “forest” dislocations, and their
additional hindrance due to the deposition of impurity
atoms on mobile dislocations (effect of dynamic strain
aging) [2 —4]. Nevertheless, certain materials, such as
shape memory alloys and certain steels with a metastable
phase structure, exhibit ChLB formation at the microlevel
not linked to dislocation processes but rather to deforma-
tion-induced phase transformation [5—8]. This raises
the question of how applicable the autowave concept
of plastic flow is in such cases.

In response to the demands of technological practice,
the advancement of insights into the mechanisms gov-
erning thermoelastic phase transformations has contrib-
uted to the development of TRIP-steels (transformation
induced plasticity), characterized by high strength coup-
led with significant plasticity. This steel class encom-
passes metastable austenitic—ferritic [8] and austenitic—
martensitic steels [9]. The attainment of the TRIP effect
is contingent upon the nature of changes in metastable
austenite volume fraction during mechanical process-
ing. This process is influenced by various parameters,
including the crystal lattice orientation, temperature,
deformation rate, degree of hardening, and the hetero-
geneity of alloying element distribution [10 — 13]. For
example, the authors of [12] demonstrated that the dis-
parate stability of austenite in austenitic—ferritic TRIP
steels stems from the nonuniform distribution of manga-
nese. Similarly [9], established that the stability of aus-
tenite in austenitic—martensitic TRIP steel varies based
on the reduction amount during “warm” rolling. When
the degree of hardening of the austenite phase is substan-
tial, the transformation occurs at high stresses and is fully

674

completed at the yield point. If the hardening is not sig-
nificant and the yield strength is low, only a small por-
tion of the austenite transforms into the martensite phase
at the yield site. The transition in the remaining austenite
grains occurs in subsequent stages of the loading curve
through the mechanism of formation and propagation
of Portevin—Le Chatelier (PLCh) bands. It was noted
in [14] that the fronts of the Chernoff—-Liiders bands
(ChLB) and the fronts of the PLCh bands represent dis-
tinct autowave modes. As the processes of shape change
in austenitic-martensitic TRIP steels unfold through
the thermoelastic transformation of non-magnetic aus-
tenite into a magnetic martensitic phase, the objective
of this study is to examine the kinetics of localized plastic
deformation fronts concurrently with the characterization
of martensite accumulation patterns based on the mate-
rial’s magnetization magnitude.

[l MATERIALS AND METHODS

The investigations were conducted on samples
of VNS9-Sh (23Kh15N5SAM3-Sh) TRIP steel. 1 mm thick
plates as delivered underwent austenitization (hardening)
with a 1 h exposure at a temperature of 7= 1400 K, fol-
lowed by cooling in water. Subsequently, multi-pass warm
rolling was performed atatemperature of 620 K witha40 %
reduction. Following austenitization, the steel exhibited a
low yield strength (c,, =250 MPa) and high plasticity
(6 =27 %). Hardening during rolling resulted in an almost
threefold increase in yield strength (c,, =735 MPa),
accompanied by a reduction in plasticity to 20 %. The aus-
tenitized state is denoted as /, and the rolled state as 2.
The chemical composition of VNS9-Sh steel is as follows
(by weight): 0.25 % C; 14.5-16.0 % Cr; 4.8 — 5.8 % Ni;
2.7-3.2 % Mo; 0.03-0.07 % N; <1 % Mn; <0.6 % Si;
<0.01 % S; <0.015 % P.

Using the electric spark method, samples of the “doub-
le blade” type with working part dimensions of 406 mm
were cut from the workpieces. The samples underwent
uniaxial tension testing at room temperature using
a Walter + Bai AG universal testing machine, LFM 125
series. The moving speed of the movable gripper (V)
was set at 0.4 mm/min, ensuring a deformation rate

of 1.67-10* s7L.
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Throughout the stretching process, digital images
of the deformed sample were sequentially recorded, fol-
lowing a procedure similar to the one outlined in [1].
The recorded series of images served for the identifica-
tion of areas with localized deformation, and their kinet-
ics were analyzed using the traditional method of digital
image correlation (DIC) [15]. Utilizing the obtained data
arrays, chronograms were constructed [1; 16], enabling
the detection of regions of origin, movement, and annihi-
lation of localized deformation fronts.

Simultaneously, changes in the martensite content
in the samples were determined in sifu by measuring
the magnetization of the material using an MVP-2M multi-
functional eddy current device. This magnetic measure-
ment method allows for the quantification of the volume
fraction of the magnetic phase without the necessity
of interrupting mechanical tests. The magnetic measure-
ment sensor remained in contact with the working part
of the sample throughout the entire loading duration, with
a sensor probe diameter of 2 mm.

[ Resutts

Fig. 1 depicts the strain curves o(e) and the corres-
ponding variations in the strain hardening coefficient
0(¢) = do/de(e) for samples in states / and 2. A compre-
hensive analysis of these dependencies facilitate identifi-
cation of five distinct areas: /, 11, I11,, III , I][j. Section /
(0 —¢,) corresponds to elastic loading and microplasticity
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(not shown in the 6(¢) dependence for state /). Section I/
(¢, — t,) includes a weakly defined tooth and an imperfect
yield plateau (referred to as a pseudo plateau in the ter-
minology of [16]). Following section /I, the nonlinear
stage /Il begins with a positive hardening coefficient.
In section /I, (¢, — t;) the hardening coefficient increases
from zero to its maximum value. Section /11, (¢, — ;) is
characterized by a decline in the hardening coefficient
from its maximum value to zero, akin to the traditional
parabolic strain curve described by the Hollomon—Lud-
wik equation 6 = 6, + Ke" (where K is the strain harde-
ning coefficient and n is the strain hardening index,
with n < 1). In the austenitized state /, stress surges are
observed against the backdrop of this curve (section 17,
1, - ts). The Table provides the values of time and defor-
mation corresponding to the boundaries of the stages and
sections.

The magnetic measurements conducted during
the tensile tests of the sample enabled the characteri-
zation of the process of martensitic phase accumula-
tion and, consequently, a reduction in the volume frac-
tion of metastable austenite. Throughout deformation,
the content of the austenite phase in steel decreased from
93 % to approximately 30 % in state /, and from 80 %
to approximately 40 % in state 2 (Fig. 2).

As established in [17], the deformation of TRIP steels
develops locally through the formation and movement
of deformation fronts. In the present work, it has been
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Fig. 1. Stress-strain curve and hardening coefficient of VNS9-Sh steel in states / (a) and 2 (b)

Puc. 1. Jlepopmannonnas kpusas u ko3 duiuent ynpounenus cranu BHCI-11I B cocrostausix 1 (a) u 2 (b)

Duration of loading curve stages

I[IpoaokuTeILHOCTH CTAAUI KPUBOIi HATPYKEHUS

State £, 8 & tys S & .8 & t,s €. I5, S o
J J
1 18 | 0.003| 90 |0.015| 545 | 0.090 | 1050 | 0.175 | 1575 | 0.265
2 83 10.014 | 227 | 0.078 | 470 | 0.078 - - 1214 | 0.202
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Fig. 2. Variation in phase composition of VNS9-Sh steel during deformation in states / («) and 2 (b)
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demonstrated that the kinetics of deformation fronts align
not only with the stages of the hardening curve but also
with changes in the phase composition.

Fig. 3 shows the initial section of the chronograms
depicting the movement of deformation fronts in TRIP
steel in states / and 2. The chronograms are constrained
to 810 s (state /) and 1150 s (state 2) due to the signifi-
cantly higher amplitudes of deformation in the destruction
zone compared to the pseudo plateau. This sharp inhomo-
geneity in contrast complicates the perception of fronts
in the early stages of deformation. It is evident that in
all sections, except for section /, localized deformation
fronts are in motion. During the pseudo plateau stage,
ChLBs form in both states, denoted as 4, B, C, and 4, B,
C, D, E for states / and 2, respectively.

The chronogram in Fig. 3, a (state [), illustrates that
the Liiders band 4 appeared on the yield tooth at time 7, .
Subsequently, bands B and C were formed, and their
fronts (boundaries) moved in pairs towards each other,
culminating in annihilation at time #,. At this juncture,
the entire working area of the sample has transitioned
into a plastically deformed state. The regions of annihila-
tion of Liiders fronts play a pivotal role in the subsequent
stages.

In all sections of nonlinear stage III, there is also
the movement of localized deformation fronts (Fig. 3, a).
However, initially, they originate and spread within
the boundaries set by the annihilation zones of the Liiders
fronts. The movement of deformation fronts during
stage /Il is such that, overall, they traverse the entire
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Fig. 3. Chronograms of phase transformation fronts propagation in VNS9-Sh steel in states / (a) and 2 (b)
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sample multiple times. As section I/, commences,
the regions of annihilation of Liiders fronts cease to serve
as boundaries for the movement of deformation fronts
during stage //1.

In state 2 (Fig. 3, b) in the pseudo plateau area, the sce-
nario is analogous to that described for state /, albeit with
a higher generation of Chernov—Liiders bands (ChLB).
The regions of annihilation of Liiders fronts continue
to act as constraints on the movement of deformation
fronts during stage III. However, in this case, such fronts
move only up to approximately 700 s. Following this
period, macro-level deformation localization is absent
until the formation of a fracture neck at 7, = 1214 s.

In a previous study [17], it was hypothesized that
the observed fronts of localized deformation are attribu-
ted to the progression of the y — o phase transformation.
If this assumption holds true, the accumulation of the mar-
tensite phase should align with the kinetics of deformation
fronts. In Fig. 3, horizontal blue lines denote the coordi-
nates where the magnetic measurement sensor is posi-
tioned on the working part of the sample; the numbers
indicate the instances of the passage of localized defor-
mation fronts through these coordinates. As the deforma-
tion front traverses the specified point, the rate of strain
accumulation de/dt sharply increases, as evident in Fig. 4.
Time instant / (state /) corresponds (Fig. 4, a) to the pas-
sage of front 4 of the Liiders band through the magnetic
sensor probe, while the subsequent instances (2 — 10)
denote the passage of localized deformation fronts during
stage I11.

In Fig. 4, a, the dependence of the rate of martensite
phase accumulation on time in state / is also depicted.
It is evident that the passage of front 4 of the Liiders
band at time / corresponds to the maximum rate of for-
mation of the magnetic phase of o' martensite. It is esti-
mated that up to 10 % of the magnetic phase is formed
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on the pseudo plateau. The remaining transformation
y — o' primarily occurs in the nonlinear section /11,
under conditions of increasing hardening rate. Here, too,
the maximum rate of martensite formation aligns with
times 2 — /0, coinciding with the passage of deforma-
tion fronts through the probe. The highest transforma-
tion rates are observed at times of passage of fronts 5 — 8.
In total, approximately 50 % of the martensite phase is
formed in section /71,. As section III  begins (z, = 545 s),
the transformation rate sharply decreases, and the corres-
pondence between the time of passage of deformation
fronts and the maximum rates of y — o’ transformation is
disrupted. By the start of section ///, (£, = 1050 s), the rate
of y — o' transformation nearly becomes zero (Fig. 4, a),
and the content of o' martensite reaches 69 %, remaining
almost unchanged (Fig. 2). Simultaneously, the deforma-
tion fronts continue to propagate, and their amplitudes
even increase (Fig. 3, a and 4, a).

In state 2 (Fig. 4, b) the situation is generally simi-
lar. However, pseudo plateau (section [II) produces
markedly more martensite (=15 %). Additionally,
even though the duration of section /71, is significantly
shorter in state 2, almost 40 % of martensite has been
formed within this section. Here as well, the maximum
rate of o' phase formation corresponds to the passage
of deformation fronts through the probe of the magnetic
sensor. As the section /7], commences, similar to state /,
the transformation rate sharply decreases to zero.
The synchronicity between the maximum velocities
v — o’ and the times of passage of deformation fronts is
disrupted, and the amount of martensite, having reached
60 %, remains unchanged further (Fig. 4, b and Fig. 2).
It is worth noting that in state 2, in section /1] , there is
no movement of deformation fronts, no stress drops, and
the o(e) diagram remains smooth until failure (Fig. 1, b
and Fig. 3, b).
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Fig. 4. Accumulation rates of local deformation de/df and martensite do'/dt at contact point of the magnetic measurement sensor:
a — state 1; b — state 2

Puc. 4. CkopocTH HaKOILICHUS JIOKATbHOU nedopManun de/dt 1 MapTeHcuTa do.'/dt B TOYKe KOHTAKTa JaTYNKa MATHUTHBIX H3MCPCHHUIL:
a — cocrosiuue 1; b — cocrosnue 2
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- DISCUSSION

The thermoelastic martensitic transformation in
the TRIP steel under investigation can potentially occur
throughout the entire deformation process, spanning
from the yield point to fracture. However, the sequence
of macroscopic manifestations and the completeness
of this process are contingent on various external fac-
tors. For instance, as demonstrated by the authors of [10],
the y — o' transformation in VNS9-Sh steel never reaches
completion. As the deformation rate and test temperature
increase, a greater quantity of “stable” austenite, as per
the authors’ terminology, remains. At room temperature
and a stretching rate of approximately 10~ s~!, about
70 % of austenite is retained, aligning with the findings
obtained in this study.

It is commonly asserted that the thermoelastic trans-
formation y — o' in TRIP steels is primarily facili-
tated through the formation of ChLB [7; 10], and then
continues in the form of the Portevin—Le Chatelier
effect [7; 10; 17]. The findings of this study generally
align with this concept. However, in a previous investiga-
tion [18], it was demonstrated that at a high level of hard-
ening of metastable austenite, the transformation can be
entirely completed by the formation of ChLB at the yield
site, and further deformation occurs without the involve-
ment of a phase transformation.

Building upon the results of this study (VNS9-Sh in
state 1, low yield strength), it was established that after
Liiders deformation, the phase transformation indeed con-
tinues through the formation and propagation of PLCh
bands, but only while the strain hardening rate increases.
Upon transitioning to the section of the deformation
curve with a decreasing hardening rate, the transforma-
tion diminishes and comes to a complete halt in the region
of abrupt deformation. The observed discontinuous flow
thereafter is not associated with a phase transformation
and appears to be explained, similar to stable austenitic
steels, by twinning [19]. When the steel under study was
in state 2 (high yield stress), phase transformation also
occurred through the formation of both ChLB and PLCh
bands. However, the latter were observed only in the sec-
tion of the loading diagram with an increasing harden-
ing coefficient. Subsequently, the deformation developed
monotonically.

As mentioned in [18; 20], the kinetics of deforma-
tion fronts in materials undergoing deformation-induced
phase transformation can be explained using autowave
theory [21;22]. In this conceptual framework, ChLB
fronts are considered autowaves of switching locali-
zed plasticity. Switching autowaves traverse the loaded
object once, transitioning it from an elastically stressed
to a plastically deformed state. These autowaves are
formed in media with bistable active elements, that can
operate just once.

678

A deformable body can serve as a medium with exci-
table active elements that, unlike bistable ones, can return
to a state of excitation under external influence and relax
again after a refractory period. In this scenario, localized
plasticity excitation autowaves are formed, which can
pass through the deformable object multiple times. These
autowaves represent the fronts of the PLCh bands.

Within the framework of autowave theory, the obtained
results can be interpreted as follows. Multiple ChLBs are
formed on the pseudo plateau, and the moving boundaries
of these bands can be considered as switching autowaves.
These autowaves partially transition the material from
the metastable austenitic state to the stable martensitic
state. In the regions of autowave generation and annihi-
lation, the material undergoes a radical change in state,
leading to the division of the sample into relatively iso-
lated sections. A notable characteristic of the thermo-
elastic phase transformation is its self-blocking nature
due to internal stresses. However, with a subsequent
increase in external stresses, the transformation can
resume. Therefore, the regions of origin and annihilation
of primary autowaves, where the material’s state is sig-
nificantly distorted, act as sources for new phase trans-
formation fronts, referred to as secondary autowaves
of excitation. These secondary waves propagate within
the formed isolated areas without crossing their boundar-
ies. This process repeats multiple times as long as there is
austenite capable of transformation. As indicated by mag-
netic measurements, the y — o' transformation halts
when section /71 begins. Simultaneously, the boundaries
of the isolated areas cease to play a role, allowing defor-
mation fronts to freely traverse the entire sample pattern.
While these fronts are also autowaves of excitation, their
physical nature is different. They do not represent a relay
phase transformation but rather shear processes, likely
of a twin nature.

[ ConcLusiOoNs

Plastic deformation of VNS9-Sh TRIP steel can occur
locally throughout the entire strain curve, spanning from
the yield point to fracture. Initially, the process involves
the generation and propagation of localized plasticity
switching autowaves, induced by the deformation-induced
transformation of metastable austenite into a’-martensite.
The process persists via propagation of localized plasti-
city switching autowaves within boundaries determined
by primary switching autowaves. Following the deple-
tion of transformable austenite, steel deformation takes
place through dislocation or twin mechanisms.
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THEORETICAL STRENGTH OF AUSTENITE
IN THE PRESENCE OF A PORE OR VACANCIES IN THE CRYSTAL:
MOLECULAR DYNAMICS STUDY

I. V. Zorya'®, G. M. Poletaev?, R. Yu. Rakitin3

ISiberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
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Abstract. The molecular dynamics method was used to study the influence of pores of different diameters, as well as the corresponding concentration of
individual vacancies, on the theoretical strength of austenite at different temperatures. The deformation in the model was carried out by shear at a cons-
tant rate of 20 m/s. We considered a shear along two directions: [112] and [111]. The computational austenite cell had the shape of a rectangular
parallelepiped 14.0 nm long, 14.0 nm high, and 5.1 nm wide. To describe interatomic interactions, the Lau EAM potential was used, which reproduces
well the structural, energy, and elastic characteristics of austenite. The stress-strain curves obtained for both considered shear directions had a similar
form. In the absence of dislocation sources, plastic deformation was carried out by the formation of dislocation dipoles (dislocations with opposite
Burgers vectors). The presence of a pore significantly reduced the yield strength of austenite. In this case, it was found that single vacancies randomly
scattered over the volume of the computational cell also lead to a decrease in the yield strength, but, of course, not as much as the pore. The emission
of dislocations during deformation occurred by the formation of dislocation loops, as a rule, in two slip planes at once. The effect of pores and vacan-
cies on the yield strength was stronger at low temperatures. As the temperature increased, the effect of defects on the critical stress at which disloca-
tions were formed decreased. With an increase in the pore size, as well as the concentration of vacancies, the yield strength decreased. In this case, the
strongest dependence was observed for pores up to 1 nm in diameter. The influence of the concentration of vacancies in the considered range on the
yield strength turned out to be comparatively smoother and almost linear.

Keywords: molecular dynamics, austenite, dislocation, pore, vacancy, theoretical strength

For citation: Zorya 1.V., Poletaev G.M., Rakitin R.Yu. Theoretical strength of austenite in the presence of a pore or vacancies in the crystal: molecular
dynamics study. Izvestiya. Ferrous Metallurgy. 2023;66(6):681-687. https.//doi.org/10.17073/0368-0797-2023-6-681-687

TEOPETUYECKAA NPOYHOCTb AYCTEHUTA
NPU HAIMYUU B KPUCTANNE NOPbI U BAKAHCUIA:
MONEKYAAPHO-AUHAMMUYECKOE UCCNEAOBAHMUE
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AHHOmMayus. MetonoM MONEKYISIPHOH JUHAMHUKM IIPOBEAEHO HCCIENOBAHME BIMSHUS IOPbl Pa3sHOrO JMAMETPa, a TaKKe COOTBETCTBYIOIIEH
KOHIICHTPAIIUHX OT/eIbHBIX BAKAHCHI Ha TEOPETHUECKYI0 IPOYHOCTD AyCTEHUTA IIPU pa3Hoi TeMmeparype. JledbopMaiiis B MOJEIH OCYILECTBIACTCS
TyTeM C/BHIa C TIOCTOSHHOM CKOpocThio 20 M/c. PaccMaTpHBaeTCst CIIBUT BIIONb JBYX Hanpasienuii: [112] u [111]. Pacuetnas sueiika aycTennTa
umeeT GopMy MPSIMOYTOJIBHOTO Tapajulenenumnena uimHoi 14,0 M, BbicoToit 14,0 HM W mmpunOi 5,1 HM. Jlisi ommcaHHMs MEKAaTOMHBIX
B3auMozeiicTBuil ucronb3zosancs EAM nortenuunan Jlay, Xopomo BOCIIpOU3BOASIIMN CTPYKTYPHbIE, SJHEPIETHUECKHE U YIIPYTHe XapaKTePUCTUKH
aycreHurta. KpuBble HampspkeHHe — Aedopmalius, HOMydeHHbIE ISl 00OMX pacCMaTpHBAEGMBIX HANPABICHWUII CABHIa, MMEIOT aHAJIOTMYHBIN
BUJ. B OTCyTCTBHE HCTOUHHKOB IUCIIOKAIMII IUTacTHYECKas eOpMalus OCYIECTBISCTCS IIyTeM (OPMUPOBAHUS JHUCIOKAIMOHHEIX IUIIONCH
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(JucrIoKauii ¢ MPOTHBONOJNIOXKHBIME BeKTopaMu broprepca). Hanmuue mopsl CyIIeCTBEHHO CHMXKAET NPEEIbHYIO NPOYHOCTb AyCTEHHTA.
OO6HapyKeHO, YTO CIy4aifHO pa30pocaHHbBIE IO 00bEMy PACUECTHOH SYCHKH ONMHOYHBIC BAKAHCHUH TAKKE IPHUBOIAT K CHIDKCHHUIO IIPEIeTbHON
HPOYHOCTH, HO, €CTECTBEHHO, HE TaK CHIILHO, KaK Iopa. Mcmyckanue auciokanuii mopoit npu aedopmanuy NpOMCXOAUT IMyTeM (pOopMHUPOBaHHs
JIICIIOKAIIMOHHBIX TIeTeNb, KaK IIPaBHIo, CPas3y B IBYX INIOCKOCTAX CKONIbKeHHs. CuilbHEE BIUSAHHE ITOPhI U BaKaHCUI Ha NPeesibHYI0 IIPOYHOCTh
HaOmofaeTcs NpU HU3KUX Temreparypax. IIpu yBenudeHHMM TeMIepaTypbl BIMsHHE NE(PEKTOB Ha KPUTHYECKOE HANpsUKEHHE, MPH KOTOPOM
HPOHMCXOAUT 00pa30BaHUE JUCIOKAUUM, cHIbKaeTcs. C yBeIMUeHHEM pa3Mepa MOpbl, KaK U KOHIICHTPAIUH BaKaHCHI, IPOYHOCTh YMEHBIIACTCSL.
ITpu sToM Haubosee CHIbHAS 3aBUCUMOCTb HaOIIONaeTCs JUls IOp AMaMeTpoM jio 1 HM. BiiMsHue KOHIIEHTpAlMi BaKaHCHH B pacCMaTpUBAcMOM
JIHana3oHe Ha IpeAebHYI0 IPOYHOCTh OKa3aI0Ch CPABHUTEIBHO Oollee IIaBHOE U IOYTH JIMHEIHOe.

Kawuessle caosa: MOIJICKYJIsSIpHast AJMHAMUKa, ayCTCHUT, JUCIIOKAlNs, I10pa, BAKaHCHs, TCOPETUICCKas IIPOYHOCTD

Jaa yumupoeanus: 3ops 1.B., Iloneraes I'M., Pakutun P.IO. Teopetnueckas IpouyHOCTb ayCTEHUTA IIPU HAIMYMU B KPUCTAJLIE TIOPBI MM BaKaH-
CHif: MOJIEKYIISIPHO-IMHAMUYECKOE HCCIeoBanue. M3eecmus 6y306. Yepras memannypeusi. 2023;66(6):681-687.

https://doi.org/10.17073/0368-0797-2023-6-681-687

- INTRODUCTION

During plastic deformation, in addition to interface
boundaries (such as grain boundaries and their triple
junctions, interphase boundaries, and surfaces), pores and
microvoids play crucial role as sources of dislocations in
polycrystalline materials [1 — 3]. However, there has been
relatively little research dedicated to studying the mecha-
nisms of plastic deformation at the atomic level involving
pores. To date, computer modeling has demonstrated that
dislocation emission from pores during deformation is
facilitated by the formation of dislocation loops [3 — 6].
The authors of [5; 6] assert that in FCC crystals, loops
are formed simultaneously in two slip planes. Moreover,
as the pore size increases, the critical stress required for
dislocation formation decreases [5; 6].

Fig. 1. Calculation cell for modeling the shift along the y axis
(direction [112]) in the FCC iron

Puc. 1. Pacuernas siueiika Juisi MOICTMPOBAHHUS CABUTA BJIOJIb OCH )
(nanpasnenns [112]) B 'K xenese
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Point defects, for example, vacancies, also contri-
bute significantly to a decrease in theoretical strength,
yet the impact of their concentration on strength remains
insufficiently explored, especially when compared
to the effect of pore accumulations. The present study
focuses on conducting a comparative analysis using
molecular dynamics to investigate the influence of vacan-
cies and pores on the theoretical strength of austenite,
with consideration given to variations in temperature and
vacancy concentration or pore size. Austenite garners
particular interest as it serves as the foundation for many
steels of considerable practical importance, such as Had-
field steel [7; 8]. Furthermore, the qualitative findings
derived for austenite in this study can readily be extrapo-
lated to other metals possessing an FCC crystal lattice.

Previously, in [9], the molecular dynamics method
was employed to examine the slip velocity of edge and
screw dislocations in austenite and Hadfield steel, con-
tingent upon temperature and strain rate. The energy
of formation for the aforementioned dislocations was
also computed. This investigation serves as a continua-
tion of the research documented in [9].

[l MODEL DESCRIPTION

In the molecular dynamics model, the calculation
cell representing austenite had the shape of a rectangular
parallelepiped (see Fig. 1) with dimensions of 14.0 nm
in length, 14.0 nm in height, and 5.1 nm in width. Ini-
tially, the cell contained 87,040 atoms. The orientation
of the coordinate axes corresponded to specific crystal-
lographic directions within the FCC lattice: x — [110],
y —[112], z — [111]. The study investigated shear defor-
mation along two directions: the y-axis (Fig. 1) and
the z-axis. To induce shear in the model, atoms in
the boundary regions (highlighted in dark gray in Fig. 1)
were displaced. Atoms on opposite sides of the calcula-
tion cell moved in opposite directions at a constant speed
of 20 m/s during the computer experiment. In previous
research [9], this velocity was determined as optimal for
modeling shear using the molecular dynamics method
in austenite. The motion of the remaining atoms within
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the computational cell was unrestricted and governed
by Newton’s classical equations of motion. Boundary
conditions along the other axes were set as periodic.

Interatomic interactions in austenite were described
using Lau’s Embedded Atom Method (EAM) poten-
tial [10], known for accurately reproducing the structural,
energetic, and elastic properties of austenite [10; 11].
The time integration step in the molecular dynamics
method was set to 2 fs [12 — 14]. The initial velocities
of atoms were assigned according to the Maxwell distri-
bution to achieve the desired temperature. It was essential
to consider the thermal expansion of the crystal lattice
when setting the temperature [13 — 15]. The interatomic
interaction potential employed in this study has a ther-
mal expansion coefficient of 18-10° K-!, aligning well
with reference data [11]. To maintain a constant tem-
perature throughout the modeling, a Nosé—Hoover ther-
mostat was utilized. Throughout the temperature range
explored (from 100 to 1500 K), the FCC crystal lattice
type remained consistent; polymorphic transformations
were not considered in this investigation.

A pore was created in the center of the computational
cell by removing atoms in a spherical region. The pore
diameter varied from 0.6 to 2.0 nm. Vacancies were intro-
duced by removing random atoms throughout the entire
volume of the computational cell, except for the boun-
dary layers (shown in dark gray in Fig. 1). The con-
sidered values of vacancy concentration corresponded
to the number of removed atoms during the creation
of pores. After the introduction of defects, a procedure
of relaxation of the structure followed until an equilib-
rium state was achieved.

[ RESULTS AND DISCUSSION

Fig. 2 depicts the stress—strain dependences for the two
shear orientations considered, with a constant speed
of 20 m/s at a temperature of 300 K, for three scenarios:
a defect-free crystal (/), a crystal containing 79 vacan-
cies randomly distributed throughout its volume (2), and
a crystal containing a pore with a diameter of 1.2 nm (3).
The number of vacancies equaled the number of atoms
removed during creation of the aforementioned pore
resulting in a concentration of 0.09 % in this case.

It is widely acknowledged that the theoretical shear
strength of metal crystals is exceptionally high, often
exceeding 10 GPa[1; 5; 6; 16; 17]. However, introducing
just one dislocation into a pristine crystal in the molecu-
lar dynamics model reduces the strength to several hund-
red MPa [18]. As illustrated in Fig. 2, plastic deforma-
tion in a pure austenite crystal at 300 K commenced
with shear along both the y and z axes at approximately
the same strain values (12.0 — 12.5 %) and stress levels
(9.0 - 9.5 GPa). It is crucial to highlight that the initial
ideal crystal lacked any sources of dislocation formation,

including free surfaces. Consequently, the region of elas-
tic deformation was relatively extensive.

In the absence of dislocation sources, plastic deforma-
tion occurred through the creation of dislocation dipoles,
consisting of dislocations with opposite Burgers vectors.
Complete dislocations promptly emerged as pairs of par-
tial Shockley dislocations separated by a stacking fault.
Typically, the distance between partial dislocations was
a few nanometers, consistent with modeling findings
reported by other researchers [19 —21]. Additionally,
alongside dislocation dipoles, the formation of deforma-
tion twins was also prominent during subsequent defor-
mation stages.

As illustrated in Fig. 2, the inclusion of a pore with
a diameter of 1.2 nm notably diminishes the theoretical
strength: plastic shear and dislocation formation occur at
significantly lower strain and stress thresholds (approxi-
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Fig. 2. Stress — strain dependences at a temperature of 300 K
when shifted along the y axis (direction [112]) (@)
and when shifted along the z axis (direction [111]) (b):
1 —in a pure FCC iron crystal; 2 — in the presence of 79 vacancies,
randomly scattered over the volume of the calculation cell;
3 —in the presence of a pore with a diameter of 1.2 nm

Puc. 2. 3aBucumocTr HampspkeHue — AedopMarus Mpyu TeMIeparype
300 K npu caisure BOTb ocH y (Hanpasienus [112]) (a)
Y TIPH CJIBUTE BIOJb ocH z (Hampasienus [111]) (b):
I — B unctom kpuctasie 'K sxenesa; 2 — npu Hannuuu 79 BakaHCHH,
CiTydaitHO pa30pOCaHHbIX 10 00bEMY pacyeTHOI TUCHKY;
3 — 1IpU HAJIMYMH [IOPBI AMaMeTpoM 1,2 HM
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mately 8.5 % and 6 GPa, respectively). Conversely,
vacancies randomly distributed throughout the compu-
tational cell, equating in number to those in the pore,
exert a comparatively weaker influence on the ultimate
strength. However, intriguingly, they still contribute to its
reduction, with dislocations forming at a strain of about
11.5 % and a stress of 8.5 GPa. Thus, even basic point
defects like vacancies attenuate the theoretical strength
of the crystal.

Dislocation emission from a pore during deformation
transpired via the formation of dislocation loops, align-
ing with findings from modeling conducted by other
researchers [3 — 6]. Fig. 3 depicts examples of such loop
formation from a pore with a diameter of 1.2 nm upon dis-
placement along the y and z axes. It is evident that loops
manifest in two slip planes, consistent with observations
made by authors elsewhere [5; 6]. To visualize disloca-
tions within the computational cell, an average distance
to the nearest atoms visualizer was utilized, providing
insight into local stretching and indirectly indicating
the distribution of free volume. For each atom, the ave-
rage distance to the nearest atoms was computed. If this
distance deviated slightly from the distance correspon-
ding to an ideal crystal, the atom remained uncolored;
otherwise, it was assigned a color based on the deviation.

As commonly understood, temperature significantly
impacts the elastic properties of materials and the likeli-
hood of dislocation formation during deformation. Elas-

y X a

tic moduli typically decrease nearly linearly with rising
temperatures across a wide range [22 — 24], a trend often
attributed to thermal expansion [22]. Plastic deformation
in most materials initiates at lower stress levels as tem-
perature increases [24 — 26].

Fig. 4 illustrates the temperature dependence of ulti-
mate strength for shear along the y and z axes. The depen-
dencies are presented for a defect-free crystal (/), a crys-
tal containing 79 randomly scattered vacancies (2),
and a crystal with a pore diameter of 1.2 nm (3). In all
instances, strength diminishes with increasing tempe-
rature. Notably, as temperature rises, the influence
of defects on theoretical strength diminishes. Specifically,
the discrepancies in ultimate strength values between
the defect-free crystal and those with vacancies or pores
decrease with increasing temperature, converging toward
the same value. It is pertinent to note that this conver-
gence suggests an anticipated intersection of dependen-
cies at the melting temperature.

Fig. 5 presents the dependencies of ultimate strength
at a temperature of 300 K for shear along the y and z
axes (Fig. 5, b) concerning the percentage of atoms ¢,
removed from the calculation cell in the form of indi-
vidual randomly scattered vacancies or pores (designated
as dependencies / and 2, respectively, in Fig. 2, 4). For
comparison, with a pore diameter of 1.0 nm, ¢, = 0.05 %;
with a pore diameter of 1.2 nm, ¢ =0.09 %; and with
a pore diameter of 1.6 nm, ¢ = 0.23 %.

Fig. 3. Emission of dislocations by a pore in the form of dislocation loops when shifted along the y axis () and when shifted along the z axis (b):
1 — pore; 2 — partial dislocation; 3 — packaging defect

Puc. 3. Vcnyckanue qucIIoKalui NOpoii B BUE AUCIOKALMOHHBIX METE b IPU CABHUIE BIOJIb OcH ) (a) M ocH z (b):
1 — nopa; 2 — yactiuyHast auciokauus; 3 — 1e(eKT ynakoBKu
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Fig. 4. Dependences of strength on temperature when shifted along the y axis (direction [112]) (a)
and when shifted along the z axis (direction [111]) (b):
1 —in a pure FCC iron crystal; 2 — in the presence of 79 vacancies randomly scattered over the volume calculation cell;
3 —in the presence of a pore with a diameter of 1.2 nm
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Fig. 5. Dependences of strength at temperature of 300 K on the number of atoms removed from the calculated cell
in the form of randomly scattered vacancies (/) or pores (2) when shifted along the y axis (directions [112]) (a)
and when shifted along the z axis (directions [111]) (b)

Puc. 5. 3aBucumoctu npounoctu npu temneparype 300 K ot konuuecTsa y1aaeHHbIX U3 PaCIETHOM sueiiku aToMOB
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As evident, an increase in both vacancy concentration
and pore radius correlates with a reduction in strength.
Notably, the most pronounced dependence is observed
for small pore sizes, up to approximately 1 nm. Beyond
this range, while strength continues to decrease with
increasing pore radius, the rate of decline is notably less
pronounced compared to smaller pore sizes. Conversely,
the influence of vacancy concentration within the consi-
dered range on theoretical strength is more gradual and
nearly linear.

- CONCLUSIONS

The influence of pores of varying diameters, along
with the corresponding concentration of individual vacan-
cies, on the theoretical strength of austenite across dif-
ferent temperatures was investigated using the molecular
dynamics method. Deformation in the model was induced
by shearing at a constant speed of 20 m/s, considering
shifts along two directions: [112] and [111]. Stress-strain
dependences obtained for both shear directions exhibited

similar trends. In the absence of dislocation sources, plastic
deformation ensued through the formation of dislocation
dipoles characterized by dislocations with opposite Bur-
gers vectors. The presence of pores substantially reduced
the ultimate strength of austenite, while single vacancies
randomly dispersed throughout the computational cell
also contributed to a decrease in ultimate strength, albeit
to a lesser extent compared to pores. Dislocation emis-
sion from pores during deformation occurred through
the formation of dislocation loops, typically manifesting
in two slip planes simultaneously. A more pronounced
impact of pores and vacancies on ultimate strength was
observed at lower temperatures. However, as temperature
increased, the influence of defects on the critical stress at
which dislocation formation occurred diminished. More-
over, with increasing pore size and vacancy concentra-
tion, the strength exhibited a decreasing trend. Notably,
the strongest dependence was observed for pores with
diameters up to 1 nm. The effect of vacancy concentration
within the considered range on ultimate strength was rela-
tively smoother and displayed an almost linear behavior.
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CTPYKTYPA U USHOCHBIE XAPAKTEPUCTUKU YYTYHA
NOCNE NA3EPHOM MOAUDPUKALUU MOBEPXHOCTU

C. U. [pecwko %, I. B. T'yceBa, B. U. lllep6akos, I1. B. KazakeBu4
| Camapckuii puiauan @uznyeckoro nnerutyra um. ILH. Jle6enesa PAH (Poccus, 443011, Camapa, yi. HoBo-Canosas, 221)

B3 yarsi54@gmail.com

AHHomayus. IlpencraBieHsl pe3y/IbTaThl HCCIEAOBAHUI MaKpO- M MUKPOCTPYKTYpPHI JIETHPOBAHHOTO XPOMOBAHAANEBOTO YyryHA MOCIE JIa3epHOI
00pabotku (JIO) Ha BO3IyXE € HCIONB30BAaHIEM HEIPEPBIBHOTO JIA3EPHOTO HCTOYHUKA MIPU Bapuanuu ero MoriHoctH ot 60 10 100 Bt u ckopocti
CKaHUPOBAHMS JIA3EPHOTO JIyda, U3MEHSomelcs oT 5 1o 17 mm/c. MeTogamu MeTamnorpaguu U JIOPOMETPHH ONPEICICHBI COCTAaB H CTPYKTypa
30H JlazepHoro Bozzeiictus (3JIB). JlazepHas 00paboTka ¢ HE3HAUUTEIbHBIM OIUIABICHUEM HMOBEPXHOCTH IPHBOAUT K CYLIECTBEHHOMY POCTY
mukpoteeproctu B 3JIB. B moBepxHocTHOM citoe 3JIB B 30HE OmIaBIeHHs OCHOBHOW CTPYKTypOW SIBISIETCS MapTEHCHT, a B 30HE 3aKAJIKH
npeBaJupyeT JiefedypuTtHas ctpykrypa. Jiis nccnenosanusix pexnmon JIO riryouna 3JIB cocrasnser 220 — 310 mxm. [Tpu 3TOM MHKpPOTBEPIOCTH
Oonee 1em B 2,5 — 4,2 pasa 60IbLIC MUKPOTBEPAOCTH OCHOBHOTO MeTauia (820 HV ), 4To SBIETCS CyIeCTBCHHBIM (PAKTOPOM IOBBILLCHHS
N3HOCOCTOMKOCTH Matepuana. [Ipu nasepHoit 00paboTke 6e3 OIuIaBIeHHs TIOBEPXHOCTH CYIIIECTBEHHBIX M3MEHEHHUH CTPYKTYpBI HE YCTAHOBIICHO.
Jlnsa erBaeHust ponu JIO B M3HAIIMBAaHUM YyTyHA IPOBOAWIN HCIBITAHHS HAa TPEHHE CKONBKCHHS IO CXEME «IHCK — Majell» IpU NaBICHUH B
30oHe KoHTakTa 12,5 MIla u ckopoctu Bpamenust uuaeHropa 580 o6/MuH. o JaHHBIM HCHBITAaHUI YCTAHOBJICHO 3HAYUTENBLHOE YMEHBILICHHUE
JMHEIHOTO H3HOCA U HHTCHCHBHOCTH H3HamuBaHUA rocie JIO ¢ omiaBneHneM NoBepXHOCTH. IHTeHCHBHOCTD H3HAIIMBAHUS yMEHBIIAETCS Oomee
yeM B 100 pa3, a nuHeiHbIi u3HOC Gouee yeMm B 50 pa3. Xapakrepuctuku nosepxuoctu 3J/IB o0ycnaBinBaioT ymMeHblIeHne Kod(PUIIMEHTa TPEHHs
Ha 30 % 1o cpaBHEHHUIO ¢ He0OPaOOTaHHOM MOBEPXHOCTBHIO.

Kntouesvle caoea: nazepras 00paboTKa, UyryH, 30HA JIA3CPHOTO BO3NCHCTBHUS, METa/LIOrpadus, MUKPOTBEPIOCTh, TPUOOIOINUCCKHE HCIIBITAHMU,
MHTEHCUBHOCTb W3HALIMBAHUS

Jlnsi yumuposaHus: Specvro C.1., I'ycesa I'.B., lllepbakos B.I., Kazakesnu I[1.B. CTpykTypa 1 M3HOCHBIE XapaKTEPUCTUKH YyTyHa MOCIIE Ja3epHOM
MoU(UKALMN TOBEPXHOCTH. M36ecmus 6y306. Yepnas memannypeusi. 2023;66(6):688—695.
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STRUCTURE AND WEAR CHARACTERISTICS
OF CAST IRON AFTER LASER SURFACE MODIFICATION

S. L. Yares’ko ©, G. V. Guseva, V. I. Shcherbakov, P. V. Kazakevich

Samara Branch of Lebedev Physical Institute, Russian Academy of Sciences (221 Novo-Sadovaya Str., Samara 443011, Russian
Federation)

&) yarsi54@gmail.com

Abstract. The paper presents the results of studies of macro- and microstructure of alloyed chromium-vanadium cast iron after laser treatment (LT) in air
using a continuous laser source with a variation in its power from 60 to 100 W and scanning speed of the laser beam varying from 5 to 17 mm/s.
Metallography and durometry methods were used to determine composition and structure of the laser exposure zones (LEZ). It is shown that LT with
a slight melting of the surface leads to a significant increase in microhardness in LEZ. In this case, martensite is the main structure in the near-surface
layer of LEZ in the melting zone, and ledeburite structure prevails in the quenching zone. For the studied LT modes, LEZ depth is 220 — 310 um.
At the same time, microhardness is more than 2.5 — 4.2 times higher than microhardness of the base metal and reaches 820 HV |, that is a significant
factor in increasing the wear resistance of the material. On the contrary, no significant structural changes were found in the case of LT without melting
the surface. In order to identify the role of LT in wear of cast iron, sliding friction tests were carried out according to the “disk — finger” scheme
at a pressure in the contact zone of 12.5 MPa and indenter rotation speed of 580 rpm. According to the test data, a significant decrease in linear wear
and the wear intensity after the surface melting was found. The wear intensity is reduced by more than 100 times, and linear wear — by more than
50 times. The characteristics of LEZ surface cause a decrease in the friction coefficient by 30 % relative to the untreated surface.

Keywords: laser treatment, cast iron, laser exposure zone, metallography, microhardness, tribo-tests, wear intensity
For citation: Yares’ko S.I., Guseva G.V., Shcherbakov V.I., Kazakevich P.V. Structure and wear characteristics of cast iron after laser surface
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- BBEAEHUE

UyryHel Kak KOHCTPYKLMOHHBIM MaTepual HUMEIOT
NIMPOKHIA CIIEKTP MPUMEHEHHsI (CTaHKOCTPOCHUE, aBTOMO-
OunecTpoeHue, MallInHOCTPOEHUE, CYOCTPOEHUE, TPAKTO-
pPOCTpOCHHE U PSIIl APYTUX OTpaCiiei MPOMBIIIJICHHOCTH).
B aBTOTpakTOpOCTPOCHHWH OCHOBHAs HOMEHKJIATypa Mpo-
JYKIIMW U3 4yTyHa — 3TO JIETaJIM JIBUTATeNIei BHYTPEHHETO
cropanus [1; 2], a7eMeHTBl TOPMO3HBIX cuctem [3 — 5],
KOPIYCHBIC JETajil Pa3IMYyHOr0 Ha3HAYCHUS; B CTaHKO-
CTPOEHHH — 3TO KOPITyCHBIE JI€TalIH BBICOKOH MPOYHOCTH,
JKECTKOCTH U M3HOCOCTOMKOCTH (CTAHWHBI MOIIHBIX CTaH-
KOB M MEXaHU3MOB) [6; 7]; B HepTera3oBoil mpoMbILLIECH-
HOCTH BBICOKOITPOYHBIC YYT'YHBI HAIUTA MPUMEHEHHUE MPH
CTPOMUTENLCTBE HEPTENPOBOJIOB Ul PELICHUsT MPOOJIEMBI
3aLUTHI OT KOppo3uH [8]. I3BecTHO NpUMEHEHNE YYT'YHOB
B MHCTPYMEHTAJIHLHOM IMPOU3BOJCTBE KaK MPH H3rOTOBIIE-
HUM pexXyllero uHcTpymenra [9; 10], Tak u npu U3roros-
JICHUM BBITSDKHBIX ILTAMIIOB, MPUMEHSAEMBIX TPU MPOU3-
BOJICTBE JieTasiel apromoomei [11; 12].

W3 uyryHa mnpousBOAAT OTJIUBKH, padoTamomue Ha
W3HOC (IIECTEpHH, TMOMIIMITHUKH, KOJECa, TOPMO3HBIC
KOJIOZIKH, HANPaBJISIIOIIUE CTAHKOB, CYIIOPTHI, LIUIMHIPbI
WIA BTYJIKH JBHUTATEJICH, MOPITHU M MOPIIHEBbIC KOJIbIIA,
BaJIKH, KaTKU U Ipyroe). MI3HOC 3TUX OTIMBOK JOCTATOYHO
BeMK. Hanpumep, M3HOC HaNPaBISIFOIINX TOKAPHBIX CTaH-
k0B MoxetT gocturarb 0,2 MM B rox [6; 7]. Ilpu ananuse
paboTOCIOCOOHOCTH ATHX M3MIEIHUI 0cO00e BHUMAHHE Cie-
JIyeT YIeNATh MOBBIIIEHUI0 HW3HOCOCTOMKOCTH Haubolee
JIOPOTHX U TPYIHO CMEHSEMBIX YacTeH COIPSTacMbIX Iap
MAaIIMHBI, HHOT/A 3a cueT OONBIIOro M3HOca Oojee Jele-
BBIX M JIETYe CMCHSEMBIX YacTel (MOIIUITHUKH, TOPIIHE-
BbI€ KOJIbIIA U APYTHUE), HO IIPU 3TOM CIIelyeT UMETh B BULY,
9T0 OOJBIION M3HOC OAHOW NEeTaad OYCHb YacTO BBI3HI-
BAE€T MOBBILIEHHBIH M3HOC U KOHTpTENA. VICKIIOUUTENbHO
Ba)KHO TIOBBIIIICHUE U3HOCOCTOWKOCTHU JieTalieii U3 4yryHa,
HCIOJIb3YEMbIX B KOHCTPYKLHH MNPEHU3MOHHBIX CTAHKOB
U MpUOOPOB, TaK KaK JIaKe CPaBHUTEIHLHO MaJIbIi U3HOC
JIeJIaeT UX HEeMPUTOJHBIMU JUIA JajbHEUIIero NpUMEHEHUSI.

i TIOBBIIIICHUST CITY)KEOHBIX XapaKTEPUCTHK JeTa-
Jel M3 YYryHOB, OTJIMYAIONIMXCS KaK IO CTPYKTYpe,
Tak ¥ TI0 HAa3HAYCHHUIO, WCIIONB3YIOT HAHECCHHE TOKPbI-
Uil [5; 11], MOBEPXHOCTHYIO 3aKaJIKy TOKAaMH BBICOKOI
gactotsl (TBY) [6], MeToIpI TOBEPXHOCTHOTO TUIACTHYEC-
Koro nedopmupoBanus [6; 13] ¥ XHMHKO-TEPMHUYECKOM
obpadorku (XTO) [14 — 16], nazepryto 3akainky [1;2; 6;
17 — 21], nnazmennyto 3akanky [11; 12; 22 — 24], razotep-
MUYecKoe HamblieHue [5; 7; 25; 26] u qpyrue MeTobl.

Jlazepuass 00paboOTKa, KaKk M JIPYyrHe METONBI MOIH-
(bUKaI TIOBEPXHOCTH, OKa3bIBaC€T 3aMETHOC BIUSHHE
Ha TPUOOJIOrMYECKUE XapPAKTEPUCTUKU UYT'YHOB pPa3HBIX
Mapok. B wactHocTH, mpu mazepHOoW oOpabotke (JIO)
ceporo 4yryHa ¢ ucrnosbssosanueM 5 kBt CO, nasepa Oblia
nonydeHa rryouHa ympouneHus 10 300 MKM IpH MHKpO-
tBeproct or 800 no 950 HV |, mpessiinaromieii MUKpo-
TBEPJIOCTh MCXOJHOTO MaTepualia o4YTH B TpH pasza. [Ipu

3TOM CPOK CITy>KOBbI YIIPOUHEHHOTO CJIOS TTOYTH B JIBA Pa3a
Oostpllie, 4eM y HeoOpabOTaHHOTO, YTO HEMOCPEICTBEHHO
CBSI3aHO C O0Opa30BaHHUEM MAPTECHCUTHOM MHUKPOCTPYK-
Typbl [4]. AHamorn4Hasi CTPyKTypa ¢ HEM3MEHHBIMH Tpa-
¢uTOBBIMM KOHKperMsaMu oopasyetcs npu JIO Ge3 omas-
JICHHWsI KOBKOTO 4yryHa Ha miyomHe o 150 MxM. B stom
ciayyae MMKpPOTBEpIOCTh Jocturaer 3HadeHuit 800 HV
pu MomHOCTH u3nydeHust no 780 Bt [17]. Ymensie-
HUE MU3HOCHBIX MapaMeTpoB xapakrepHo u 1ist JIO ceporo
qyr'yHa UMITYJIbCHBIM JIa3epHBIM m3mydeHueM. OOpasyro-
ascs MapTeHCUTHAs CTPYKTypa B 30HE IUIABJIEHUS IIPU
moTHOCTH SHEprun 10 — 12 JI/MM? IPHBOIUT K yMEHBIIIE-
HUIO IPUMEPHO Ha 78 % moTepu Macchl ¥ CKOPOCTU H3HOCA
obpasna nocie JIO nznyyennem Nd: YAG naszepa [20]. YBe-
JIMYEeHHE TBEPIOCTH B 30HE oraienus 10 1025 HV nourn
B IIIECTh Pa3 YMEHBIIAET OTEPIO MACCHI ISl CEPOTO YyTyHA
Mapku CY20, cHmkaeT ckopocTh u3Hoca 110 78 % [2] mpu
JIO m3nyueHneM BOJIIOKOHHOTO Jiazepa MOIIHOCTBIO 5 KBT
C JUTUTENBHOCTBIO UMITYJIbCa 10 1,5 HC U MamMeTpe MsaTHa
1o 4,4 MM. JlazepHasi 00pabOTKa BBICOKOIIPOYHOTO YYT'yHA
mapku BU60-2 usnyuenuem uenpepsiHoro CO,-nazepa
(MoIIHOCTh M3Ny4deHus 10 2,5 KBT, ckopocTs ckaHHpoOBa-
Hus myda 10 2000 mm/mMuH) B 2,1 — 3,3 pa3a moBsIIIaeT ero
COIMPOTHURIICHUE a0pa3uBHOMY W3HammBaHuO [19]. [ToBbI-
IIEHHE H3HOCOCTOMKOCTH 3aKaJCHHOIO YyryHa CBS3aHO
C HAIMYUEM B 30HE JlazepHoro Bozzaevctaus (3JIB) yuact-
KOB C TEPMOCTOMKOM Jiee0ypuTHON CTPYKTYpOH U € TIOJIO-
JKUTEIFHBIM BIMSHHEM Ha H3HOCOCTOHKOCTh METACTA0MIIb-
HOTO OCTAaTOYHOTO ayCTEHNTA, 001 Jal0IIEeTO MOBBIIICHHON
YCTOWYIHMBOCTEIO K pacraiy IIpH Harpese.

Takum obpazom, mocie ynpounswomeil JIO uyrynos
HaOMIONaeTCsl MOBHINICHNE UX W3HOCHBIX M IPOYHOCTHBIX
xapakTepucTuk. OJJHaKO BBIOOP PEeKUMOB 00pabOTKH J1071-
KEH OCYIIECTBISITECS MHINBHIYAIFHO C y4ETOM OCOOEH-
HOCTEH 3KCIUTyaTallud M3JEIUH U CTPYKTYphl YIpOUHsE-
MOT0O MaTepuaa.

Ilenpto HacToOsIed pabOTHI SBIAETCS HKCIIEPUMEH-
TaJbHOE OMpEACICHUE PAIlOHATBHBIX PEKUMOB ITOBEPX-
HOCTHOH ynpouHstomield JIO XpoMoBaHaIHEBOrO YyryHa,
HCTIONB3YEMOTO ISl M3TOTOBIICHUS ITYaHCOHOB M MaTPHIL
(dhopMo0Opa3yIoIMX MITAMIIOB XOJOJHOW IITaMIOBKH,
W3yYCHHE WX BIUSHMS Ha CTPYKTypy uyryHa B 3o0He JIO
U TpHOOJIOTNYECKHE XapaKTepUCTHKH oBepxHocTH 3JIB.

[ MATEPUANIBI U METOAbI UCCNE[OBAHUA

B kadecTBe marepuana aiis Kccie0BaHNi ObLT BHIOpaH
XpPOMOBAHAIMEBbII 4YyryH Mapku X@ CIEyoIero
cocraBa, % (mo macce): 2,90 -3,10C; 0,60 —0,90 Mn;
1,60 — 1,80 Si; wmenee 0,12P; 0,12S; 0,30-0,50 Cr;
0,20 - 0,30 V; 0,05 — 10 Ti; ocransHOE — xene30. B coor-
BercTBUM co ctannaprom CTO 06300.0008 — 2021 uyryn
Mapkn X® SBISETCS OJHUM M3 CaMbIX MPUMEHSIEMbIX
MaTepuagoB Ui H3TOTOBJIEHUS IIYaHCOHOB U MaTpHIl
(dhopMO0Opa3yoNMX IMTAMIIOB XOJOMHOW INTAMIIOBKH
Ha AO «<ABTOBA3».
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Jlazepuyto 06paboTky 00pa3ioB u3 yyryHa Mapku XD
pasmepamu  20x20X4 MM TIpOBOIMIM C  HCIIOIB30Ba-
HHEM HUTTEPOMEBOTO HEMPEPHIBHOTO BOJIOKOHHOTO Ja3epa
NJIM-100-B ¢ nnunoit Boias! 1,07 MM, B axcniepumenTax
MOIIIHOCTS JIa3epHOTO U3inyuyeHus (P) BappupoBanack ot 60
10 90 BT, a ckopocth 06padotku (V) — o1 5 mo 17 mm/c. Jlnst
TPUOOIOTMYECKUX UCTIBITaHNIT 00pabaThIBaIN BCIO TTOBEPX-
HOCTH OOpa3loB MO cliieayromiei cxeme. JlazepHblid Tyd
nepeMeIancs napajuieibHO OAHON U3 CTOPOH, GOpMUPYS
ronockl mupuHon 1,6 — 1,8 MM; paccTostHEe MeXIy IeHT-
pamu monoc A/ =0,4 MM, pachokycupoBka AF =40 mm
(oOpabotka 3a hokycom). JlazepHyro 00pabOTKy OCYyIIECTB-
JAJIA IO ABYM PpEXUMaM: 0e3 OIIaBJICHUS TMOBCPXHOCTHU
(mpu P =60 BT, V'=15,7 MmM/c) 1 C OTJIaBIICHHEM TIOBEPXHO-
ct Marepuaia (mpu P = 80 Bt, V'=15,7 mm/c).

MHUKpOCTPYKTYPHBII aHalli3 BBITOJHSIM Ha MOIEpey-
HBIX nutHdax. HaknenanHslil cnoif CHUMaNu TpexXKpaTHbIM
YEpeIOBAHUEM IOJIMPOBKU aJIMa3HOW MACTOM W TpaBie-
nust 4 %-ubiv pacteopom HNO, B stunosom crimpre. [Jlins
BBISIBIIGHUS CTPYKTYPbl OCHOBHOTO MeTalia 1 3JIB ucrnosns-
30BaJId yKa3aHHbBII Bbllle peakTuB. M3MepeHue MHKpO-
TBEPAOCTH TPOBOJWINA C TIOMOIbI0 TBepromepa [TTM-3
npu Harpyske 0,98 H; merammorpaduueckuii aHamms —
¢ momormipio onTtudeckoro wmukpockorna NEOPHOT-30
(Carl Zeiss).

HcnbiTaHuss Ha TpeHHE CKOJIBKEHHsI MPOBOIAMIN I10
CXEeME€ «IUCK — ITaJien». HpI/I HUCIHOBITAHUAX B KadyC€CTBEC
KOHTpTETa «Iajiely OB HCIONB30BaH IOJBIH IMITHHID
JMaMeTpoM 6 MM C TOJILMHOW CTEHKH | MM, H3rOTOB-
JIeHHBIM W3 3akajeHHou cramm mapku 40X. Bpamenwe
HWIMHAPA CO CKOPOCThI0 580 00/MHMH ocyiecTBIsM 0e3
CMa3bIBAOIICH JKUIKOCTH IO THIOCKOCTH 00pasia Jis IBYX
TUTIOB KOHTakTHBIX map (0e3 JIO moBepxHocTH 0oOpasia
u niocne JIO). Bo Bcex ciyyasix naBieHHe B 30HE KOHTAKTa
coctaBisuio 12,5 MlTa.

B mporecce uWcnbITaHUN aBTOMATH3UPOBAHHBIN cOOp
JAaHHBIX W MOHHWUTOPHWUHT I/IH(i)OpMaIlI/II/I C JaT4YUKOB HOp-

MaJIbHOM Harpy3kd, MOMEHTa TpPEHHMs U TeMIlepaTypsl
(pPUKIMOHHOTO pa3orpeBa HCIBITHIBACMON Iaphl TPEHHUS
MPOBOJMIIN C TOMOIIBIO MHOTOKAaHAJBHOU ObICTpOACHCT-
BYIOIIIEH MHKPOKOHTPOJIJIEPHOM CHCTEMBI COOpa JaHHBIX
ALl E14-140 ¢upmer L-Card. Jlns nomyuenus u obpa-
00TKM JdaHHBIX, noctynammux ¢ Allll, ucnonp3oBamm
nporpammHsIi naketT PowerGraph.

Ilocne ucnplTaHUN OLEHKY JIMHEWHOIO W3HOCA MPOBO-
AWK BU3YyaJIbHO C MNOMOIIBIO ONTHUYCCKOTO MUKPOCKOIIa
iy uaMmeputelts mepoxoBatoctd TR200 (kommanus Time
Group Inc., Kurait).

[ PE3YNLTATBI M MX OBCYXXAEHUE

B ucxomnom cocrostaun uyryH mapkun XP mmeer dep-
PUTO-IIEPIUTHYIO CTPYKTYpPY, LIEMEHTUT B OCHOBHOM pac-
MOJIOKEH 0 TPAHUIIAM TEPIUTHBIX KOJOHWH, (popma rpa-
(GUTHBIX BKJIIOYEHHWH IUIACTUHYATAs, MHKPOTBEPIOCThH
npumepHo 197 —296 HV ;.

Brenrauii Bun 3J1B Ha monepednoM nuuge UyryHa MapKu
X® mocne naszepHON 00pabOTKU C OTUIABICHUEM IOBEPX-
HOCTH NIPUBEJICH Ha puc. 1, a. B 30He oriaBieHust 0CHOBHOM
CTPYKTYpOH siBlsieTcsi MapTeHcuT (puc. 1, 0). B Bepxueit
YacTH 30HbI OIJIABJIEHUS IWUPUHOI okoo 40 — 50 MKM Kap-
OMIIbI pacTBOPEHBI, rpadUTOBasi COCTABIISAIONIAs OTCYTCT-
ByeT. ['paHuna MexIy 30HaMM OIUIABICHHUS W 3aKaJIKH
HepaBHOMepHas (puc. 1, 6), a cama 30Ha 3aKaJKH U3 TBEp-
Joi (as3pl oTIMyaeTcs HEOIHOPOAHOH CTpyKTypoil. IIpm
Harpese (eppuTHAs MaTpUIa OKOJIO I'paHUTHBIX BKIIOUC-
HUIl HaCBIAETCsl YIIEPOJAOM, B PE3yabTaTe Uero TemIle-
patypa ee miaBieHus cHuKaetrcs. [lo 3Tol ke mpuumnHe
B BEPXHEH YacTH 30HBI 3aKaJIKHU 00JacTh BOKPYT (heppura
OIUIABIISIETCSl W HachImaercs: yriepoaoMm. CTeneHp Hachl-
LICHUS Ha Pa3IMYHOM PACCTOSHHUU OT rpauTa OTIHYaeTcCs,
MIO9TOMY OKOJIO TpaduTa 00pa3yeTcst CBETIbINH CIION Jesie-
Oypura (puc. 1, 6). Dta CTpyKTypa SIBISCTCS IPEBATHPYIO-
nield mpu ygaieHuu ot nosepxHoctu 3JIB, Habmronarotcs

Puc. 1. Mukpoctpykrypa uyryna mapku X® nociue JIO ¢ oruiaBieHreM HOBEPXHOCTH:
a — obmmit Bux 3JIB mpu 06paboTke ¢ OILIaBICHHEM [TOBEPXHOCTH; 6 — TPAaHUIA 30HBI OILUIABJICHHUS H 30HBI 3aKaJIKU

Fig. 1. Microstructure of KhF cast iron after laser treatment (LT) with surface melting:
a — general view of laser exposure zones (LEZ); 6 — boundary between melting and quenching zones
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Fig. 2. Change in microhardness along the depth of LEZ obtained by treatment of KhF cast iron with surface melting
(the inset shows a scheme for measuring microhardness after laser treatment)

cienpl (GeppuTa M IIacTUHYATHIA Tpadur. Ha rpanuie
30HBI 3aKaJIKM C OCHOBHBLIM METAJIJIOM B CTPYKTYpe YyryHa
MIPEBANNPYET MEPIUTHAS COCTABIIIONIAS.

Mukpoteepaocts no riybune 3JIB ¢ omnaBneHueM
ObUTa M3MEpeHa 10 TPEM HAIPaBICHUSIM, HAXOISIIIMCS
Ha pasHbIX PACCTOSHUSIX OT LIEHTPa IMOJOCH 0OPaOOTKH.
Cxema m3MepeHus Toka3zaHa Ha Bpeske K puc. 2. lllupuna
JIOPOKKH 00pabOOTKM Ha MOBEPXHOCTH oOpasma 3,96 Mm.
['myOuHa 30HBI YIPOYHEHHS ¢ MOAU(DUIIMPOBAHHON CTPYK-
typoii mpu JIO ¢ onnasnenuem coctasuna 220 — 310 mMkm.
MHuKpOTBEPIOCTh MAPTEHCUTHOM CTPYKTYPHI B 30HE OILIaB-
NeHUst JocTuraeT npumepro 750 — 820 HV, | (puc. 2), uto
B 2,5—4,2 paza mpeBBIIACT MHUKPOTBEPIOCTh HCXOIHOU
CTPYKTYpbI, KoTOpas paBHa 234 +41 HV, (puc. 2, mrpu-
XOBasl JINHHMS).

[Tocne nazepHoii 06paboTku Oe3 OTIIABICHUS MOBEPX-
HOCTH oOpasna 4yryHa mapku X® crpykrypa 3JIB Ha
MONEpPeYHOM (e B HEI0M MOJ00HA CTPYKType dyryHa
B HCXOZHOM COCTOSHUH. OTIHYUS 3aKITIOYAIOTCS B TOM,
4TO B OTAENBHBIX ydacTkax 30HbI npu JIO 6e3 omnaBaeHus
MTOBEPXHOCTH HAOIIONAIOTCS CTPYNITUPOBAHHBIC pPacIpe-
nenenssle 1o 3JIB nmokanbHbIe yuacTku KapOuaHOH (asbl,
PaBHOMEPHO PACIIOIOKCHHBIC BKIIOUCHUS IIACTHHYATOTO
rpagura.

brmwke k moBepxHOcTH 3JIB HaxonsTcsl ydacTKu Oeii-
HHTA, C POCTOM IIIyOMHBI B CTPYKTYpE MPEBaIUPYET JIe/Ie-
OypuTHasi cocTaBisiomas. l3MmepeHne MHUKpPOTBEpPIO-
CTU MPOBOAMIU IO TOU ke caMoi cxeme, uto u mpu JIO
C OIUTaBJIICHHEM TOBepXHOCTHU. lllnprHa 30HBI M3MEpEHNUS
4,38 MmM. MukpoTtBepaocTs 1o rryoune 3JIB, nomyueHHoi
pu 00padoTKe uyryHa Mapku X® 06e3 oriaBIeHUS TTOBEPX-
HOCTHU, HAXOOUTCs MNPAKTUYCCKU Ha YPOBHC MHUKPOTBEP-
JOCTH MCXOTHOTO Marephalia, TOJBKO B OTICIHHBIX OUCHb
Y3KUX 30HaX MEPEKPHITUS JTa3ePHBIX TOPOXKEK, T1¢ HAOIO-
JaTi He3HAYHUTENFHOE OIUIABICHHUE TIOBEPXHOCTH, MUKPO-

TBEPIOCTbH MPEBBILIAECT UCXOJHYIO U HAaXOJUTCS HA YPOBHE
npumepHo 500 HV .

JlazepHass 00pa®oTKa XPOMOBaHAJMEBOTO YYTyHa
Mapkn X® U3Iy4EHUEM HEIPEPBIBHOIO BOJOKOHHOIO
Jazepa B PEeKUME C OIIAaBIEHUEM IIOBEPXHOCTU IPHUBO-
IUT K oOpazoBaHuio CTpyKTyp B 3JIB, obecnednBaronmx
MIPEBBILIEHUE MHUKPOTBEPAOCTH HaJl HCXOAHBIM 3Haue-
HHEM B 2,5 —4,2 paza mpu DIyOMHE 30HBI YNPOUYHCHUS
220 —310 MmxM. B 1o ke Bpems mpH Jla3epHOH 00paboTKe
0e3 OIuIaBJICHUS MOBEPXHOCTH CYIIECTBEHHBIX W3MEHCHHN
B 3JIB He HaOmomaeTcsi, MUKPOTBEPJOCTh OCTACTCS Ha
YPOBHE MUKPOTBEPIOCTH UCXOIHOTO MaTepHana.

JlazepHyto 00pabOTKy MOBEPXHOCTH 00Pa3IOB YyTyHa,
NPpCAHA3HAYCHHBIX JId MPOBCACHUSA TpI/I6OJ'IOFI/I‘IeCKI/IX
UCHBITAaHUM, NPOBOAWIM KaK Ha PEXHUME, NP KOTOPOM
o0ecrneunBaoch OIUIABJICHHE IOBEPXHOCTH, TaK M Ha
pexume, Kora oruiaBineHus: nosepxuoctu 3JIB He mocTu-
rajgock.

BbuTO TIpOBENIEHO HECKOJBKO CepHid TPHUOOJIOTHIECKHUX
UCTIBITAaHUM 00pa3IoB 4UyryHa NpPH PA3IHYHOM BPEMCHU
ucnbiTannii. B mepBo#t cepun ombitoB mocie JIO Bpems
ucnblTaHuil cocraBisio 60 MUH, a BpeMs HCHbITaHUH
oOpa3ia B MCXOAHOM cOCTOSIHMM — 25 MuH. [Ipn ymeHb-
UICHWHM BPEMEHHM HCHBITAHUNH HM3HOC 00pas3loB 4YyryHa
0e3 JIO mpeBbiman 3HadeHue 3,8 MM, paBHOE TOJIIUHE
obOpasna. Bo BTOpoi cepun ucCHbITaHUA 00pa3loB MOCie
JIa3epHO 00pabOTKU BPEMsI UCIIBITAHUH OBIJIO COKPAIICHO
110 30 MuH, a 00pasia B UCXOAHOM COCTOSIHUU — JI0 15 MHuH.

Bo Bpewmst ucnbITaHUi COOTBETCTBYIOLIMMU JaTYUKaMHU
HETOCPEACTBEHHO M3MEPSIN MOMEHT TpeHust M (puc. 3,
kpuBas 3), HOpMalbHYI0 Harpy3ky N (puc. 3, xpuBas 2)
u temneparypy 7 (ppUKIMOHHOTO pa3orpesa (puc. 3, KpH-
Basg /). TunuvHble 3aBUCUMOCTH TAPaMETPOB, KOHTPOJIH-
PYEMbBIX BO BpEMs MNPOBCACHUSA HUCIIBITAHUI U1 BpEMCHU
ucneiTannii 60 MUH, TIpUBeNEeHBI Ha pHC. 3 (Ha Bpe3Kax
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Puc. 3. I3meHeHue mapaMeTpoB, KOHTPOIUPYEMBIX [TPU MPOBEICHUHN TPUOOIOTMISCKUX UCTIBITAHU:

a — J10 6e3 omnasnenus; 6 — JIO ¢ oriaBiieHueM

Fig. 3. Change of the parameters controlled during tribotests:
— laser treatment without reflow; 6 — laser treatment with reflow

MOKa3aH BHJ| [TOBEPXHOCTH 00pa3loB 4yryHa mapku Xd
Mocje OKOHYAHHUS IIpoIecca TPEHUS W TPO(UIb JIyHKH
usHoca). M3mepenue riyOMHBI JTYHKH H3HOCAa OOpa3IoB
nociie JIO 6e3 oriaBiieHus TOBEPXHOCTH IPOBOMIIH TIOCIIE
MIPUTOTOBJICHUS Cpe3a 0 AUAMETPy 30HbI KOHTaKTa (ceue-
HUe A — A Ha Bpe3Ke a K puC. 3, a) U HAOIIOACHUS PO UIIS
JYHKH U3HOCA C IOMOIIbIO OITUYECKOTO MUKPOCKOIIA MIPH
yBenudeHun 10 kpar (Bpeska 6 k puc. 3, a). Usmepenue
JUHEWHOTo M3HOCca oOpasnoB mocie JIO ¢ omnaBieHueM
MTOBEPXHOCTH OCYIICCTBISUIH TPO(PHUIOMETPHUPOBAHHEM
HE MEHEe YeM B TPEX MECTax 0 30HE KOHTAKTa, [TOIyUYCH-
HBIE JaHHBIE 00padaThIBaIl METOJAMH MaTeMAaTHUECKOH
craructukd. dparMeHT HPOQuIIs JYHKH H3HOCA IMOCIE
TPUOOJOTHYECKUX HCIBITaHHIH 00pa3sia, 00paboTaHHOTO
C OIUIaBJICHHEM IOBEPXHOCTH, MPEJACTABICH Ha BPE3Ke O
K puc. 3, 0.

Kpome u3MepeHus JTMHEWHOrO M3HOCA, PABHOTO TIy-
OWHEe KaHaBKM B MECTE KacaHMs «Iayblia» (IOJI0ro
umIMHApa (Bpe3ka a K puc. 3)) U MOBEPXHOCTH HUCCIEye-
MoOro 00pasia, onpeaessuIi HHTCHCHBHOCTD M3HAIINBAHUS
KaK OTHOIICHHUE JINHEWHOTO U3HOCA K ITyTH TPEHHUS. 3a Iy Th
TPECHUSI TIPUHUMAIH OTHOCHUTEIHHOE IEpEeMEIICHUE TPY-
IIUXCSl TOBEPXHOCTEH B TCUCHUE BCETO IHKJIA U3MEPCHUI.
JIunelHpIil M3HOC, MHTEHCUBHOCTh W3HAIIMBAHUSA U MyTH
TPCHUS IPUBEACHBI B Ta0JIHIIC.

Criry TpeHHsS B MECTe KOHTAKTa PAcCUUTHIBAIM U3
YCITIOBHSI PAaBEHCTBA MOMEHTOB TPEHHUSI B MECTaX MPUIIOKE-
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HUS CHJIBI TPEHHS U U3MEpPeHHs MOMEHTa TpeHus. [Ipuuem
TociIeiHee W3 KOHCTPYKTHBHBIX COOOpakKeHNI HAXOIMIOCH
Ha PACCTOSIHUU 25 MM OT LIEHTpa BPALICHUS «MalbLa» IO
MIOBEPXHOCTH 00pasa. YUNTHIBas T'€OMETPUUIECKHE pas-
Mepbl KOHTpPTENA U IPOCTPAHCTBEHHOE PACIIONOKEHNE MeCTa
HU3MEpPEHHs. MOMEHTA TPEHUS B IKCIIEPUMEHTE, II0JIy4aeM

M
F =—2.10Hwm
™25

PacueTHbIC 3HAUCHHS CHIIBI TPEHHS TSI KYKIOTO dKCIIe-
pUMeHTa MpuBeeHbI B TabnuIle (37eCh BEIIMYMHA ONpeie-
JSIeTCSI SKCIIEPUMEHTAIIBHO).

AHamU3Upysl TMOBEICHHE MOMCHTA TPEHHS, MOXKHO
MIPEAIONOKUTH, 9To JIO n3MeHseT XapakTep N3HAITHBAHIS
KOHTaKTUPYIOIIUX IOBEPXHOCTEH. B psze ciryuaes, Hanpu-
Mep, TIPH HCIBITaHuH 00pa3uoB mocie JIO ¢ omiaBieHueM
MMOBEPXHOCTH HAOIIONAeTCsl CyllecTBeHHOoe (Oonee dem
B TPHU pa3a) yBEIHUYEHHUE CPEIHEKBAIPATHICCKOTO OTKIIO-
Henus BennunHbl (CKO) MOMeHTa TpeHus, [0 CPaBHEHHIO
¢ BenmunHoi CKO it mcnibiTanuiit 00pasios 0e3 oruias-
JCHHUS TIOBEPXHOCTH (CM. TaONHWIly) MPH yMEHBIICHUH
CPEIHEero MOMEHTa TpeHHs. MOXKHO MPEAINoNoXKHUTh, YTO
HaOIoaeMoe SIBIICHHE CBSI3aHO C WUCTHpPaHHEM rpeder-
kOB noBepxHocTH 3JIB, 06pasyromuxcst mpHu OILUIaBICHUN
MTOBEPXHOCTH, W TIOTAaHUEM IPOAYKTOB H3HOCA ITOBEI-
HICHHOW TBEPAOCTH B 30HY TPUOOIOTMYECKOTO KOHTAKTA.
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Pe3yabTaThl TPUOOJIOrHUYeCKUX HCIBITAHUI

Results of tribological tests

HNuTeHcus-
CocTosiiie Bpems ) T.°C Jluneiinpi | IlyTh HOCTb Koahpu-
HCIIBITAaHUM, N,H M, H-m F ,H HM3HOC, TpeHus, HM3HAIIN- LIUCHT
IIOBEPXHOCTH (max) i
MHH MKM M BaHU, TPEHHS
MKM/M
C orutaBiIeHHEM 60 228,5+ 13,1 2333 0,277 +£0,162 | 110,7 74,98 546,36 0,14 0,48
bes ormnaBnenus 60 173,8 19,4 | 280,9 [0,364+0,047| 145,5 2680 546,36 4,94 0,84
Ucxonnoe 25 211,4+223 203,7 10,365+0,117| 1459 3800 227,65 16,69 0,69
C omuraBiaeHHEM 30 2148 + 13,7 237,5 10,321 +0,086| 128,5 92,33 273,18 0,34 0,60
Bes omnasnenus 30 207,7+22,5 238,1 0,329 £0,058 | 131,6 700 273,18 2,56 0,63
Hcxonnoe 15 178,0 £ 16,1 154,210,317 +0,047 | 127,0 2500 136,59 18,30 0,71

Bcenencteue abpa3uBHOIO WM3HANIMBAHUS HCIBITBIBAEMBIX
00pa3roB HaONIOANICS 3HAYUTENBHBIA pa3dpoc 3Haue-
HUH MOMEHTa TpeHHUs (CHibl TPeHHA M KOdPPHUIHEHTa
Tpenus). HaOmromaeMoe BBICOKOE CONMPOTHBICHHE adpa-
3UBHOMY HM3HamuBauuio npu JIO ¢ oriaBneHHEeM MOBEpX-
HOCTH CBSI3aHO C HAJTMIHEM B TOHKOM TIOBEPXHOCTHOM CJIOC
CTPYKTYpPbl MAPTEHCHUTA, a C yBelu4eHueM rinyounsl 3JIB —
YYaCTKOB C JIeZICOYpUTHOM CTPYKTYPOH, NMEIOITUX MOBbI-
LIEHHYIO0 TBEPIOCTb. [1010KUTEIbHOE BIMSHUE Ha U3HOCO-
CTOMKOCTh OKAa3bIBACT OCTATOUYHBIN ayCTEHHUT BCIICICTBHE
€ro TOBBIIIEHHON YCTOWYMBOCTH K pacmaay NpH Harpese
1 BO3MO)KHOCTH IIEPEX0/ia B MApTEHCHUT JIe(hOpMaIHU TIPH
TPEHHH.

Crpykrypusie namenenus rnocie JIO ¢ oruiaBneHuem mno
JAHHBIM TPUOOJIOTYECKUX HCIBITAHUI TPUBOMIAT K YMEHbB-
MICHHIO JIMHEHHOTO M3HOca Oornee yem B 50 pa3, a MHTCH-
CUBHOCTHU M3HaIMBaHusA — Oonee yem B 100 pa3, koapu-
LIMEHT TPEHUS NIPU ATOM cHIKaeTcst noutu Ha 30 %. Ilocne
JIO 6e3 orutaBieHHs yMEHbLIEHUE YKa3aHHBIX TPUOOJIOTH-
YECKHUX XapaKTEepHUCTHK CyIIEeCTBEHHO MeHbIne: B 1,42 pa3za
u 3,4 pa3a COOTBETCTBEHHO.

[ BuiBOAbI

OKCIepUMEHTAIbHO MOKa3aHo, YTO 00padoTKa MOBEpX-
HOCTH XPOMOBaHaJUEBOIo uyryHa Mapku X® Hemnpepbis-
HBbIM JIa3epHBIM H3JIYyYEHHEM BOJIOKOHHOIO Jja3epa pas-
JUYHOTO YPOBHSI MOIIHOCTH HPUBOAUT K CYLIECTBEHHBIM
M3MEHEHHUSM B MMOBEPXHOCTHOM ciioe marepuaina. [Ipu JIO
C OIUIaBJIEHMEM HOBEPXHOCTH MHUKpoTBepaocts B 3JIB
Bo3pacrtaeT B 2,5 —4,2 pasza npu miyOMHE YIPOYHEHHOTO
ciost 220 — 310 MKM, YTO SBJISIETCSI CYIICCTBCHHBIM (hak-
TOPOM IOBBILLIEHHUS U3HOCHBIX XapaKTEPUCTUK MaTepuaa.
[Ipu nasepHOit 00paboTKe O€3 OIIABICHUSI TOBEPXHOCTU
HaOMoaeTcsl JOKAJIBHOE YBEIMYCHHE MHKPOTBEPAOCTH
mo 1,9-27paza npu miryomne 3JIB 50 — 120 mxMm.
B pesynbrare ucnbITaHU HA TPEHUE CKOIBXEHUS IO CXeMe
«IUCK — MAJIeI YCTAHOBJICHO, YTO CTPYKTYpHBIC H3Me-
Henus B 3JIB mocie nmasepHO# 00pabOTKH HENPEPhIBHBIM

W3IyYeHHEM IOBEPXHOCTH KOHTAKTa MPUBOIAT K CHIIKE-
HUIO JUHEWHOTO M3HOCAa U MHTEHCUBHOCTH M3HAIIMBAHUSI.
[Mocne JIO ¢ ormnaBiieHreM MOBEPXHOCTH JTUHEHHBIA U3HOC
yMeHbIaercs ooiee ueM B 50 pa3, a HHTCHCUBHOCTh U3HA-
muBaHust Oosee uem B 100 pas, mpu 3ToM ko3 dummeHt
Tpenus camxkaercs moutu Ha 30 %. ITocme JIO 6e3 oruras-
JEHUsT TIOBEPXHOCTH M3MEHEHHE TPUOOXapaKTEePUCTHK
MEHee BbIpakeHO  coctaBiseT 1,42 pasza u 3,4 pasza coot-
BETCTBEHHO.
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EFFECT OF STRUCTURE OF UNFLUXED BURNT TITANOMAGNETITE PELLETS
ON STRENGTH UNDER STATIC COMPRESSION

A. N. Dmitriev?!, V. G. Smirnoval, E. A. Vyaznikova?,
G. Yu. Vit'’kinal©, A. S. Smirnov?

nstitute of Metallurgy, Ural Branch of the Russian Academy of Sciences (101 Amundsen Str., Yekaterinburg 620016, Russian
Federation)

2E.S. Gorkunov Institute of Engineering Science, Ural Branch of the Russian Academy of Sciences (34 Komsomolskaya Str.,
Yekaterinburg 620049, Russian Federation)

&3 20procents@mail.ru

Abstract. Burnt pellets must retain their strength from the moment they are taken out of an induration machine until they are loaded into a blast furnace.
One of the indicators of the burnt pellets’ strength is the compressive strength, i.e. the ultimate force. In experiments to determine compressive strength,
the main type of fracture is occurrence and development of cracks that pass through the core center of pellets (where the maximum radial tensile
stresses present) or near it. The paper presents the requirements for static compression strength imposed by blast furnace production to iron ore pellets.
Using an optical and scanning electron microscope equipped with an energy-dispersive microanalyzer, we analyzed the relationship of structural
components and pores in the core of burnt unfluxed iron ore titanomagnetite pellets with the ultimate force under static compression. By scanning
electron microscopy and X-ray spectral microanalysis, it was established that the core of pellets is a multiphase material, and its main phases are
titanomagnetite, magnetite, titanohematite, hematite and aluminosilicate binder. Optical microscopy made it possible to establish the microstructure
of the pellet core, which has three types of microstructures: non-oxidized core (magnetite or titanomagnetite), partially oxidized core — around
(magnetite or titanomagnetite) hematite grains (titanohematite) and oxidized core (hematite and titanohematite). The main factors for obtaining pellets
with an ultimate force of more than 2.5 kN/pellet according to the requirements of blast furnace production are: the number of closed macropores and
the number of large grains in the core. It is shown that with an increase in the number of closed macropores and the number of large grains in the core,
the ultimate force is reduced from 3.5 kN to 0.87 kN/pellet.

Keywords: unfluxed pellets, titanomagnetite, magnetite, titanohematite, hematite, aluminosilicate binder, core microstructure, ultimate force, closed
pores
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AnHomayusi. OOOXOKEHHbBIE OKAaTHIIIH JODKHBI COXPAHATH MPOYHOCTH OT MOMEHTA €XOJa ¢ OO)KMIOBOW MAILIMHBI 10 3arpy3KH B JIOMEHHYIO I€Ub.

OnHUM U3 OKa3arelieil POYHOCTH 000XIKEHHBIX OKATHIIICH SBIISCTCS IIPOYHOCTH Ha C)KaTHE, TO €CTh YCHIIME NpH pa3pyuieHud. [Ipn ucnsranuu
OKaThIIICH Ha MPOYHOCTh HA CKAaTUE OCHOBHBIM BHUIOM Pa3pyLICHUS SBIAETCS BOSHUKHOBEHUE U PA3BUTHE TPEILIHH, IPOXOIINX Yepe3 HEHTP
spa OKarhIlIed (rae JeHCTBYIOT MaKCHMAIbHBIC paJfajibHBIC PACTATHBAIOIINE HANpPSDKCHUS) WIM B HEHNOCPEACTBEHHOH OJNIM30CTH OT HEro.
[Ipencrasnens! TpeOOBaHUS IO MPOYHOCTU HA CTATHUECKOE CHKATHE, PEIBSIBISIEMbIC TIPU JIOMEHHOM MIPOU3BOJICTBE K JKEJIE30PYIHBIM OKATHILIAM.
C HCHONB30BaHUEM ONTHYECKOTO M CKaHUPYIOIIEro 3JIEKTPOHHOIO MHUKPOCKOIIA, OCHAICHHOTO HEProUCIIEPCHOHHBIM MHKPOAHAIN3aTOPOM,
MPOAHAIN3UPOBAIN CBSA3b CTPYKTYPHBIX COCTABISIONIMX U IOP B sApPe 00OMOKEHHBIX HEO(IIOCOBAHHBIX KEJIE30PYIHBIX THTAHOMAIHETUTOBBIX
OKATBIIICH C yCWJIMEM Pa3pyLICHUs IIPU CTAaTHYECKOM C)KaTHH. METO/IOM CKaHHPYIOUIEH 3IeKTPOHHONW MHUKPOCKOIIMU U PEHTICHCIIEKTPAILHOTO
MHUKpOAHAIIN3a YCTAaHOBHJIM, YTO SIAPO OKATBILIEH sBisieTcss MHOrodasHbiM MarepuanoM. OcHOBHbIE ()a3bl — THTAHOMATHETHT, MarHeTHT,
TUTAHOTEMATHT, TeMAaTUT U AIIOMOCHIINKAaTHOE CBs3ytolee. OnTrdeckas MUKPOCKOITUS O3BOJIMIIA YCTAHOBUTh MUKPOCTPYKTYPY sipa OKAThILICH.
B03MOXKHBI TpH THIIA MUKPOCTPYKTYPBI: HEOKMCICHHOE SIIPO (MArHETHT MJIM TUTAHOMArHETHT), YACTUYHO OKUCJICHHOE PO — BOKPYT (MarHeTHTa
WIA THTAaHOMAarHeTHWTa) 3€pHA reMaruTa (THTAHOTEMaTHTa) W OKUCICHHOE sAApO (TeMaTuT W THTaHOreMartwut). OnpenensronMu (akropaMu
JUISL TIOJTyYEHMST OKaThILIeH ¢ ycuiueM paspyuieHust 6onee 2,5 kH/okarbiu mo Tpe6oBaHMSM JOMEHHOTO ITPOM3BOJICTBA SIBIISIFOTCS: KOJIMYECTBO
3aKPBITHIX MaKpOIIOp B SAPE M KOJIMYECTBO 3€PEH KPYIHBIX pa3MepoB B siape. [Ipu yBennueHnn Kolmn4ecTBa 3aKpBITHIX MaKpOIIOp M KOJIMYECTBA

3epeH KPYIMHBIX pa3MepoB B spe CHIDKAeTCsl ycunue paspyerus ot 3,50 mo 0,87 kH/okarsr.

Kawueswle cnoea: Hqu)J'IIOCOBaHHI)Ie OKaThIIIHA, TATAHOMArHETUT, MArHETUT, TEMATUT, TATAHOTEMATHUT, AJITFOMOCHUIIMKATHOE CBA3YIOIIEC, MUKPOCTPYKTY-

pa siapa, ycuiane pa3pyLieHusl, 3aKpbIThie HOPbI

BbaazodapHocmu: Pabora BeinoiHeHa B pamMkax peanusanuu [ocynapcrsenHoro 3ananus UMET VYpanbckoro otnenenust PAH (Ne 122020100125-6)
¢ ucnons3zopanueM odopynosanus LKII «Ypan-M» UMET VYpansckoro oraenenus PAH u LIKII «IInacromerpus» MMAIL Ypanbsckoro otie-

nenust PAH.

/s yumupoeanus: Imutpues A.H., Cmupnosa B.I., Bs3saukosa E.A., Burekuna ['1O., CmuproB A.C. BnusiHue CTpyKTYpbl HEO(DIFOCOBAHHBIX
000JCKEHHBIX THTAHOMAIHETUTOBBIX OKAaTBIILIEH HA MX MPOYHOCTD IIPU CTATHYECKOM CXKATUU. M3eecmus 6y306. Yepnas memannypeus. 2023;66(6):

696-704. https://doi.org/10.17073/0368-0797-2023-6-696-704

[ INTRODUCTION

Iron ore pellets are crucial raw materials for cast
iron smelting in blast furnaces. In Russia and abroad,
pellet production involves two interrelated processes:
the formation of green pellets and their hardening. Green
pellets are burned to achieve the necessary metallurgical
characteristics, including compressive strength, impact
resistance, abrasion resistance, and reduction strength.
To enhance the pelletizing process and produce robust
pellets, 0.5—1.0% bentonite is added to the finely
ground concentrate [l;2]. Bentonite primarily con-
sists of aluminum and silicon oxides with high moisture
absorption capacity [3 — 5]. Bentonite is the most com-
mon binder for iron ore pellets [5 —7]. Green pellets
undergo hardening through oxidizing burning on con-
veyor induration machines. Papers [8 — 10] demonstrate
that, in the temperature range of 200 to 1300 °C, mois-
ture is removed, magnetite particles oxidize, magnetite
or hematite grains sinter, and pores and the silicate bond
are formed, leading to the enhancement of pellet strength
properties. As moisture is removed, bentonite forms hard
aluminosilicate interstices that contribute to the harde-
ning process [11; 12].

Upon completion of oxidation processes, a uniform
pellet structure is achieved [9]. The paper [13] highlights
that the key factor influencing the intensity of the oxida-
tion process is the pore size rather than the total porosity.
The heightened oxidation characteristics of pellets can be
attributed to the larger pore size of pellets with a lower
specific surface area of the concentrate. This pertains
to the oxidation period, during which the process is pri-

marily governed by oxygen diffusion in the pellet pores.
Additionally, when the hematite film forms on the grains,
the transformation is contingent on the concentrate
grain size.

Magnetite in pellets undergoes oxidation through
three distinct mechanisms: complete oxidation across
the entire cross-section of the pellet, complete oxida-
tion of the pellet shell with a non-oxidized core, and
partial oxidation of the pellet shell with a non-oxidized
core [14]. According to findings in [15], introducing oxy-
gen enrichment into the gas atmosphere during the con-
tinuous heating of magnetite pellets can result in oxida-
tion throughout their volumes, effectively eliminating
non-oxidized cores. The kinetics of magnetite concen-
trate oxidation suggest that such oxygen enrichment is
particularly effective at lower temperatures. Research in
[16] revealed that temperatures between 700 and 800 °C,
with 21 % O,, or increasing the oxygen content to 60 or
100 % at 800 °C, can achieve complete oxidation across
the entire pellet cross-section. The proposed formula
for calculating the oxidation reaction rate, as a func-
tion of temperature and partial pressure of oxygen in
the gas phase, can be found in [17]. Additionally, in [18],
observations were made of hematite whiskers growing
on the oxidized surface of magnetite concentrate particles
at temperatures ranging from 800 to 950 °C. The whis-
ker thickness increased from 30 nm at 800 °C to 200 nm
at 950 °C. These whiskers act as bridges between con-
centrate particles during pellet burning, contributing
to the overall strength of the pellets.

The findings in the paper [19] illustrate that when
a pellet initiates oxidation, a hematite shell forms around
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the pellet while the core remains magnetite. At 1100 °C,
the diffusion rate of oxygen was limited by sintering in
the magnetite core, taking place before oxidation rather
than by the diffusion rate of oxygen through the oxidized
hematite shell, as previously asserted in the literature.
The oxidation rate peaked at around 1100 °C and sub-
stantially decreased at 1200 °C due to heavy sintering in
both the hematite shell and the magnetite core. Another
study [20] indicated that the hardening of iron ore pellets
through sintering begins at 1100 °C. The compressive
strength of pellets increases with the heating temperature,
although the impact of structure is not considered.

Compressive strength is a crucial metallurgical
characteristic of pellets. According to state standard
GOST 24765 — 81, ore mining and processing enterprises
that produce pellets utilize the results of compressive
strength tests to evaluate product quality. Current require-
ments at most pelletizing plants stipulate a static com-
pression strength of 2.0 kN/pellet, while in blast furnace
production, the static compressive strength should exceed
2.5 kN/pellet [21 — 23].

The issue of pellet integrity under mechanical impact
has garnered significant attention from researchers employ-
ing analytical, numerical, and experimental approaches
to predict fracture. Mathematical modeling results [24; 25]
indicate that when spherical pellets undergo compression,
the most unfavorable stress state occurs in the center due
to severe tensile radial stresses. Consequently, the ulti-
mate force is commonly used as a measure to assess pel-
let strength in compressive strength tests. A study in [26]
demonstrated that in compressive strength tests, the pri-
mary type of fracture involves the initiation and propa-
gation of cracks passing through the center of the mag-
netite core, where radial tensile stresses are maximal or
in close proximity. Interestingly, it was observed that pel-
lets of both 10 — 12 mm and 14 — 16 mm fractions share a
common pattern: the larger the relative size of the magne-
tite core, the smaller the ultimate force [26].

The scientific and technical literature lacks informa-
tion on how the core structure influences pellet strength.

This study aims to conduct comprehensive research
on the structural components (magnetite, titanomagne-
tite, hematite, titanohematite, aluminosilicate) and pores
in the core of burnt unfluxed titanomagnetite pellets.
The primary objective is to determine the dependency
of the ultimate force under static compression on the pel-
let core structure.

[l MATERIALS AND METHODS

To investigate how the structure of pellets influ-
ences their compressive strength, we examined 13 burnt
unfluxed titanomagnetite pellets within the 10 — 16 mm
fraction range. These pellets underwent processing
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under the standard temperature-time burning conditions
applied at JSC EVRAZ Kachkanarsky Mining and Pro-
cessing Plant. Testing was conducted in accordance with
ISO 4700 requirements, using the universal machine
BT1-FROS0THW.AIK (Zwick GmbH, Germany), with
hammer heads moving at a speed of 10 mm/min, and
the deformation curve was recorded. The total iron con-
tent (Fe ) in the pellets was determined through titrom-
etry according to GOST 32517.1, and FeO was defined
based on GOST 53657. Chemical analysis of CaO, SiO,,
AlLO,, MgO, TiO, and V,0, compounds was conducted
using the atomic emission method with inductively cou-
pled plasma on the SpectroBlue device (Spectro, Ger-
many). The chemical composition of the studied pellets
is as follows, wt. %: Fe_ , 60.90; FeO 3.02; CaO 1.00;
Si0, 3.89; Al,0, 2.83; MgO 2.59; TiO, 2.73; V,0, 0.59.

Microsections were prepared based on the fractures
of the pellets.

The metallographic study was conducted using
the Neophot-2 optical microscope, and the obtained
images were analyzed with Siams-700 software. Measure-
ments of grain size, closed macropore size, and the bind-
ing phase’s size in the core were carried out on five fields
of vision with 20 line segments. The linear method, fol-
lowing the Cavalieri-Acker principle, was employed
to determine the phase fraction, closed macropores,
and the binding phase [27]. Grain size was determined
according to GOST R ISO 643 — 2015, utilizing the con-
ventional phase number classification: 3-8 (large),
9 (medium), /0 (small), // and higher (very small).
To categorize pores, the following terminology was
applied [28]: closed pores are located inside the sample
and are completely isolated from neighboring ones, while
open pores have an open channel connecting them with
the external surface of the body. Pore size was assessed
by measuring their maximum size in two perpendicular
directions. The classification of pores was based on size
criteria [29]: macropores — with a diameter dp >20 um;
mesopores — 20 > dp > (.2 um; micropores — dp <0.2 um.

X-ray phase analysis (XRF) was performed using
the Shimadzu XRD-7000 diffractometer equipped with
CuK  radiation in the air, covering the 20 range from 10
to 85°. The ICDD PDF4 (International Center for Diffrac-
tion Data) database was employed for phase identifica-
tion and quantification.

X-ray spectral microanalysis (XRSM) of the phases
was performed on the Tescan Vega II scanning elec-
tron microscope, equipped with an Oxford INCA
ENERGY 450 energy-dispersive microanalyzer.

[ RESULTS AND DISCUSSION

The optical microscope revealed structures in the
microstructure of the pellet core, which can be catego-
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rized into three types: type / (Table 1, samples 1, 3, 4,
5,9, 10, 11) — the non-oxidized core — magnetite or tita-
nium-magnetite; type 2 (Table 1, samples 2, 6, 7, 8, 12) —
partially oxidized core — grains of hematite or titano-
hematite around magnetite or titanomagnetite; type 3
(Table 1, sample /3) — the oxidized core — hematite or
titanohematite.

The following phases were detected in the pellets
by the XRF method: hematite, magnetite, quartz, mag-
nesium silicate and ferruginous diopside. The XRSM
method was used to specify the composition of phases,
as diffractograms obtained by the XRF method showed
overlapping reflexes for “hematite” and “titanohematite,”
as well as “magnetite” and “titano-magnetite” (the ratio
of intensity lines, angles 26 of interplanar distances from
the reflexes fully coincide with the ICDD PDF 4 (Interna-
tional Center for Diffraction Data)).

The XRSM results (Fig. 1, Table 2) revealed that
the pellet core consists of the following phases:

—type I: phase at the point/ — titanomagnetite
(70.3 % Fe; 0.4 % Ti); phase at the point 2 — aluminosili-
cate binder composition, wt. %: FeO 19.28; SiO, 45.95;
CaO 14.7; Al,0, 13.8; MgO 2.14; phase at the point 3 —
magnetite (72.03 % Fe);

—type 2: phase at the point/ — titanohematite
(67.1 % Fe; 1.4 % Ti); phase at the point 2 — alumino-
silicate binder composition, wt. %: FeO 26.0; Si0, 40.4;
Ca0 12.9; Al,0, 12.2; MgO 8.9; phase at the point 3 —
hematite (60.86 % Fe);

Table 1

Results of measuring the ultimate compressive force of
pellets depending on their size

Tabnuya 1. Pe3ybTaTbl H3MepeHHs1 YCHINS Pa3pylLIeHHs]
OKAThIIIell HA C;KaTHe B 3aBUCHMOCTH OT HX pa3Mepa

Sample Fraction. mm Ultimate force,
number ’ kN/pellet
1 3.16
2 3.06
3 2.59
4 10-12 2.06
5 2.01
6 1.91
7 1.56
8 2.06
9 1.88
10 1.33
11 1410 1.14
12 0.87
13 0.70

—type 3: phase at the point / — titanohematite
(67.5 % Fe; 1.9 % Ti); phase at the point 2 — aluminosili-
cate binder composition, wt. %: FeO 60.9; SiO, 23.53;
Ca0 5.6; AL,O, 5.67; MgO 1.3.

The microstructure of the non-oxidized core, type /
(Fig. 2, a) consists of magnetite and titanomagnetite
grains (/) separated by the aluminosilicate binder (2) and
closed pores (3) of various sizes, ranging from spheri-
cal to near-spherical. The magnetite or titanomagne-
tite grains are interconnected, forming a magnetite or
titanomagnetite surface contact during sintering (4).
The microstructure of the partially oxidized core (type 2)
(Fig. 2, b) comprises interconnected structural compo-
nents of hematite and titanohematite (/), titanomagnetite
and magnetite (4), and the aluminosilicate binder (2).
Grain shells consisting of hematite (titanohematite) are
connected, forming hematite (titanohematite) surface

Fig. 1. Electron microscopic image
of the pellets’ core structure in the plane of ultimate action:
a—c—typel -3

Puc. 1. DneKTpOHHO-MUKPOCKOITMYECKOE H300paKeHNE
CTPYKTYPBI Spa OKATHIIICH B IIIOCKOCTH JSHCTBHUSI CHITBL:
a—c—tun /-3
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Table 2

Results of X-ray spectral microanalysis of the pellets

Tabnuya 2. Pe3yJbTaThl PEHTI€HOCHEKTPAJILHOI0 MUKPOAHAIN32 OKATBILIEH

Content of elements, wt. %, in the field of analysis

Points . .
O | Na | Mg | Al | si | K | T | cCa | Fe | V
Type 1
1 27.00 - 1.2 1.10 - - 0.4 - 70.30
2 50.44 1.2 1.2 7.19 | 2148 | 0.9 - 1049 | 7.10 -
3 25.07 - 1.1 1.20 | 0.60 - - - 72.03 -
Type 2
1 28.70 - 1.2 0.90 | 0.70 - 1.4 - 67.10 -
2 37.14 - 5.4 6.51 | 18.92 - - 931 | 2022 | 25
3 29.64 - 7.1 1.70 | 0.70 - - - 60.86 -
Type 3
1 28.70 - 0.4 1.00 - - 1.9 - 67.50 | 0.5
2 2870 | 04 2.0 3.00 | 11.00 | 0.1 0.8 4.00 | 4950 | 0.5

Fig. 2. Typical microstructures of the pellet core
in the plane of ultimate action:
a—c—typel -3

Puc. 2. TunuuHble MUKPOCTPYKTYPBI S/ipa OKaThIIEi
B INIOCKOCTH €M CTBUS CHIIBL:

a—c—tunl -3

contact during sintering (5). Some grains are separated
by closed pores (3). The microstructure of the oxidized
core, type 3 (Fig. 2, ¢) consists of titanohematite and
hematite grains (/) separated by open pores of complex
shape (2), constituting narrow channels alternating with
sharp bulging, aluminosilicate binder (3). The hematite
(titanohematite) grains, when joined during sintering,
form a hematite (titanohematite) surface contact (4).

Upon comparing the results from [15-20] with
the obtained core microstructure, it is assumed that
the oxidation of magnetite (titanomagnetite) in type /,
pellets occurred in the temperature range of 700 — 900 °C,
in type 2 pellets in the range of 400 — 600 °C, and in
type 3 pellets in the range of 200 — 400 °C.

In Figs.3 -5, the research and calculation results
are presented in graphical dependencies on the ultimate
force.

Fig. 3 depicts the ultimate force as a function of the ave-
rage size of grains of magnetite (titanomagnetite), hematite
(titanohematite), closed macropores, and aluminosilicate
binder in pellet cores. The analysis of these dependen-
cies reveals a stable correlation (correlation coefficient
R?>>0.7). Fig. 3, a demonstrates that when the average
sizes of magnetite (titanomagnetite) are 10— 15 um,
closed macropores are 12 — 15 pm, and the aluminosili-
cate binder 1.5 — 2.0 pm, the static compressive strength
requirements of 2.5 kN/pellet are met. In the structure
under review, both structural components and macropores
play a significant role in influencing the ultimate force.
However, for type 2 structure (Fig. 3, b), no linear relation-
ship was observed among the average grain size of hema-
tite (titanohematite), average sizes of closed macropores,
aluminosilicate binder, and ultimate force.
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A linear relationship was identified between the ulti-
mate force in pellet cores and the fraction of large mag-
netite (titanomagnetite) grains and closed macropores
(Fig. 4, a). The trend shows that the smaller the frac-
tion of closed macropores and large grains of magnetite
(titanomagnetite), the greater the ultimate force. This pat-
tern is also observed in the structure of type 2.

For all structures (type I, 2), a consistent observa-
tion was made: as the number of closed macropores and
large grains increased, the ultimate force decreased from
3.5 to 0.87 kN/pellet (Fig. 5).

To produce pellets with an ultimate force exceeding
2.5 kN/pellet, the following conditions should be met:
for type [ structure — the number of closed macropores
should be less than 18 %, and the number of large grains
should not exceed 25 %; for type 2 structure — these
values should be 25 and 60 %, respectively. For pellets
with an ultimate force exceeding 2 kN/pellet: for type /
structure — the number of closed macropores should be
less than 40 % and the number of large grains should not
exceed 50 %; for type 2 structure — these values should be
25 and 65 %, respectively.

The ultimate force of 0.70 kN/pellet (Type 3) does
not meet the static compressive strength requirements
due to the large number of open macropores (47 %) and
the number of large grains (75 %).

An important observation is that for both types
of structures, pellets with ultimate forces exceeding
2.5 kN/pellet can be obtained.

[ ConcLusions

The pellet core was found to exhibit three types
of structures: type / (non-oxidized core): titanomagne-
tite and magnetite grains, including sintered ones, closed
macropores, and aluminosilicate binder; type 2 (partially
oxidized core): around magnetite (titanomagnetite), there
are hematite and titanohematite grains, including sintered
ones, closed macropores, and aluminosilicate binder;
type 3 (oxidized core): hematite and titanohematite
grains, including sintered ones, open pores, and alumino-
silicate binder.

In the manufacturing of pellets capable of withstand-
ing compressive loads exceeding 2.5 kN, it is essen-
tial to have the following criteria: for type / structure:
the number of closed macropores should be less than
18 %, and the number of large grains should exceed
25 %; for type 2 structure: the values should be 25 % for
closed macropores and 60 % for large grains.

The ultimate force decreases to 0.70 kN/pellet for
the type 3 structure due to the presence of a significant
number of open macropores and large grains in the pellet
core.
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Short report
Kpamkoe coo6ujeHue

INFLUENCE OF TEMPERING ON STRUCTURE
OF DEPOSITED HIGH-SPEED STEEL COATINGS

L. P. Bashchenko ©, V. V. Pochetukha, T. A. Mikhailichenko

I Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
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Abstract. The technology of plasma surfacing in a protective-alloying nitrogen medium with an additive powder wire is characterized by high productivity
and the possibility of alloying the deposited metal. Durability of metal products depends on microstructure, chemical composition, production
technology, modes of thermal and surface treatments. The article presents the results of a study of structure and microhardness of the high speed alloy
R18Yu deposited in nitrogen medium on medium-carbon steel 30KhGSA. There were no differences in structure of the surfacing layer up to 4 mm
in depth, but after four times high-temperature tempering at 580 °C, structural and phase changes were revealed. The values of microhardness after
surfacing and tempering are consistent with the literature data.
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AnHomayus. TexHonorHs TIa3MEHHON HAIUTAaBKU B 3alIMTHO-JICTHPYIOIICH Cpesie a30Ta C MPUCaJ0YHON IIOPOLIKOBOM MPOBOJIOKOI XapaKTepu3yeTcs
BBICOKOW TPOM3BOAMUTENLHOCTBIO M BO3MOMKHOCTBIO JIETMPOBAHMs HAIUIaBIEHHOro Meraia. CTOMKOCTh METaUIMYECKUX H3IENUH 3aBHCUT
OT MHKPOCTPYKTYpPBI, XHMHYECKOTO COCTaBa, TEXHOJOTMH IOJYYCHHUS, PESKHMMOB TEPMHUYECKOH M IOBEPXHOCTHOH 00paborok. B crarbe
NPHUBE/ICHbl PE3YJIbTAThl UCCIEOBAHUS CTPYKTYPbl M MHKPOTBEPJIOCTH IIJIa3MEHHO-HAIUIABICHHOTO B CPEie a30Ta ObICTPOPEXYIIEro CruiaBa
P18IO na cpenneymiepomuctyto cranb 30XI'CA. Pa3znuumii B CTpOEHMH HAIIaBOYHOTO CJosi 10 4 MM 1O IIyOMHE HE BBISBICHO, HO IIOCIIE
YeTBIPEXKPATHOTO BBICOKOTEMIIeparypHoro otmycka npu 580 °C BbIsBICHBI CTPYKTypHO-(ha30BbIe H3MEHEHNUsI. 3HAUCHHSI MUKPOTBEPIOCTH OCTIC
HAIUIaBKH ¥ OTIIYCKa COIVIACYIOTCS C JINTEPATYPHBIMH JaHHBIMH.
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[ INnTRODUCTION exerts on the formation of enhanced performance charac-
teristics [1 — 3] and their practical implementation [4; 5].
In recent years, researchers in the field of fundamental Heat-resistant, high-hardness steels (R18, R6MS,

materials science have traditionally focused on studying R2M9, etc.) with excellent service properties are widely
the impact th at structural-phase state of high-speed alloys ~ employed as surfacing materials in mechanical engi-
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neering and metallurgy to protect parts from abrasive
wear [6 — 9]. The technology employed is plasma surfac-
ing in a protective-alloying nitrogen medium with an addi-
tive powder wire. This technology is highly productive and
enables alloying of the deposited metal [6 — 9]. Nitrogen,
in the case of wear-resistant coatings, provides increased
impact and corrosion resistance [6 —9]. The resistance
of metal products is determined by microstructure, chemi-
cal composition, formulation, heat, and surface treatment
modes. However, reliable data on enhancing the hard-
ness and wear resistance of high-speed metal obtained
by plasma surfacing and subsequent he at treatment is
lacking in the literature.

The objective of the present work is to investigate
the structure of high-speed steel coating formed by high-
temperature plasma in a nitrogen medium and high-tem-
perature tempering.

] MATERIALS AND METHODS

We investigated the deposited high-speed alloy
R18Yu, additionally alloyed with aluminum and nitrogen,
possessing the following chemical composition, wt. %:
C0.87; Cr4.41; W 17.00; Mo 0.10; V 1.50; Ti0.35;
Al 1.15; N 0.06. The base material is 30KhGSA steel
with the following chemical composition, wt. %: C 0.3;
Cr0.9; Mn 0.8; Si1 0.9.

As described in the works [8; 9], ingot deposition was
performed using the installation for plasma surfacing
of rotation bodies in the thermal cycle with low-tempera-
ture heating. The surfacing mode remains consistent with
the one outlined in [8].

Samples were cut from the upper layers of the deposi-
ted metal using a spark cutting machine and subjected
to heat treatment (heating temperature reaching 580 °C,
with a 1h holding time and four tempering cycles).
The metallographic study employed the OLYM-
PUS GX-51 optical microscope. For obtaining EDS map-
ping images and profiles, the KYKY-EM6900 scanning
electron microscope was utilized.

Microhardness was studied using the Vickers method
with an HVS-1000 measuring device, employing a 1 N
indenter load.

[ RESULTS AND DISCUSSION

According to classical ideas, the structure of the
deposited layer forms as outlined in [10]. The carbon-
depleted o-solid solution precipitates from the liquid.
Subsequently, the peritectic reaction ensues, leading
to the formation of y-mixed crystals. This reaction occurs
at the phase interface, and the resulting y-crystals act
to isolate the core of a-crystals from the more carbon-
rich liquid. The peritectic reaction can only proceed if
carbon and alloying elements diffuse from the liquid
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solution through the y-phase. However, this process is
rarely observed under real surfacing conditions, where
the surface-deposited layers cool down rapidly. Conse-
quently, the structure retains a certain amount of a-phase,
a quantity influenced by the cooling rate of the surface
layer [10].

Upon subsequent cooling, the eutectoid decomposi-
tion of the a-phase takes place, resulting in the formation
of an a-eutectoid. This eutectoid comprises a dispersed
mixture of austenite and carbides of the Me,C type, as
well as cementite-type carbides.

The inhomogeneity of the structure increases
with a higher cooling rate, a phenomenon attributed
to the gradually occurring peritectic transformation. Fol-
lowing final solidification, the structure features grains
composed of three concentric layers: / — a core with
a two-phase a-eutectoid structure; 2 — an intermediate
light layer (during solidification, y-crystals form here
due to the peritectic reaction, and upon rapid cooling,
they transform into martensite and residual austenite);
3 — an outer layer with two-phase eutectics of austenite
and carbides, which, after cooling, transforms into mar-
tensite and carbides [10].

Microstructure analysis through optical microscopy
reveals that the structure of the deposited layer exhibits
a typical cast structure, with dispersion that is practically
independent of the distance from the surface. This consis-
tency may be attributed to the relatively small thickness
of the deposited metal and, consequently, the uniform
cooling rates throughout the depth of the layer deposited
in a single pass.

A more detailed examination at significant magnifica-
tion using scanning electron microscopy, which allows
a focus on structural elements, also demonstrates no dis-
cernible differences in the structure of the deposited layer
at various depths from the surface (refer to the Figure).

The distinctive light-colored shell exhibits martensite
and residual austenite crystals, formed during accelera-
ted cooling from the y-phase involved in the peritectic
reaction. Inside the light-colored shell, primary carbides
of the Me,C with a skeleton-like shape are situated.
The presence of these carbides diminishes the tough-
ness of the steel, prompting exploration into methods for
mitigating their impact. Dark areas represent a two-phase
eutectic structure, which, after solidification, comprises
carbides, martensite, and residual austenite.

Given that the surfacing was conducted in a nitrogen
medium, it is expected that nitrogen-containing carbides
or carbonitrides must have formed. The works [6; 7] have
demonstrated the formation of complex carbides such as
Fe,(W-Mo-N-V),C. It is possible for Fe,N nitrides
to be formed.

Following four cycles of high-temperature temper-
ing at 580 °C with a 1 h holding time and subsequent air
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Electron microscopic images of the deposited layer at a distances
0f 2000 um (@) and 4000 pum (b)

DIIEeKTPOHHO-MHKPOCKOITHYECKUE H300paKeH s HATIIIABICHHOTO CII0s
Ha paccrosaun 2000 Mxm (a) n 4000 MxM (b)

cooling, structural changes were observed in the deposi-
ted layer. In the locations initially comprising martensite
and residual austenite, they transformed into tempered
martensite with enhanced etchability, releasing dispersed
carbides of MeC and MeC type.

Microhardness on the surface of samples after surfa-
cing and four cycles of high-temperature tempering was
automatically measured at 100 pum intervals. The micro-
hardness of the deposited layer was found to be slightly
lower than that of the same layer after four cycles of tem-
pering (see the Table).

After four cycles of tempering, as residual austenite
decomposed, tempered martensite formed, and dis-
persed carbides were released. The overall microhard-
ness slightly increased, and its distribution became more
homogeneous (see the Table), aligning with data from
literary sources [10].

- CONCLUSIONS

We employed optical and scanning electron micros-
copy, along with microhardness measurements, to eva-

Distribution of microhardness in the deposited layer
at different distances from the surface of the test material
after surfacing and after four-time tempering

Pacrlpez[e.ﬂelme MHUKPOTBEPAOCTH
B HAIVIABJICHHOM CJIO€ HA Pa3JIMYHOM PaCCTOSTHUHA
OT MOBEPXHOCTH HCCJICAYEMOI'0 MaTepuaJjia
I0CJI€ HAIVIABKU M MOCJIC YeTHIPEXKPATHOI'0 OTITYCKA

Microhardness of high-speed steel R18Yu, MPa,
at a distance from the sample surface

after surfacing . Rt ST .
and high-temperature tempering

1000 pm | 3000 pm 1000 pm 3000 pm
48.20 49.82 55.15 51.72
46.37 45.58 53.88 52.53
46.37 48.13 60.14 51.40
50.45 43.96 50.15 50.52
46.84 47.42 55.28 51.35
41.22 33.59 54.39 63.13
46.99 48.63 54.26 49.30
34.16 44.11 49.13 55.67
46.99 47.31 54.26 51.96
45.43 44.39 55.26 55.25

luate the effect of tempering on the structure of the R18Yu
high-speed steel coating formed by plasma surfacing in a
nitrogen medium with a powder wire.

It was observed th at cells with an austenite-marten-
sitic structure formed, and there was a marginal increase
in microhardness.
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STRUCTURE AND MECHANICAL PROPERTIES ANISOTROPY
OF A STEEL PRODUCT MANUFACTURED BY LAYER-BY-LAYER
ELECTRIC ARC WIRE 3D PRINTING

I. V. Vlasov ©, A. I. Gordienko, A. E. Kuznetsova, V. M. Semenchuk

Institute of Strength Physics and Materials Science, Siberian Branch of Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk 634055, Russian Federation)
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Abstract. The work presents the study of structure and mechanical properties anisotropy of a metal wall obtained using electric arc wire 3D printing
(WAAM) with ER70S-6 wire. The layers were deposited in the protective gases of carbon dioxide and argon. As a result of structural studies, it was
found that the internal structure of the model product in form of a wall can be divided into three zones. Repeated heating, cooling cycles and degree
of accumulated heat influence the formation of different wall zones. As a result of rapid heat removal to the substrate during deposition of the first
layers, the wall base (zone /) contains large elongated grains with acicular ferrite structure. The wall middle part (zone 2) consists of ferrite-pearlite
structure, which was formed as a result of recrystallization under conditions of repeated heating and cooling during 3D printing. The size of ferrite
grains in zone 2 varies from 11 to 16.3 um with increasing the number of layers. The gradual accumulation of heat during 3D printing led to the for-
mation of structures in zone 3 under conditions of overheating and a reduced cooling rate. As a result, the wall upper part (zone 3) consists of large
ferrite grains (up to 29.8 pm), sorbite, and a small proportion of Widemanstatten ferrite and acicular ferrite. It is shown that the most uniform level
of mechanical characteristics (6, , = 340 MPa, 6 = 470 MPa, & = 28 %) correspond to the samples cut from zone 2 in a direction parallel to 3D printing
direction. The samples cut in the vertical direction relative to 3D printing and from zone 3 show the lowest level of microhardness and mechanical
characteristics (o, , = 260 MPa, 6, = 425 MPa, € = 20 %).

Keywords: additive technology, WAAM, GMAW, engineering steel, microstructure, mechanical properties, thermal cycling
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UCCNEQOBAHUE CTPYKTYPbl U AHU3OTPOMUMU
MEXAHUYECKMX CBOUCTB CTA/IbHOTO U3AENUA,
NONYYEHHOrO METOAOM NOCNOUHOMU 3NEKTPOAYIOBOM
NPOBONIOYHOM 3D-NEYATH

H. B. BiacoB “, A. U. Topauenko, A. E. Kyanenosa, B. M. CeMeHYyK

HUHcruTyT DU3HKN NpoyHocTH U MaTtepuasoBeneHuss Cuoupckoro oraesnenuss PAH (Poccus, 634055, Tomck, np. Akagemuuec-
Kui, 2/4)

&) viv@ispms.ru

AnHomayus. B paboTte NpOBEIEHO HCCICIOBAaHHE CTPYKTYphl M AHW30TPOIMH MEXaHWYECKHMX CBOMCTB METAJUIMYECKOM CTEHKH, MONyYCHHOU
C MOMOIIBIO 3JIEKTPOAYroBoit npoBonouHoi 3D-niewatn (WAAM) npoonokoii ER70S-6. Hanecenue cioeB MpOBOAWTCS B CPEAE 3aIUTHBIX
ra3oB: yIVIEKHCIIOrO ra3a M aproHa. B pesynbrare CTpyKTypHBIX HCCIIEJOBaHMH OOHAPY»KEHO, YTO BHYTPEHHIOI CTPYKTYpy C(HOPMHPOBAHHOIO
MOJICJIHOTO HM3JEHsl B BHIE JJIEMEHTAPHOW CTEHKH MOXKHO pa3leiuTh HAa TPU 30HBL. POpMHpOBaHHME Pa3HBIX 30H CTEHKH OOYCIIOBICHO
MHOTOKPATHBIMH ITUKJIAMH HarpeBa W OXJIAXJICHNS YYaCTKOB CTCHKHU M CTETICHBIO HAKOIUIEHHOTO TEIUIa 10 MEpe yBEINYeHHs UKIOB 3D-medarn.
B pesysbrare ObICTPOro TEMI00TBOAA B MOATIOKKY IPH HAHECCHUH NEPBBIX CIOEB OCHOBAHUE CTEHKH (30HA /) CONEPIKUT KPYIHbIC BHITSHYTHIC
3epHa CO CTPYKTypoil nronsdaroro deppura. CpeaHss 4acTh CTCHKH (30Ha 2) COCTOUT U3 (heppUTO-IIEPIUTHON CTPYKTYPEL, KOTOpast popMUpyeTCs
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B pe3y/bTaTe MePeKpUCTAIM3alUK B YCIOBUSX MHOTOKPATHOTO HarpeBa M oxJjaxaeHus npu 3D-neuaru. Pasmep ¢eppuTHBIX 3epeH B 30HE 2
n3MeHseTcs B npeaenax ot 11 1o 16,3 Mkm o Mepe yBenmuueHuns KoamdecTsa cioeB. [locreneHHoe HakomieHue Temia npu 3D-nedatn npuBoAnT
K (DOPMUPOBAHHIO CTPYKTYp B 30HE 3 B YCJOBHSX IEpPErpeBa U CHUIKCHHOW CKOPOCTH OXJIQX/CHUS, BCICACTBHE ATOrO BEPXHSSI YaCTh CTCHKU
(30Ha 3) COCTOMT M3 KPYMHBIX (EeppUTHBIX 3epeH (pazmepoM 10 29,8 MKM), copOuTa, HEOOIBIION J0JIM BUHAMAHIITETTOBOTO M HUIOJIBYATOTO

(eppura. OnHOpPOAHOE pacIpesieieHHe MUKPOTBEPAOCTH U ONTHMAJIbHBIE MEXaHHUYECKHE XapaKTEPUCTUKH (O

= 340 MIla, o, = 470 MIla,

02

€ =28 %) cOOTBETCTBYeT 00pa3LiaM, BEIPE3aHHBIM U3 30HBI 2 B HAIIPABICHHUN, apajuebHoM 3D-nedarn. O6pasibl, BEIPE3aHHbIE B BEPTHKAIEHOM
HAIpaBJICHUU OTHOCHUTENbHO 3D-meyatn u3 30HBI 3, JAEMOHCTPUPYIOT CaMble HM3KHE MHKPOTBEPJIOCTh M MEXAaHHYECKHE XapaKTePHUCTHKU

(6,, = 260 MIla, 6, = 425 MITa, £ = 20 %).

Kniouesnle caoea: ajnrisHas texuonorus, WAAM, GMAW, KOHCTPYKLHOHHAsI CTajlb, MUKPOCTPYKTYpa, MEXaHUUECKUE CBOWCTBA, TEPMOLIMKIHPO-

BaHHUC

Bbaazodaprocmu: Pabota BbINONHEHA B paMKaxX rocyJapCTBEHHOro 3a1anus VHCTUTYTa GU3MKK NPOYHOCTH M MaTepuanoBeaeHus: Cubupckoro ote-

nenust PAH, tema nomep FWRW-2021-0009.
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CBOCTB CTAJILHOTO M3/EHS, TIOTYIEHHOTO METOJIOM TTOCIOHHON 3JIeKTPOAYToBO poBoouHon 3D-nieuaru. Mzeecmus 8y306. Yepnas memannyp-

eusi. 2023;66(6):709-717. https://doi.org/10.17073/0368-0797-2023-6-709-717

- INTRODUCTION

Over the past few decades, there has been active
development in additive manufacturing of products and
the restoration of machine parts using this technology [1].
Additive technologies are in high demand in aviation,
the space industry, medicine, and mechanical engineering,
and their application is economically feasible for manu-
facturing prototypes and small-batch production. These
technologies are unique and indispensable, particularly
for producing parts with complex internal geometry,
where the addition of internal stiffeners, the creation
of channel systems inside the product, or the manufactu-
ring of parts with minimal loss of expensive raw materials
is essential [2]. Currently, various technologies for addi-
tive manufacturing of metal parts can be distinguished,
including powder-based methods such as selective laser
melting, direct laser deposition, and plasma-transferred
arc hardfacing, as well as wire-based methods like elec-
tron beam wire-feed additive manufacturing and wire and
arc additive manufacturing (WAAM) [3].

The WAAM process in a shielding gas environment
(GMAW) is the most common, high-performance, cost-
effective, and simple technology. This process offers
rapid deposition rates of about 4 — 9 kg/h [4] and enables
the creation of complex dimensional structures.

The technology of material deposition with a con-
sumable electrode in the environment of shielding
inert (MIG) or active (MAG) gases allows the deposi-
tion of a wide range of metals, including layer-by-layer
deposition of difficult-to-machine alloys such as tita-
nium [5; 6]. In some cases, subsequent heat treatment
is required to obtain specified mechanical properties.
Each layer in the 3D printing process undergoes multiple
thermal heatings that attenuate when moving away from
the place of a new layer deposition. All layers are unique
as heat accumulates in the wall while heat removal is
insufficient [7]. Consequently, the thermal history is
shaped, leading to structural-phase transformations and

710

alterations in internal stresses [8]. Uncontrolled thermal
impact can pose a significant challenge for alloys requir-
ing multi-stage heat treatment [9].

Another critical issue is the anisotropy of mechani-
cal properties. The growth of columnar crystals during
3D printing, directed heat removal during cooling,
the formation of layer boundaries, and the varying ther-
mal stresses experienced by each layer result in hetero-
geneous mechanical properties in different cross-sections
of the product [10]. This anisotropy in mechanical pro-
perties significantly complicates the process of designing
and obtaining volumetric items with specified parameters.

The objective of this study was to investigate
the features of structure formation during 3D printing
with structural steel wire and its impact on the distri-
bution of mechanical properties in different sections
of the product.

[ MATERIALS AND METHODS

A copper-coated ER70S-6 wire with a diameter
of 1.2 mm was utilized for layer-by-layer 3D printing.
As a substrate, we employed steel of 09G2S grade with a
similar chemical composition, designed for the production
of parts and elements in welded structures. The substrate
was 10 mm thick and was selected to minimize thermal
distortion during the 3D printing process. The chemical
composition of the materials is provided in Table 1.

Metal wire deposition was carried out using a system
comprising a FANUC AM-100iD multi-axis mechanized
manipulator (Fig. 1, a) integrated with an EWM Titan
XQ R 400 welding machine. The wire was deposited in
GMAW mode by the MAG method, employing a mix-
ture of carbon dioxide and argon in a ratio of 82 % Ar
and 18 % CO,. The optimal 3D printing parameters were
pre-selected based on the synergistic curves provided
by the manufacturer. This selection aimed to ensure stable
arcing, minimal spattering, and the deposition of even
layers.


https://fermet.misis.ru/index.php/jour/search/?subject=аддитивная технология
https://fermet.misis.ru/index.php/jour/search/?subject=WAAM
https://fermet.misis.ru/index.php/jour/search/?subject=GMAW
https://fermet.misis.ru/index.php/jour/search/?subject=конструкционная сталь
https://fermet.misis.ru/index.php/jour/search/?subject=микроструктура
https://fermet.misis.ru/index.php/jour/search/?subject=механические свойства
https://fermet.misis.ru/index.php/jour/search/?subject=термоциклирование
https://fermet.misis.ru/index.php/jour/search/?subject=термоциклирование

I1ZVESTIYA. FERROUS METALLURGY. 2023;66(6):709-717.
Vlasov LV, Gordienko A.L, etc. Structure and mechanical properties anisotropy of a steel product manufactured by layer-by-layer electric arc wire ...

Table 1

Chemical composition of 09G2S substrate and ER70S-6 wire

Tabnuya 1. Xumudeckuii coctaB Matepuasa nomiokku 09I'2C u npososioku ER70S-6

. Element content, wt. %
Material - -
@ Si Mn Ni Cr Cu P/S/N Fe
09G2S upto 0.12 | 05-0.8 | 1.3—-1.7 | upto0.30 | upto0.30 | upto 0.30 | upto 0.01 | =96.8
ER70S-6 | 0.06—0.10| 09-1.1 | 1.6—1.8 | upto0.02 | upto0.02 | upto 0.02 | upto 0.01 | =96.4

The most common structural element is the vertical
wall, which was produced using 3D printing by deposi-
ting layers, each 100 mm long, in 50 passes. Layers were
deposited at regular intervals (30 s) with a slight horizon-
tal shift (2 mm) to increase the width of the wall. The wel-
ding torch was tilted at a 10° angle against the substrate,
moved “backhand”. The distance between the torch tip
and the workpiece was approximately 10 — 12 mm.

The scheme for cutting samples from the wall is illust-
rated in Fig. 1, 5. To conduct microstructural studies, a
cross-section of the wall (highlighted in gray in Fig. 1, b)
was fabricated, encompassing the substrate itself. This facil-
itated additional analysis of the microstructure in the heat-
affected zone. The structural analysis of the samples was
conducted using the Carl Zeiss Axiovert 25 microscope and
LEO EVO 50 scanning electron microscope at the Nanotech
Center for Collective Use of the Institute of Strength Phys-
ics and Materials Science, Siberian Branch, RAS. The fer-
rite grain size was determined using the method of count-
ing intersections of grain boundaries (GOST 5639 — §82).
Tensile samples were extracted from both the substrate
and the wall, in both horizontal (from the top and bottom

of the wall) and vertical directions relative to the 3D print-
ing. The working part of the double-bladed shaped samples
had dimensions of 4.0x1.5%40 mm. Static tensile tests were
conducted on an Instron 5582 electromechanical machine
with a crosshead travel speed of 0.6 mm/min. Microhard-
ness was assessed using a PTM-3 device with a load on
the Vickers pyramid of 0.98 N (100 g).

[ RESEARCH RESULTS

Microstructural studies

Following 3D printing in the GMAW print mode,
the wall was successfully formed. The geometric charac-
teristics of the wall include a height of 66 mm, a width
ranging from 9.7 to 10.4 mm; and a 2 mm recess in
the substrate.

Macroanalysis of the outer surface of the wall revealed
that in the lower part, the boundaries between the layers
are smooth and clear (Fig. 1, ¢). However, towards the top
of the wall (approximately from its middle), undulating
layer boundaries are formed.

C——"
Wall
C——"

3 zone

Substrate

2 zone

+ 1 zone

Fig. 1. Photograph of the FANUC ARC Mate-100iD multi-axis robot (a), samples cutting scheme (b),
the wall photograph (c), the wall zones scheme (d)

Puc. 1. ®ororpadus muoroocesoro pobora FANUC ARC Mate-100iD (a), cxema Bbipe3ku 00pa3ios (b),
¢ortorpadus cTeHKH () U cXeMa 30H B CTEHKE (d)
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The 09G2S steel substrate exhibited a ferrite-perlite
structure with pronounced banding in the rolling direction
(Fig. 2, a). The average ferrite grain size was 18 £ 1 um.
In the heat-affected zone, the steel structure transitions
from bainitic to ferrite-pearlitic (Fig. 2, b).

In the cross-section of the printed wall, three dis-
tinct zones can be identified, as illustrated in Fig. 1, d.
The dimensions of zones /, 2, and 3 were 3 mm (4 %),
35mm (52 %), and 30 mm (44 %), respectively. It is
worth noting that the sum of all zones exceeds the wall
height due to zone / incorporating a portion of the melted
substrate (Fig. 1, ¢).

Zone 1, located at the base of the wall and the boun-
dary layer with the substrate, is approximately 3 mm in
height. It consists of large elongated columnar-shaped
grains (Fig. 2, d). Allotriomorphic ferrite formed along
the boundaries of former austenitic grains, with acicular
ferrite developing inside the grains.

Zone 2 situated in the middle part of the wall, is
approximately 35 mm in height and is characterized
by ferrite grains with pearlite inclusions (Fig. 2, e).
The average ferrite grain size in this zone varies from
11 + 1 pm in the lower part of zone 2 to 16.3 £ 2 um in
the upper part, relative to the wall height.

Zone 3, located in the upper part of the wall, is appro-
ximately 30 mm in height and comprises non-equiaxial
ferrite grains, Widmanstitten ferrite, separate regions
with acicular ferrite, and a pearlitic component (Fig. 2, f).
The average size of ferrite grains in this zone is signifi-
cantly larger, measuring 29.8 £+ 2 pum.

At the microstructural level, the boundaries between
the zones within the wall are not distinctly defined.
The transitions between them are seamless and often
occupy a substantial portion of the overall area.

The pearlite component and its distribution in the wall
structure were examined in greater detail using a scanning

Fig. 2. Optical (a, b, d — f) and SEM (¢, g — i) photographs of the substrate microstructure (a — ¢), the wall base (zones /) (d, ),
the wall middle part (zones 2) (e, &), the wall top parts (zone 3) (f; i)

Puc. 2. Ontuueckue (a, b, d — f) u POM (c, g — i) hoTorpaduu MUKPOCTPYKTYpbI IOIOKKH (a — ¢), OCHOBaHHSA CTEHKH (30HHI /) (d, g),
cpenHeil yactu cTeHku (30HbI 2) (e, 1), BepxHei yacti cTeHku (30HbI 3) (f; i)
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electron microscope (Fig. 2, ¢, & — 7). In the 09G2S steel
substrate, lamellar pearlite with an interlamellar spac-
ing of about 0.4 + 0.04 um was identified (Fig. 2, ¢). As
the fusion boundary with the wall was approached, granu-
lar pearlite formed in the heat-affected zone. This granular
pearlite is likely a result of insufficient austenitization dur-
ing the short-term heating of the substrate, leading to an
inhomogeneous carbon concentration in austenite.

No areas of pearlite were found in zone /. Instead,
individual cementite particles and thin interlayers were
observed near the boundaries of former austenitic grains
and acicular ferrite (Fig. 2, ). In zone 2, granular pearlite
was observed, distributed along the ferrite grain boundar-
ies (Fig. 2, 7).

In zone 3, the distribution of the pearlite component is
heterogeneous. As one moves away from zone 2, the pro-
portion of granular pearlite in the structure decreases, and
lamellar pearlite is formed instead (Fig. 2, 7). The inter-
lamellar spacing in the lamellar pearlite in zone 3 is
0.25 £ 0.03 um, corresponding to the sorbite structure.
In the upper part of the wall, within a distance of up
to 3 mm from its top, the proportion of the pearlitic com-
ponent decreases.

Microhardness measurement

Microhardness measurements were conducted
on the cross-section of the wall (Fig. 3, a). The origin on
the abscissa corresponds to the rear part of the substrate
(as depicted in Fig. 1, d). The microhardness of the sub-
strate material was recorded as 1.6 GPa. In the heat-
affected zone (~7 mm), microhardness initially decreased
to 1.35 GPa and then returned to the initial values
of the substrate material microhardness. As the fusion

2.2
a
Substrate zone / zone 2 zone 3
2.0
Substrate
in the initial
o 1.8 state
o
S/
T o6l ok
14
12 1 1 1 1 1 1 1 1
-10 0 10 20 30 40 50 60 70 80

Distance, mm

boundary is approached, microhardness increases in
zone /. The acicular ferrite structure in zone / exhibits
the highest microhardness values, reaching approximately
1.8 GPa. Given the limited length of this zone (Fig. 3, a),
the graph only displays a portion of the measured points.

In zone 2 and partially in zone 3, microhardness
gradually decreases, with a more intensive reduction and
greater spread of values observed in zone 3. As the upper
boundary of the wall is approached, microhardness
increases from 1.3 to 1.5 GPa.

Static tensile tests

Static tensile tests were conducted on samples cut in
both horizontal (from the bottom and top of the wall)
and vertical directions relative to 3D printing (Fig. 1, b).
The need to test samples from the lower (zone 2) and
upper (zone 3) parts of the wall arises from differences in
both the macrogeometry of the layers (presence of undu-
lating layer boundaries in zone 3) and the microstructure
in zones 2 and 3.

In this study, the substrate and reference data on
the mechanical properties of the ER70S-6 wire served
as the baseline for evaluating the mechanical proper-
ties of the wall. The samples cut in the vertical and hori-
zontal directions (from zone 3) relative to 3D printing
exhibit the lowest strength characteristics, even when
compared to the substrate material (Fig. 3, b; Table 2).
Simultaneously, the values of yield strength and tensile
strength are close, but the plasticity of the samples from
the vertical section is lower. Samples from the lower part
of the wall (zone 2) exhibit higher strength properties and
are closer to the reference values of the wire’s mechanical
properties.

600

Substrate  ,ope 2

500

400

Vertical sample

300

H, GPa

200

100

10 15 20 24

30

Relative elongation, %

Fig. 3. Microhardness of the wall cross-section measured by its height (), graphs of static tension (b)

Puc. 3. MUKpPOTBEpAOCTH B MOMEPEUHOM CEUCHUH CTEHKH, H3MEPEHHasI 110 €€ BbicoTe (b),
JUarpaMMbl CTaTHYECKOTO pacTsuKeHus (0)
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Table 2

Results of static tensile test

Ta6ﬂuua 2. Pe3yJILTaTl>l HCNBITAHUSA HA CTATUYECKOC PACTIKCHUE

State Part of the wall Gy,» MPa | o , MPa €, %
09G2S substrate 280+ 7 440+8 | 28«3
ER70S-6 (reference data) - 480 —550 | 22 -30
upper (zone 3) 260+9 | 422+ 11 | 26+2
GMAW lower (zone 2) 340+ 10 | 472+10 | 28+3
vertical section 265+ 11 | 428 £12 | 202

Samples cut from zone 2 and the substrate demon-
strate a wide yield plateau, whereas samples from zone 3
and the vertical wall section have a much smaller yield
plateau. The samples from the vertical wall section fail at
the weakest point of the sample corresponding to zone 3,
aligning with the calculated tensile strength in these
regions of the wall.

[ RESULTS AND DISCUSSION

Layer-by-layer printing of products induces cyclic
heating and multiple phase transformations of underlying
layers [11]. With an increase in the number of 3D prin-
ting passes, heat accumulates in the wall, and the cool-
ing rate decreases. Over time, during the deposition
of a new layer, excessive spreading and distortion occur
due to heat accumulation in the wall. This “critical”
heat accumulation begins approximately in the middle
of the wall, where undulating layer boundaries are clearly
visualized. A similar effect observed in 3D wall printing
is discussed in [9].

The structure in zone / originated from the specific
conditions during deposition of the first layers on the sub-
strate. The 3D printing of the wall initiated at room tem-
perature and was performed on a substrate mounted on
a solid metal table. This setup significantly enhances
heat removal for the initial wall layers, resulting in
a high crystallization rate and a significant thermal gradi-
ent, facilitating the epitaxial growth of austenitic grains
(Fig. 2, d) [12]. The formation of allotriomorphic ferrite
along the boundaries of former austenitic grains suggests
the occurrence of partial diffusion processes. However,
acicular ferrite is formed internally, representing a struc-
ture of intermediate bainitic transformation, typical in
welds [13]. A similar pattern of structure formation dur-
ing 3D printing of walls is discussed in [7; 14 — 16].

For subsequent layers, heat removal was reduced, both
due to substrate heating and a decrease in the contact area
with the substrate. Consequently, during 3D printing,
with the deposition of each new layer, the underlying lay-
ers experience overheating, resulting in recrystallization.
Dispersed polygonal ferrite grains and granular pearlite
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are also formed (Fig. 2, /). Granular pearlite is formed
due to cyclic heating of layers and insufficient holding
time, limiting the time for adequate austenite homogeni-
zation.

The upper part of the wall (zone 3), being formed
at higher heating temperatures affecting the underlying
layers, reduced cooling rates, and sufficient homogeni-
zation of austenite, exhibits a predominantly ferrite-sor-
bitic structure with a small proportion of Widmanstatten
and acicular ferrite. Similar results were demonstrated
in [17; 18]. However, as the number of layers increases,
and hence the heat build-up in the wall, the size of ferrite
grains also increases (up to 29.8 =2 pm). The very last
layers of the wall, due to direct contact with the atmo-
sphere, cool at a higher rate and do not recrystallize
as a result of reheating from the following layers [19],
resulting in fewer sorbitic regions and a larger proportion
of the bainitic component (Widmanstatten and acicular
ferrite). This accounts for the less pronounced yield pla-
teau of samples from zone 3 and the vertical wall section.
Previous studies have shown that when more than 20 %
of the bainite phase is present in the structure of low-car-
bon steel, the yield plateau in the tension graph completely
disappears [20]. Another reason for the shorter yield pla-
teau may be the coarse-grained structure, as fine-grained
steels are known to have a longer yield plateau and higher
yield strength due to a larger number of contact resis-
tances at grain boundaries compared to coarse-grained
steels. The inhomogeneous deformation on the parabolic
part of the load curve of the sample from the vertical sec-
tion may be related to its having an inhomogeneous struc-
ture, as it was cut from the wall region containing zones 2
and 3.

Changes in microstructure along the wall height cor-
relate with with variations in microhardness (Fig. 3, a).
Microhardness decreases in the heat-affected zone
of the substrate material due to several reasons. As
the first layers form with short-term substrate heating,
the material undergoes tempering, and granular pear-
lite is formed. The microhardness in zone / increases
(up to about 1.8 GPa) due to the formation of the acicular
ferrite structure. Residual stresses resulting from abrupt



I1ZVESTIYA. FERROUS METALLURGY. 2023;66(6):709-717.
Vlasov LV, Gordienko A.L, etc. Structure and mechanical properties anisotropy of a steel product manufactured by layer-by-layer electric arc wire ...

heat removal [19] can also contribute to the increase in
microhardness.

In zone 2, microhardness gradually decreases as
the ferrite-perlite structure forms, and the grain sizes
increase from 11 +1 to 16.3 +2 pm due to heat accu-
mulation during layer deposition and a lower cool-
ing rate. Microhardness in zone 3 further decreases
(to 1.3 GPa) owing to an increase in the average grain size
t0 29.8 £ 2 um. Closer to the top of the wall, correspond-
ing to the last deposited layers, microhardness increases
(from 1.3 to 1.5 GPa) due to a higher cooling rate and an
increase in the proportion of Widmanstatten and acicu-
lar ferrite. The boundary of this transition corresponds
to a depth of 4 mm from the top of the wall (zone 3) and is
accompanied by a large spread of microhardness values.
This is because structures with very different microhard-
ness values are formed, such as large ferrite grains and
regions of acicular ferrite.

Thus, the most uniform level of microhardness
values and the most optimal mechanical characteris-
tics are observed in zone 2. As the wall sections are
formed, the main issues causing increased microhard-
ness (zone /) or, on the contrary, decreased values of this
parameter (zone 3) are the excessively high cooling rate
due to the rapid heat removal to the substrate or severe
overheating in the upper part of the wall due to low
heat removal. Possible solutions to these problems may
include, firstly, substrate preheating aimed at reduc-
ing the cooling rate in the first layers, and secondly, an
increase in the time interval before depositing each layer
to allow the previously formed layers to cool to the speci-
fied temperature.

[ ConcLusiONs

We investigated the structure and mechanical proper-
ties of the steel wall produced using the electric arc addi-
tive technology (WAAM) with ER70S-6 wire on the sub-
strate made of 09G2S steel.

Due to the rapid heat removal to the substrate during
the initial stages of 3D printing, large austenitic grains
with a columnar shape are formed in the structure
of the wall base (zone /). Along the grain boundaries,
allotriomorphic ferrite is released during rapid cooling,
and within them, bainite transformation occurs, leading
to the formation acicular ferrite. This type of structure
is characterized by the highest microhardness values
(up to 1.8 GPa).

The middle part of the wall (zone 2) consists of fer-
rite grains (11 £ 1 to 16.3 £ 2 pm in size) with inclusions
of granular pearlite. This dispersed structure is formed
through recrystallization during cyclic heating and
a decrease in the cooling rate caused by heat accumula-
tion during multiple 3D printing passes. The formation

of this structure results in lower microhardness in zone 2
(up to 1.3 GPa) compared to microhardness in zone /.
The increased values of accumulated heat and over-
heating in the upper zones of the wall lead to excessive
“spreading” of the forming layers and formation of undu-
lating boundaries (zone 3).

High temperatures and low cooling rates result in
the formation of a coarse-grained structure (with a grain
size up to 29.8 = 2 um), including sections of ferrite and
sorbite with inclusions of Widemanstatten and acicu-
lar ferrite. Consequently, the microhardness decreases
to 1.3 GPa in this zone.

Static tensile tests revealed anisotropy in the mechani-
cal properties of the wall material in different directions
relative to 3D printing. The best mechanical properties
were recorded in the lower part of the wall (zone 2) for
the samples cutin the horizontal direction (o, , = 340 MPa,
6, =470 MPa). The samples cut in the vertical direction
relative to 3D printing from zone 3 exhibited the worst
strength characteristics (o, = 260 MPa, 6 = 425 MPa).
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INTERACTION OF CRACKS WITH GRAIN BOUNDARIES
IN IRON BICRYSTALS

D. S. Kryzhevich®, A. V. Korchuganov, K. P. Zol'nikov

Institute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk 634055, Russian Federation)
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Abstract. Molecular dynamic modelling of seed cracks evolution in iron bicrystals with inclined grain boundaries under uniaxial expansion was carried
out. The process of seed crack evolution can be divided into four stages. At the first stage, in the interval of elastic deformations, the seed crack is
stationary, and the stresses increase linearly, reaching a maximum value of ~7.0 GPa. At the same time, the atomic volume and stresses at the crack
tip before its opening grow significantly faster than the average for the sample. At the second stage, the crack begins to spread into the grain volume.
The process of crack propagation leads to an abrupt stress release due to relaxation processes in the areas adjacent to the crack banks and the emission
of defects from the crack tip. After reaching the grain boundary, the crack stops and blunts. At the third stage, the crack remains in the grain boundary,
and the sample stresses experience significant oscillations, which is caused by the emission of various defects both from the grain boundary and
from other interfaces. The emission of defects from the crack tip can cause local migration of the grain boundary, which is formation of a bend
on the initially flat surface of the grain boundary. When defects cease to be emitted from the crack tip, the voltage and atomic volume in this region
increase rapidly. At the fourth stage, the crack begins to spread into the second grain. It was found that a boundary with a large grain misorientation
angle is a more effective barrier restraining crack propagation. Initiation of the seed crack propagation in material is always preceded by an abrupt
increase in atomic volume and stresses at the crack tip.

Keywords: molecular dynamics, crack, excess atomic volume, iron, uniaxial tension

Acknowledgements: The work was performed within the framework of the state task of the Institute of Strength Physics and Materials Science, Siberian
Branch of Russian Academy of Sciences, project No. FWRW-2021-0002.

For citation: Kryzhevich D.S., Korchuganov A.V., Zol’nikov K.P. Interaction of cracks with grain boundaries in iron bicrystals. Izvestiya. Ferrous
Metallurgy. 2023;66(6):718-724. https://doi.org/10.17073/0368-0797-2023-6-718-724

B3AMMO/AEACTBUE TPELLUHbI C TPAHULEMN 3EPEH
B BUKPUCTA/INIAX KENE3A

JI. C. KpoikeBuu “, A. B. Kopuyranos, K. I1. 30/1bHUKOB
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AnHomayus. TIpoBeneHO MOIEKYIAPHO-THHAMUYECKOE MOICTHPOBAHIE YBOIMIONNH 3aTPABOYHBIX TPEIINH B OMKPUCTAIUIAX XKele3a ¢ HAKIOHHBIMHU
IPaHUIIAMH 3€pEH NPU OJHOOCHOM pacTshkeHuH. [TokazaHo, 4TO mpolecc HBOJIOLMHU 3aTPABOYHON TPEIIMHBI MOKHO Pa30OUTh HA YETHIpE HTara.
Ha mepBoMm sTame B MHTepBalle yHpyrux Ae(opManuii 3aTpaBodYHAs TPEIIMHA HEMOABIDKHA, a HANPSHKCHHS YBEIHYUBAIOTCS IO JIMHEHHOMY
3aKOHY, JIOCTHIasi MakcMMaibHoro 3Hadenus ~7,0 I'Tla. I1pu 3ToM atoMHbIH 00beM M HANpPSOKEHHs B BEPIIMHE TPEIIMHBI NEpell €e PaCKPhITHEM
PAcTyT CyIIECTBEHHO OBICTpee, YeM B CpeiHeM IIo oOpasiyy. Ha BTopoM sTame TpelnHa HaduMHAET PacHpOCTPaHATHCS B 00beM 3epHa. IIpomecc
pacnpoCTpaHeHUs! TPELUHbBI IPUBOAUT K CKAYKOOOpa3HOMY cOpPOCY HAINPSDKEHMS 3a CHET PeJIaKCAMOHHBIX MPOLECCOB B 00NACTSIX, MPUIIETAIOIINX
K OeperaM TpeNIMHBI, M SMUCCHH Je()EKTOB N3 BEPIIMHBI TPEIIUHBL J[OCTUTHYB IpPaHUIBI 3€peH, TPEIIUHA OCTAHABIMUBACTCS U 3aTyILIICTCL
Ha tperbeMm dTare TpelrHa ocTaeTcs B IpaHHULE 3ePEH, a HANPsDKeHHs: 00pa3iia HCIBITHIBAIOT CYIECTBEHHBIC OCIMIUISIINY, YTO BBI3BAHO IMUCCHEH
Pa3NIYHBIX Ae(EKTOB KaK U3 TPaHUIIBI 3¢PEeH, TaK U U3 IPYruX HHTep(delicoB. DMUCCHS Te(EKTOB U3 BEPIINHBI TPEIIUHBI MOXET BBI3BATh JIOKAIBHYIO
MUI'PALMIO IPAHULIBI 3ePeH, KOTOpast peACcTaBIsieT co0oi GopMHupoBaHUe U3rHda Ha M3HAYAJIBHO TIOCKOH MOBEPXHOCTHU rpaHuIbl 3epeH. Korna uz
BEPIINHBI TPEIIUHEI IEPECTAIOT HCITYCKaThCs Je(eKTh, TO HANPSHKCHHE M aTOMHBIN 00beM B 3TOi 0011acTH OBICTpO yBemmdauBaroTcs. Ha uetBeprom
JTare TPelMHa HAUMHACTCSl PACHPOCTPAHATLCS BO BTOpoe 3epHO. OOHApY)KeHO, YTO rpaHuULa ¢ OOJIBIINM YIJIOM Pa30pPUEHTAINH 3€PEeH SBIISETCS
6omee 3heKTUBHEIM 6apbepoM, CACPKUBAIOIIIM PACIIPOCTPAaHEHHE TpeImUHbL. [Toka3zaHo, 4TO HHUIMMPOBAHUIO PACHPOCTPAHECHHUS 3aTPAaBOYHON
TPELMHBI B MaTepHalie BCera MpeAIecTBYeT CKauKooOpasHbIi pOCT aTOMHOT0 00beMa M HANPSHKCHUH B BEPIINHE TPELUHBI.
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- INTRODUCTION

Numerous studies have been dedicated to investiga-
ting the fracture behavior of iron at the microscopic level.
The primary research objective was to ascertain how
the fracture processes in the material are influenced by
internal structural features such as defects, nanoparticles,
and grain sizes [1 — 4], along with the application of vari-
ous loading schemes involving boundary conditions and
loading rates [5], as well as different interatomic poten-
tials [6]. Grain boundaries (GBs) play an important role
in initiating and propagating fractures within the mate-
rial. The interaction between cracks and grain bounda-
ries is determined by several parameters, which can be
categorized into two groups [7]. The first group encom-
passes the type and rate of the applied load, crack para-
meters, in particular, length and distance from the crack
to the grain boundary, which influence stress concentra-
tion at the crack tip, serving as a driving force for dis-
location emission and motion. The second group comp-
rises grain boundary parameters, defining the resistance
level to crack propagation. Two predominant models are
commonly employed to describe the interaction between
cracks and grain boundaries. The first model, developed
and detailed in [8; 9], attributes the resistance of a grain
boundary to crack propagation solely to the orienta-
tion of an adjacent grain. This orientation determines
the positions of slip planes in the second grain and
the emission of dislocations in the corresponding slip
systems. In the second model [10; 11], the slip plane in
the adjacent grain is considered differently. Specifically,
the crack must alter the slip plane in the mating grain as
it crosses the grain boundary. This model introduces two
additional parameters determining the resistance value
for crack propagation: the grain boundary surface energy
characteristic of different types of grain boundaries and
the grain boundary tilt angle concerning the surface.

Crack propagation and fracture represent intricate
phenomena involving the rupture of atomic bonds and
the emission of dislocations from the crack tip. The linear
theory of elasticity posits that stress fields at the crack tip
are singular [12]. Atomistic modeling of fracture processes
offers a way to eliminate singularity and compute accu-
rate stress fields [13; 14]. In the context of brittle material
under loading mode /, we utilized molecular dynamics
to calculate stresses, local temperature at the crack tip,
and the emission of dislocations from the crack. Previous
works [15; 16] demonstrated that the initiation of partial

dislocations at the crack tip under shear load is signifi-
cantly influenced by temperature. Additionally, loading
modes /, 11, III, or their combinations in an iron single
crystal markedly affect crack behavior [13]. However,
the plasticity at the crack tip is determined by the crystal-
lographic orientation of the sample.

For the study of fracture evolution in materials with
a grain structure, it is crucial to identify specific features
of the interaction between cracks and grain boundaries.
Experimental investigation of crack interaction in mate-
rials with specific grain boundaries is challenging. Mole-
cular dynamics, however, provides an effective method
for exploring crack interaction with any grain boundaries.
Despite its efficacy, there are limited studies on iron bicrys-
tals, with the notable exception of the work [17]. This
study was devoted to the fracture resistance of symmetric
tilt grain boundaries in iron bicrystals with a seed crack,
revealing an inverse relationship between crack delay time
at the grain boundary and the grain boundary energy.

The aim of the present work is molecular dynamics
modeling of the peculiarities of interaction between
cracks propagating in the brittle mode and tilt boundaries
in iron bicrystals under uniaxial tension. We investigated
the influence of grain boundaries on the retardation and
arrest of propagating cracks, peculiarities of grain boun-
dary migration when interacting with the crack, as well
as the special features of changes in the excess atomic
volume and stress at the crack tip during its evolution and
interaction with grain boundaries in iron bicrystals.

[l MeToAb! MCCNEAOBAHMA

The simulated iron bicrystals comprised approxi-
mately 950,000 atoms and exhibited parallelepiped shapes
with edge dimensions of 27x40x10 nm (Fig. 1). In Fig. 1,
the edges of the grains on the right consistently followed
the directions X [120], ¥ [210], Z [001]. Notably, the grain
on the left side of the bicrystal was subjected to a rota-
tion about the Z-axis, with angles of either 10 or 20°. In
the simulated samples, the initial temperature was set
at 10 K. Free surfaces were set along the X-axis, and perio-
dic boundary conditions were applied along the Z-axis.
Non-deformable grips, consisting of three surface atomic
planes with a normal along the Y-axis, were configured and
moved in opposite directions along the Y-axis at 2.5 m/s
each, simulating uniaxial tension in the sample.

The interatomic interaction in iron was characterized
by a multiparticle potential developed within the frame-
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a

b

Fig. 1. Initial structure of a Fe bicrystal with grain misorientation 10° (a) and structure of the sample deformed by 16.3 % (b)
(green, blue and gray atoms have the nearest neighbors with FCC, BCC and uncertain symmetry, respectively;
orange — atoms across which the grain boundary passes)

Puc. 1. VcxonHast cTpykTypa OMKpuUCTaia )kenesa ¢ pazopueHTanueii 3eper 10° (a) u cTpykrypa odpasua,
nehopMupoBaHHOTO Ha 16,3 % (b) (3eI€HBIM, CHHHEM, CEpPBIM U OPAaHXKEBBIM Moka3aHb!l aroMsl ¢ ['LIK, OLIK,
HEONPE/ICICHHOW CUMMETpHEH OIKalIlIero OKpy)»XKeHHsl 1 aTOMbI, Yepe3 KOTopbie poxoauT I'3)

work of the Finnis—Sinclair approximation of the embe-
dded atom method [18]. The initial distribution of atomic
velocities in the sample conformed to the Maxwell dist-
ribution, with the initial direction of atomic velocities
determined using a random number generator. The inte-
gration step was set at 1 fs. Atomic volumes were com-
puted based on the construction of Voronoi polyhedra.
To identify local structural changes in the loaded sample,
the Common Neighbor Analysis pattern for each atom
was employed [19]. The tilt angle of the local lattice rela-
tive to the axis [100] was determined using the Polyhedral
Template Matching (PTM) algorithm [20]. Visualization
of the simulated crystallite structure was accomplished
using the OVITo software [21].

To compute the excess volume at the crack tip, a simu-
lated cylinder with a radius R = 1.2 nm was employed.
The crack tip was designated as one of the atoms
on the crack surface with the maximum coordinate
along the X-axis, and the cylinder’s axis aligned with
the Z-axis. To determine the atomic volume at the crack
tip, the cylinder was systematically shifted along the X-
and Y-axes, covering a range from —R to +R relative
to the crack tip atom, with an increment of 0.1R. The total
volume of atoms within the cylinder was calculated as
the sum of Voronoi cell volumes, and the maximum value
was selected. The excess atomic volume was defined
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as the disparity between the Voronoi cell volume and
the equilibrium atomic volume at the given temperature.
The average excess volume at the crack tip was computed
based on the excess volumes of atoms within the cylinder
with the maximum volume.

To calculate grain boundary around each atom, the tilt
angle of the local lattice from the X-axis was deter-
mined using the PTM algorithm. Atoms deviating from
the chosen axis by more than half the value of the grain
misorientation angle were considered part of the second
grain, while the remaining atoms constituted the first
grain. Through the loading process, atoms transitioning
from one grain to another were identified. The sample
volume (dV) through which the grain boundary migrated
relative to its initial position was determined as the total
atomic volume of these migrating atoms (Fig. 1, b).
The parameter for GB migration in the X-axis direction
was determined using the formula: L, = dV/S, where
S, is the cross-sectional area of the sample deformed
by the plane perpendicular to the X-axis.

[ RESULTS OF THE CRACK BEHAVIOR MODELING

The stress-strain dependencies for bicrystals with mis-
oriented grain boundaries of 10 and 20° are presented in
Fig. 2. Notably, the sample with a 20° grain misorientation
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fractures at a considerably higher strain, approximately
26 %. Despite the difference in fracture strain, the quali-
tative behavior of the curves for these two grain bounda-
ries is generally similar. The deformation curves in Fig. 2
reveal that the crack propagation process in bicrystals
unfolds in four distinct stages. Focusing on the detailed
analysis of the fracture evolution in the sample with a 10°
grain misorientation, the first stage occurs in the elas-
tic deformation range of 0 —4.8 %. During this stage,
the seed crack remains stationary, and stresses increase
linearly, reaching a maximum value of around 7.0 GPa.
The accumulated internal energy in this deformation range
is sufficient to rupture interatomic bonds at the crack
tip. Moving to the second stage, within the deformation
range of 4.8 — 5.2 %, the crack initiates propagation in
the first grain. As the crack advances, a stacking fault is
emitted from the crack tip, reaching the grain boundary
ahead of the crack (Fig. 3, @). The dislocation is emitted
into the second grain from the portion of the grain boun-
dary reached by the stacking fault. The process of crack
propagation results in an abrupt release of stress due
to relaxation processes in the regions adjacent to the crack
edges and the emission of defects from both the crack tip
and the grain boundary. Upon reaching the grain boun-
dary, the crack comes to a halt and undergoes blunting
(Fig. 3, b, ¢). During the third stage, the crack remains
within the grain boundary, and the sample stresses may
undergo significant oscillations. These oscillations are
attributed to the emission of various defects from both
the grain boundary and the free surface of the second
grain (Fig. 3, ¢). Notably, the emission of defects from
the crack tip during this stage leads to local grain bound-
ary migration in the vicinity of the crack, as clearly
depicted in Fig. 3, b and c¢. During the third stage of crack
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Fig. 2. Stress-strain dependences for the samples
with misoriented grain boundaries
10° (1) and 20° (2)

Puc. 2. 3aBrcUMOCTD HanpshKeHUI OT Jedopmariu
IS 06Pas3IoB ¢ pa3OpHEHTAIMEH TPaHHUI] 3epeH
10° (1) u 20° (2)

evolution, it is noteworthy that stresses distribute unevenly
across the sample as interfaces emit a substantial number
of defects. The overall sample stress tends to decrease with
increasing strain. However, if defects cease to be emitted
from the crack tip, the stress in this specific region starts
to rapidly grow, contrary to the decreasing trend observed
in the entire sample. The onset of the fourth stage involves
crack propagation into the second grain (Fig. 3, d), leading
to an abrupt release of stress throughout the entire sample.
Importantly, it should be emphasized that a boundary with
a significant grain misorientation angle acts as a more effec-
tive barrier, restraining crack propagation into the adjacent
grain and resulting in larger strain values.

c d

Fig. 3. Structure of the sample with grain misorientation 10°
at the strains 4.57 (a), 4.83 (b), 8.75 (¢) and 16.52 (d)
(green, blue and gray atoms have the nearest neighbors
with FCC, BCC and uncertain symmetry, respectively)

Puc. 3. Crpykrypa obpasua ¢ pazopueHranueii 3epex 10°
npu nepopmanusix 4,57 (a), 4,83 (b), 8,75 (¢) u 16,52 % (d)
(3es1eHBIM, CHHUM U cepbIM nokaszansl aromsl ¢ 'K, OLK
Y HEOIPEACICHHON CUMMETPHEH OIIMKAMIIIET0 OKPYKEHHS

COOTBETCTBEHHO)
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The simulation results demonstrate a clear correla-
tion between changes in crack length and variations in
stress and volume at the crack tip, as illustrated in Fig. 4.
The distinct stages of crack opening are evident, with
the crack propagating in discrete steps within the simu-
lated bicrystal. It’s important to note that the stress
release and subsequent increase during the first stage
of crack evolution are associated with the nucleation
and growth of a twin at the crack tip. The atomic volume
experiences a rapid increase during the first stage, rea-
ching an absolute maximum just before the crack ope-
ning (Fig.4). The crack opening during the second
stage results in a sharp drop in atomic volume and an
abrupt stress release. In the third stage, a flat region on
the curve is observed, reflecting the dependence of crack
length on stress at a strain of approximately 9.0 %. This
is associated with the crack opening along the boundary
of a small twin formed near the grain boundary. Before
the onset of the fourth stage, both atomic volume and
stresses at the crack tip increase rapidly and then decrease
as the crack opens into the second grain.

The simulation results further reveal that the interac-
tion of the crack with the grain boundary initiates active
migration of the latter (Fig. 5). This migration is most pro-
nounced in a narrow strain range from 4.5 to 4.6 %, during
which the distance between the crack and the grain boun-
dary diminishes from several lattice constants to zero. In
this case, the grain boundary undergoes substantial cur-
vature, with the portion above the crack plane migrating
towards the first grain, while the part below it shifts in
the opposite direction (Fig. 1, b). As the strain approaches
8.5 %, when the crack remains within the grain boundary,
migration slows down significantly. The abrupt crack-
ing of the grain boundary caused by crack propagation

-4 3.0
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Fig. 4. Dependences of stress (/) and atomic volume (2)

at the crack tip and length (3) on tensile strain
for the sample with grain misorientation 10°

Puc. 4. BaBucumoctu Hanpsokerus (/), aroMHOTo o0bema (2)
B BEPLIMHE TPELIMHBI ¥ AIUHbI TPELUHBI (3)
OT BEJIMYHMHBI PACTSHKEHHS JJIsl 00pasiia ¢ pasopuenraimeii sepex 10°
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at 8.5 % results in the migration of the grain boundary
back towards its initial position. The grain boundary
migration parameter exhibits oscillations, correspon-
ding to the emission of structural defects from the grain
boundary (Fig. 5). The growth rate of structural defects
is highest when the crack tip approaches the grain bound-
ary in the strain range of 4.0 — 4.5 % (Fig. 6). The grain
boundary migration induced by the interaction with cracks
is consistent with experimental findings obtained through
transmission electron microscopy [22; 23].

- CONCLUSIONS

The calculations have revealed that grain boun-
daries with a larger angle of misorientation in the iron
bicrystal significantly retard crack propagation, leading
to a prolonged presence of cracks in the intergranular
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Fig. 5. Dependence of grain boundary migration parameter (/)
and crack length (2) on strain
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Fig. 6. Dependence of fraction of atoms in structural defects (/)
and crack length (2) on strain
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region. In a bicrystal with a greater grain misorienta-
tion, the crack propagates a considerable distance along
the grain boundary before transitioning into the second
grain. It was observed that the initiation of seed crack
propagation in the material is consistently preceded
by an abrupt increase in atomic volume and stresses
at the crack tip. The commencement of crack propaga-
tion invariably results in a sharp decrease in stress and
atomic volume at the crack tip in the simulated bicrystals.
Following the arrest of the crack by the grain boundary,
both atomic volume and stress at the crack tip experience
a subsequent increase. The interaction of the propagat-
ing crack with the grain boundary induces the migration
of the grain boundary. Notably, grain boundaries exhibit
the most active migration when the crack tip region is in
contact with the grain boundary, particularly in the strain
range where the crack tip comes in contact with the grain
boundary.
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Abstract. The features of phase transformations of 12 % chromium ferritic-martensitic steel EP-823 under heating and cooling conditions in the tem-
perature range from 30 to 1100 °C were studied by the methods of high-temperature X-ray diffraction analysis (XRD) in situ and differential scan-
ning calorimetry (DSC). According to XRD in situ data, upon heating, the temperatures of the beginning and end of the (a — y) transformation
of ferrite (martensite — austenite) are Ac, = 880 °C, Ac, = 1000 °C, respectively. Upon cooling, a diffusion (y — a) transformation occurs with
critical points — Ar, = 860°C (beginning temperature) and Ar; = 840 °C (end temperature). According to DSC data, during heating, the critical
points of the (a — y) transformation are Ac, = 840 °C and Ac, = 900 °C. During cooling, a martensitic (y — a) transformation is realized with
critical points of the beginning of M_ = 344 °C and the end of M= 212 °C of this transformation. The XRD in situ analysis revealed no precipi-
tation of carbide phases under heating and cooling conditions of steel EP-823. Position of the critical points of phase transformations depends
on the research method (XRD in situ or DSC), which is determined by the difference in effective (taking into account the time for shooting
in the XRD method) heating-cooling rate. The effect of elemental composition on the position of critical points of phase transformations and
the formation of structural-phase states of ferritic-martensitic steels is discussed. It is shown that the increased content of ferrite-stabilizing ele-
ments (Cr, Mo, Nb) in composition of EP-823 steel, compared with other steels of the same class, expands the region of existence of the ferrite
phase, which can contribute to an increase in the temperature of Ac;.

Keywords: ferritic-martensitic steel EP-823, structural-phase transformations, high-temperature X-ray diffraction analysis in situ, differential scanning
calorimetry, quenching, traditional heat treatment
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- INTRODUCTION

Generation IV fast neutron nuclear reactors with
lead or lead-bismuth coolant are currently in develop-
ment [1 — 5]. The 12 % chromium ferriticmartensitic steel
EP-823 is considered one of key materials for manufactu-
ring fuel element cans in Russian nuclear reactors [6 — 9].
This steel is distinctive for its elevated silicon content,
providing excellent corrosion resistance, particularly
when in contact with liquid metal coolant [7].

The physical and mechanical properties of steel
EP-823 underwent comprehensive scrutiny in the late
20 century [7]. Researchers explored the microstruc-
ture and mechanical properties of the steel after various
treatments, including traditional heat treatment (THT),
stepwise heat treatment (STT), and hightemperature
thermomechanical treatment (HTMT)) [7 —9]. They
analyzed hardening mechanisms [10], investigated creep
resistance, studied thermophysical properties, tempera-
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ture dependencies of elastic modulus, and internal fric-
tion characteristics [11; 12]. Additionally, they examined
short-term and long-term mechanical properties after
high-dose neutron irradiation [13 —15]. The findings
demonstrated that this steel is on par with other 12 %
chromium ferritic-martensitic steels concerning physi-
cal-mechanical, heat-resistant, corrosion, and radiation
properties [16].

Although steel EP-823 has been a subject of scien-
tific interest for a considerable period, detailed studies on
phase transitions during its heating and cooling, utilizing
Differential Scanning Calorimetry (DSC) and high-tem-
perature X-ray Diffraction (XRD) in situ methods, have
not been conducted before. The use of these two methods
allows us to complement the obtained results and deter-
mine the dependence of critical points on the effective
heating (cooling) rate. The data on the values of critical
points of steel phase transitions are crucial for determin-
ing the temperature intervals suitable for practical appli-
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cations of the steel and for developing high-temperature
thermomechanical treatments.

[l MATERIALS AND METHODS

The elemental composition of ferritic-martensitic steel
EP-823 is as follows [6 — 8], wt. %: C 0.14; Cr 11.56;
Mn 0.58; Mo 0.74; Nb 0.40; V 0.34; W 0.68; Ni 0.68;
N 0.03; Si 1.09; Ce 0.10; Ti 0.01; B 0.006; Al 0.02.

To investigate the phase transformations of the steel
during heating and cooling, we employed high-temper-
ature X-ray diffraction analysis (XRD) in situ on the D8
Advance diffractometer with HTK 1200 N high-tempera-
ture chamber using CukK -radiation in a helium protective
atmosphere. This method involved the following steps:

— heating from 30 to 1100 °C (shooting at 30 °C, from
30 to 800 °C without shooting, from 800 to 1000 °C —
shooting with a step of 20 °C, heating from 1000
to 1100 °C without shooting, shooting at 1100 °C);

— exposure at 1100 °C for 40 min to obtain a uniform
solid solution, followed by shooting;

— subsequent cooling from 1100 to 30 °C (from 1100
to 900 °C without shooting, from 900 to 600 °C — shoot-
ing with a step of 20 °C, from 600 to 30 °C without shoot-
ing, shooting at 30 °C).

The study utilized plates measuring 1 mm in thick-
ness and 15 mm in diameter as samples. The range of 20
angles was set at 40 — 80°, with a shooting step of A26
approximately 0.02°. The heating and cooling rates were
maintained at 12 °C/min, and the shooting time at each
temperature was 7 min. The XRD method was employed
to investigate the steel samples post-quenching in water
at 7=1100°C (1 h holding time). The temperature
intervals for shooting were chosen based on previously
obtained results for steel of the same class [16].

Critical points of phase transformations were deter-
mined using differential scanning calorimetry (DSC)
during continuous heating (from 20 to 1100 °C) at
a rate of 10 °C/min and cooling (from 1100 to 20 °C)
of the samples in a protective argon atmosphere using
a NETZSCH STA 409 PC device. The inflection temper-
atures on the DSC curves were identified as the begin-
ning and end of the phase transformation. The mass
of the samples ranged from 90 to 100 mg. DSC studies
were conducted on steel samples after traditional heat
treatment (THT), involving quenching in water from
a temperature of 1100 °C (1 h holding time) and sub-
sequent tempering at 720 °C (for 3 h).

[ RESULTS AND DISCUSSION

The study [9] provided a comprehensive analysis
of the microstructure and phase composition of fer-
ritic-martensitic steel EP-823 using Scanning Electron

Microscopy (SEM) in the Electron Back-Scatter Diffrac-
tion (EBSD) mode and Transmission Electron Micros-
copy (TEM). The primary structural features crucial for
discussing the peculiarities of its phase transitions during
heating and cooling are outlined below.

The microstructure of steel after quenching reveals
martensitic lamellae with a high density of disloca-
tions (up to 10'> m2), ferrite grains, a minimal quantity
of coarse and fine particles of MeX type (where Me is
Nb, Mo; X — C, N), as well as coarse particles of Me,,C,
type (where Me — Fe, Cr). In the tempering conditions
following quenching (THT mode), the main structural
elements (martensitic lamella and ferrite grains) are
retained. The density of dislocations decreases, while
the density of coarse (Me,,C, type) and fine (MeX type)
particles significantly increases compared to the state
after quenching.

After THT (Fig. 1), former austenitic grains in steel
EP-823 exhibit sizes up to 60 um. A small number
of d-ferrite grains were also evident. Within the former
austenitic grains, martensite blocks are observed, cluste-
ring together with predominantly high-angle misorienta-
tions between adjacent blocks (Fig. 1, b, ¢). Low-angle
misorientation boundaries (Fig. 1, ¢) represent the boun-
daries of the martensitic lamellae forming the blocks.
The average size of martensite blocks and ferrite grains,
as per the EBSD method, is 3.1 um [9]. Fig. 1, ¢ displays
coarse (submicron, micron) particles of MeX type.

Transmission Electron Microscopy data [9] indicate
that the average width of martensitic lamellae is approx-
imately 300 nm. Me,,C, carbides are situated along
the boundaries of martensitic lamellae and ferrite grains,
with sizes ranging from 50 to 250 nm. Fine carbonitrides
of MeX type (5 —20 nm in size) are positioned on dis-
locations, anchoring them. These particles are predomi-
nantly liberated during steel tempering. Coarse particles
of the same type appear to have originated from metallur-
gical operations and remain unchanged in size under heat
treatment conditions.

Fig. 2 presents X-ray line profiles of steel EP-823
(after quenching) obtained through heating and cooling
in the temperature range 30 — 1100 — 30 °C. At room tem-
perature (30 °C), in the initial state, this exhibits a typi-
cal X-ray diffraction pattern of ferrite-martensitic steel
with a BCC lattice. Upon heating, the X-ray peaks shift
towards smaller 20 angles due to the thermal expansion
of the crystal lattice. The analysis of X-ray profiles at dif-
ferent temperatures reveals that the oo — vy transition ini-
tiates at 7= 880 °C (Ac,) and completes at 7= 1000 °C
(Ac,). The intercritical temperature interval (Ac, — Ac,)
is approximately 120 °C. Besides the y and o phase reflec-
tions, X-ray diffraction patterns during heating exhibit
reflections from Fe,O, and Cr,O; oxides. Evidently, an
oxide layer forms on the sample surface due to the pre-
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Fig. 1. Images of steel microstructure after traditional heat treatment:
a — optical image; b, c — SEM EBSD:
b — orientation map; ¢ — phase map (BCC-Fe —red,
MeX particles — green, high-angle — black, low-angle — white lines)

Puc. 1. 300paxenust MUKpoCTpyKTypbl ctanu rnocie TTO:
a — ontnueckoe uzobpaxenue; b u ¢ — POM JIOPD;
b — opueHTanMoHHas KapTa; ¢ — (ha3oBas Kapra
(OLIK-Fe yka3aHO KpacHBIM LIBETOM, YacTHIbI MeX 3eeHbIM LIBETOM,
BBICOKO- M MaJIOYIJIOBBIE TPAHUIIBI — YEPHBIMU U OCIIBIMH JTMHHUSIMU )

728

sence of residual oxygen in the argon protective atmo-
sphere.

Upon cooling, the diffusive transformation from aus-
tenite (y) to ferrite (a) begins at Ar, =860 °C and con-
cludes at Ar; =840 °C. In the high-temperature region,
as the temperature decreases, reflections from oxide
phases (Fe,0,, Cr,0,) intensify, signifying an increase
in their volume fraction. Notably, the Fe,O, (400) and
Cr,0, (024) reflections closely match those of y-Fe (111)
and y-Fe (200), respectively. However, at 7= 30 °C,
there are no reflections from austenite. Oxide reflections
are observed under shooting conditions at 30 °C after
the heating — holding — cooling cycle.

X-ray diffraction patterns do not exhibit peaks from
carbide (Me,,C,) and carbonitride (MeX) particles.
The XRD method is unlikely to identify these particles
due to their small volume fraction (up to several percent).
In [9] it is noted that after THT, the volume fraction
of fine particles of MeX type in steel EP-823 is =0.6 %
and that of coarse particles of Me,,C type is about 5.5 %.
In the state after quenching, the volume fractions of these
particles are lower than the indicated values.

Fig. 3 presents the results of the investigation of o — y
and y — o transformations in steel EP-823 obtained by
the DSC method during continuous heating and cool-
ing. During heating (Fig. 3, a), two dips are observed on
the DSC curve. One of them is associated to the phase
a — vy transformation, where the points Ac, = 839 °C and
Ac, =902 °C. When the study is conducted using this
method, the intercritical temperature interval (Ac, — Ac,)
is 63 °C. According to sources [16; 17], the second dip at
temperatures 645 — 734 °C is attributed to the magnetic
transformation of ferromagnetic a-Fe into paramagnetic
a-Fe.

Upon cooling, a peak corresponding to a martensitic
transformation (y — o) is observed on the DSC curve.
This transformation occurs between M =344 °C and
M= 212 °C. Additionally, the DSC curve shows a slight
inflection in the temperature range of 700 — 668 °C.
In [16], it is noted that inflections at such temperatures
are characteristic of the diffusive transformation of aus-
tenite to ferrite. The cooling rate during the DSC study
is likely to have been high enough. Under such cooling
conditions, diffusion-free (martensitic) transformation
is realized, while diffusion transformation is practically
suppressed.

The table displays the values of critical points for
the phase transitions of steel EP-823 determined during
continuous heating and cooling using XRD in situ and
DSC methods. The comparison reveals that the differ-
ence in the values of the points Ac, and Ac, for the two
methods is about 40 — 100 °C, with the difference in
the values of the intercritical interval being 57 °C. These
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Fig. 2. Profiles of X-ray diffraction lines of steel EP-823 (heating from 30 to 1100 °C,
holding at 1100 °C for 40 min, cooling down to 30 °C)

Puc. 2. IIpodun peHTreHOBCKUX AN(PaKIHOHHBIX THHUH cTamy Mapku DI1-823 (marpes ot 30 mo 1100 °C,
Beiepkka rpu 1100 °C B teuenne 40 muH, oxnaxkaeHue 10 30 °C)

peculiarities are associated with the specific nature
of each method, including the variance in effective hea-
ting (cooling) rates, taking into account the shooting time
when the XRD method is employed. With the application
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of the DSC method, the effective heating rate is higher,
causing the o — y transformation to commence at lower
temperatures, resulting in a shorter intercritical interval

compared to the XRD in situ method.
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Fig. 3. DSC curves of steel EP-823 during heating (@) and cooling ()
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Values of critical points of phase transitions
of steel EP-823, determined during
continuous heating and cooling

3HavyeHUs] KPUTHYECKHX TOYEK (Pa30BBIX IePexo10B
craymu JI1-823, onpeneneHHble NPy HelpepbIBHOM
HarpeBe H OXJI2JKIeHHH

Heating Cooling
Ac,, | Ac,, | Ar, | Ar,, M.,
“C “C “C “C °C °C
XRD, insitu | 830 | 1000 | 860 | 840 - -
DSC 839 | 902 - - 344 | 212

Research
method

Comparing the critical points of phase transitions
obtained in this investigation (refer to the Table) with
experimental and calculated results from prior stu-
dies [16; 18 —20] on various 9 — 12 % chromium fer-
rito-martensitic steels, we can draw the conclusion that
our results are comparable. In the majority of the con-
sidered steels, the a — vy transformation during heating
occurs within the temperature range of approximately
800 — 900 °C; however, it may be completed at a higher
temperature (1000 °C), as observed in the case of steel
EP-823 examined through the XRD in situ method in
this study (see the Table). Diffusive transformation
during cooling takes place in a temperature range close
to the aforementioned one. The martensitic transforma-
tion in the majority of 9 — 12 % chromium ferrite-mar-
tensitic steels is observed within the temperature range
of approximately 450 — 200 °C.

Differences in the position of critical points are contin-
gent on the elemental composition of steels and the rates
of heating and cooling. An elevation in the content
of ferrite-stabilizing elements (Cr, Mo, Nb) in the steel
composition expands the ferrite phase region, potentially
contribute to the to the increase in temperature at Ac,.
The presence of dispersed carbide particles of Me,,C,,
binding carbon, deplets the solid solution in carbon and
can consequently contribute to the expansion of the tem-
perature range required for ferrite existence. The tem-
perature and holding time in the austenitic region deter-
mine the homogeneity of the austenite solid solution and
the size of the initial austenitic grain, influencing the mar-
tensitic transformation. During cooling, the reduction in
the size of the austenitic grain contributes to the decrease
M and M, points values [17].

[ ConcLusions

We have identified the critical points of structural-
phase transformations during the heating and cooling
of 12 % chromium ferrite-martensitic steel EP-823 using
in situ X-ray diffraction analysis and differential scanning
calorimetry.
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According to the X-ray research, during -conti-
nuous heating, the temperatures for the beginning and
end of the a — y transformation are Ac, =880 °C and
Ac, = 1000 °C, respectively. During cooling, the begin-
ning and end of the y — a-transformation are Ar, = 860 °C
and Ar, =840 °C. Based on differential scanning calori-
metry data: Ac, = 839 °C, Ac, = 902 °C; martensitic trans-
formation during cooling occurs in the interval between
M, =340 °Cand M= 210 °C. The Curie point for the inves-
tigated steel is in the temperature range of 645 — 734 °C.

The positions of critical points obtained by different
methods vary due to the difference in effective heating
(cooling) rates, taking into account the shooting time
when the X-ray method is used. As the heating rate
increased, the temperature of the beginning of the a — vy
transformation decreased by =40 °C, and the intercriti-
cal temperature interval narrowed. In case of accelerated
cooling (during the DSC study), diffusive y — o trans-
formation is suppressed, and martensitic transformation
is realized.
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Original article
Opuz2uHaabHAsA cCMambs

SIMULATION OF A NEW PROCESS OF MIXING LIQUID METAL
IN CCM MOLD WITH ROTATING COOLING JACKET WITH VERTICAL RIBS

V. 1. OdinoKov, A. I. Evstigneev “, E. A. Dmitriev, V. A. Karpenko

Komsomolsk-on-Amur State University (27 Lenina Ave., Komsomolsk-on-Amur, Khabarovsk Territory 681013, Russian
Federation)

&) diss@knastu.ru

Abstract. The article proposes a new technology of filling the CCM mold with liquid metal and mixing it. The original patented device consists of a closed
bottom nozzle and a rotating jacket. Experimental studies of liquid metal flow in a mold are long, complex and time-consuming, therefore, in the work
was used mathematical modeling by numerical method. The objects of research are the hydrodynamic and thermal flows of liquid metal during
the new process of steel casting into a CCM mold of rectangular cross-section, and the result is a spatial mathematical model that describes the flows
and temperatures of liquid metal in the mold. To simulate the processes occurring during the metal flow in the mold, the authors used a specially crea-
ted software package. The theoretical calculations are based on the fundamental equations of hydrodynamics, the equations of mathematical physics
(equation of thermal conductivity taking into account mass transfer) and a proven numerical method. The area under study is divided into elements
of finite dimensions, for each element a formulated system of equations is written in a difference form. The result is the velocity and temperature fields
of the metal flow in the mold volume. According to the developed numerical schemes and algorithms, a calculation program was compiled. The paper
considers an example of calculating the steel casting into a mold of rectangular cross-section and flow diagrams of liquid metal over various mold sec-
tions. Vector flows of liquid metal in various mold sections are clearly presented for different rotary speed of the rotating jacket. The authors identified
the areas of intense turbulence and presented the results of the problem numerical solution in graphical form by diagrams of the velocity fields of liquid
metal flows and their temperature over various mold sections.

Keywords: modeling, mold, liquid metal, filling, melt flow, mathematical model, numerical scheme, algorithm, flow rate

For citation: Odinokov V.1., Evstigneev A.I., Dmitriev E.A., Karpenko V.A. Simulation of a new process of mixing liquid metal in CCM mold with
rotating cooling jacket with vertical ribs. Izvestiya. Ferrous Metallurgy. 2023;66(6):733-742.
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MOAENNPOBAHUE HOBOIO NPOLECCA NEPEMELUUBAHMUA
HKUOKOTO METANNA B KPUCTANNJTUSATOPE YCTAHOBKU
HEMNPEPbIBHOW PA3/IMBKWU CTANU NPU BPALI.I,AlOLI.l,EﬁCFI PYBALUKE
C BEPTUKA/IbHbIMU PEBPAMM

B. U. OauHoKOB, A. U. EBcTurHeeB ©, 3. A. /Imutpues, B. A. KapneHko

Komcomonbckuii-Ha-Amype rocynapcrBerHblii ynuBepeuret (Poceusi, 681013, Xabaposckuii kpait, Komcomonbsck-Ha-Amype,
np. Jlenuna, 27)

&) diss@knastu.ru

Annomayus. [Ipeqiokena HOBast TEXHOJIOTUsI IPOLECCa 3allOIHEHUs KPUCTAIUIN3ATOpa YCTAHOBKY HerpepbiBHON pasnuBku cranu (YHPC) xunkum
METaJUIOM U ero nepememuBanus. [IpuBeneHa opuruHanpHas 3aaTeHTOBAHHAA KOHCTPYKIUS yCTPOMCTBA, COCTOAINAS U3 IIyXOJOHHOTO CTaKa-
Ha ¥ Bpamatouieiicss pyoamku. DKCIepUMEHTaIbHbIE UCCIIEI0BAHUS TEUSHHUS! )KH/IKOTO METaJlIa B KPUCTAIIN3ATOPE MPOJOJIKUTEINIBHBI, CIIOKHBI
U TPYIOEMKH, OATOMY B padOTe NPUMEHSETCSl MaTeMaTHUeCKOe MOJICTMPOBAHUE YHUCICHHBIM METOIOM. [IpecTaBiieHbl OCHOBHBIE PE3YJIbTAThI
HCCJIEIOBAHUH TeueHus paciuiaBa B o0beme kpHucTammzaropa. OObeKTaMu UCCIIEIOBAHUN SBISIOTCS T'HAPOAMHAMUYECKHE U TEIIOBbIE TOTOKH
JKHJIKOTO METaJlla HOBOTO IPOIIecca Pa3IMBKU CTald B KpHCTAJIM3aTop mpsmoyroibHoro ceueHnss YHPC, a pesynbrarom — mpocTpaHCTBEHHAs
MareMaTHyeckas MOJIEIb, OIUCHIBAIONIAs TIOTOKH M TEMIIepaTyphbl XKUIKOTO MeTajlla B KpUCTaIM3aTope. J{jist MoeTMpoBaHus IPOLECcCOB, IIPOTe-
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KaIoLIMX MNP TEYCHUH MEeTallla B KPUCTAIUTM3aTOPE, aBTOPbI UCTIOB3YIOT CIELHMANILHO CO3AaHHBII IPOorpaMMHBIi koMIuleke. B ocHoBe Teoperu-
YECKHX PAacyeToB JISKAT OCHOBOIIONATAONINE YPAaBHCHNS THAPOANHAMUKY, YPAaBHEHHS MaTeMaTHIeCKOH GH3UKH (YpaBHEHHE TEILIONPOBOIHOCTH
C y4eTOM MaccoIepeHoca) U arnpoOUpOBaHHbIM unciIeHHbIi MeTol. Vcenemyemast o6nacTh pa30UBaeTCsl HAa MJIEMEHTHI KOHEUHBIX Pa3MepoB, s
KaXKJJOTO 3JICMEHTA B Pa3HOCTHOM BHAE (pOpMyIHpyeTcs cUCTeMa ypaBHEHHIL. Pe3ynpTar pemeHns — momis CKOpOCTeH U TeMIIepaTyp MOTOKa Me-
Tajua B o0beme Kpucraumsaropa. I1o pa3paboTaHHBIM YMCICHHBIM CXEMaM M aJITOPUTMaM COCTaBJIeHA NporpaMma pacyera. Ilpusenen npumep
pacdeTa pa3IMBKU CTaIH B KPUCTAIN3ATOP HPSAMOYTOIEHOTO CCUCHHUS, CXEMBI IOTOKOB JKHIKOTO METalIa O Pa3INYHBIM CEUCHHUAM KPUCTAJIIN-
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[ INTRODUCTION

There is an increasing interest in refining the tech-
niques for managing the flow and blending of liquid metal
in Continuous Casting Molds (CCM), including the tools
needed for these processes.

Experimental analysis of liquid metal movement
within molds is notably complex and demands significant
time, prompting a shift towards mathematical modeling,
particularly through numerical methods, for these studies.

The strategies for enhancing the distribution and inte-
gration of liquid metal in CCM are well-documented in
numerous national and international studies, highlighting
the impact on ingot quality.

The traditional method [1 — 5] for ensuring that liquid
metal washes the mold walls more evenly to achieve
a uniform structure around the ingot’s perimeter involves
the following approach: the metal from the tundish is
introduced into the mold through the holes of a closed-
bottom submerged nozzle. These holes are positioned
at angles of 180° relative to each other.

Innovative techniques for directing liquid metal from
the nozzle into the mold have been developed. These
methods vary the angle and positioning of nozzle open-
ings [6], employ eccentrically located holes [7], use mul-
tiple nozzles [8], apply electromagnetic stirring within
the mold [9], and introduce metal through deflectors [10].

Additional  studies [11 —13] introduce novel
approaches and practical findings on optimizing
the introduction and amalgamation of liquid metal
into the CCM [11 — 13].

Researchers are actively developing models for
the mathematical analysis of liquid metal flow and steel
solidification in molds, using techniques such as digital
modeling [14], examining the role of secondary flow in
rotary electromagnetic stirring during continuous cast-
ing [15], studying metal flow inside the CCM [16; 17],
investigating turbulent flow and particle transport [18],
and creating models for metal solidification [19 — 21] and
heat transfer during solidification [22 — 24].
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They have also developed mathematical models for
various liquid metal supply methods into the mold, allow-
ing for the evaluation of specific devices’ efficiency [7; 8].

Yet, there’s a notable gap in the mathematical mode-
ling of these processes, especially using numerical
methods, limiting the innovation of new technologies for
liquid metal supply and mixing in CCMs.

Despite past achievements, the design and modeling
of melt supply and mixing processes and devices are not
thoroughly explored, highlighting the importance of such
research.

Therefore, it’s crucial to develop new melt supply and
mixing processes and their mathematical models. This
will enable the prediction of new devices’ performance
and efficiency early in the design stage.

This paper introduces innovative technologies for
casting liquid metal into the mold, utilizing rotational
effects for improved mixing.

The goal is to establish a mathematical model that
captures the hydrodynamic processes in the CCM mold
with this new steel supply method. It aims to demonstrate
the advantages of controlled rotation for liquid metal
supply and mixing over the conventional free rotation
of the submerged nozzle during steel casting.

We describe and analyze a novel process for liquid
metal supply and mixing in the CCM mold [25], which,
unlike previous methods [26; 27], offers extensive con-
trol over mixing speed. This control is crucial for achiev-
ing higher quality continuous ingots.

Fig. 1 illustrates the design of a specific device. Metal
is transferred from the tundish (/) into the mold (5) via
a closed-bottom submerged nozzle (2), which is equipped
with off-center holes (4). A refractory jacket (3) featur-
ing ribs (6) is fitted around the submerged nozzle’s outer
surface, just above its discharge holes, with a small gap
in between. This jacket is linked to a rotating mechanism,
comprised of an axial bearing (7), a gearbox (§), and an
electric motor (9).

The process in question is dynamic, yet it’s modeled
as if it were steady under certain simplifying assump-
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tions. The submerged nozzle and the rotating refractory
jacket share the same square shape at their outlets. Thus,
as the jacket rotates, its edges stir the liquid metal within
the mold.

The rotation direction causes one side of the refrac-
tory jacket’s square edge to push the metal outward, while
the opposite side draws it in. In this model, the submerged
nozzle is considered to be fixed, with metal movement
in and out of the jacket’s edges depending on the rota-
tion speed and the square dimensions of the jacket. This
idealized scenario is thoroughly explained in [1], allow-
ing the process to be viewed as steady for the purpose
of this analysis. It’s important to note that the formation
of a solid metal crust on the mold edges is not accounted
for in this model.

The medium, which is liquid metal, is considered
incompressible. Let’s consider the equations of hydrody-
namics. The following equations are valid for the flow
of a Newtonian, viscous, incompressible fluid when
the process is stationary:

* * * . avi .
oy +E =15 1 :p[vi"'vka} (1)
1
Gy ~ 00 =2U&;; §; :E(Vi,./ V) @
v, =0i=1,2,3; )
@:aAe; @:vi@;iZL 2, 3, 4)
dr dt Ox;

1

here o, are the components of the stress tensor; &ij are
the components of the strain rate tensor; 817 is Krone-

7

_

Fig. 1. Scheme of a device for supply and mixing of steel
in the mold with rotating jacket with vertical ribs

Puc. 1. Cxema ycTpoiicTBa U1 IOAAYX U IEPEMEIIMBAHUS CTAIH
B KPHUCTAJUIN3aTOPE C BpalIAoIIeics pyOanKkoi
C BepTUKAJIbHBIMU peOpaMu

cker’s delts; p is the pressure at a given point (p = —0);
o is the hydrostatic stress; p is the viscosity coeffi-
cient, (gs)/cm? v, is the velocity projections along
the coordinate axes x.(i = 1, 2, 3); p is the density
of the liquid metal; F; is the projection of the specific
volume force on the coordinate axis x,(i = 1, 2, 3); T is
time; A is the Laplace operator; 0 is the temperature;
a = M(cy) is the temperature-conductivity ratio; A is
the heat transfer coefficient; c¢ is the specific heat capa-
city; v is the density, all of which are considered constants
in this context.

For the stationary process:

5= 2,
ot

The thermal conductivity equation considers mass
transfer and the condition of stationarity.

Fig. 2 illustrates the computational scheme for the pro-
cess being examined.

The boundary conditions of the problem are defined as
follows (Fig. 2):

cs11|r2 =p; (o), 2613)|ri =0;i=1=+3;
(03 =023)|Fi =0;i=5+8

(o5, =632)|ri =0;i=9+11;

(03 :(S23)|r;g =0; (o5, =03,) Iz =0;
*.
\/2|FS =v;
V3 T} :Vt’ (5)
v2|1‘£g I/t’
Vl|r1 _vu’
vl|F3 =0;

The boundary conditions were applied to solve
the thermal conductivity equation (4):

0. =6;;i=1+10;

. (6)
ql. =¢;:i=6,7, 9, 10;

here v is the speed at which the ingot is pulled (Fig. 2);
v, is the speed of liquid metal exiting through the holes
of the submerged nozzle; the given functions of metal
temperature distribution on surfaces I', are denoted as
0;; while q; refers to the heat flows through surfaces T,
obtained from experimental data; the preset temperature
of the metal exiting through the hole I'; is specified as 0;.
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Fig. 2. Formalized design scheme of metal casting into the mold
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The numerical scheme and algorithm for solving
the system of equations (1) — (4) under the boundary con-
ditions (5), (6) are described in detail in [28], utilizing a
numerical method that has been extensively tested.

Below, we present the results of the numerical solu-
tion for the problem across different sections of the mold,
along with an analysis of these results.

[ RESULTS OF NUMERICAL CALCULATION

We set the mold dimensions as follows: H =100 cm;
B=125cm; [=100cm; A=20cm; b=7.5cm;
9,=85cm; J,=15cm; J,=15cm;, v =1 m/
min = 1.66 cm/s. For the stationary process, the value v*
was determined from the equality of the second volumes:

£
~ 10« 10 77 1T

v Bl

5,8,

n

v,Bl=v'8,8, =V =

The temperature of the liquid steel flowing out
LT 1600 °C. The tempe-
5

rature on the surfaces of the submerged nozzle (Fig. 2)
I, @ 3, 8 8, 11) was determined from experi-
mental data to be 9*‘r =1550°C, i = 3, 8, 8, 11. On

the surface I', (Fig. 2) there is a liquid slag “jacket”

LT 1550 °C.
2

Constants are defined as follows A = 0.29 W/(cm-s);
c =444.47 J/(kg's); y=7.8 g/cm?. The viscosity factor
pu=2.1-10"* (kg's)/m? used in equations (2) was adopted
based on [29].

with a temperature of 0
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Fig. 3. Velocity field of metal flows in the mold cross-section 4 — 4 at n =30 (a) and 50 rpm (b)

Puc. 3. TTone ckopocTeil MOTOKOB TeUeHUsI MeTallIa B Kprctaum3arope B cedenun A — A npu n = 30 (a) u 50 06/muH (b)
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Fig. 3 illustrates the metal flows in the cross-section
A — A as the jacket rotates at speed (1) of 30 and 50 rpm.
The low patterns are comparable, yet the intensity
of the flows increases at n = 50 rpm (Fig. 3, b). In cross-
section 4 — A, metal flow near the submerged nozzle
appears chaotic. Areas where the metal temperature
exceeds the crystallization point are indicated by asterisks
in Fig. 3, b, highlighting regions of higher thermal vari-
ance. This suggests a more uneven distribution of tem-
perature within the metal flows across this cross-section.

In Fig. 4 the metal flows in the vertical cross-sec-
tion B—B, which captures the area where metal exits
the submerged nozzle, are depicted. This figure compares
the flow dynamics at rotational speeds of 30 and 50 rpm,
with all flow vectors predominantly pointing downwards.
Consistent with expectations, flow intensity is higher
at the increased rotational speed of 50 rpm.

Fig. 5, a, presents the metal flows in cross-section
D — D (Fig. 2) when the jacket rotates at 30 rpm and
at 50 rpm. At n =30 rpm (Fig. 5, a), small vortices are
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observed beneath the submerged nozzle, specifically at its
center. However, at the higher speed of 50 rpm, these vor-
tices disappear. The metal flow rate near the side edges
of the mold is significantly higher than that under the sub-
merged nozzle.

In Fig. 6, the metal flows are illustrated in the horizon-
tal cross-section £ — E, with the jacket rotating at speeds
of 30 and 50 rpm.

The flow vectors show little difference in terms
of motion patterns and velocities. At a rotational speed
of 50 rpm, Fig. 7 illustrates the metal flows in the hori-
zontal section of the submerged nozzle as it moves
through the outlets (cross-section K —K). The pattern
of metal flow is similar to that observed in cross-section
E — E (Fig. 6), albeit more intense.

When the rotation speed reaches 50 rpm, the metal
can penetrate into the slag cushion along the narrow mold
walls. Fig. 8 displays the motion field of the liquid metal
(cross-section I'" — I™"). In this case, the liquid metal moves
upward, covering half of the vertical plane of the mold’s
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Fig. 4. Velocity field of metal flows in the mold cross-section B — B at n =30 (a) and 50 rpm (b)

Puc. 4. Tlone ckopocTeil MOTOKOB TEUSHUs] METaJula B KpucTayuin3arope B ceueHnu B — B npu n = 30 (a) u 50 06/muH (b)
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Fig. 5. Velocity field of metal flows in the mold cross-section D — D at n = 30 (a) and 50 rpm (b)
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Fig. 6. Velocity field of metal flows in the mold cross-section £ — E at n =30 (a) and 50 rpm (b)
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Fig. 7. Velocity field of metal flows in the mold cross-section 2K — XK at n = 50 rpm
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side wall, and accelerates at the slag jacket, reaching a
speed of 10 cm/s. In the cross-section D — D, metal moves
swiftly downward from the slag jacket (Fig. 5, ). This
rapid movement suggests the potential formation of vor-
tices beneath the slag jacket. Such vorticity in the metal
flow is not necessarily benign. It raises the concern that
slag could become entrapped within the continuous ingot,
negatively impacting the quality of the ingot.

[ ConcLusions

The theoretical study produced numerical results:

—in cases of forced mixing of liquid metal within
a rectangular cross-section mold, the mold walls are
intensively washed, significantly aiding in the transfer
of heat from the liquid metal to the mold walls;

— within the mold, particularly in its upper section, there
is observed accelerated movement of liquid metal flows;

— on narrow mold walls, liquid metal is propelled (even
at 30 rpm) towards the slag jacket area, potentially allow-
ing some of the slag to mix into the continuously cast ingot.
To prevent this issue, the submerged nozzle equipped with
the rotating jacket can be positioned deeper into the mold.
This adjustment requires an increase in mold height.
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INFLUENCE OF BASICITY ON PHYSICAL PROPERTIES OF SLAGS
OF THE Ca0 - Si0, - 18 % Cr,0, -6 % B,O, - 3 % AL O, - 8 % MgO
SYSTEM

A. A. Babenko, R. R. Shartdinov, A. G. Upolovnikova,
A. N. Smetannikov, D. A. Lobanov, A. V. Dolmatov

I Institute of Metallurgy, Ural Branch of the Russian Academy of Sciences (101 Amundsena Str., Yekaterinburg 620016, Russian
Federation)

&) rrshartdinov@gmail.com

Abstract. Influence of basicity on viscosity, crystallization onset temperature, phase composition, and structure of slags of the CaO—SiO,—18 % Cr,0,—
-6 % B,0,-3 % Al,0,~8 % MgO system in the basicity range (B = Ca0O/SiO,) from 1.0 up to 2.5 was studied using vibrational viscometry,
thermodynamic modeling, and Raman spectroscopy. It was established that the physical properties of slags depend on the balance of polymerization
degree and phase composition. Acid slags with a basicity of 1.0 belong to the category of “long” slags and are characterized by an increased proportion
of high-temperature phases up to 34.1 %. However, despite the fact that the proportion of high-temperature phases is 1.6 times higher compared
to the proportion of low-temperature ones, they are characterized by a simpler silicate structure, providing a viscosity of no more than 0.25 Pa-s
at a crystallization onset temperature of 1530 °C. An increase in basicity of slags of the studied oxide system (up to 2.5), along with an increase in
the proportion of high-temperature phases (by almost 5.9 times), is accompanied by formation of a more complex silicate structure. The resulting
four-coordination structural elements [CrO, ] and [AlO,] are embedded in the silicate structure and complicate it, which increases the polymerization
degree. Thus, at basicity of 2.5, due to a high proportion of high-temperature phases in the slag and development of polymerization process, slag
crystallization onset temperature increases to 1700 °C and its viscosity reaches 1.0 Pa-s at a temperature of 1670 °C.

Keywords: AOD-slag, boron oxide, chromium oxide, structure, viscosity, phase composition, crystallization onset temperature
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BAWAHUE OCHOBHOCTU HA ®U3UYECKME CBOﬁCTBA LUNAKOB
CUCTEMBbI CaO - Si0, - 18 % Cr,0,- 6 % B,0, - 3 % AL,O, - 8 % MgO
A. A. Ba6enko, P. P. lllaptaunuos ©, A. I. Y0/10BHUKOBA,

A. H. CMeTaHHUKOB, /l. A. J/Io6aHOB, A. B. loiMaToB

| Mucturyr merannypruu Ypaiabsckoro otaeaenns PAH (Poccus, 620016, CepioBckas o6i., ExarepunOypr, yin. Amyzacena, 101)

&) rrshartdinov@gmail.com

AnHomayus. B pabote uccieoBaHO BINSHEE OCHOBHOCTH Ha BS3KOCTbh, TEMIIEPATypPy Havaaa KPUCTAJUIN3alny, (ha30BbIii COCTAB M CTPYKTYpy LLIa-
xoB cuctembl CaO-SiO,—-18 % Cr,0,-6 % B,0,-3 % A1203—8 % MgO B anamnazone ocHoBHOocTH OT 1,0 10 2,5 MeTogaMu BUOpaALMOHHO#
BHCKO3UMETPUH, TEPMOIMHAMHYECKOTO MOJICIMPOBAHMUS M PAMaHOBCKOW CHEKTpocKonuu. Du3nyecKkre CBONCTBA IIIAKOB 3aBUCAT OT OajaHca
MIPOLIECCOB MOIUMepu3anuu 1 popmupoBanus (asoBoro cocrasa. Kucible mu1aku 0CHOBHOCTBIO 1,0 OTHOCATCS K KaTErOPUH «ITMHHBIX) IILJIAKOB
U XapaKTepH3yITCs MOBBILICHHOH (10 34,1 %) noneii BeicokoTeMIeparypHbiX (a3. OnHako, HECMOTPSI Ha TO, YTO JOJIs BEICOKOTEMIICPATYPHBIX
(a3 B 1,6 pa3a BbIIlIe 110 CPABHEHHIO C J0JICH HU3KOTEMIIEpaTyPHBIX (a3, OHU XapaKTePH3yHOTCs Oosiee MPOCTON CHITMKATHOM CTPYKTYpoi, obecrie-
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4yMBas NpuU Temreparype Hadasa kpucraumszauu 1530 °C sazkocts He 6onee 0,25 [1a-c. Poct ocHoBHOCTH (110 2,5) HITAKOB U3y4aeMOH OKCHIHOM
CHCTEMBI, HapsAy ¢ MOBBIIICHUEM (IIPUMEPHO B 5,9 pa3a) TOIH BBEICOKOTEMIIEPATYPHEIX (a3, COMpOBOXKAaeTCS (JOPMUPOBAHUEM OOJIee CIIOKHON
CHIIMKaTHOH cTPYKTypbl. OGpasyromuecs YeThIPEXKoOpAMHALMOHHBIE CTPYKTYpHbie deMenThl [CrO, | u [AlO, ] BeTpanBaioTcst B KpeMHUH-KHCIIO-
POIHYIO PEIICTKY U YCIOXKHSIOT €¢, 4TO MOBBIIIACT CTEIICHb MOIMMepU3aui. TakuM 06pa3oM, IpH OCHOBHOCTH 2,5, B CBSI3H C BEICOKOU J0JIEH BBI-
COKOTEMIIEpaTypHbIX (a3 B IIUIaKe U Pa3BUTUEM IIpoliecca NOIMMEPH3alliy, TeMIepaTypa Hauala KpUCTaIM3aluy 1aka Bospacraet 10 1700 °C,

a ero Ba3kocTh gocruraet 1,0 [1a-c mpu Temmeparype 1670 °C.

Kntoueswle cnoea: AKP-mnax, okcuz 60pa, OKCHI XpoMa, CTPYKTypa, BSI3KOCTb, (ha30BbIif COCTAB, TEMIIEpaTypa Hadala KPHCTaIH3aIN

Bbaazodaprocmu: Pabora BBINONHEHA 110 TOCYAAPCTBEHHOMY 3a1aHnio MHCTHTYTA MeTalutyprin Ypaibckoro otaenenus PAH ¢ ncronbp3oBanuem 060-
pynosanus LIKIT «CoctaB BemmectBa» VIHCTUTYTa BBICOKOTEMIIEPATyPHOM IIEKTPOXUMHHN Ypaiibekoro otaenenust PAH.

/Jlnsi yumuposaHus: babenko A.A., lllaptaunos P.P., Ynonosuukosa A.I"., Cmerannukos A.H., Jlobanos J[.A., [lonmartos A.B. BiusiHue ocHOBHOCTH
Ha (usnueckue cpoiicTa makoB cuctembl CaO — Si0, — 18 % Cr,0, - 6 % B,0, — 3 % Al,0, — 8 % MgO. Uszsecmus 6y306. Yepnas memannypeus.
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- INTRODUCTION

In the contemporary field of low-carbon stainless steel
production, argon-oxygen decarburization (AOD) techno-
logy predominates, entailing phases of oxidation and
reduction. The reduction phase slags, rich in chromium
oxide, present significant challenges in chromium reduc-
tion and steel desulfurization due to their high viscosity
and refractory nature. To mitigate these issues, calcium
fluoride is traditionally added as a fluxing agent during
the reduction phase [1]. However, this addition poses draw-
backs, including aggressive wear on the refractory lining,
alterations in slag composition over time, and the forma-
tion of environmentally detrimental volatile fluorides [2].
Therefore, researchers have to find a way to replace it. One
of the solutions can be the use of boron oxide. In response
to these challenges, boron oxide emerges as a promising
alternative, attributed to its beneficial impact on slag vis-
cosity and crystallization temperature [3 —5]. Nonethe-
less, the specific influence of boron oxide on the physical
properties of chromium-containing slags remains largely
underexplored.

This study employs vibrational viscometry, thermody-
namic modeling of phase composition (HSC Chemistry 6.12
(Outokumpu)), and Raman spectroscopy to investigate
the effects of varying basicity (B = Ca0O/SiO,) from 1.0
to 2.5 — mirroring the composition at the commencement
of the AOD process reduction period — on the viscosity 0,
crystallization onset temperature (¢ ), phase composition
and structure of slags in the CaO - SiO, — 18 % Cr,0O, —
-6 % B,0, -3 % Al,O, - 8 % MgO system [6].

] MATERIALS AND METHODS

To study the physical properties of slags within the six-
component oxide system CaO-SiO,-18 % Cr,0,—
—6 % B,0,-3 % ALO;—8 % MgO, experimental slags
were synthesized with compositions detailed in Table 1.

These slags were produced in a resistance furnace
using molybdenum crucibles under an argon atmosphere,
employing analytical-reagent grade oxides pre-calcinated
at 800 °C (with B,O, calcinated at 100 °C) for 2 to 3 h.

744

The viscosity measurements for these slags were con-
ducted utilizing a vibrating viscometer [7] within molyb-
denum crucibles in an argon flow, with temperature moni-
toring achieved through a tungsten-rhenium thermocouple.
The slags’ crystallization onset temperatures were ascer-
tained based on Frenkel’s theory of viscous flow. This
involved plotting graphs in the coordinates Inn — 1/7, with
the crystallization temperature identified at the inflection
point of these curves [8].

Thermodynamic modeling of the phase composi-
tion for the experimental slag samples was performed
using the HSC Chemistry 6.12 software package (Outo-
kumpu) [9].

The structure of slag samples was investigated using
a Raman microscope spectrometer (U 1000) quipped
with a 532 nm excitation wavelength laser. The acquired
spectra span a wave number range of 200 to 1600 cm™.
The spectrum lines observed can be unequivocally linked
to the vibrational movements of the molecules within
the slag sample. An analysis of the slag’s structure is facil-
itated through examination of the oscillation frequency,
as well as the intensity and contour of these spectrum
lines [10].

[ RESULTS AND DISCUSSION

Fig. 1 illustrates the relationship between slag viscosity,
temperature, and basicity. Fig. 2 presents these relationships

Table 1

Composition of experimental slags

Tabnuya 1. CocTaB 3KCIIEPUMEHTAIBHBIX HIJIAKOB

Content, % ¢

Slag : B | &
Ca0 | Si0, | Cr,0, | MgO | ALO, | B,O, C
I [325(325] 180 | 80 | 3.0 | 60 |10|1530
2 390260 180 | 80 | 3.0 | 60 |1.5 1552
3 1433|217 180 | 80 | 3.0 | 60 |2.0]1614
4 464|186 180 | 8.0 | 3.0 | 6.0 |2.5|1700
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within the coordinates Inn — 1/7, facilitating the determina-
tion of the crystallization temperature (Table 1).

Table 2 outlines the phase composition modeling
results for the slag samples tested. Based on their melting
temperatures, all phases have been categorically divided
into three groups: low-temperature (1130 — 1280 °C),
medium-temperature (1460 — 1600 °C), and high-tempe-
rature (1710 — 2852 °C).

Raman spectroscopy results of the experimental slag
samples, with basicities of 1.0 and 2.5 (slags / and 4,
respectively) and a constant content of chromium oxide
(18 %) and boron oxide (6.0 %), are depicted in Fig. 3.
Table 3 correlates the wave numbers to the peaks of struc-
tural elements observed.

Peaks within the wave number ranges of 470 to 660
and 250 to 400 cm™! are associated with symmetric stretch-
ing and bending vibrations of Si—O—Si linkages. Peaks
at 550 cm™!, found within these ranges, are attributed
to AI-O—Al and Cr—O-Cr connections. As slag basicity
increases, these peaks, including the Si—O-Si linkages,
become less distinct.

Variations in the wave number region of 800 to 1200 cm™!
indicate that with an increase in basicity to 2.5, Raman
spectrum peaks corresponding to [CrO,] and Q3 appear at
wave numbers 873 and 780 cm™'. This suggests the pres-
ence of these structural components in slags with elevated
basicity, recognized as slag polymerizers [14; 19].

Fig. 3 lacks peaks corresponding to three-coordination
boron [BO,], indicating that within the slag structure,
boron oxide is represented by four-coordination boron
[BO,]. The [BO,] tetrahedra tend to create bonds with sili-
con atoms, complicating the structure, but at the same time,
reducing its uniformity and strength [20 — 22]. Reduction
in the slag viscosity when such oxide is used as a fluxing
agent can be attributed to weakening of the structure and
formation of low-melting compounds.
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Fig. 1. Dependence of viscosity on temperature
and basicity of slags of the studied oxide system
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Table 2

Phase composition of experimental slags at 1600 °C

Tabauya 2. ®a30BbIii cOCTAB IKCIIEPHMEHTAJILHBIX IIJIAKOB

BO=O'Q§1+1'Qéi+2'QSZi+3'Qs3i+4'Q§i’ (1)

where O is [SiO, ] with n number of bridging oxygen.
Calculations of the average amount of bridging oxy-
gen (BO) are presented in Table 4.

npu 1600 °C . ! - .
Acid slags with a basicity of 1.0 (Fig. 1, slag /) cate-
Phase Melting Tz, Y, i (15 Sk gorized as lpng 1csLa.gs},l, are shown to possess a helgh-
e pe—— ‘ B P ‘ y tened proportion of hig —temperatqre phases, reaching up
to 34.1 % (Table 2). However, despite the fact that the pro-
Low-temperature phases portion of high-temperature phases is 1.6 times higher com-
CB 1130 43 | 28 | 14 | 04 pared to that of low-temperature phases, slags with a basicity
2CB 1280 83 | 10.1 | 10.7 | 8.4 of 1.0 have a simpler silicate structure. The average amount
CM2S 1391 92 5.6 2.0 0.3 of bridging oxygen BO does not exceed 0.55, likely because
Total| 21.8 | 185 | 141 | 91 chromium oxide behaves more like a base in the acidic slag
Medium-temperature phases .enV1r0nment [24.; 25]. The (.1epolyr_ner.121ng impact on th.e sil-
icon-oxygen lattice results in a majority (0.64) of the silicate

2CM28 1454 3.0 34 2.7 1.0 . . . .

. . : : structural elements being composed of [SiO,] units devoid
3CB 1460 0.7 1.7 39 8.9 of bridging oxygen. This simpler structure, particularly in
3C28 1460 5.6 7.5 8.1 6.0 slags with a basicity of 1.0, ensures relatively high fluidity
CMS 1503 7.7 99 | 109 | 84 at a crystallization temperature of 1530 °C, despite having

CS 1540 159 | 131 | 90 | 46 a 1.6-fold greater proportion of high-temperature phases.
CA2S 1550 36 18 04 | 0.02 At and above the crystallization temperature, the viscosity
MS 1557 53 4.0 20 05 of the slag remains below 0.25 Pa-s.
3CM2S 1575 1.2 2.5 43 4.9 Table 3
CA 1600 04 | 09 | 19 | 32
Total | 439 | 448 | 432 | 3752 Correspondence of wave numbers and structures
High-temperature phases Tabnuya 3. CooTBeTCTBHE BOJTHOBBIX YHCeJ H CTPYKTYP
S 1710 4.9 2.2 0.7 0.1
A 2040 14 | 18 | 1.7 | 10 Elements num\gfearvim_l Structures rlérelizs
2CS 2130 6.3 9.6 146 | 219 2
C 2570 02 | 04 | 07 | 22 ol 850 —ggo | “ithout .b“[‘;"i’g‘g] oxveen
in [Si
M 2852 14 | 20 | 31 | 48 T brideine
| B wi ridging oxygen
Cr 2435 128 | 103 | 68 | 3.0 Os; 900 - 920 in [SiO,]
CCr 2100 7.1 106 | 154 | 205 i idoi
2 B with 2 bridging oxygen .
Total | 34.1 | 369 | 43.0 | 53.5 Osi 930~ 980 in [SiO,] [ 12]
Note (phase designations): 3 B with 3 bridging oxygen
CB - CaO-B,0,; 2CB - 2Ca0'B,0, ; O 10401060 in [SiO,]
3CB —3Ca0B,0,; CS — Ca0-Si0,; 2CS — 2Ca0-Si0,; . with 4 bridging oxygen
3C2S - 3Ca0-28i0,; C — Ca0; CM2S — Ca0-MgO-2Si0,; Os; 1060, 1190 in [SiO,]
CMS — Ca0-MgO-Si0,; 2CM2S - 2Ca0-MgO-2Si0,; deformation vibrations
3CM2S - 3Ca0-MgO-2Si0,; S — Si0,; MS — MgO-SiO,; Si-O-Si | 500650 S0 [13]
M — MgO; CA2S — Ca0-ALO,-28i0,; A~ ALO;; -
CA—Ca0"ALO;; Cr— Cr,0;; CCr — CaO-Cr,0,. Al_O-Al 550 Streti}’\llV_lbcr)%ﬂonS [14]
The polymerization degre.eiof slag.is primari.ly influ-  cr_o_cr| 520-540 stretc(}; ‘fb(;%tlons [15]
enced by the high-frequency silicate region, spanning wave r
_1 . . . .
numbers 800 to 12OQ cm!, which correspond to [SlQ Al [CrO,] 873 Stfetcél ‘fb(;%tlons [16]
tetrahedrons. To gain a more nuanced understanding r
of th.e slag’s structu.ral intricacies, we performed decon- [BO] | 13501530 stretcl{Yibrationf [17: 18]
volution of the obtained Raman spectra using the Gauss- B -0 in [BO;]
ian method [23] (Fig. 4). This process facilitated the rep- BO stretch vibrations
: ) cess [BO,] 900 — 920 B 00 IBO [18]
resentation of the slag’s polymerization degree through in [BO,|
the quantification of the average number of bridging oxy- 0 720 with 3 bridging oxygen [14]
gen (BO) molecules, calculated by the formula: A in[AIO,]
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Fig. 3. Raman spectra of slags / and 4

Puc. 3. PamaHOBCKHE CTIEKTpHI IUTAKOB / 1 4

As the basicity of the slags within this oxide system
increases, the trend of a rising proportion of high-temper-
ature phases and a declining proportion of low-temperature
ones continues (as indicated in Table 2). For instance, a slag
with a basicity of 2.5 (slag 4, Fig. 1) is classified as belong-
ing to the “short” slags category (Table 2), with its high-

a
iy
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o
e
=
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>
=
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-1
Wave number, cm

Fig. 4. Results of deconvolution of slags / (a) and 4 (b)

Puc. 4. Pesynbrars! nexkonBosronny nuiaxkos / (a) u 4 (b)

temperature phase proportion escalating to 53.5 %. This
increase is largely attributable to the phases 2Ca0O-SiO,
(21.9 %) and CaO-Cr,0, (20.5 %), alongside a reduction in
low-temperature phases to 9.1 %, due to diminished propor-
tions of CaO-B,0, and CaO-MgO-2Si0, to 0.4 and 0.3 %,
respectively. Concurrently, despite the enhanced basicity
and the integration of the [BO, ] structural element, the pres-
ence of chromium and aluminum oxides, acting as acidic
oxides [14; 19; 20], leads to a heightened polymerization
degree of the slag. The incorporation of four-coordination
chromium [CrO,] and aluminum [AIO,] into the silicon-
oxygen framework intensifies its complexity. Consequently,
the average number of bridging oxygen (BO) rises to 0.73,
predominantly because a significant portion (0.52)
of the silicate structural elements consists of [SiO,] with
one bridging oxygen. This intricate silicate structure, along-
side an approximately 5.9-fold increase in the proportion
of high-temperature phases compared to low-temperature
ones, contributes to a rise in the crystallization temperature
to 1700 °C and viscosity levels reaching 1.0 Pa‘s or more at
temperatures of 1670 °C and below.

[ ConcLusions

Our research has revealed new details about how
the basicity of slags in the CaO-SiO,-18 % Cr,0,—

Table 4

Fractions of silicate structural elements

Tabnuya 4. KoinyecTBO CHIMKATHBIX
CTPYKTYPHBIX 3JIeMEHTOB

Number of structural elements,

Slag B shares BO
O | % | &% | O

1.0 0.64 0.17 0.19 0 0.55

4 2.5 0.37 0.52 0.11 0 0.73
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-6 % B,0,-3 % Al,0,-8 % MgO system impacts their
phase composition, structure, viscosity, and the tempera-
ture at which they begin to crystallize.

We’ve found that the physical properties of slags hinge
on the interaction between polymerization processes and
their phase makeup:

—at a basicity level of 1.0, chromium oxide acts in
a way that simplifies the slag’s structure, resulting in a
bridging oxygen (BO) value of 0.55. This simple structure
leads to a low viscosity of 0.25 Pa‘s at the temperature
where crystallization starts, which is 1530 °C, even though
there’s a high presence of high-temperature phases;

—on the contrary, when the basicity reaches 2.5,
the degree of polymerization in the slag increases
(BO =0.73). This is because Cr,O, starts to show acidic
properties, as seen by the formation of the [CrO,] struc-
tural unit in the slag. Along with this, there’s a significant
increase in high-temperature phases, by about 1.57 times.
This combination leads to a more complex structure, push-
ing the slag’s viscosity up to 1.0 Pa-sat 1670 °C and raising
the temperature at which crystallization begins to 1700 °C.
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PHYSICAL MODELING OF THE EFFECT OF REFILLING THE MELT
INTO AN INGOT KNOCK-OFF HEAD ON SOLIDIFICATION
AND STRUCTURE FORMATION

S. B. Gamanyuk “, D. V. RutsKii, N. A. Zyuban,
M. V. Kirilichev, M. S. Nikitin

I Volgograd State Technical University (28 Lenina Ave., Volgograd 400005, Russian Federation)

&) gamanuk@mail.ru

Abstract. The paper presents the results of a laboratory study of the effect of refilling the ingot knock-off head with melt in a certain time interval after
pouring the ingot body on solidification and structure formation of the model ingot. The research was carried out by the method of physical (cold)
modeling for which a laboratory installation (casting form-mold) was developed and manufactured. It allows visually studying the processes occur-
ring during solidification and structure formation on a 19.6-ton model ingot. We used sodium sulfuric acid (crystalline hyposulfite) as a modeling
solution. Correspondence of the processes occurring on the model and in real conditions of industrial ingots casting was evaluated using similarity
criteria obtained on the basis of dimension theory with analysis of physico-chemical processes occurring during casting and crystallization of the in-
got. Casting of the melt into the casting form-mold was downhill. In order to assess changes in the temperature field during casting and crystalliza-
tion of the ingot in the entire solidification time, we performed thermometry of the mold model surface. Analysis of the conducted studies results
showed that refilling the melt before 40 min leads to stimulation of early settling of crystals (“rain of crystals”), which contributes to an increase
in the crystallization directivity in vertical direction. It was established that in a conventional ingot up to 40 min solidification proceeds by a sequen-
tial mechanism, and after that the crystals begin to settle (“rain of crystals”) and the solidification of the ingot passes through a volume-sequential
mechanism. Refilling the ingot knock-off head with melt 40 min after pouring the ingot body contributed to the continuation of the sequential
mechanism of ingot solidification, which led to the formation of a monolithic defect-free structure in the ingot body and the least development
of shrinkage shell in the knock-off head. The results obtained make it possible to develop a technology for differentiated ingots casting when filling
their knock-off heads with melt in a certain time interval after pouring the ingot body, which will affect the process of metal structure formation and
reduce defective zones.

Keywords: physical simulation, downhill casting, casting form — mold, refilling the ingot knock-off head, solidification, axial zone, large forging ingot
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AHHOmayus. B pabote mpeicTaBlieHbl Pe3yNbTaThl J1a00PaTOPHOrO HccienoBaHus d(dexra T0MMBKH MPUOBLILHON YacTH CIUTKA PAcIUIaBOM Ha
IpoLiece 3aTBEPACBAHMSA U CTPYKTYpOOOpa3oBaHHE MOJCIBHOIO CIMTKA. J[OJMBKAa HPOM3BOAMIACH Yepe3 ONPEACNICHHBI HHTEPBal BPEMEHU
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HocjIe 3aJMBKM TeNa CIUTKA. MceneoBaHus MPOBOMIM METOJIOM (pU3HYECKOro (XOJI0HOr0) MOAEIMPOBAHHUS, [Is KOTOpOro Oblna paspaboTaHa
U HM3TOTOBJICHA J1a0OpaTopHAas yCTAHOBKA (WM3JIOKHUIA-KPHCTAILIH3ATOP), IO3BONAIOMAs BH3YalbHO HM3ydaTh IPOLECCHI, IPOHUCXONAMINE HPH
3aTBEP/ACBAHUM M CTPYKTYpOOOpa30BaHMHM Ha MOJENHU CIMTKa Maccod 19,6 T. B kadecTBe MOAEIMPYIONIEr0O pacTBOpPA MCIIONB30BAIM HATpUi
CEPHOBATHCTOKUCIBII (KpHCTAIINYECKHi THITIOCYTb(UT). COOTBETCTBHE IPOLECCOB, IPOHCXOASAIINX Ha MOJIETH U B PEAIbHBIX YCIOBHAX OTIUBKU
HPOMBIIIIEHHBIX CIIUTKOB, OLIEHUBAJIOCH C TOMOIIBIO KpUTepueB 1ogo0ust. OHU MoTydeHbl Ha OCHOBE TEOPUH PA3MEPHOCTEH MCXO/Is U3 aHaM3a
(HU3UKO-XUMHYECKHX MIPOIECCOB, IIPOUCXOISINNX TIPU Pa3IuBKe U KPUCTAIUTH3AIUK CIMTKA. Pa3nuBKa pacIuiaBa B M3JIOKHUILY-KPHUCTAIIH3aTOP
BBITNIOJIHSIACh cBepXy. C LENbIO OLEHKH M3MEHEHUs MOJIS TeMIepaTyp IpH pa3ivBKe W KPUCTAUIM3ALUM CIMTKA B TEUEHHE BCErO BPEMEHM
3aTBep/IeBaHMsl IPOBOMIIM TEPMOMETPUPOBAHIE TIOBEPXHOCTU MOZIENN U3JIOKHUIIBI. AHAIIM3 Pe3yIbTaTOB NPOBEJEHHBIX HCCIIENOBAHMIN 1TOKa3all,
YTO JIOJIMBKA paciuiaBa 10 40 MHH NPUBOAMUT K CTUMYIMPOBAHHIO PAHHErO OCEHaHHs KPUCTAIUIOB («IOXKIb KPHCTAIIOB»), YTO CIIOCOOCTBYET
YBEIIHMYICHHUIO HAIIPABICHHOCTH KPUCTAIM3AIIU B BEPTUKAIBHOM HAIIPABICHUH. YCTAHOBICHO, YTO B OOBIYHOM CIHTKE 10 40 MHH 3aTBEpACBaHUE
UJET 10 I0C/IEe/I0BaTeIbHOMY MEXaHU3MY, a I10CJIe HAUMHACTCs OCEeaHHe KPUCTAIOB («WIOXKIb KPHCTAIUIOB») M 3aTBEpAEBAaHUE CIMTKA
MIPOXOAUT 10 0OBEMHO-IIOCIICIOBATEIPHOMY MeXaHH3My. JloIMBKa MPHOBUIFHON YacTH CIIUTKA PAcIIaBOM CIIycTs 40 MUH mOCIie 3aIMBKH Tela
CIMTKA CIOCOOCTBOBANA MPOJOIKEHUIO TOCIEI0BATEILHOT0 MEXaHU3Ma 3aTBEP/AEBAHUs CIUTKA. DTO NPHUBEIO K 0O0pa3OBAHMIO MOHOJIMTHON
6e31e(eKTHOI CTPYKTYpHl B Telle CIMTKAa M HAHMEHBIIEMY Pa3BHTHIO yCaJOYHOH PakoBHHEI B 0ObeMe HpHObUIH. IlomydeHHBIE pe3yabTaThl
00yCIJIOBIIMBAIOT BO3MOXKHOCTB Pa3pabOTKH TeXHOJIOruH JH(GepeHINPOBAHHON PAa3IMBKH CIUTKOB IPH HAIMOJHEHHU MX NPUOBLIN paciulaBOM
4epe3 ONpee/IeHHBIH HHTEPBAll BPEMEHH TI0CNIEC 3aJIMBKH Tella CIUTKA. JTO IO3BOJIHUT BO3IEHCTBOBATh HA HMpomecc GOPMUPOBAHUS CTPYKTYpPHI

MeTaljla U COKpalleHue I[e(l)eKTHLIX 30H.

Kaloyesvle cno8a: Gpusnueckoe MOICIUPOBAHIE, PAa3IHBKa CBEPXY, H3I0KHULIA-KPUCTAIIIH3ATOP, JOJIUBKHI MPUOBUIBHOM YaCTH CIHTKA, MPOLECC 3a-

TBEpACBaHNs, OCEBas 30HA, prl’IHHﬁ Ky3He‘IHLIﬁ CIINTOK
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- INTRODUCTION

The theory and practice of ingot production demon-
strate that the solidification time of large ingots spans
several days, during which liquation and shrinkage phe-
nomena significantly manifest. These phenomena give
rise to chemical and physical heterogeneity within the cast
metal, which, if pronounced, may persist even after for-
ging. Consequently, this can result in the rejection of bil-
lets either during manufacturing or during delivery trials,
leading to losses for the enterprise.

Currently, numerous methods have been developed
to enhance metal quality, primarily focusing on process
improvements during smelting and casting. However,
despite advancements, the benefits achieved during smelt-
ing can be compromised during the casting and solidifica-
tion of large ingots, each weighing no less than 14 tons.

Studies [1 — 3] demonstrate that challenges in achiev-
ing structural quality and uniform mechanical properties
throughout the height and radius of forgings stem from
varying solidification conditions across different parts
of the ingot. Additionally, shrinkage processes, signifi-
cant liquation of impurities in the steel composition, and
the shape and size of the ingot contribute to these dif-
ficulties.

The significant influence of ingot geometrical param-
eters on the development of the axial zone is widely
acknowledged. Specifically, parameters such as the height
to average diameter ratio H/D [4 — 7], conicity [8 — 10],
and the type of the ingot (shortened, normal, elongated)
are recognized as predominant factors.

The formation of axial porosity is closely linked
to shrinkage phenomena, which are, in turn, influenced

by temperature conditions and thermophysical pro-
cesses during ingot casting and crystallization. Con-
sequently, the method and speed of metal casting are
crucial determinants in the formation of axial defects in
the ingot [11 — 13].

To enhance the quality of large ingots, it’s imperative
to explore effective methods that influence the solidifica-
tion process. Understanding the mechanisms and condi-
tions leading to the formation of localized defect areas,
which contribute to the development of macro-defects
resistant to deformation removal, is essential. Analy-
zing the solidification features of large ingots is intricate,
requiring consideration of numerous factors impacting
crystallization phenomena.

One approach to studying solidification processes in
large ingots is through physical (cold) modeling, utili-
zing casting form models [14 — 16]. This method enables
the visual assessment of solid and solid-liquid phase
advancement kinetics alongside convective mixing
of the modeling melt and internal defect development.
It’s important to note that physical modeling provides
qualitative insights into the influence of casting process
factors on structure formation nuances and defect zone
development.

The conditions outlined in [2; 3; 17] suggest that
refilling the knock-off head is justified when the ratio
of crystallization interval value to temperature gradient
value meets the criterion AT /8T > 1. Researchers in [18]
demonstrated that refilling the knock-off head with hot
melt can significantly impact ingot structural zone for-
mation conditions, elevating the 37 parameter to values
prompting a return to sequential solidification, resulting
in a denser dendritic structure.
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The aim of this research is to investigate the impact
of refilling the knock-off head with melt on the solidifica-
tion process and structure formation of the model ingot.
Refilling is executed at specific time intervals following
casting of the ingot body.

[l MATERIALS AND METHODS

In this study, we employed the physical (cold) ingot
modeling method, for which we designed and fabricated
a laboratory installation (casting form-mold) [16]. Using
this installation, we visually examined the processes
occurring during solidification and structure formation
of model ingots. The geometric parameters of both real
industrial and model ingots are detailed in Table 1.

As a modeling solution, we utilized sodium thiosulfate
(crystalline hyposulfite) — Na,S,0,-5H,0 was used as
a modeling solution. The solidification onset temperature
ranged from 48 to 52 °C. To evaluate the correspondence
between the processes observed in the model and those
in real industrial ingot casting conditions, we employed
similarity criteria, including Froude (Fr), Reynolds (Re),
Weber (We), Biots (Bi), and Fourier homochronicity (Fo).
These criteria were derived from dimensional analysis
of physical and chemical processes during ingot casting
and crystallization. Additionally, we utilized the solidifi-
cation criterion (phase transfer) N, describing the ratio
of phase transfer heat to cooling heat [4; 19].

Calculation of the similarity criteria (Bi, N, Fo, Fr,
We) as outlined in [4] demonstrated (see Table 2) that
their values for both model and real conditions differed
by no more than one order of magnitude, indicating cor-
respondence between the studied processes [19].

The direct shadow method, also known as the schlie-
ren method, was employed to examine the hydrodynamic
characteristics of liquid motion at the end of casting

Table 2

Values of similarity criteria in the sample and model

Tabauya 2. 3Ha4eHUs] KPUTepHeB 110100Ms1
B o0pa3ue u MoJeJIn

Similarity criterion
Ingot type ;
Bi N Fo Fr We
Model 1) 50 105| 0.52 | 1.083-104 | 2.80-10°¢ | 7.56-10°*
ingot
Sample | 23107 4.01 | 6.340-10 | 3.67-105 | 5.83-10°3
ingot

into the casting form —mold, as well as the behavior
of convective flows (both downward and upward) in
the melt during the solidification process. This method
facilitated visualization and quantification of the nature
and rate of change of convective flows during the solidi-
fication of model ingots.

The direct shadow method (Fig. 1), involves genera-
ting a parallel beam of light 2 using a light source and col-
lecting lens 7, which is then directed to “shine through”
the object under examination (casting form — mold) 4.
When encountering inhomogeneity, the rays deflected
by it form an image projected onto a screen 5. To ensure
the light beam’s parallelism, in this study, the light
was directed to a straight mirror 3 whose size matches
that of the mold. Light 2 reflected by the mirror 3 from
the source /, while passing through the solidifying ingot
model within the casting form — mold 4, reveals the image
of inhomogeneity on the screen 5, which was captured
using a high-resolution digital video camera 6. The video
recordings obtained were utilized to calculate the veloci-
ties of convective flows immediately after casting and
during the solidification of the model ingot. To calcu-

5
Table 1 4
B 3 <
Geometrical parameters of industrial J \ 6
and model ingots %
\
Tabnuya 1. leomeTpuyecKue mapamMeTpbl MPOMBIILIEHHOTO
H MOJIeJILHOTO CJIMTKOB
Sample N N
Ingot parameters Ingot Model Fig. 1. Layout of installation for studying the solidification and structure
(19.6 1) formation of a model ingot:
Height to average diameter ratio, H/D 2.15 2.3 1 —light source; 2 — light beam; 3 — direct mirror;
— . 4 — casting form-mold; 5 — screen;
Ingot body conicity, K; ., % 4.1 4.4 6 — high—resolution digital video camera
Feeder head conicity, K, ;, % 14.7 14.7
. Puc. 1. Cxema ycTaHOBKH AJIs1 MCCIICIOBAHUS TIpoLiecca
Ingot body volume, Vin.b’ & 71.4 79.7 3aTBEP/ICBAHUS U CTPYKTYPOOOPA30BaHUS MOJCIBHOTO CIIUTKA!
Volume of knock-off head, Vieads 70 18.0 15.7 1 — MCTOUHUK CBeTa; 2 — Iy4OK CBETa; 3 — NPsIMOE 3epKalio;
B o 4 — M3II0KHUIIA-KPUCTATU3ATOP; 5 — 9KPaH;
Volume of bottom part of ingot, V., % 4.6 4.5 6 — nudpoasi BUIEOKaMePa BLICOKOTO pa3peLeHus
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late these velocities, a grid with square side dimensions
of 25 mm was applied to the screen.

The melt was poured into the casting form — mold
from above, and the experimental conditions’ specifics
are detailed in Table 3.

Four model ingots were cast using the physical (cold)
modeling method to simulate the ingot solidification pro-
cess. One ingot followed classical technology (referred
to as an ordinary ingot), while the others had the head
cast after different time intervals: 7, 19 and 40 min after
casting the ingot body (referred to as experimental ingots
or refilling of the head after 7, 19 and 40 min). Refilling
of the knock-off head of experimental ingots was per-
formed with melt temperature 5 °C “colder” than the melt
used for casting the ingot body. At the time of refilling,
the solidified solid phase area in the body of experimental
ingots (zone of columnar crystals) amounted to 16.7, 23.5
and 43.4 %, respectively (Table 1). Throughout the ingot
modeling process, the geometric parameters of casting
remained constant (Table 1).

During modeling, the advancing solidification front
was analyzed in two components: horizontal solidifi-
cation, where the solid phase sequentially grows from
the walls to the center of the casting form, and verti-
cal solidification vertical solidification, where the solid
phase advances from the walls to the center along the axis
of the casting form.

Following the casting of the melt into the casting
form-mold, the thickness of the solidified layer was mea-
sured every 5 min vertically from the bottom to the cen-
ter of the casting form along the axis and at three levels
along the height of the ingot (bottom section, middle
height, and sub-knock-off head horizon).

At the end of the solidification process, the structural
zones of model ingots and their volume fractions were

measured, and the length and average width of the axial
zone were determined. The impact of the time interval
for refilling the knock-off head with melt on the crystal-
lization rate and the dynamics of solid phase growth in
model ingots in both vertical and horizontal solidification
directions, as well as on the total solidification time, was
assessed.

To evaluate changes in the temperature field dur-
ing casting and crystallization of the ingot, thermom-
etry of the casting form model surface was conducted
throughout the solidification period. Initially, after cast-
ing completion, the crystallizing melt was photographed
every 5 min for 30 min, followed by intervals of 20 min.
Thermometry was performed using a thermal camera
Testo 8751, and the thermal images obtained were pro-
cessed using TestoIRSoft software. As the thermal
camera allows only surface thermometry without direct
measurement of melt temperature, the dynamics of melt
temperature change were assumed to mirror the dynamics
of surface temperature change of the casting form model,
providing a qualitative insight into the temperature field
variations.

[l RESULTS AND DISCUSSION

The data processing resulted in the preparation
of curves illustrating the solid phase growth rate in
both vertical and horizontal solidification directions for
various ingot casting techniques (Fig. 2).

Analysis of the results revealed that for an ordinary
ingot (Fig. 2, a) and an ingot with head refilling after
7 min (Fig. 2, b), between 10 and 73 min, constituting
5 to 38 % of the total solidification time, structure for-
mation follows a volume-sequential mechanism. This
mechanism arises due to the settling of crystal frag-
ments from the “mirror” of the melt in the head and near

Table 3
Characteristics of the experimental conditions
Tabnuya 3. XapaKTepuCTHKA YCJI0BHI NMPOBEIEHUs IKCIIEPUMEHTA
Technology of model ingot casting
Indicator ordinary | head refilling | head refilling | head refilling
ingot after 7 min after 19 min after 40 min

Temperature of melt casting of the ingot body, T, ; ., °C 75 75 75 75
Temperature of melt casting of the head, 7, . ,, °C 75 70 70 70
Time of melt casting of the ingot body, 7, , , s 42 37 42 46
Time of melt casting of the head, 7, ;. s 45 27 42 38
Time before melt refilling of the head, T ;| .., min:s - 7:00 19:00 40:00
Cooling liquid temperature, 7 ., °C 11 11 11 11
Weight of ingot body/head, M, /m, ., g 550/150 550/150 550/150 550/150
Solidification time, t_;, min 205 220 238 258
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the solidification front. These fragments sink to the lower
part of the ingot, forming a cone-shaped settling zone.
The descending crystals enhance the vertical solidifi-
cation rate, thereby increasing the orientation of ingot
solidification. Consequently, this phenomenon results
in reduced development of axial friability and chemical
heterogeneity in the ingot [1]. Subsequent solidification
of the ingot proceeds in the horizontal direction via a
sequential mechanism.

60
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Fig. 2. Curves of solid phase growth in height and cross section
of model ingots obtained by physical modeling:
a — ordinary ingot; b — refilling the knock-off head after 7 min;
¢ —refilling the knock-off head after 19 min;
d — refilling the knock-off head after 40 min;
1 — sub-knock-off head horizon; 2 — mid-height;
3 — lower section; 4 — vertical solidification

Puc. 2. Kpublie HapacTaHus TBep/I0ii a3kl 110 BICOTE
U CEYCHHIO MOJCIBHBIX CIIUTKOB, TIOJYUYCHHBIE METOJIOM
(DU3MUECKOTO MOJCITHPOBAHUSI:
a — OOBIYHBII CIUTOK; b — TOJMMBKA NPHOBLUTH CITYCTsl 7 MUH;

¢ — onuBKa npuobLHN cryctst 19 mMuH;
d — nonuBKa puObLIH ciycTs 40 MuH;

1 — nonpUOBLIBHBIN TOPU3OHT; 2 — CEpe/IUHA BBICOTHI;

3 — HUXKHEe cedeHHe; 4 — BepTHUKAIbHOE 3aTBepICBAaHNE
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It’s noteworthy that in the experimental ingot,
the “rain of crystals” commenced immediately after
refilling the head with melt and persisted for over 50 min,
whereas in the ordinary ingot, crystal settling began only
after 40 min and lasted for 30 min. Furthermore, during
the initial 40 min of solidification in the experimental
ingot (21 % of the total solidification time), the width
of the solid phase in the vertical direction was twice
that of the ordinary ingot. This suggests that refilling
the head with “cold” melt (at 70 °C) into the “hot” melt
(at 75 °C), with only 7 min elapsed since casting the ingot
body, resulted in an increased temperature gradient and
the emergence of crystallization centers. Consequently,
this contributed to the formation of a dense “rain” of crys-
tals and accelerated the advancement of the solidification
front in the vertical direction. Additionally, the introduc-
tion of a portion of melt induced forced convection, lead-
ing to the displacement of crystals from the crystalliza-
tion front into the settling cone zone.

In the ingot with head refilling after 19 min (Fig. 2, ¢)
solidification occurred according to the volume-sequen-
tial mechanism from 32 to 79 min (15 to 38 % of the total
solidification time) due to crystal settling.

For the ingot with head refilling after 40 min (Fig. 2, d),
solidification occurred via the sequential mechanism from
the walls to the ingot axis, without the “rain of crystals”
phenomenon typically observed in ingots of this experi-
mental series.

Thermometry of the casting form model surface during
solidification of an ordinary ingot revealed (Figs. 3, a;
Fig. 4, a) that during the initial half of the ingot solidi-
fication time, the thermal center was located in the sub-
knock-off head horizon. Subsequently, it shifted
to the ingot mid-height, and by the end of solidification,
it returned to the sub-knock-off head horizon. This obser-
vation aligns with existing concepts regarding the solidi-
fication process of large ingots [1; 2].

For the ingot with head refilling after 7 min (Fig. 3, b;
Fig. 4, b), the thermal center remained consistent, mov-
ing only from the middle to 2/3 of the ingot height
throughout the solidification process, eventually settling
at the sub-knock-off head horizon by the end of solidifi-
cation. Similarly, for the ingot with head refilling after
19 min (Fig. 3, ¢; Fig. 4, ¢), the thermal center remained
at the ingot mid-height throughout solidification, eventu-
ally shifting to the sub-knock-off head horizon at the end.
In contrast, for the ingot with head refilling after 40 min
(Fig. 3, d; Fig. 4, d), the thermal center was initially
located at 2/3 of the ingot height, moving to the sub-
knock-off head horizon after melt refilling and remaining
there until the end of solidification.

It’s evident that melt refilling influenced the dynamics
of thermal processes during ingot crystallization.



I1ZVESTIYA. FERROUS METALLURGY. 2023;66(6):750-759.
Gamanyuk S.B,, Rutskii D.V, etc. Physical modeling of the effect of refilling the melt into an ingot knock-off head on solidification and structure ...

43°C 45°C
45
40
40
35 35
30 30
25
25
20
20
15
16 °C 13°C
After ingot casting (5 min) After ingot casting (95 min)
a
45°C 45°C 50°C
45 45 50,0
0 475
40 45,0
35 425
35
40,0
30
0 37,5
25 35,0
2 25 325
30,0
20
15°C 20°C 28°C
After ingot body casting (5 min) After knock-of-head refilling (18 min) After ingot body casting (110 min)
b
43°C 43°C
40 40
35 35
30 30
25 25
20 20
16°C 16°C
After ingot body casting (12 min) After knock-of-head refilling (19 min) After ingot body casting (118 min)
c
413°C 483 °C
40,0
45
37,5
35,0 40
32,5
30,0 35
275 30
25,0
25 25
20,0
: 20
17,6 °C 18,1 °C
After ingot body casting (5 min) After knock-of-head refilling (40 min) After ingot body casting (135 min)

d

Fig. 3. Dynamics of the thermal center movement during solidification of model ingots:
a — ordinary ingot; b — refilling the knock-off head after 7 min; ¢ — refilling the knock-off head after 19 min;
d — refilling the knock-off head after 40 min

Puc. 3. JluHamuKa IIepeMeIleHHs TEIUIOBOTO LEHTpa IPU 3aTBEPAEBAHUH MOCIBHBIX CIUTKOB:
@ — OOBIYHBIN CIIUTOK; b — NONMBKA NPUOBUIH CITyCTs 7 MUH; ¢ — JIOJIUBKA NpUObLIN cryctst 19 muH;
d — nonueka npuObLH crycts 40 MUH
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Fig. 4. Change in surface temperature of the casting form model in height of the model ingots
(based on the processing of thermal vision images using Testo IRSoft software):
a — ordinary ingot; b — refilling the knock-off head after 7 min; ¢ — refilling the knock-off head after 19 min;
d — refilling the knock-off head after 40 min

Puc. 4. 3menenue Temneparypbl IOBEPXHOCTH MOJIEIH U3JIOKHUIIBI IO BEICOTE MOZEIBHBIX CIIUTKOB
(Ha ocHOBaHMHU 0OPAOOTKH TEIUIOBHU3HOHHBIX H300paskeHNUH ¢ ITOMOIIbI0 porpaMMHoro obecrieuenns Testo IRSoft):
a — OOBIYHBIN CIUTOK; b — JTOTMBKA MPUOBLIN CITYCTsI 7 MUH; ¢ — JIOJIMBKA MPUOBLIH cirycTs 19 MuH;
d — nonuBka npuObUIH crrycTs 40 MuH

Analysis of structural zone development in model
ingots (Table 4, Fig.5) revealed that three ingots
(Fig. 5, a — ¢) exhibited the development of a settling
cone zone. Two ingots (Fig. 5, a, b) were characterized
by the penetration of a shrinkage hole from the head
to the ingot body, which is evidently an ingot defect.

Visual inspection of the macrostructure of the cast
ingots revealed that the ingot with head refilling con-

ducted after 40 min (Fig. 5, d) exhibited a dense and
defect-free structure.

This suggests that refilling the head with melt 40 min
after casting the ingot body influenced the ingot crystal-
lization mechanism, causing it to solidify via the sequen-
tial mechanism from the ingot walls to the axis, without
the occurrence of the “rain of crystals” phenomenon. This
process promoted the growth of columnar crystals toward

Table 4
Volume fractions of structural zones in the model ingots
Tabnuya 4. O6beMHBIE 10JH CTPYKTYPHBIX 30H MO/IeJIbHBIX CJINTKOB
Technology of model ingot casting

Area of structural zones of model ingots, % | ordinary head refilling head refilling head refilling

ingot after 7 min after 19 min after 40 min
Columnar crystals (before head refilling) - 16.7 23.5 43.4
Columnar crystals 65.2 22.4 47.3 56.6
Omnidirectional crystals 28.6 42.5 25.2 —
Settling cone 6.2 18.4 4.0 -
Shrinkage hole 32.8 41.4 36.3 24.0
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Fig. 5. Macrostructure of the model ingots:
1 —boundary of the solidified solid phase layer in the ingot body before refilling the knock-off head with the melt;
a — ordinary ingot; b — refilling the knock-off head after 7 min; ¢ — refilling the knock-off head after 19 min;
d — refilling the knock-off head after 40 min

Puc. 5. MakpocTpyKkTypa MOJEIBHBIX CIUTKOB:
1 — rpaHuIa 3aTBEPACBIIETO CIOSI TBEPAOH (a3bl B TEJIE CIUTKA Mepe]] JOIMBKOI B MPUOBUILHYIO YaCTh PacIlIaBa;
a — OOBIYHBIN CITUTOK; b — JOMUBKA NPUOBLIN CITyCTsl 7 MUH; ¢ — JOJIMBKA MPUObLTH crycTs 19 MuH; d — noiuBka npuObuin crycts 40 MuH

the ingot axis, resulting in minimal development of a shrin-
kage hole and ultimately yielding a defect-free structure.

- CONCLUSIONS

It has been observed that in an ordinary ingot, solidifi-
cation proceeds via a sequential mechanism up to 40 min,
after which crystals begin to settle (“rain of crystals™),
transitioning the solidification process to a volume-
sequential mechanism. However, refilling the knock-off
head with melt 40 min after casting the ingot body sus-
tained the sequential mechanism of ingot solidification.
This resulted in the formation of a monolithic, defect-free
structure in the ingot body and minimized the develop-
ment of shrinkage holes in the head volume.

Melt refilling within the initial 40 min stimulates early
crystal settling (“rain of crystals”), enhancing crystalliza-
tion orientation in the vertical direction.

Thermometry of the casting form-mold surface during
ingot solidification revealed the influence of melt refilling
of the head on the dynamics of thermal processes occur-
ring during crystallization.

These findings provide insight into the development
of differentiated casting technology for ingots, wherein
the head is filled with melt at specific intervals after
casting the ingot body. This approach can effectively
influence the metal structure formation process and
reduce defect zones.
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PRODUCTION OF REFINING ALUMINA-CONTAINING FLUXES
BY SINTERING FROM TECHNOGENIC RAW MATERIALS

V. V. Aksenova®, A. V. Pavlov, G. M. Markov
| National University of Science and Technology “MISIS” (4 Leninskii Ave., Moscow 119049, Russian Federation)

&) axenovaviki@gmail.com

Abstract. Modern Russian steelmaking plants use predominantly alumina-containing materials for liquefying lime in a ladle-furnace unit, which replaced
fluorspar. Alumina-containing materials currently available on the market cannot be used directly in steelmaking without preliminary preparation
(refining, heat treatment or briquetting), or are simply unsuitable for ladle processing of steel. This work describes laboratory studies on the produc-
tion of refining alumina-containing fluxes by sintering in units such as machines for pellets firing or producing agglomerate (in the temperature range
of 1200 — 1500 °C) from clean metallurgical waste (fine dust from the production of alumina and burnt lime), meeting the requirements of steelmaking
plants by chemical composition and mechanical properties. A comparison was made of sintering technological schemes with the introduction of hydra-
ted lime and a mixture of hydrated lime and calcium carbonate in a 1:1 ratio as a source of CaO. We determined that the maximum permissible CaO
content in sintered briquettes when using a mixture of hydrated lime and calcium carbonate in the charge, which does not lead to hydration destruction
in air, is in the range of 2.3 — 3.6 %, depending on the holding temperature. The maximum permissible content of Al,O, in sintered briquettes when
using hydrated lime in the charge, which does not lead to hydration destruction in air, is in the range of 9.5 — 31.7 %, depending on the holding tem-
perature. In existing fuel units it is possible to obtain fluxes by sintering only when using hydrated lime as a source of CaO, because adding calcium
carbonate to the charge (9 — 22 %) requires an increase in holding temperature (above 1500 °C) or holding time (more than 25 min).

Keywords: ladle-furnace, alumina dust, refining fluxes, alumina-containing materials, calcium aluminates, sintering, hydration destruction
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NONYYEHUE PAOUHUPOBOYHDbIX IMUHO3EMCOAEPXALLUX ®NHOCOB
METOAOM CNEKAHUA U3 TEXHOTEHHOTO CbiPbA

B. B. AkcenoBa %, A. B. [1aBs10B, I. M. MapkoB
| Hanmonanbnblii uccnenoparenbekuii Texnonorndeckuii ynusepeurer «MUCHUCy (Poccus, 119049, Mocksa, Jlenunckuii np., 4)

& axenovaviki@gmail.com

AnHomayus. CoBpeMeHHbIE CTalICIUIABIIBHbIC IPSANPUATHS Poccun jist pa3KipKeHNst U3BECTH Ha arperare KOBII-IIeYb IPHMEHSIOT IPEHMYIIeCT-
BEHHO IIIMHO3EMCOZIEPIKAILMEe MaTepUaIbl, KOTOPbIEe MPHUILIM B3aMEH IUIaBUKOBOMY wimary. JlocTynHbIe ceifuac Ha pbIHKE IMHO3EMCOEpIKAIIUe
MaTepHalIbl He MOTYT OBITh HCIOIb30BAHbI HAPSMYIO B CTAJICIUIABIIIBHOM IPOM3BOJCTBE 0€3 IIPEeIBapUTEIbHON HOATOTOBKY (paUHUPOBAHUS,
TepM0o0OPabOTKY MK OPUKETHPOBAHMS ), THOO MPOCTO HEMIPUTOHBI ISl KOBIIEBOH 00paboTku cranu. B manHoit paboTe onucaHbl labopaTtopHbie
HCCIICOBAHMS IO IIOTYyYEHUIO PadUHUPOBOYHBIX NIMHO3EMCOACPKAIMX (DIIFOCOB METOZOM CIEKAaHHS B arperarax II0 THILYy MAIIHH JUIi 0OKHTa
OKaThIIIICH HITH POU3BOCTBA ariomepara (B Temneparypraom narepsaie 1200 — 1500 °C) U3 4UCTBIX OTXO0B METAILTYPIrHYECKOr0 IPOU3BOJICTBA
(MEIKOYICIIepCHAs IBUIh IIPOU3BOJCTBA NIIMHO3EMA H OOOMOKCHHOI M3BECTH), OTBEHAIOIIUX TPEOOBAHUAM CTANCIUIABIIBHBIX IPEMIPUITHH 110
XMMHYECKOMY COCTAaBY U MEXaHHUECKUM CBOWCTBaM. [IpoBeseHO cpaBHEHHE TEXHOJIIOIHYECKHX CXeM CIEKaHHUs C BBEIICHUEM B Ka4eCTBE UCTOU-
Huka CaO runpaTHpOBaHHON M3BECTH M CMECH I'MAPATHPOBAHHON M3BECTH U KapOOHATa Kaiblus B cooTHomeHuu 1:1. [IpenensHo pomyctumoe
cozepkanne CaO B criedeHHbIX OpPUKETaX IPH MCIOIb30BAaHUH B LIIMXTE CMECH I'MAPATUPOBAHHOM U3BECTH U KapOOHAaTa KabLisl, HE IPUBOASILEE
K THIPATAllMOHHOMY Pa3pyIICHUIO Ha BO3/LyXe, HAXOAUTCS B quana3oHe 2,3 — 3,6 % B 3aBHCHMOCTH OT TeMIIEpaTypbl BbLICpKKHU. [IpenensHo no-
nyctumoe conepkanue Al,O, B crieueHHbIX OPUKETAX MPH UCTOJIL30BAHUH B LIMXTE TMIPATMPOBAHHON M3BECTH, HE PUBOJIAIEE K TM/IPATAlMOH-
HOMY pa3pyIICHHIO Ha BO3yXe, HAXOAUTCS B nuamnasone 9,5 — 31,7 % B 3aBUCHMOCTH OT TEMIIEPaTyphI BEIICPIKKH. B CyIIecTBYIOIIX TOITUBHBIX
arperarax BO3MOXKHO IOJYYHUTb (IIIOCHI METOZOM CIIEKAHMS TOJIBKO MPU MCIIOIb30BAaHNH B KauecTBe MCTOUHMKA CaO ruapaTupoBaHHON M3BECTH,
TaK Kak j1o0aBieHHe kapOoHaTa Kaublus B muXTy (9 — 22 %) TpebyeT yBenuueHus TeMIepaTypsl BeLaepkku (oime 1500 °C) i ee IpogomKu-
TenbHOCTH (Oosee 25 MUH).
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[ INTRODUCTION

The fluxes and slag-forming materials used in metal-
lurgy exert significant influence on production techno-
logy, as well as the chemical composition and quality
of smelted steel. The quantity of detrimental impuri-
ties (such as sulfur, phosphorus, and gases like oxygen,
hydrogen, and nitrogen) is contingent upon the type
of additives employed, which constitutes a fundamental
determinant in achieving high-quality steel.

In the ladle-furnace unit (LFU) utilized for steel pro-
cessing, lime serves as the primary slag-forming material,
boasting a melting point exceeding 2500 °C. To lower
the slag’s melting point during extraction, flux is intro-
duced alongside lime to induce liquefaction. In the past,
fluorspar was widely employed for slag liquefaction in
LFUs; however, its usage has recently been minimized
or entirely phased out due to various adverse factors
including its short-term efficacy, diminishment of lining
resistance in the slag belt zone, and environmental con-
cerns [1 —3].

Alumina-containing fluxes, surpassing fluorspar in
several aspects, emerge as a promising alternative to fluo-
rine-based materials. These alumina-containing materials
can be employed either independently or in conjunction
with fluorspar, even for steel grades designated as “alu-
minum-free” [4]. Notably, aluminothermal slags derived
from ferrovanadium and aluminothermal chromium pro-
duction have gained significant traction as alumina-con-
taining fluxes. However, a major drawback lies in their
market scarcity due to the limited production of ferroal-
loys via aluminothermal reduction. Additionally, other
available alumina-containing materials often require pre-
liminary treatment (such as refining, heat treatment, or
briquetting) before they can be utilized in steelmaking,
or they may prove unsuitable for the ladle processing
of steel [5 —7].

When procuring fluxes, steelmaking plants impose
criteria concerning both chemical composition and
mechanical properties. Fluxes are expected to be sup-
plied in the form of lumps or briquettes, with overall
dimensions ranging from 10 to 50 mm. The fine fraction
(0 — 5 mm) should not exceed 10 % of the total mass,
while moisture content is to be kept below 1 % in summer
and up to 6.5 % in winter. Consumers may also specify
requirements regarding the strength properties of bri-
quettes/lumps. A summarized outline of the chemical
composition requirements for alumina-containing fluxes
is presented in Table 1.

The required quantity of alumina-containing flux for
processing in the LFU is determined through the balance
equation of aluminum utilization in ladle processing:

Al ec = Alres + Aldeox + Alair + Alsl +Al

S evap’

where Al__ is residual aluminum, Al is deoxidation
aluminum, Al ; is air oxygen-oxidized aluminum, Al is
furnace slag-oxidized aluminum, and Al___is evaporated
aluminum.

evap

Aportion of Al,0, needed for lime liquefaction is gene-
rated through the interaction of aluminum with dissolved
oxygen in steel, while another portion results from com-
bustion on the slag surface and subsequent deoxidation.
The remaining portion is introduced in the form of flux
to facilitate free-running slag. Despite its technological
efficiency, aluminum is deemed economically impracti-
cal due to its high cost as a source of Al,O;. According
to the balance equation, it’s estimated that aluminum con-
sumption is distributed as follows: Al __— 15 %; Al
18 %; Al —38 %; Al — 28 %; Al —1%.

Given the current industrial environmental constraints
and stringent steel quality requirements, developing
alumina-containing flux production technology in an
environmentally sustainable and cost-effective manner
emerges as an urgent challenge.

deox

] MATERIALS AND METHODS

An essential consideration in flux production via sin-
tering is the meticulous selection of charge materials.
Firstly, these materials must not introduce harmful impu-
rities that resist removal during heat treatment and could
potentially contaminate the processed steel. Secondly,
they should be relatively amenable to briquetting, as sin-
tering technology involves the heat treatment of lump
material. Thirdly, availability on the market is crucial.

The recycling of metallurgical waste to yield marke-
table products has gained significant traction in recent
times. Among such wastes is the dust collected from
the filters of roasting furnaces. This paper focuses on
the processing of dust originating from alumina calcina-
tion and limestone roasting furnaces.

Alumina calcination involves the dehydration of alu-
minum hydroxide at elevated temperatures. Aluminother-
mal slag, utilized in rotary tube furnaces or fluidized-bed
furnaces at temperatures reaching up to 1200 °C, rep-
resents the final stage in the Al,O; production process
chain. Inevitably, during the calcination processes in
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Table 1

Consolidated requirements for the chemical composition of alumina-containing fluxes
imposed by metallurgical enterprises in Russia

Tabnuya 1. CBOJAHBIE TPEGOBAHUS K XUMHYECKOMY COCTABY IVIMHO3eMCOAepKaNIUX (PJIrocoB,
npeabsBiisieMble MeTALIYPrudecKUMH npeanpustusimu Poccun

Content in
Element steelmaking flux, % Features of use in the LFU
min ‘ max
min, %
ALO, 50 ‘ 80 Reduces the melting point of CaO
max, %

CaO 20 30 o
Forms a low-melt eutectic with Al O,

MgO 8 20

Fe,O, 2 6 Worsens the desulfiding process

MnO 1.5 2.0 Limitation on the use of corundum production slags and alumina-containing ores

Sio, 3 15 without refining

Pt S, 0.02 0.30 Transfer to metal and require additional refining
Cr,0O, 2 10 Form carbides, worsen further processing
Tio | 5 Restriction on the use of aluminothermal slags from ferrotitanium and chromium
2 metal production
Recovered and converted to metal
V,0,+ Nb,Oq 1 1 Restriction on the use of aluminothermal slags from ferrovanadium and
ferroniobium production
Na,0 +K,0 1 8 Restriction on the use of slag from secondary aluminum production

various units, nanoscale dust is generated. Research cited
in [8] indicates that the size of dust nanoparticles falls
within the range of 50 — 300 nm. Approximately 14 %
of the fine alumina dust is carried away from the furnace
by flue gas during calcination, which is then directed
to multicyclones and electric filters [9]. However, this
dust, containing nanoparticles, is unsuitable for use in
the classical technology of electrolytic decomposition
of ALLO, due to its hygroscopic nature, leading to exces-
sive hydrogen content in aluminum metal. Nonetheless,
this material finds applicability in the iron industry as
a source of Al O, in steelmaking fluxes.

When selecting a source of CaO for flux production
via sintering, one should consider a chain of chemical
transformations: CaCO, — CaO — Ca(OH), — CaCO,.

Fine-dispersed carbonate rocks, burnt, or slaked lime
can serve as a source of CaO, each carrying its own set
of advantages and disadvantages. Limestone (CaCO;)
necessitates no preliminary preparation before briquet-
ting. However, during sintering, its decomposition
into CaO and CO, absorbs heat (178 kJ/mol). Burnt lime
(Ca0), on the other hand, doesn’t undergo significant mass
loss during sintering due to the absence of crystal hydrate
moisture. Yet, its slaking during briquetting releases
heat (65 kJ/mol), which is not conducive to the process.
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Slaked lime (Ca(OH),) offers several advantages over
the aforementioned materials:

— it requires no preliminary preparation and can
hydrate in air during storage;

— it facilitates convenient briquetting as it doesn’t
generate heat when interacting with water;

— heat absorption during its decomposition into CaO
and H,O (65 kJ/mol) during sintering is almost 3 times
less than the heat absorbed during the decomposition
of CaCoO,.

In industrial settings, burnt lime is typically obtained
by calcinating carbonate rocks in shaft or rotary furnaces
at temperatures ranging from 1000 to 1250 °C [10].
Analogous to alumina calcination, this process generates
micro-sized dust particles (6 — 60 pm), which are typi-
cally collected in bag filters or electric filters [11]. While
this dust shares a similar composition with the burnt
material, its smaller particle size renders it more prone
to rapid hydration in the air during storage. Nonetheless,
this fine dust can also serve as raw material for the pro-
duction of sintered alumina-lime fluxes.

An integral aspect of working with dispersed mate-
rials involves their preparation for heat treatment. In this
study, cold briquetting was employed. Drawing from suc-
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cessful experiments involving porous alumina-containing
materials [12], a binder based on polyacrylamide was
utilized. This binder exhibits low consumption (0.6 %
of the mass of the briquetted raw material) and is comp-
letely removed at sintering temperatures.

The production technology of alumina-lime fluxes,
designed to withstand hydration and subsequent destruc-
tion during sintering, from pure components encompasses
the following operations:

— production of briquettes from pure components;

— heating the material to the holding temperature;

— maintaining a constant temperature during holding;
— cooling in ambient air.

In laboratory settings, sintering was conducted in
a resistance furnace equipped with a graphite heater.
The technologies employed in ore pellet roasting and
agglomerate production served as the foundation for flux
production. The temperature range for laboratory experi-
ments was selected in accordance with the existing pro-
cess characteristics of fuel units. Literature data indicates
that the maximum roasting temperature for iron ore pel-
lets is around 1400 °C [13 — 17], while for chromite pel-
lets, it ranges from 1400 to 1500 °C [18 —22]. Hence,
the temperature holding interval ranged from 1200
to 1500 °C. During laboratory experiments, the average
heating rate was maintained at 20 °C, and the duration
of holding at a constant temperature ranged from 15
to 25 min. Following heat treatment, the sintered bri-

quettes were cooled in ambient air, after which their mass
and geometric parameters were measured. Subsequently,
the briquettes were stored in air, at a temperature of 21 °C
and a relative humidity of 50 %, to monitor any changes
in mass. Weighing and recording the mass change
of the briquettes were conducted once every seven days
until the mass stabilized.

Two series of experiments were conducted utilizing
different sources of CaO: a mixture of hydrated lime and
calcium carbonate in a 1:1 ratio (series /) and hydrated
lime along (series 2). The proportion of AL,O, in the bri-
quettes before sintering varied from 50 to 80 % in both
cases, with increment of 5 %. The chemical composition
of the raw materials is provided in Table 2.

[ RESULTS AND DISCUSSION

After the briquettes had cooled in air, an external eva-
luation of their post-sintering state was conducted. Based
on their appearance, the heat-treated briquettes were cate-
gorized into four conventional groups (Fig. 1).

The STATISTICA software package was employed
to process the results and identify factors influenc-
ing the hydration destruction of sintered briquettes.
The dependent variable was the percentage of mass gain
during storage in air, while the independent variables
included the temperature of sintering (°C), sintering time
(min), composition of initial briquettes (%), change in
density and volume of briquettes during sintering (%), and

Table 2

Chemical composition of raw materials

Tabruya 2. XumuvecKHii cOCTaB UCXOAHBIX MATEPHAIOB

Material ALQO, dust CaO dust
Element ALO, | Fe,0, | Na,0+K,0O| CaO | MgO | SiO, P S
Content, % 99.53 0.01 0.45 98.76 | 0.50 0.70 0.01 0.03

L}
i

Fig. 1. Appearance of heat-treated briquettes:
a — sintered; b — semi-melted; ¢ — melted; d — collapsed/cracked

Puc. 1. Buemrnuii Buj tepMooOpabOTaHHBIX OPUKETOB:
a — crieYeHHbIe; b — OIUIaBJICHHBIC; ¢ — PACIUIABUBIINECS; d — Pa3pyLINBIINECS/TPECHYBIINE
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Ay g, = 6.5334 — 0.00414,,, + 0.7228(% Ca(OH), ,)

0,
AWlhydr s A)

Amy g, = 13671 +0.0135(% ALO; ) — 0.0017,,,,

Fig. 2. Influence of holding temperature, Ca(OH), and Al,0, content in sintered materials on change in mass:
a — when using a mixture of CaCO, and Ca(OH), ; b — when using Ca(OH),

Puc. 2. Biustnue Temneparypsl Boiniepxu, cogepxkanns Ca(OH), u Al,O, B criedeHHbIX MaTepuaiax Ha MU3MEHEHHE MacChl:
a — ipu ucnonbzosanuu cmecu CaCO, u Ca(OH),; b — npu ucnons3oanuu Ca(OH),

phase composition of sintered briquettes after holding in
air (%). Fig. 2 illustrates the primary factors influencing
the hydration destruction of briquettes for the two series
of experiments.

In addition to quantitative evaluation, qualitative
assessment of the visual state of briquettes during air stor-
age was conducted. For experiments in series /, the ini-
tial signs of hydration degradation, accompanied by mass
gain, were observed as early as the 7" day of air storage,
with the mass gain concluding on the 56" day of observa-
tion. For the experiments in series 2, the first indicators
of hydration degradation were observed only on the 28"

day of air storage, with the mass gain ceasing on the 100"
day of observation. The results of X-ray structural analy-
sis of sintered briquettes that remained intact during air
storage are presented in Table 3.

The results of the comprehensive evaluation by
regression equations, determining the maximum permis-
sible content of free CaO and Al O, in sintered briquettes
for two laboratory series, are presented in Table 4.

It has been established that in series /, where the pro-
cess of calcium aluminate formation coincides with
the decomposition of calcium carbonate and calcium
hydroxide, it is necessary to elevate the temperature

Table 3

X-ray structural analysis of sintered briquettes not collapsed during storage in air

Tabnuya 3. PeHTreHOCTPYKTYPHBIH aHAIN3 clleYeHHbIX OPUKETOB, He Pa3pyIIMBINUXCS IPU XPAHEHHH HA BO3/lyXe

Share
i‘l’fgs inoi;?(ifl(z&e gg};:r‘f Hgﬁﬂ;‘jg ALO,, | CaO-ALO,, | 12Ca0-7ALO,, | CaO2AL,0;, | 3Ca0-ALO,, | CaO-6AL0,,
ber before ture, °C min % # % % # %
sintering, %

1 50 1500 15 0 9.10 90.90 0 0 0
1 75 1500 15 2290 | 2510 0 38.20 13.80
2 50 1200 15 78.30 21.70 0
2 50 1200 25 0 0 65.90 0 34.10 0
2 70 1400 20 | 1400 | 5340 15,30 16.10 1.20 0
2 55 1400 20 | 440 3.40 92.30 0 0 0
2 50 1400 20 0 2.50 97.50 0 0 0
2 50 1500 25 0 0 86.30 13.70 0
2 80 1500 25 | 2690 | 2590 0 40.60 6.50 0
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Table 4

Ultimate content of CaO and AL O, in sintered briquettes

Tabnuya 4. Ipenennuoe copepxanue CaO n AL O, B cieyennbIxX Opukerax

Series Limit content Holding temperature, °C
number | of elements in briquette, % | 1200 | 1250 | 1300 | 1350 | 1400 | 1450 | 1500
J CaO 2.3 2.5 2.6 2.9 3.1 3.6 3.6
(Ca(OH),) 3.0 | 33) | 35 | 38 | &4 | &4 | 4N
2 ALO, 9.5 13.2 16.9 20.6 243 28.0 31.7
(>1500 °C) and/or extend the holding time (>25 min) 2. LarionovL.M., Kondratyev V.V., Kuzmin M.P. Ways of using

to ensure the completion of all structural transformations.
Conversely, series 2 demonstrates that hydration-resistant
materials can be produced at relatively low temperatures
(starting from 1200 °C) within the specified time interval
(15 — 25 min).

[ ConcLusions

The maximum allowable content of CaO in sintered
briquettes, which prevents the destruction of the sintered
material during air storage (in the case of using a mix-
ture of hydrated lime and calcium carbonate as a source
of Ca0), falls within the range of 2.3 to 3.6 %, depending
on the holding temperature during sintering, correspond-
ing to a mass gain of 3.8 %.

The maximum allowable content of Al,O, in sintered
briquettes, which avoids the destruction of the sintered
material during air storage (in the case of using hydrated
lime as a source of CaO), ranges from 9.5 to 31.7 %,
depending on the holding temperature during sintering,
corresponding to a mass gain of 0.3 %.

Given the existing fuel units, fluxes can only be pro-
duced when hydrated lime (series 2) is utilized as a source
of CaO. This is because when a mixture of hydrated
lime combined with calcium carbonate (series /) is used
as a source of CaO, a holding temperature exceeding
1500 °C is required, which is unattainable with the exis-
ting fuel units, or by extending the holding time to over
25 min.

The most favorable source of CaO for flux production
via the sintering method is the hydrated dust from lime-
stone roasting furnaces. This is attributed to the fact that
during sintering, its heat absorption is three times lower
than that of limestone.
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MODELING THE PATTERN OF METAL FLOW
DURING FORMING OF FORGINGS FROM A FLAT BILLET
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Abstract. Parts made of the billets with a thin web and stiffeners are manufactured at metallurgical enterprises in special workshops equipped with powerful
hydraulic presses. Often their production is accompanied by the defects that worsen the product macrostructure. In this regard, new techniques are
relevant that allow modeling the processes of forming of forgings with stiffeners. The processes of metal treatment by pressure are difficult to create
a mathematical model describing the stress-strain state of plastic forming of metal. One of the ways to solve the problem of modeling the pattern
of metal flow and the spatial diagram of contact pressures is the “theory of thin layer flow”, based on assumptions that simplify the initial system
of differential equations. Then the problem is reduced to a purely geometric one and can be solved within the framework of the “sandy analogy”
using the proposed methodology. The paper presents the results of computer and physical modeling of the forming of stamped forgings with contour
stiffeners. The experiment was carried out in industrial conditions on the precipitation of flat billets made of AK6 alloy on a hydraulic press with
a deformation force of 150 MN. It is shown that the proposed software package can have a different functional purpose: express analysis of the pattern
of metal flow and calculation of the shape of the billet at the stages of its deformation. This allows, by sorting through values of the geometric
parameters of the stamp engraving, to obtain different patterns of metal flow and profiles of stiffeners and choose from them those that guarantee
the most uniform filling of the stamp cavities with metal under the stiffeners, which ensures defect-free production of the product.

Keywords: stamping, metal flow, mathematical modeling, physical modeling, software, forming
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of forgings from a flat billet. Izvestiya. Ferrous Metallurgy. 2023;66(6):768-774. https://doi.org/10.17073/0368-0797-2023-6-768-774

MOAENNPOBAHUE KAPTUHbI TEHEHUA METAN/IA
NPU ®OPMOOEPA3OBAHUUN NOKOBKU U3 NNOCKOI 3ATOTOBKU

K. H. Coiomonos! ®, JI. U. Tumyk!, C. M. Top6aTiok?,
C. A. CHuTKO?, O. H. YnyeneBa?

! duanana PocToBCKOIo rocy1apcTBEHHOI0 YHHBEPCUTETA MMyTeii coobmenus B I. Boponesxk (Poccus, 394026, Boporex,

yi1. Ypuikoro, 75a)

2 HanmoHaILHbIA HCCae10BaTeIbCKHIi TexHoaornueckuii yuusepeuter « MUCHUC» (Poccus, 119049, Mocksa, Jlenunckuii nip., 4)
3 lonenkuii HAMOHAABLHBIH Texunueckuil yausepcutet (Poccust, Jlonenkas HapoHas pecnybinuka, 283001, onenk, yi. Apre-
Ma, 58)

&3 konssol@list.ru

AHHOmMayus. Jlerany 13 3aroToBOK C TOHKUM IOJIOTHOM M peOpaMi KECTKOCTH H3TOTaBIMBAIOTCS HA METAJUTY PTUYCCKUX MPEATIPUATHSAX B CIICIIMAIBHBIX
1exax, 00Opy/ZOBaHHBIX MOILIHBIMHM THAPABIMYECKUMH INpeccamMu. Hepeako mx MpoM3BOACTBO COMPOBOXKAACTCS Ne(eKTamMM, yXyALIAIOLMMH
MaKpOCTPYKTYpY M3zAenus. B CBsI3M ¢ 3THM aKTyaJbHBI HOBbIE METOJIMKH, MTO3BOJISIONINE MOJCIHPOBATH IPOLECCHl (OpMOOOpa30BaHUs TOKOBOK
¢ pebpami sxecTkocTH. [Iponeccsl 00paboTKH METAIOB JaBICHUEM CIIOXKHBI B CO3JAHMU MaTEMaTHYECKOH MOJIEIH, OIMCHIBAIONIEH HAIPSHKEHHO-
Je()OPMUPOBAHHOE COCTOSTHHE IUIACTHYECKOro (hopmoobpazoBanus Metaiuia. OJHUM U3 CIIOCOOOB pElICHUS 3a/1a4l MOJCIMPOBAHUS KapTHHBI
TEUEHMsl METajIa U IPOCTPAHCTBEHHOM JMMIOPhl KOHTAKTHBIX JABICHU SIBISIETCS «TCOPHSI TCUCHUS] TOHKOTO CJIOs1», OCHOBAaHHAS Ha JOMYIICHUSX,
YIPOLIAIOMINX MCXOAHYIO0 CUCTEMY IU(depeHIMaNbHBIX YpaBHEHNH. B 3ToM ciydae 3amada CBOANUTCS K YHCTO TEOMETPUYCCKON M MOXKET OBITh
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pelieHa B paMKax «ecYaHOH aHAJIOIMU» C IOMOIIBIO NPEUIOKEHHOH MeToquku. [IpuBeneHbl pe3yabTaTbl KOMIBIOTEPHOIO M (DHU3HYECKOro
MOJEIUPOBaHUs (HOPMOOOPa30BaHNUS INTAMIOBAHHON IIOKOBKU ¢ KOHTYPHBIM OpeOpeHHeM. DKCIEPHMEHT IPOBEICH B IPOMBIIUICHHBIX YCIOBHAX
0 OCajIke IUIOCKUX 3aroToBok u3 cruiaBa AK6 Ha ruzppaBiudeckoM npecce cuwiioit aedopmuposanust 150 MH. IokaszaHo, 4To npeuioKeHHbIH
IIPOTPAMMHBIH KOMIIIEKC MOXKET HMETh Pa3IHYHOe (PyHKIHOHATbHOEC HAa3HAUCHHE: JKCIPECC-aHaINW3 KapTHHBI TEYEHUS MeTallla M pacder
(hOPMOM3MEHEHUSI 3arOTOBKH Ha CTausX ee Ne(OopMHpOBaHHs. DTO MO3BOJSIET, epedupasi 3HAUCHUs] FeOMETPUUECKUX MapaMeTpOB I'PAaBIOPHI
[ITaMIIa, [OJIydaTh pa3Hble KapTHHBI TeUECHNS MeTallla U MpoHIn pedep KECTKOCTH U BRIOHpAaTh U3 HUX T€, KOTOPbIC TapaHTHPYIOT Hanbonee
PaBHOMEPHOE 3aI0JIHEHHE METAJIJIOM MOJIOCTEH MITaMIIa I0Jl pedpa KeCTKOCTH, 4To obecreunBaeT Oe3/iedeKTHOe MOoTyueHHe U3Cus.

Kaloyesvle c/108a: mramioBka, TCYCHHE MeTalla, MATEMAaTHYCCKOEC MOJACIMPOBaHME, (U3MYECKOE MOJCIHPOBAHUE, MPOTPAMMHOE OOECICUCHHUE,

(bopmooOpazoBaHue

Jaa yumupoeanus: Conomonos K.H., Tumyk JLL.U., Top6atiok C.M., Cautro C.A., Unuenesa O.H. MozenupoBaHue KapTHHBI TEUEHUS METAJLIA IIPU
(hopM00Opa30BaHUK MOKOBKH M3 INIOCKOM 3arOTOBKH. M36ecmust 8y306. Yepnas memainnypeus. 2023;66(6):768-774.

https://doi.org/10.17073/0368-0797-2023-6-768-774

- INTRODUCTION

Improving the production efficiency of the domestic
industry [1 — 4], heavy engineering in particular [5 — 8],
is an urgent concern. Parts composed of billets with thin
webs and stiffeners are typically manufactured at metal-
lurgical plants in specialized workshops equipped with
high-capacity hydraulic presses. However, their produc-
tion often encounters defects that degrade the macrostruc-
ture of the final product. Hence, novel methods enabling
the modeling of the forging processes involving stiffeners
are highly relevant. The method devised by the authors
could also be effectively applied in the fabrication of rail
wheel billets. In the production of forged-rolled rail
wheels, a critical operational step involves obtaining bil-
lets with minimal asymmetry across all units of the press-
rolling line [9; 10 — 13]. This aspect is contingent upon
various factors, primarily the stability of the mass and
dimensions of the initial billets [14 — 18].

In metal forming processes, creating a mathematical
model to describe the stress-strain state of plastic metal
forming poses significant challenges. One approach
to address this modeling issue concerning the metal
flow pattern and the spatial distribution of contact pres-
sures is through the “theory of thin layer flow” [19]. This
theory relies on assumptions that simplify the initial
system of differential equations, transforming the prob-
lem into a purely geometric one. Subsequently, it can be
resolved within the context of a “sandy analogy” method
developed by the authors [20].

- MAIN PRINCIPLES OF THE DEVELOPED METHOD

The developed method is founded on the following
principles [21; 22].

The shortest-normal principle governs the direction
of current lines perpendicular to the forging contour,
which represents a line of abrupt changes in the layer
thickness (incorporating stiffeners or elevations along
the forging web). During the initial stage of strain, when
the terminal pressures are uniform along the contour,
the metal flows orthogonally to the contour, and the quan-

tity of leaked metal at each boundary point is dictated
by the length of the current lines.

During strain, the boundary conditions change result-
ing in unequal contact pressures along the contour. Con-
sequently, the current lines will deviate at an acute angle
from the forging contour. However, given that the spatial
distribution of contact pressures forms a linear surface,
the slope lines (and consequently the current lines) are
perpendicular to the level lines of this surface. By pro-
jecting the volumetric pattern onto the forging web plane,
a hypothetical contour can be introduced where the con-
tact pressures are uniform. Subsequently, the current lines
become perpendicular to this hypothetical contour.

Generally, the hypothetical contour is a rather intri-
cate curve. According to the principle of smallest perime-
ter, a flat billet tends to adopt the shape of a circle in plan.
Therefore, it can be assumed that the current lines follow
the radii of some circular arc. As a result, the hypothetical
contour becomes a circle, and the metal flow path along
the forging web becomes radial.

It’s worth noting that the radial metal flow path is
more versatile than the normal flow path. It can be applied
even at the initial stage of strain for a forging with a con-
tour comprising curved line sections. By approximating
the contour of the forging with circular arcs, the radial
scheme can also be employed initially, when the current
lines are perpendicular to the contour.

Consequently, the spatial distribution of contact pres-
sures forms a combination of conical surfaces at any stage
of the forging strain, except for the initial one. The termi-
nal contact pressures lie in vertical planes intersecting
these surfaces.

Determining the value of the terminal contact pres-
sure at any moment of strain for any arbitrary point
on the contour relies on several parameters: the thick-
ness of the forging web, the dimensions of the die cavity,
the width of the gutter, and the amount of metal leaked
into the cavity. Accounting for all these parameters neces-
sitates the use of rather complex formulas to calculate
the terminal contact pressure.

As the spatial distribution of terminal pressure forms
a surface of uniform slope, the metal flow interface rep-

769


https://fermet.misis.ru/index.php/jour/search/?subject=штамповка
https://fermet.misis.ru/index.php/jour/search/?subject=течение металла
https://fermet.misis.ru/index.php/jour/search/?subject=математическое моделирование
https://fermet.misis.ru/index.php/jour/search/?subject=физическое моделирование
https://fermet.misis.ru/index.php/jour/search/?subject=программное обеспечение
https://fermet.misis.ru/index.php/jour/search/?subject=формообразование

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(6):768-774.
Conomonos K.H., Tuwyx JI.U. u dp. MogenvpoBaHue KapTHHBI TeYeHHUs1 MeTaslla Ip1 GopMoo6pa3soBaHUM OKOBKH U3 MJIOCKOM 3arOTOBKU

resents a geometric locus of points equidistant from
the forging contour. The contour itself can be approxi-
mated using straight lines and circular arcs. Consequently,
constructing the metal flow interface boils down to deter-
mining the geometric location of points equidistant from
circles and straight lines.

Given that any complex contour can be adequately
approximated by straight line segments and circular arcs,
it’s reasonable to assume that the surface of the spatial
distribution of contact pressures comprises flat and coni-
cal sections. The intersection lines between them consti-
tute edges, commonly referred to as ridges.

By examining the frontal and profile projections
of these edges, we can ascertain the volume of the con-
tact pressure distribution and, correspondingly, the forces
needed to deform the metal. The horizontal projection, or
plan view, depicts a line representing the metal flow inter-
face, which characterizes the distribution of metal flows
on the contact surface.

- NEW ALGORITHM FOR BUILDING THE EQUIDISTANT

In mechanical engineering, a significant portion
of parts, driven by design processability requirements,
comprise rotational surfaces and polyhedrons. Conse-
quently, die forging in practice often involves parts derived
from flat billets featuring planar elements [23 —25].
This study focuses on the simplest scenario, addressing
the challenge of constructing an equidistant curve for
a contour represented by a piecewise linear closed line,
namely, a polygon (Fig. 1, a).

The equidistant line of two intersecting straight lines
corresponds to the bisector of the angle formed by their
intersection. Our approach initiates from the small-
est angle of the polygon. Thus, the first equidistant line
of the contour constitutes the bisector of the angle at ver-
tex D. Subsequently, we extend this line by drawing bisec-
tors of the two adjacent angles, intersecting at points G
and H, which mark the termination points of the first
equidistant lines at the closest intersection point G with
the bisectors of the neighboring angles.

Next, we disregard the DE contour side. The equidis-
tant lines were formed by the bisectors of the adjacent
angles to the DE contour side. We proceed until reach-
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Fig. 1. Equidistant construction scheme
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ing the intersection of contour sides FE and CD, adjacent
to the discarded line.

The dimensionality of the contour has decreased
by one: instead of a hexagon, we will now consider a pen-
tagon. Obviously, now the smallest angle in the contour
polygon will be the newly obtained angle. The procedure
is repeated, but the new equidistant line is drawn not from
the contour angle, but from the end point of the last equi-
distant line — point G. Then we again search for the smal-
lest contour angle among the remaining ones (this is
the angle at vertex F) and repeat the above algorithm until
the polygon is reduced actually to a triangle. As we know
from geometry, in a triangle the bisectors always intersect
in one point, so to complete building the equidistant lines
it is sufficient to connect the points where the consecu-
tive actions were stopped. Building is over (the result is
shown in Fig. 1, b).

This approach can be applied to construct the equi-
distant line of any polygon. Currently, the algorithm
has been implemented in the DELPHI visual program-
ming environment. Additionally, a similar algorithm has
been devised for a piecewise-nonlinear multilink con-
tour [26 — 28].

[ COMPUTER MODELING

Let us explore the capabilities of the developed
method and software system through an example of mod-
eling the forming of a stamped forging with contour rib-
bing (Fig. 2).

To swiftly assess the viability of incorporating a boss
(or a cutout) in the given forging, the developed software
system [29 — 31] was employed to simulate the metal flow
pattern by adjusting the position of the circle center and
the radius value. Analysis of the results demonstrates that
directing the metal flow towards the boss (or cutout) mit-
igates the unevenness of metal distribution into the die
cavity, thereby confirming its practical applicability.

To conduct the forging forming simulation, we uti-
lized software built upon the developed method.

Fig. 2. Stamped forging with technological cutout
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When conducting the modeling, certain requirements
must be considered. Only geometric elements that do not
impact the design of the final product can be altered. These
include parameters such as the width and height of the gut-
ter threshold, the radius of the boss, the initial thickness
of the billet, or the upset increment. Notably, the radius
of the boss is included in these variables because it will be
replaced by a 240 mm diameter hole in the finished part,
and the boss will be removed during machining. Through-
out the calculation process, the size of the boss functions
as a control factor, allowing for the generation of various
metal flow patterns along the die impression surface and,
consequently, different profiles of the stiffener.

Fig. 3, a schematically illustrates the pattern of metal
flow along the forging web.

Similarly, it is feasible to derive the metal flow pattern
for contours of any complexity, as depicted in Fig. 3, b.

[l PHYSICAL MODELING

To validate the results of the analysis regarding the form-
ing of the stamped forging with contour ribbing, an experi-
ment was conducted under industrial conditions involving
the stage-by-stage upsetting of flat forged billets (Fig. 4).
These billets were composed of AK6 alloy and processed
on a hydraulic press with a strain force of 150 MN.

The forging could not be fully formed due to the insuf-
ficient capacity of the hydraulic press. At the latest studied
stage of upsetting, the boss was already formed in full,
while one of the corner areas did not reach the designed
height (Fig. 4, d).

The central areas of the stiffeners significantly out-
paced the corner areas in terms of forming. Conse-
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Fig. 3. Model of the metal flow pattern
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quently, metal flowed over the die cavities beneath
the stiffeners in the central areas, resulting in poor mac-
rostructure of the product. This deficiency manifested in
an inadequate alignment of metal fibers featuring sharp
bends (Fig. 5, a), which could potentially lead to under-
cutting of the stiffener from the flash gutter side.

These observations were corroborated by the utilization
of software for modeling various technological alternatives
aimed at producing the specified serial forging. As previ-
ously noted, the forging could not be stamped in a single
pass using the manufacturer’s proposed technology.

The analysis of the calculation results has led to recom-
mendations regarding the design of the die and the man-
ufacturing process for producing a series of forgings.
Despite the introduction of a large-radius boss, which failed
to eliminate the uneven formation of individual stiffeners,
thereby risking defects, it is proposed to conduct stamping
in two passes using a single final die. This involves cutting
a hole in the center of the forging after the first pass.

Stamping conducted in industrial conditions, while
incorporating these recommendations, has validated their
effectiveness. A hydraulic press with a capacity of up
to 100 MN proved sufficient for achieving a high-quality
product. Notably, the macrostructure of the stamped for-
ging saw significant improvement, resulting in smooth

Fig. 4. Forming of stamped forgings
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Fig. 5. Macrostructure of the forging

Puc. 5. MakpocTpyKkTypa MOKOBKH

alignment of metal fibers at the base of the stiffeners
(Fig. 5, b). This effectively prevents the occurrence
of defects such as “shooting-through”.

- CONCLUSIONS

The software system can serve a diverse functional
purpose: facilitating rapid analysis of the metal flow pat-
tern and computation of billet forming across its strain
stages. This capability enables users to select various geo-
metrical parameters of the die impression, thereby obtain-
ing different metal flow patterns and stiffener profiles. By
prioritizing configurations that ensure the most uniform
filling of die cavities with metal beneath the stiffeners,
manufacturers can guarantee defect-free production
of their products. The outcomes of the presented deve-
lopment can be effectively leveraged to further advance
modeling efforts concerning the plastic flow of metal in
the metalworking process [32 — 35].
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