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Abstract: Magnesium alloys are considered promising materials for the production of bioresorbable implants. Their
main disadvantages are low strength and corrosion resistance in biological environment. In the work, the authors studied
the effect of severe plastic deformation using the equal channel angular pressing (ECAP) method on the structure, mecha-
nical properties, and corrosion resistance of the Mg-8.6Zn-1.2Zr magnesium alloy. It was identified that one ECAP cycle
at 400 °C leads to a substantial hardening of the Mg—8.6Zn-1.2Zr alloy by ~10 %, up to 330 MPa. Structural studies
showed that dynamic recrystallisation plays a significant role in the structure transformation. ECAP leads to the formation
of a bimodal structure with large deformed grains with an average transverse size of 20+4 um and recrystallised grains
with an average transverse size of 642 pm. It was found that with a decrease in the strain temperature up to 250 °C,
the process of deformation-induced decay of the supersaturated solid solution takes place. Electrical conductivity of
a sample after ECAP at 400 °C amounted 29+2 % according to the International Annealed Copper Standard (IACS), while
second ECAP cycles lead to an increase in the electrical conductivity up to 32+2 % IACS. Using the electrochemical cor-
rosion method, the authors found that one ECAP cycle at 400 °C leads to a slight decrease in the corrosion resistance of the
alloy under study compared to the initial state. The study showed that the corrosion current increases from 24 to 32 pA/cm?,
while the subsequent ECAP cycle at 250 °C increases the corrosion current more than twice (up to 57 pA/cm?).
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INTRODUCTION

Currently, magnesium alloys are considered as pro-
mising materials for the development and production of
biodegradable implants, to use in traumatology and sur-
gery [1-3]. The attention was paid to these alloys for
a good reason: magnesium has an elastic modulus close
to human bone; it is non-toxic and biocompatible with
the human body [4]. However, for the full use of these
materials, it is necessary to eliminate a number of their
demerits, first, to increase the strength characteristics.
Alloying is one of the ways to solve this problem. Mag-
nesium itself has a low capacity for strain hardening, but
alloying can increase the hardening effect during ther-
momechanical processing. In particular, widespread

magnesium systems with zinc and zirconium can be se-
lected. Due to solid solution strengthening in Mg—Zn
systems, the strength increases, and additional alloying
with zirconium allows increasing ductility [5-7]. For
magnesium alloys, processes of multi-cycle rolling with
decreasing temperature are widespread [8]. As a result of
this processing, products with high strength are produced
due to the formation of a lineage and partially recrystal-
lised structure. One should, note that the high extent of
the boundaries of deformed grains, and the high disloca-
tion density in this case can negatively affect the corro-
sion resistance of magnesium alloys [9-11].

Researchers have also drawn attention to methods
based on the principles of severe plastic deformation. It is
shown in [12-14] that high-pressure torsion can lead to
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more efficient refinement of the structure of magnesium
materials compared to rolling, however, this deformation
method is not scalable. Another approach is equal channel
angular pressing (ECAP). As a rule, to achieve strength
above 300 MPa, from 2 to 4 deformation treatment cycles
are carried out [15-17]. In this case, the effect of sliding
along the main base plane has been identified, which re-
duces the ECAP effectiveness, and in some cases even
leads to softening of the material with an increase in
the number of deformation cycles [18-20]. However,
thermomechanical processing, including ECAP and car-
ried out according to special technological modes, can
achieve the required set of properties.

The purpose of this work is to determine the influence
of the deformation mode during equal channel angular
pressing (ECAP) on the features of the structural state for-
mation, corrosion resistance and mechanical characteristics
of the Mg—Zn—Zr system alloy.

METHODS

The magnesium Mg-8.6Zn-1.2Zr (wt. %) alloy was
chosen as the research material. Chemical analysis was
carried out on a Thermo Scientific ARL Optim'X X-ray
fluorescence spectrometer. The material as-delivered is
a strip 20 mm thick, from which samples with a diameter of
20 mm, and a length of 100 mm were cut along the rolling
direction on an ARTA-120 spark-cutting mill.

The initial state was taken to be after prolonged an-
nealing at 400 °C for 24 h. The mode was chosen based on
literature data [21-23] and state diagrams of the Mg-Zn
and Mg—Zr systems. Annealing was carried out in air in
a Snol 8.2/1000 furnace with air cooling.

Deformation processing using the ECAP method was
carried out in 2 regimes.

1. Initial temperature of equipment and blanks is
400 °C, channel intersection angle is 120°, and deformation
rate is 1 mm /s, 1 cycle.

2. Processing according to mode 1, then 1 ECAP cycle
according to Bc route (the blank was turned around 90°
relative to the longitudinal axis), at an initial temperature of
the equipment and blanks of 250 °C, the channel intersec-
tion angle of 90°, the deformation rate of 1 mm/s, in copper
shell 1.5 mm thick.

Structural studies were performed using an Olympus
GX51 light microscope and a JSM6490 scanning electron
microscope.

Mechanical tests were carried out in accordance with
GOST 1497-84. For tensile tests, proportional cylindrical
samples with a working part diameter of 3 mm and an ini-
tial gauge length of 15 mm were used. Tests were per-
formed on an Instron 5982 electromechanical static test
system, at room temperature, at a rate of 1 mm/min.

Electrical conductivity was determined using a VE-
27NTs eddy-current meter, converting the obtained values
into IACS (International Annealed Copper Standard).

Electrochemical corrosion tests were carried out using
an Elins R-5X potentiostat-galvanostat-impedancemeter in
Ringer’s solution with pH=7.4 in a three-electrode 80 ml
cell with a silver chloride reference electrode and a plati-
num counter electrode. The tests were carried out at a tem-
perature of 37°C for 12 h, while during the first 2 h

the electrode free corrosion potential was measured until
a steady state was established on the surface of the sample.
To obtain polarisation curves after establishing a steady
state, a potential sweep was performed in the range from
=300 to +300 mV relative to the steady-state value of
the electrode potential with a scanning velocity of 0.25 mV/s.
The current and corrosion potential were calculated from
polarisation curves using Tafel sections [24].

RESULTS

In the initial heat-treated state, the Mg-8.6Zn-1.2Zr al-
loy sample has a coarse-grained state with a bimodal grain
size distribution (Fig. 1). Large grains with an average
transverse size of 30+10 pm and small recrystallised grains
with an average transverse size of 442 um are observed.
The initial state can be additionally characterised by such
a structure-sensitive parameter as electrical conductivity,
which helps to assess indirectly, the change in the solid
solution concentration in the alloy during further defor-
mation processing. In the initial state, the electrical conduc-
tivity was 2942 % IACS.

As a result of deformation processing carried out in
regimes 1 and 2, it was identified that the structure bi-
modal appearance was preserved in the samples (Fig. 2).
After 1 ECAP cycle, the deformation texture is clearly
pronounced, coarse grains are turned in the direction of
shear action in the ECAP focus, their average transverse
size decreased to 20+4 pum, recrystallised grains have an
average transverse size of 62 um and are located main-
ly along the boundaries of large deformed grains. This
indicates the implementation of processes of both grain
transformation and dynamic recrystallisation. The second
cycle in regime 2 does not make significant changes to
the nature of the structure. Coarse deformed grains with
an average transverse size of 18+4 pm and recrystallised
grains with an average transverse size of 5+2 um are
observed.

After deformation in regime 1, the electrical conductivi-
ty remained at the level of 2942 % IACS. After defor-
mation in regime 2, it was 32+2 % IACS. This change is
most likely explained by temperature conditions.

The results of mechanical tensile tests indicate an in-
crease in the Mg-8.6Zn-1.2Zr alloy strength after ECAP
(Fig. 3). After the 1%t ECAP cycle, the tensile strength in-
creased from 300+7 to 330+5 MPa; the 2" cycle did not
lead to an increase in strength.

The next important characteristic of the material for
the production of implants is its corrosion resistance. From
the analysis of the obtained results of corrosion tests pre-
sented in the form of polarisation curves, the values of
the corrosion current (icorr) and free corrosion potential
(Ecorr) Were obtained (Table 1). Fig. 4 shows that Tafel re-
gions are observed on the cathode branches of the samples.
As a result of ECAP treatment in regimes 1 and 2, the sur-
faces of the samples are passivated, as evidenced by
the lower value of the free corrosion potential Ecorr. Based
on the results presented in Table 1, the initial sample with
the minimum corrosion current icor has the best corrosion
properties. The displacement of the cathodic branches indi-
cates a change in the surface area available for the cathodic
reaction.
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Fig. 1. The structure of the Mg—Zn—Zr system alloy after annealing at 400 °C for 24 h. Light microscopy
Puc. 1. Cmpyxmypa cnaasa cucmemvr Mg—Zn—Zr nocne omacuea npu 400 °C ¢ meuenue 24 4. Ceemosas Mukpockonust

Fig. 2. The structure of the Mg—Zn-Zr system alloy after ECAP according to regimes 1 (a) and 2 (b)
Puc. 2. Cmpyxmypa cnnasa cucmemvi Mg—Zn—Zr nocie PKVII no pexcumy 1 () u 2 (b)

DISCUSSION

The strength properties, and corrosion resistance of
a magnesium alloy are closely related to its structural state.
Structure refinement can have a dual effect on the corrosion
resistance of magnesium alloys. With the Mg-Al system,
grinding will lead to an increase in corrosion resistance
[25], while for a Mg—Zn—Zr system alloy, the nature of
the corrosion behaviour may be different, due to the type
and distribution of the second phase dispersed particles
along the grain boundaries, and therefore an increase in
the corrosion rate is possible [26]. The results of measuring
electrical conductivity can indirectly prove the change in
the solid solution concentration and the process of pre-
cipitation of the second phase particles. It is known that
at temperatures above 300 °C, the solubility of both Zn
and Zr increases. Thus, ECAP at 250 °C leads to the de-
composition of the solid solution of alloying elements.

It was found that in regime 1, when the temperature was
400 °C, the electrical conductivity corresponded to
the value of the annealed state of 29 % IACS. Regime 2
at a temperature of 250 °C leads to an increase in the
material electrical conductivity up to 32 % IACS. Thus,
lowering the deformation processing temperature to
250 °C will lead to deformation-stimulated decomposi-
tion of the solid solution.

Electrochemical tests for corrosion resistance indicate
that the magnesium alloy sample in the annealed state is of
greatest importance, which is caused by the equilibrium
state of the grain boundaries [27]. A decrease in the aver-
age transverse size of coarse and recrystallised grains, tex-
turing, and the possible increase in the number of crystal
lattice defects, as well as a change in the solid solution
state, lead to an increase in corrosion currents. Moreover,
after high-temperature deformation processing in regime 1,
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Fig. 3. Curves of mechanical tests of the Mg—Zn-Zr system alloy after annealing at 400 °C, ECAP according to regimes 1 and 2
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Table 1. Values of corrosion current and free corrosion potential

Tabnuua 1. 3nauenus moxa Kopposuu u NOMeHYUAIA c60600HOU KOPPO3UU

State lcorr, BA /CM? Ecorr, V
Initial state (400 °C, 24 h) 24.05+5.46 —1.428+0.013
ECAP, regime 1 32.06+16.20 —1.382+0.030
ECAP, regime 2 57.00+6.22 —1.3914+0.085

the increase is ~25 %, and after the 2" cycle of deformation
at a lower temperature (250 °C) in accordance with regime 2,
the corrosion current increases by more than 2 times rela-
tive to the initial state.One should note that on the Mg—
8.6Zn-1.2Zr alloy, it was possible to achieve high values of
ultimate strength and offset yield strength within just one
ECAP cycle. Table 2 presents a comparison of the achieved
strength characteristics with the results of other studies on
the alloys of similar chemical composition.

CONCLUSIONS

It was identified that during ECAP deformation pro-
cessing of the Mg-8.6Zn-1.2Zr alloy, temperature
plays a significant role. Thus, at 400 °C, the main
mechanism of structure formation during deformation
is dynamic recrystallisation, while the solid solution
state is maintained.

Deformation processing of the Mg—-8.6Zn-1.2Zr alloy
by ECAP, 1cycle, channel intersection angle 120°,
400 °C (mode 1), leads to the formation of a structure
with recrystallised grains with an average transverse size
of 6+2 um, and larger deformed grains directed along
the shear direction, with an average transverse size of
20+4 pm. Such structural state provides an increase in
tensile strength relative to the initial one annealed by
~10 %, up to 330 MPa.

Electrical conductivity measurements, indirectly indi-
cate that lowering the temperature of ECAP deformation
processing to 250 °C leads to deformation-induced de-
composition of the supersaturated solid solution. The elec-
trical conductivity after deformation in regime 1l was
29+2 % IACS, while the final electrical conductivity after
deformation of the Mg-8.6Zn-1.2Zr alloy in regime 2
differs from the initial state by 3 % and amounts to
3242 % IACS.
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Table 2. Mechanical characteristics of the Mg—Zn—Zr system alloy after ECAP
Taonuya 2. Mexanuueckue xapaxmepucmuxu cniaga cucmemvl Mg—Zn—Zr nocae PKYII

UTS, YTS, Percentage elongation,
Work Mode MPa MPa %
ECAP, regime 1 330 267 8
Current work
ECAP, regime 2 325 245 12
4 ECAP cycles, Bc route, 220 °C,
[16] channel intersection angle 90° 290 231 27
2 ECAP cycles, Bc route,
channel intersection angle 90° 341 264 23
[28]
4 ECAP cycles, Bc route, 220 °C,
channel intersection angle 90° 334 2t 21
2 ECAP cycles, 250 °C,
[29] channel intersection angle 90° 326 175 25
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Fig. 4. Polarisation curves: a — initial state; b — regime 1; ¢ — regime 2
Puc. 4. lonspusayuonuvie kpusvie: a — ucxoonoe cocmosuue; b — pescum 1; ¢ — pexcum 2
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Annomayun: MarHueBble CIUTaBbl CUNTAIOTCS MEPCIIEKTUBHBIMU MaTepHaJIaMH AJIsl U3TOTOBIEHUS OHOpe3opOupye-
MBIX UMIUIAHTATOB. IX OCHOBHBIC HEJOCTATKH — HU3KAasi IPOYHOCTHh M KOPPO3HOHHAS CTOMKOCTH B OMOJIOTHUECKUX Cpe-
nax. B pabGore m3ydanock BIMsSHHE MHTEHCHBHOH IUIaCTHUECKOH Ne(OopMaluy METOJOM PaBHOKaHAJILHOTO YITIOBOTO
npeccoBanusa (PKYII) Ha cTpykTypy, MEXaHUYECKHE CBOWCTBA U KOPPO3MOHHYIO CTOMKOCTH MarHMEBOTO CIuiaBa Mg—
8,6Zn—1,2Zr. Ycranoneno, uro 1 nukn PKYII mpu 400 °C Beger k 3aMeTHOMY yNpodHEHHIO crutaBa Mg—8,6Zn-1,27r
Ha ~10 %, 10 330 MIla. CTpyKkTypHBIC HCCICIOBAaHUS MOKA3ald, YTO B TpaHC(HOPMAIMH CTPYKTYPHI CYIICCTBCHHYIO
ponb urpaer auHamuueckas pekpucramuzanms. PKYII Bexer kK (GopMHpOBaHHIO CTPYKTYphl OMMOIAIBHOTO BHUA
C KPYITHBIMH A€()OpPMUPOBAHHBIMH 3€PHAMH CO CPEIHUM IOIEPEUHBIM pasMepoM 20+4 MKM M PEKpPHCTaUIN30BAHHBIMHU
3epHAMHU CO CPEIHMM IIOTIEPEYHBIM pa3MepoM 6+2 MKM. YCTaHOBJIEHO, YTO C NMOHIMXEHUEM TEMIIEPaTyphl JeQOopMaIiu
10 250 °C mpoucxomuT mporiecc AehopMalMOHHO-HHIYIIMPOBAHHOTO paciiaja IMePEeChIIEHHOT0 TBEPAOrO PacTBOpA.
OnexrponpoBogHOCcTh 00pasna nociae PKVYII mpu 400 °C cocrasmsna 29+2 % cormacHo International Annealed Copper
Standard (IACS), B To Bpems kak 2 nukiaa PKYII npu 250 °C BeayT K MOBBIIEHHIO IEKTPONPOBOIHOCTH 110 32+2 %
IACS. MeTtogoM 3JIeKTpOXUMHUYECKOU KOppo3uu ycTaHoBieHo, uTo | mukia PKYII npu 400 °C npuBOauT K HE3HAYHU-
TEJIBHOMY CHIDKEHHIO KOPPO3HOHHOM CTOHKOCTH MCCIIEAYeMOTO CIIIaBa [0 CPABHEHHIO C HCXOAHBIM cocTostHuEM. [Toka-
3aHO, YTO TOK KOPPO3uH yBenuuusaetcs ¢ 24 no 32 mxA/cm?, B To BpeMs Kak nocieayromuit mukn PKYII npu 250 °C
YBEJHUYMBAET TOK KOPPO3uM Gosiee 4eM B 2 pasza (10 57 MrA/cm?).
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BbIX ci1aBoB; PKVYII; koppo3uoHHas CTOMKOCTB; 3IEKTPONPOBOJHOCTD; AMHAMHYECKas pekpucTanausanus npu PKYII.
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Abstract: One of the most effective ways to increase the processing plasticity of advanced superalloys (heat-resistant

nickel-based alloys) is the formation of an ultrafine-grained (UFG) microstructure in bulk semi-finished products. Such
a microstructure is a necessary condition for the manifestation of the structural superplasticity effect in the technological
processes of manufacturing products from such superalloys. One of the most promising methods for producing UFG
microstructures is thermomechanical treatment (TMT) according to the multiple isothermal forging scheme.
It has been shown that the EK79 superalloy after TMT, with a gradual decrease in the processing temperature from 0.88
to 0.62 Ts (where Ts is the strengthening phase dissolution temperature) leads to the transformation of the initial micro-
duplex fine-grained microstructure into a mixed UFG microstructure. Such a mixed UFG microstructure consists of:
1) relatively coarse (inherited from the fine-grain microstructure) particles — y'-phase with a size of 3.0+0.8 pum;
2) y-grains, and incoherent y'-phase particles with a size of 0.3-0.5 um; 3) strengthening coherent intragranular y'-phase
particles with a size of 0.05-0.1 um, released upon cooling from the TMT temperature to room temperature. During
uniaxial compression tests, the EK79 superalloy with such microstructure, demonstrates low-temperature superplasti-
city in the temperature range of 800—-1000 °C. It has been found that an increase in the deformation temperature up to
1000 °C, leads to the increase of y-phase grains to micron size. The maintenance of superplastic properties in the presence of
relatively coarse incoherent particles in the microstructure of the second phase (y'-phase) is apparently related to the fact

that the deformation is localised in the UFG component.

Keywords: heat-resistant nickel-based superalloy; EK79; strengthening phase; microduplex microstructure; ultrafine-
grained microstructure; low-temperature superplasticity; thermomechanical treatment; uniaxial compression.
Acknowledgements: The work was financially supported by the Russian Science Foundation grant No. 22-79-00271,

https://www.rscf.ru/project/22-79-00271/.

Electron microscopic study and mechanical tests were carried out on the base of Collaborative Access Center “Struc-
tural and Physical-Mechanical Study of Materials” of IMSP of RAS.

For citation: Galieva E.V., Klassman E.Yu., Valitov V.A. Low-temperature superplastic deformation of the EK79
nickel-based superalloy with the mixed ultrafine-grained microstructure. Frontier Materials & Technologies, 2024, no. 1,

pp. 19-27. DOI: 10.18323/2782-4039-2024-1-67-2.

INTRODUCTION

Nickel-based superalloys are used for production of
gas turbines in the aerospace and energy generating indus-
tries, due to their good mechanical properties, such as
high temperature strength, creep resistance and fatigue life
capability, and corrosion resistance [1-3]. Such characte-
ristics of mechanical properties are achieved through
complex alloying of modern superalloys, having a com-
plex chemical composition, including more than 10 alloy-
ing elements [1; 3; 4]. In these alloys, the required values
of performance (service) characteristics are achieved both
due to effective solid-solution strengthening, with refrac-
tory alloying elements, and due to the release of a plastic
matrix y-phase of coherent particles inside the grains, for
example, a strengthening y'-phase based on the Nis(Al,Ti)
intermetallide [1; 5; 6].

The desire of the developers of superalloys to achieve
maximum heat-resistant characteristics by complicating,

the chemical composition and increasing the volume frac-
tion of the strengthening y'-phase, led to a sharp decrease in
their technological plasticity, and an increase in the com-
plexity of their deformation processing [5-7]. For example,
complex alloyed superalloys such as EK79 and EP975,
the volume fraction of the strengthening y'-phase of which
reaches 40 and 55 %, respectively, have low technological
plasticity. This is due to the fact that in these alloys,
the strengthening y'-phase is released from the supersaturat-
ed solid solution of the matrix (y-phase) almost instantly, in
the form of nanosized coherent particles of spherical or
cuboid shape [5; 7]. The release of such particles occurs
both during thermal and thermomechanical treatment.
In the latter case, nanosized y'-phase particles are released
primarily in the near-surface layers of a hot blank, the outer
surface of which is intensively cooled during its transfer
from a high-temperature furnace to a press die and then
during subsequent deformation. This leads to a sharp de-
crease in technological plasticity, and as a consequence,
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to the formation of a network of small cracks on the side
surface of a deformable superalloy blank. During further
hot stamping, this can lead to the growth of microcracks,
up to the destruction of the deformed blank.

Superalloys such as Inconel 718, and its Russian ana-
logue EK61 (KhN58MBYuD), in which strengthening is
achieved through the release of nanosized y"-phase (NisNb)
particles, are more technologically advanced [8]. Expansion
of technological capabilities when processing hard-to-
deform superalloys (heat-resistant nickel alloys) is possible
due to the superplasticity (SP) effect, and can be achieved
as a result of the formation of an ultrafine-grained (UFG) or
nanocrystalline (NC) microstructure in these materials [9—
11]. The methodological approach patented in [9] consist-
ing in carrying out thermomechanical treatment (TMT),
with a step-by-step decrease in temperature, allows ensur-
ing a step-by-step transformation of the initial coarse-
grained microstructure into a fine-grained microduplex mi-
crostructure. With a subsequent decrease in the processing
temperature, the microstructure is refined to the UFG state
and further up to the nano-crystalline state. This methodo-
logical approach turned out to be very effective when pro-
cessing other alloys, based on aluminium, magnesium, tita-
nium, and even intermetallic compounds based on the latter
[10]. It should also be noted that in the paper [10], the prin-
ciples of the method of multi-axial isothermal forging
(MIF) are formulated, which makes it possible to obtain
homogeneous bulk nanostructured semi-finished products
of metals and alloys, including heat-resistant and interme-
tallic ones.

One of the most promising methods for microstructure
refinement in superalloy is thermomechanical treatment
[11-13], during which the use of a scheme (MIF) is effec-
tive [10; 14]. Thus, in the previous work [15], using
the example of the EP975 superalloy with the same type of
strengthening phase, it was shown that TMT with a gradual
decrease in the processing temperature, leads to the produc-
tion of a mixed UFG microstructure, and during uniaxial
tensile tests, an superalloy with such a microstructure
demonstrates maximum superplasticity characteristics
(6=1320 %; m=0.5) achieved at a temperature of 1000 °C
and a strain rate of é=10"3 s,

To evaluate the characteristics of superplastic proper-
ties, the method of isothermal deformation, according to
the uniaxial tension scheme is traditionally used [16-18].
In the case of using superplastic deformation in traditional
technological processes (stamping, forging), which are car-
ried out mainly according to the scheme of uniaxial com-
pression, when producing a complex-profile part, a com-
plex stress-strain state will arise in it, characterised by

the action of both tensile and compressive stresses [15; 19; 20].
In particular, during traditional stamping of a part, com-
pressive stresses will predominantly act in its central zone,
and tensile stresses will act on the periphery in the tangen-
tial direction [21; 22]. Therefore, when using the effect of
superplasticity in practice in the technological process of
manufacturing parts from a specific hard-to-deform super-
alloy, it is important both to determine the optimal modes
for producing UFG microstructure semi-finished products
from the selected material and to identify the features of
microstructural changes during subsequent deformation
according to the uniaxial compression scheme.

The purpose of this work is to study the influence of
thermomechanical treatment on the formation of a mixed
ultrafine-grained microstructure in the EK79 superalloy, as
well as to evaluate the mechanical properties of such a mi-
crostructure, when tested according to a uniaxial compres-
sion scheme.

METHODS

The studies were carried out on the EK79 heat-resistant
nickel superalloy. In this superalloy, strengthening is
achieved due to the precipitation of intragranular coherent
particles of the y'-phase, based on the Nis(Al,Ti) intermetal-
lic compound. The chemical composition of the studied
EK79 superalloy is presented in Table 1, and corresponds
to GOST 5632-2014. For the EK79 superalloy, the well-
known Utimet 520 superalloy is the closest in chemical
composition.

The original material was a deformed blank with a di-
ameter of 400 mm and a thickness of 40 mm, with a homo-
geneous fine-grained microduplex microstructure, from
which samples measuring 40x50x70 mm® were cut. To
obtain the UFG microstructure, TMT of the samples was
carried out using the MIF scheme developed by the Institute
for Metals Superplasticity Problems of the Russian Acade-
my of Sciences [15]. TMT was carried out on a hydraulic
press equipped with an isothermal stamping block, with
a force of 6.3 MN, in the temperature range of (0.88—
0.62) Ty' (Ty' is the y'-phase dissolution temperature).
The strain rate was §=102-1073s7".

The microstructure was studied using a TESCAN
MIRA 3 LMH scanning electron microscope, and a JEM-
2000EX transmission electron microscope. To carry out
electron backscatter diffraction (EBSD) analysis at various
structural levels, several EBSD maps were obtained, with
a scanning step from 0.06 to 5 um, depending on the struc-
tural state. Due to the peculiarity of the EBSD method, all
low-angle grain boundaries with misorientation less than 2°

Table 1. Chemical composition of the EK79 heat-resistant nickel-based superalloy
Tabnuya 1. Xumuueckuti cocmas s#caponpoyHoco Huxenegozo cniaga K79

Super- Component content, wt. %
alloy C Ccr Co Y% W | Mo | Nb | Al | Ti B Si Mn | La
EK79 0.06 11 14 0.5 25 4.5 2.7 3 2.6 <0.01 <0.30 | <0.04 | <0.08
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were excluded from consideration. Compression tests were
carried out on a Schenck RMS-100 universal dynamometer.
For mechanical uniaxial compression tests, cylindrical
samples with a diameter of 10 mm, and a height of 15 mm
were used.

RESULTS

Formation of a mixed UFG microstructure in
the EK79 superalloy during TMT

The initial microstructure of the EK79 superalloy, with
an average y-phase grain size of 8-9 um and large incohe-
rent particles, — strengthening y'-phase grains with a size of
3.0£0.8 um is shown in Fig. 1. Using scanning and trans-
mission electron microscopy, it was found that the superal-
loy contains dispersed (0.2-0.3 um) coherent y'-phase parti-
cles inside the y-phase grains, which are usually released
upon cooling from the stamping temperature to room tem-
perature (Fig. 1 a, 1 b). According to EBSD analysis, it was
found that in the initial fine-grained microstructure, all
grains have different orientations in space, and the micro-
structure itself is homogeneous (Fig. 1 c).

Low-temperature TMT in the temperature range of
(0.88-0.62) Ty', using the MIF scheme, led to the for-
mation of a mixed UFG microstructure from an UFG com-
ponent, which is a mixture of incoherent y'-phase particles,
and y-phase grains with a size of 0.3-0.5 um. The volume
fraction of the UFG component exceeds 80 %. Moreover,
in the UFG microstructure, individual coarse particles —
globular-shape y'-phase grains with a size of 3.0+0.8 pm
are relatively evenly distributed (Fig.1d, 1f). These
coarse particles are well identified on the results of EBSD
analysis (Fig. 1 f). Probably, they were formed earlier
at the high-temperature TMT stage, during which the ini-
tial fine-grained duplex microstructure was formed. The
proportion of relatively large y'-phase precipitates in the
EK79 superalloy is 10 %. When cooling from the pro-
cessing temperature, coherent nanosized y'-phase particles
with a size of 0.05-0.1 um are revealed in the body of
the y-phase grains.

It should be noted that in the EK79 superalloy under
study, the matrix y-phase and the strengthening y'-phase
have the same type of crystal lattice — a face-centred cubic
lattice, and the lattice mismatch parameters are very small
(less than 19%). Therefore, the applied EBSD analysis
method, does not allow distinguishing between phases and
perceives (represents them) on EBSD maps as one phase.
Based on the results of the analysis of such maps (Fig. 1 c,
1), it is clear that all small y-phase grains and incoherent
v'-phase particles-grains less than 1 um in size are separated
by high-angle grain boundaries (y/y), with a grain-boundary
angle of more than 15°, and interphase (y/y") boundaries,
and are also coloured in different colours indicating their
different crystallographic orientations. Noteworthy is the
fact that in large (“inherited” from the microduplex micro-
structure) y'-phase particles, a colour gradient is revealed,
i. e., the colour within one grain changes contrast, and in
the place where the contrast change occurs, subboundaries
exhibiting an increased proportion of low-angle boundaries
(LABs) are revealed (Fig. 1f). Apparently, during low-
temperature TMT, local deformation of coarse y'-phase

particles occurs, along individual crystallographic planes,
which leads to a change in the shape of coarse particles:
the initial round shape takes on an irregular contour, in
the form of individual protrusions. Probably, simultaneous-
ly with the recrystallisation process, which resulted in
the UFG microstructure formation (EBSD maps show re-
crystallised small grains, many of which are free from dis-
locations, which is confirmed by transmission electron mi-
croscopy data), deformation of coarse incoherent y'-phase
particles-grains is observed. It has been found that the share
of LABs in the EK79 superalloy, with a mixed UFG micro-
structure is 25 %.

In contrast to coarse y'-phase particles, in the UFG com-
ponent (0.3-0.5 um in size), during deformation, the reten-
tion of the equiaxial shape of the y-phase grains, and inco-
herent y'-phase particles, as well as a lower fraction of
LABs, is observed. This apparently indicates the partial
development of superplastic deformation mechanisms at
the final stage of low-temperature TMT, in particular
the main mechanism — grain boundary sliding.

Superplastic deformation of EK79 superalloy with
a UFG microstructure under uniaxial compression

The results of mechanical tests, for uniaxial compres-
sion, of the EK79 superalloy with a UFG microstructure are
shown in Fig. 2. It can be observed that even at the initial
stage of deformation (5-10 %) under conditions of relative-
ly low temperatures, flow stress peaks are not detected.
With increasing degree of deformation, a weak monotonic
flow stress growth is observed. A more intense increase in
the flow stress values at deformation degrees of more than
40 %, is apparently determined by an increase in contact
friction on the end surfaces, between the deformed blank
and the strikers.

Microstructural studies of samples after testing
according to the uniaxial compression scheme

Microstructural studies of samples after testing under
the uniaxial compression scheme are presented in Fig. 3.

Analysis of microstructural changes after deformation
of the EK79 superalloy with a pre-prepared UFG micro-
structure indicates that, during low-temperature superplastic
deformation, retention of the mixed UFG microstructure is
observed. Deformed grains are free of dislocations, and
twins are also detected in many y-phase grains. At the same
time, the equiaxial shape of the grains is retained, which
indicates the development of the main mechanism of super-
plastic deformation — grain boundary sliding (Fig. 3).

Microstructural analysis showed that in the EK79 su-
peralloy, as a result of deformation according to the uniaxial
compression scheme at a temperature of 950 °C, the super-
alloy microstructure is stable. An increase in the defor-
mation temperature to 1000 °C leads to the coarsening of
the y-phase grains, which is associated with the partial dis-
solution of smaller (less than 1 um) y'-phase particles, i. e.,
the microstructure is transformed into a fine-grained duplex
microstructure. The EBSD maps (Fig. 3) show that the mi-
crostructure is characterised by a uniformly equiaxial grain
shape. Maintaining equiaxiality is a sign that deformation
occurs under superplastic conditions.

Various areas of the samples were studied: those in
which intensive development of deformation occurs, and
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Fig. 1. Microstructure of the EK79 superalloy: a—c — the initial state; d—f — after TMT
Puc. 1. Muxpocmpyxmypa cnnaéa 9K79: a—c — ucxoonas; d—f — nocne JTO

those in which there is practically no deformation (Fig. 4).
It has been found that in the zones of the samples involved
in deformation (the centre of the sample), the increase in
grain size is associated with both thermal influence, and
stimulation by deformation, as a result of which the coar-

sening of grains occurs more intensively. In the stagnant
zone during upset, where there is practically no defor-
mation, grain growth is caused by the influence of high
temperature, as a result of which partial y'-phase dissolu-
tion occurs.
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Fig. 2. Mechanical properties of EP975 and EK79 nickel-based superalloys
tested at a rate of é=1073 s ! (EP975 [Repr. from: 15, p. 83])
Puc. 2. Mexanuueckue ceoticmea 0opasyos u3 Huxenesvix cniagog 1975 u K79,
ucnsrmanuvix npu ckopocmu =102 ¢~ (311975 [Tpusoo. no: 15, c. 83])

Fig. 3. Microstructure of the EK79 superalloy with the mixed-type UFG microstructure after superplastic deformation
according to the uniaxial compression scheme at é=1072 s~*and temperatures of: a — 900 °C; b — 950 °C; ¢, d — 1000 °C
Puc. 3. Muxpocmpyxmypa cynepcnnasa OK79 ¢ YM3 cmpykmypoii cmewanno2o muna nocie c8epxniacmuieckozo 0egpopmuposanus
no cxeme oonoocrnozo cocamus npu £€=107% ¢! u memnepamype: a— 900 °C; b — 950 °C; ¢, d — 1000 °C
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Fig. 4. Microstructure of the EK79 superalloy with the mixed-type UFG microstructure after superplastic deformation according
to the uniaxial compression scheme at é=107% s™ and T=1000 °C: a — central part of the specimen; b — stagnant zone of the specimen
Puc. 4. Muxpocmpyxmypa cnnaséa IK79 ¢ YM3 cmpykmypotl cmewanno2o muna nocie c8epxniacmuyeckozo 0e@opmuposanus
no cxeme oonoocnozo cocamus npu é=1073 ¢ u T=1000 °C: a — yenmpanvnas uacms obpaszya; b — sacmoiinas zona obpasya

DISCUSSION

Analysis of the results obtained indicates that in the pro-
cess of low-temperature TMT in forgings made of EK79
superalloy, a mixed UFG microstructure is formed, in
which three types of the y'-phase particle sizes, can be dis-
tinguished: 1) relatively coarse (size of 3.0+£0.8 um) — obvi-
ously “inherited” from the original fine-grained microdu-
plex microstructure; 2) UFG component — y-phase grains
and incoherent y'-phase particles with a size of 0.3-0.5 pm;
3) strengthening intragranular y'-phase particles with a size
of 0.05-0.1 um, released upon cooling, from the TMT tem-
perature to room temperature.

The formation of a mixed UFG microstructure in
the EK79 superalloy, during low-temperature TMT, is appa-
rently determined by the following circumstances. The pro-
cessing temperature is quite low, and the deformation
degree, and the time during which the UFG microstructure
is formed, are insufficient to ensure the development of
recrystallisation in the y'-phase particles, that are larger
and stronger than the matrix y-phase and were inherited
from the duplex microstructure. Therefore, in the process
of TMT according to the selected modes, the recrystallisa-
tion development occurs mainly in small grains of the plas-
tic y-phase, with an initial microduplex microstructure,
in which coagulated y'-phase particles were additionally
distinguished.

A comparative analysis of the mechanical properties
(Fig. 2) of the EP975 superalloy given in the paper [15],
and the EK79 superalloy studied in this work, showed that
after deformation, according to the uniaxial compression
scheme, there is a significant difference in the level of flow
stresses, and in the dependence of the flow stress on
the degree of deformation. In the EP975 superalloy, at
the initial stage of deformation (2-5 %), a peak in flow
stress and a subsequent decrease are observed. This type of
dependence may indicate the development of dynamic re-
crystallisation processes during superplastic deformation,
and as a consequence, may lead to the formation of a more
fine-grained microstructure. At the same time, such a peak

is not observed in the EK79 superalloy in the studied tem-
perature-rate strain range. Under the same temperature rate
strain conditions, the level of flow stress in the more doped
and more heat-resistant EP975 superalloy is almost an order
of magnitude higher.

According to the known ideas about the UFG micro-
structure formation in the superalloy presented in [7; 12],
at each stage, microstructure refinement is achieved step
by step: by transforming the initial coarse-grained micro-
structure into a fine-grained duplex one at the high-
temperature TMT stage, and then into an UFG microstruc-
ture at the subsequent low-temperature TMT stage. In this
case, the initial fine-grained microduplex microstructure in
the superalloy, under study, should have been transformed
into a completely homogeneous UFG microstructure. How-
ever, in this work, as noted above, a mixed UFG micro-
structure was formed in the EK79 superalloy. It is obvious
that during the TMT process, recrystallisation occurred
predominantly in the more plastic y-phase.

Compared to the EP975 superalloy [15], blanks made
from the more plastic and less heat-resistant EK79 superal-
loy, were subjected to more intense TMT (the temperature
range was wider than in the EP975 superalloy, and the tem-
perature of TMT end was 150 °C lower). This fact probably
determines the formation of a more fine-grained micro-
structure in the EK79 superalloy, since more intense TMT
at lower temperatures leads to the formation of new recrys-
tallisation centres in the form of fragments and subgrains
with LABs.

A significant volume fraction of the UFG component
(=80 %), obviously plays a decisive role in the implementa-
tion of the effect of low-temperature superplasticity in
the EK79 superalloy with a mixed UFG microstructure.
As is known [11; 16], alloys with a UFG microstructure are
characterised by a large proportion of grain boundaries,
which leads to activation of the main mechanism of super-
plastic deformation — grain boundary sliding. Moreover, an
increase in the extension of grain boundaries promotes
the activation of another mechanism of superplastic
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deformation — diffusion creep. Therefore, the presence in
the UFG microstructure of a small amount of relatively
coarse y'-phase particles-grains, apparently, does not have
a significant influence on the manifestation of the effect of
low-temperature superplasticity in the material under study.

CONCLUSIONS

1. Low-temperature thermomechanical treatment of
the EK79 heat-resistant nickel superalloy leads, to the trans-
formation of a fine-grained duplex microstructure into
an ultrafine-grained mixed microstructure.

2. The ultrafine-grained mixed microstructure in the EK79
superalloy consists of y-phase grains and y'-phase incohe-
rent particles of 0.3-0.5 um in size, along with which there
are relatively coarse y'-phase particles of up to 3.8 um in
size. In this case, the share of coarse particles is about
10 %, and the share of the UFG component exceeds 80 %,
which plays a decisive role in the implementation of the low-
temperature superplasticity effect.

3. The EK79 superalloy with a mixed UFG microstruc-
ture has thermal stability at deformation temperatures not
higher than 950 °C, which provides the necessary condi-
tions for the implementation of the low-temperature super-
plasticity effect in the superalloy under study even at tem-
peratures of 800-850 °C corresponding to the ageing tem-
perature range. The analysis of microstructural changes in
the samples deformed under uniaxial compression showed
that the equiaxial shape of y-phase grains, and incoherent
y'-phase particles less than 1um in size is retained.
The latter indicates the development of the main mecha-
nism of superplastic deformation — grain boundary sliding.

4. An increase in the deformation temperature to
1000 °C leads to the UFG microstructure transformation
into a fine-grained duplex microstructure.
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Annomayuna: OpanM n3 Hanbosee 3PPEeKTUBHBIX CIIOCOOOB MOBBIMICHHS TEXHOJIOTHYECKOH IIACTHYHOCTH COBPEMEH-
HBIX CYNEpPCIIABOB — JKAPOIPOUYHBIX HUKEJIEBBIX CIUIABOB — SIBISIETCS ()OPMHUPOBAHHE B OOBEMHBIX IMOIy(haOpHKaTaX yilb-
Tpamenko3epHUcToil (YM3) cTpyKTypbl, KOTOpas SBISETCS HEOOXOIMMBIM YCIOBHEM IS peanu3anuu dpQeKra CTpyKTyp-
HOH CBEpPXIUIACTHYHOCTH B TEXHOJOTHYECKHX IPOIECCaX M3TOTOBJICHUS M3ENUi M3 Takux criaBoB. OQHMM 13 HamOoiee
TIEPCIIEKTUBHBIX METOAOB NosTydeHuss Y M3 cTpyKTypHI siBsieTcs iepopmariionHo-TepMudeckast oopadorka (JITO) o cxeme
BCECTOPOHHEH m30TepMuueckor koBku. [Tokazano, uro ITO cmiaBa K79 C mocTeneHHBIM CHIXKEHUEM TEMITEpaTyphl 00pa-
6otk ¢ 0,88 mo 0,62 Ts (tme Ts — Temmneparypa pacTBOpPEHHS YIPOUHSIOMIEH (a3bl) IPUBOANUT K TPAHC(HOPMAIIH UCXOIHOMN
MEIIKO3EPHHUCTON CTPYKTYpBI THIIA MUKPOAYIJIEKC B YM3 cTpyKTypy cMemaHHoro tumna. Takas cMemanHas YM3 Mukpo-
CTPYKTypa COCTOMT U3: 1) OTHOCHUTEIBEHO KPYIHBIX (HACIEICTBEHHBIX OT MEJIKO3EPHUCTON CTPYKTYpPBI) YacTul] Y'-(ha3bl pas-
mepoM 3,0+0,8 Mxm; 2) 3epHa y-(a3bl U HEKOTEPEHTHBIX 4acTull y'-(assl pazmepom 0,3-0,5 MkM; 3) yIpOUHSIFOLIMX KOTe-
PEHTHBIX BHYTPHM3EpeHHBIX dacTHil Y'-(aszel pazmepom 0,05-0,1 MKM, BBIACISIONMXCS NPH OXJAXKICHUHA C TEMIEPaTyphl
JATO no xomuatHo# Temmeparypsl. CruiaB DK79, uMeronuii Takyto MUKPOCTPYKTYPY, MPH UCIIBITAHUSIX HA OJTHOOCHOE CKa-
THE IEMOHCTPUPYET HU3KOTEMIIEPAaTypHYIO CBEPXIUIACTHYHOCTh B auarna3oHe temneparyp 800—1000 °C. YcraHoBneHo, 4To
ToBbIIIeHNe TeMueparypsl aedopmarun 1o 1000 °C npuBOIHT K YKPYITHEHHIO 3epeH y-(a3bl 10 MEKpOHHOTO pa3zmepa. Co-
XpaHEeHUE CBEPXIUIACTUYECKUX CBOMCTB IPH HAJIMYHMU B CTPYKTYPE CPAaBHUTENILHO KPYITHBIX HEKOT€PEHTHBIX YaCTHIl BTOPOU
(asbI (y'-dassl), Mo-BHIUMOMY, CBSI3aHO C TeM, 4TO AedopMaliust JJokann3oBaHa B Y M3 KOMIIOHEHTE.

Knrouesste cnoea: xaponpoynslii HUKeneBsH ciutas; DK79; ynpounstomas ¢a3a; MUKPOIYILICKCHAS CTPYKTYpa; yIIb-
TPaMENIKO3EPHUCTAsI CTPYKTYpa; HU3KOTEMIIEpaTypHasl CBEPXIUIACTUYHOCTD; NedopMannoHHO-TepMuUecKkas o0paboTKa;
OJTHOOCHOE CXKaTue.

Brazooapuocmu: Pabora BeITIONHEHA TIPH HHHAHCOBOM mojiepskke rpanta PH® Ne 22-79-00271, https://www.rscf.ru/
project/22-79-00271/.

DJIeKTPOHHO-MHUKPOCKOITMYECKHE HCCIICOBAHU U MEXaHHMYECKUE UCIIBITaHMs MPOBOJAWINCEH Ha Oase LleHTpa koutek-
tuBHOTO TIoaB30BaHusA MTICM PAH «CrpykTypHBIE 1 (HU3NKO-MEXaHUIECKUE HCCICIOBAHUS MATEPHUAIIOBY.

Mna yumupoeanua: T'amueBa O.B., Knaccman E.1O., Banutos B.A. HuskoreMnepaTypHas cBepXIlacTU4ecKas Je-
(hopmarust Hukenesoro criaBa DK79 ¢ ynbTpaMenko3epHHCTON CTPYKTypo#t cmemannoro tuma // Frontier Materials
& Technologies. 2024. Ne 1. C. 19-27. DOI: 10.18323/2782-4039-2024-1-67-2.

Frontier Materials & Technologies. 2024. No. 1 27


https://doi.org/10.1088/1742-6596/1777/1/012006
https://doi.org/10.1088/1742-6596/1777/1/012006
https://doi.org/10.1016/S1003-6326(19)64965-4
https://doi.org/10.1016/S1003-6326(19)64965-4
https://doi.org/10.22226/2410-3535-2022-3-243-248
https://doi.org/10.22226/2410-3535-2022-3-243-248
mailto:galieva_elvina_v@mail.ru
https://orcid.org/0000-0002-1074-6274
https://orcid.org/0000-0003-1984-5137
https://orcid.org/0000-0002-1349-6047




doi: 10.18323/2782-4039-2024-1-67-3

The influence of hafnium on high-magnesium alloys doped

with transition metals during heat treatment
© 2024
Igor A. Zorin*124, laboratory assistant-researcher, student,
Il category electronic engineer
of the Laboratory of Mechanical Testing and Electron Microscopy
Evgeny V. Aryshenskiy?®, Doctor of Sciences (Engineering), Associate Professor,
senior researcher of the Laboratory of Electron Microscopy and Image Processing
Egor A. Kudryavtsev3®, PhD (Engineering),
researcher of the Common Use Center “Technologies and Materials
of the National Research University BelSU”
Aleksandr M. Drits'’, PhD (Engineering), leading researcher
Sergey V.Konovalov?8, Doctor of Sciences (Engineering), Professor,
Pro-rector for Research and Innovative Activities
1Samara National Research University, Samara (Russia)
%Siberian State Industrial University, Novokuznetsk (Russia)
3Belgorod State National Research University, Belgorod (Russia)

4ORCID: https://orcid.org/0000-0001-9349-2494
SORCID: https://orcid.org/0000-0003-3875-7749
S0RCID: https://orcid.org/0000-0003-1113-0807
"ORCID: https://orcid.org/0000-0002-9468-8736
80ORCID: https://orcid.org/0000-0003-4809-8660

*E-mail: zorin.ia@ssau.ru

Received 03.08.2023 Accepted 20.11.2023

Abstract: The purpose of the work is to study the influence of hafnium additives on the mechanical properties and
thermal stability of particles at elevated temperature during heat treatment of aluminum alloys with a high magnesium con-
tent. Two modifications of 1570 alloy were chosen for the study: without hafnium content and with its addition of 0.5 %
by weight. Both alloys were subjected to homogenizing annealing at a temperature of 440 °C with different exposure
modes, which ranged from 2 to 100 h. Microhardness was studied for various heat treatment modes, and the fine micro-
structure was studied as well using transmission microscopy. As a result, it was possible to identify that during annealing
at a short exposure time (2-8 h), the alloy with the hafnium addition has higher microhardness values exceeding those of
1570 alloy by an average of 20 HV units. This is associated with the fact that in 1570 alloy with hafnium additives, during
heat treatment, the number of precipitated particles increases while their average size decreases compared to the base al-
loy. At the same time, in 1570 alloy without hafnium content, when annealed at a temperature of 440 °C, there is no in-
crease in microhardness. This is caused by the fact that in 1570 alloy without hafnium content, when cooled after casting,
discontinuous decomposition occurs, which resulted in the fact that most of the scandium precipitates from the supersatu-
rated solid solution in the form of dispersoids. This phenomenon is not observed in the alloy with hafnium additives,
which indicates its ability to stop discontinuous decomposition during cooling the ingot after casting.

Keywords: aluminum alloys; transition metals; scandium; hafnium; heat treatment; strengthening nanoparticles.
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that magnesium-scandium joint doping is very common in

INTRODUCTION

Aluminum alloys are currently among the most desira-
ble materials in many industries. One of the most popular
additives to aluminum alloys is magnesium, alloying with
which leads to a significant increase in strength properties
due to solid solution strengthening. Another common addi-
tive, that increases the mechanical properties of aluminum
alloys is scandium [1]. Its use leads to a significant refine-
ment of the grain structure during casting [2-4]. Moreover,
it promotes an increase in strength, due to the formation of
coherent strengthening AlsSc nanoparticles with the L1,
structure [5-7]. Considering the above, it is not surprising

modern industry.

At the same time, the use of scandium as an alloying
element has certain disadvantages: firstly, it is very expen-
sive, and secondly, due to the high rate of its diffusion in
aluminum, AlsSc nanoparticles have low thermal stability
and quickly coagulate when heated [8; 9]. To increase their
thermal stability, zirconium is added to the alloys, which
creates a shell around Al;Sc preventing the transition of L1,
to D023 and the decomposition of the supersaturated scandi-
um solution [10; 11]. Moreover, zirconium reduces
the amount of scandium required for effective modification
of the cast structure [7; 12].

Frontier Materials & Technologies. 2024. No. 1

29


mailto:zorin.ia@ssau.ru
https://orcid.org/0000-0001-9349-2494
https://orcid.org/0000-0003-3875-7749
https://orcid.org/0000-0003-1113-0807
https://orcid.org/0000-0002-9468-8736
https://orcid.org/0000-0003-4809-8660
https://rscf.ru/project/22-29-01506/

Zorin L.A., Aryshenskiy E.V., Kudryavtsev E.A. et al. “The influence of hafnium on high-magnesium alloys...”

It is the principle of joint scandium-zirconium doping
that was used to develop a number of aluminum alloys,
with a high magnesium content. One of them is 1570 alloy,
which is very popular in modern industry. Hafnium addi-
tives could further increase the effectiveness of strengthen-
ing particles. This element is also an effective grain refiner
[13]. Moreover, like zirconium, it creates a shell around
AlsSc particles preventing further diffusion of scandium,
i. e., thermally stabilizes them [10; 14].

Recent studies [15; 16] showed that hafnium additions
to 1570 alloy significantly slow down the decomposition of
the supersaturated solid solution. Thus, in [16] it was found
that when adding 0.5 % of hafnium to 1570 alloy, the dis-
continuous decomposition of the supersaturated solid solu-
tion in it completely stops. The study [15] showed that add-
ing hafhium to 1570 alloy reduces the number of nanoparti-
cles precipitated from it during annealing at a temperature
of 370 °C and an exposure time of 4 h. This also indicates
a slowdown in the decomposition of the supersaturated so-
lid solution. It is worth noting that inhibiting the decompo-
sition of a supersaturated solid solution at a temperature of
370 °C will not provide advantages, since due to a decrease
in the number of nanoparticles, the strength characteristics
of the alloy will also decrease. However, slowing down
the rate of decomposition of a supersaturated solid solution
of scandium in aluminum can be useful at higher tempera-
tures, when the particles in the 1570 alloy begin to coagu-
late and coalesce, thereby losing their strengthening effect.
At the same time, hafnium additives allow thermally stabi-
lizing nanoparticles, thereby increasing their strength pro-
perties. Note, that increasing the thermal stability of parti-
cles is very important, since it will allow increasing the hot
deformation temperature. This, in turn, will increase
the ductility of the material and improve the energy effi-
ciency of hot rolling [17].

The purpose of the work is to study the influence of
hafnium additives on the mechanical properties and thermal
stability of AlsSc particles at elevated temperature of heat
treatment of high-magnesium aluminum alloys.

METHODS

To study the influence of hafnium on the formation of
microstructure and mechanical properties during high-
temperature annealing of rolled samples from aluminum
alloys with a high magnesium content, 1570 and 1570
(+0.5 wt. % Hf) alloys were cast. To cast ingots of the
studied alloys, a medium-frequency induction furnace was
used; ingots with dimensions of 20x40x400 mm and

a mass of 5 kg were cast into a steel mold, followed by
cooling in water.

The following materials were used as charging materials
for the alloy: aluminum of A85 grade, magnesium of MG90
grade, alloying composition of Al-Sc,, Al-Zrs, Al-Hf;
grades, and alloying tablets of MngyAlyo grade. First, alumi-
num was loaded and melted. After the aluminum melted
and the temperature reached 730 °C, slag was removed
from the melt surface. Next, the melt was heated to a tem-
perature of 770-790 °C and AlSc,, AlZrs, Al-Hf. alloying
compositions were added in portions weighing no more
than 300 g, followed by stirring and holding the melt for
5 min. After introducing the above-mentioned alloying
compositions, the melt was cooled to a temperature of
750 °C, after which new alloying components (Mg, Mn)
were added. Next, the melt was stirred for 3 min, followed
by heating the melt to a temperature of 740 °C and taking
a sample for express analysis of the melt chemical composi-
tion. The chemical composition of the alloys (Table 1) was
determined by the spectral method on an ARL 3460 atomic
emission spectrometer (GOST 25086, GOST 7727, GOST
3221, ASTM E 716, ASTM E 1251). The Hf content was
determined by calculation due to the absence of standard
samples. Before pouring the molten metal into the mold,
it was refined with carnallite flux introduced at the rate of
5g per 1 kg of charging material. After this, slag was re-
moved from the surface of the molten metal, and the metal
was poured into a steel casting mold at a uniform pouring
time of 20-30 s at a melt temperature of 730-750 °C. After
solidification, the ingot was removed from the chill mold
and cooled in water.

The ingots were annealed in an electric muffle furnace
at a temperature of 440 °C and held for 2, 4, 8, 16, 24, 48,
72, and 100 h, followed by quenching in water to fix
the supersaturated solid solution.

The microhardness of the studied alloy was measured
using a Wolpert 402MVD automatic microhardness test-
er in accordance with GOST 9450-76 at a load of 0.2 N
and a holding time of 10 s. Before testing began, one of
the surfaces of the plane-parallel sample was ground and
polished.

Using transmission microscopy on a JEM-2100 micro-
scope (JEOL, Japan) equipped with an INCA energy dis-
persive analysis attachment (Oxford Instruments, UK),
samples for both alloys considered in the work were studied
after 4 h of holding at temperatures of 370 and 440 °C.
Sample preparation for transmission electron microscopy
was carried out in several stages. At the first stage, using
a Sodick electroerosion machine (Sodick Co., Ltd, Japan),

Table 1. Chemical composition of the studied alloys
Taonuua 1. Xumuueckuii cocmas ucciedyemvlx Cnida6os

Alloy Al Si Fe Mn Mg Ti Zr Sc Hf
1570 Base 0.13 0.21 0.44 6.25 0.02 0.06 0.25 -
1570-0.5Hf Base 0.12 0.22 0.45 6.29 0.04 0.06 0.25 0.5

30

Frontier Materials & Technologies. 2024. No. 1



Zorin LA., Aryshenskiy E.V., Kudryavtsev E.A. et al. “The influence of hafnium on high-magnesium alloys...”

two blanks were cut for foils with a thickness of 500 um.
The indicated thickness is determined by possible defor-
mation and bending of the foils during cutting, due to
the possible presence of internal stresses in the samples.
Next, the resulting blanks were mechanically thinned to
a thickness of ~120 pm using Grid 2000 abrasive wheels
(Struers, Denmark). Using a special punch, disks with
a diameter of 3 mm were extruded from the resulting blanks
and placed in a TenuPol-5 electrolytic thinning installation
(Struers, Denmark). Thinning was carried out at a tempera-
ture of —30 °C in an electrolyte of the following composi-
tion: 75 % of CH30OH, 25 % of HNOs. As a result, at least
5 foil samples for TEM were produced from each of
the 6 states. The fine structure of the samples was studied
on a JEM-2100 TEM transmission electron microscope
(JEOL, Japan), with an accelerating voltage of 200 kV
equipped with an INCA EDX-analysis attachment (Oxford
Instruments, UK). The resulting foils were immediately
placed in a bi-inclined TEM holder with the ability to in-
cline by +£30° along two axes. Due to the small size of
the particles (5-10 nm), the shooting was carried out at
a magnification of %200,000 and a long exposure time
(about 1 min), which made it possible to reliably record
even such small coherent particles. In the resulting images,
the number of particles and their chemical composition
were considered using an EDX-detector.

RESULTS

The changes in the microhardness of the studied alloys
are given below. According to Fig. 1, the mechanical cha-
racteristics of 1570 alloy generally remain unchanged and
are in the range of 82—-89 HV units. This points to the fact
that all strengthening Als(Sc,Zr) particles, which have
a coherent L1, structure, precipitate during discontinuous
decomposition, and their formation does not occur at sub-
sequent stages of heat treatment.

At the same time, the alloy doped with hafnium shows
the greatest increase in microhardness in the range of 2—
8 h. This is associated with the fact that in the indicated
time intervals, the active decomposition of the supersatu-
rated solid solution begins and the precipitation of
strengthening particles of the AlsSc type begins. After
16 h of holding, the alloy with the hafnium addition ex-
hibits a decrease in microhardness, which is likely associ-
ated with the onset of loss of coherence and coalescence
of particles of the AlsSc type.

Using transmission microscopy after annealing at
440 °C for 4 h, the fine structure in both alloys was
studied. This annealing mode was chosen because, ac-
cording to microhardness data (Fig. 1), its greatest in-
crease was observed in the range from 2 to 8 h. There-
fore, it is under these heat treatment modes, that the pre-
cipitation of the largest amount of strengthening nano-
particles is expected.

Fig. 2 presents the results of transmission electron mi-
croscopy for 1570 alloy after annealing at 440 °C for 4 h.

Superstructure L1, reflections in 1570 alloy are visible
quite clearly, which indicates the presence of AlzSc nano-
particles coherent with the aluminum matrix. Shown in
Fig. 2 b data indicate the presence of large (about 1 pum)
particles precipitated in the alloy structure. These particles
are close in their chemical composition to Alg(Mn,Fe)

(Fig. 3) and, like AlsSc, appear during the decomposition of
a supersaturated solid solution, since this alloy contains Mn
and Fe. One should note that iron in aluminum alloys is an
unavoidable impurity.

AlsSc nanoparticles are also observed in 1570 alloy,
when it is heated to a temperature of 440 °C. Fig. 2 b shows
a predominance of particles with sizes in the range from 1.6
to 13.3 nm in 1570 alloy. This indicates a predominantly
finely dispersed phase in this sample, however, bigger par-
ticles, larger than 25 nm, are also observed. In general, the
average particle size is 11.4 nm, and their average density is
2.2:10* cm2. It should be noted that the particles in the
grain volume are distributed very unevenly, which is ob-
served in Fig. 2 ¢, 2 d. One can assume that this is a conse-
quence of discontinuous decomposition in this alloy during
cooling of the cast blank.

In the presented state (Fig. 4), superstructural reflections
are not visible so clearly, but they are present, which is asso-
ciated with a decrease in the coefficient of diffusion of scan-
dium in aluminum when doping the alloys with hafnium.
A rather large number of relatively coarse particles can be
observed (Fig. 4 b). These particles are also close in chemical
composition to Als(Mn,Fe) (Fig. 3 and Table 2) and are ex-
plained by the presence of manganese and iron in the alloy.

In the 1570-0.5Hf alloy, particles with sizes ranging
from 5.2 to 14.5 nm prevail (Fig. 4 b). At the same time,
dark-field images also show the precipitation of particles
larger than 25 nm. The average particle size in this alloy is
10.5nm, and the distribution density is 2.6x10%°cm™
In this case, the uneven distribution of particles in the grain
volume is somewhat reduced.

DISCUSSION

It should be noted that a comparison of the average par-
ticle size observed in 1570 alloy after casting in [18] and
obtained in this study after heating at a temperature of
440 °C with a holding time of 4 h indicates that heat treat-
ment practically does not change the number and size of
particles. In both cases, their size is around 10 nm. This
leads to the fact that the microhardness of this alloy does
not change over time. The latter occurs because the major
share of scandium precipitates during the continuous de-
composition of a supersaturated solid solution when cooling
the ingot during casting, as well as during the formation of
primary intermetallides at the crystallization of this alloy
[16]. Therefore, for the process of continuous decomposi-
tion of a supersaturated solid solution when heating a given
alloy, there is no longer enough scandium and the number
of particles does not change. One can assume that zirconi-
um still quite actively blocks the growth of particles when
annealed at 440°C for 4 h, which does not contradict
the data [19].

It is worth noting that the particles formed during de-
composition can also be coherent and make a rather large
contribution to strengthening [8]. In this case, their
strengthening effect is confirmed by the fact that the micro-
hardness after casting is significantly higher in 1570 alloy
containing nanoparticles formed as a result of discontinuous
decomposition, than in 1570 alloy with a 0.5 % hafnium
content, in which they are absent in this state [10].

A sharp increase in microhardness during heat treatment
of 1570 alloy with a 0.5 % hafnium content is explained
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Fig. 1. Change in microhardness during 440 °C annealing
Puc. 1. Hzmenenue muxpomeepoocmu npu omoicuze 440 °C

c d

Fig. 2. Fine structure of 1570 alloy during 440 °C annealing with a duration of 4 h:

a — microdifraction in the zone axis [001].; b — bright field, x20,000; c, d — dark field, x200,000

Puc. 2. Toukas cmpyxmypa cnaaea 1570 npu omocuee npu 440 °C onumenvrhocmuro 4 u:

a — muxpoougparyus 6 ocu 30ubl [001]4; b — ceemnoe none, x20 000; ¢, d — memnoe none x200 000
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Fig. 3. Areas of analysis of local chemical composition in a sample of 1570 alloy during 440 °C annealing with a duration of 4 h
Puc. 3. Yuacmku ananuza noxanvrozo xumuieckozo cocmasa 6 oopasye cnnaga 1570 npu omoicuze 440 °C onumensrnocmoio 4 u

c d

Fig. 4. Fine structure of 1570-0.5Hf alloy during 440 °C annealing with a duration of 4 h:
a — microdifraction in the zone axis [001].; b — bright field, x20,000; c, d — dark field, 200,000
Puc. 4. Touxas cmpykmypa cnaasa 1570-0,5Hf npu omacuee npu 440 °C onumensrnocmoio 4 u:
a — muxpoougparyus 6 ocu 30ubl [001]4; b — ceemnoe none, x20 000; ¢, d — memnoe none, 200 000
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Table 2. Local chemical composition of the particles in the 1570 alloy sample during 440 °C annealing with a duration of 4 h, at. %
Taonuua 2. Jloxanvuwitl xumuyeckuii cocmae yacmuy 6 oopasye cniasa 1570 npu omoicuee 440 °C onumenvnocmoio 4 u, am. %

Chemical elements Al

Studied spectra 77.84

10.6 11.4

by the fact that active processes of precipitation of AlsSc
particles from a supersaturated solid solution begin in it.
This occurs because, unlike 1570 alloy, it retains enough
scandium for continuous decomposition. Note that there are
several possible reasons for suppressing the discontinuous
decomposition of a supersaturated solid solution with
the help of hafnium [16]. Not dwelling on the hypotheses in
detail, one can state that the absence of discontinuous de-
composition in alloys when doped with hafnium allows
activating the formation of AlsSc nanoparticles, which as
a result leads to an increase in microhardness. The higher
properties of the 1570-0.5Hf alloy are generally explained
by a larger number of nanoparticles and their more even
precipitation. A more finely dispersed distribution of nano-
particles, in principle, distinguishes a solid solution with
continuous decomposition from a discontinuous one [8].
With further heating for several hours, the microhardness
remains at the same level, which means that the nanoparti-
cles retain their size and number. However, after holding
for more than 8 hours, the microhardness begins to de-
crease, which indicates a coagulation process. Then its de-
crease slows down significantly, which indicates the inhibi-
tion of coagulation processes. The lower microhardness
values in 1570-0.5Hf alloy during long holding can be ex-
plained by the fact that a larger number of particles are
available for the coalescence process in it than in 1570 al-
loy. Thus, hafnium additives make it possible to provide
a significant advantage in strength properties during the
first 8-10 h of heating, however, and then it is lost. It
should also be noted that further study of the influence of
hafnium additions on the thermal stability of AlsSc particles
should be carried out in low-alloyed aluminum alloys (pos-
sibly with a lower scandium and zirconium content), which
allow dissolving the discontinuous decomposition products.
This will make it possible to distinguish the influence of an
increase in strength properties resulting from the inhibition
of discontinuous decomposition during the recrystallization
process from the effect obtained by increasing the thermal
stability of AlsSc nanoparticles.

CONCLUSIONS

1. Hafnium additives have a positive effect on the pro-
perties of 1570 alloy during heat treatment. Hafnium pre-
vents the process of discontinuous decomposition of a su-
persaturated solid solution both during the ingot cooling
after crystallization and during subsequent heat treatment.

2.1t was found that in 1570 alloy with hafnium addi-
tives, during heat treatment, the total fraction of particles
increases while their average size decreases in comparison
with the original 1570 alloy.

3. Time intervals of 2-8 h are the most successful an-
nealing mode for alloys with hafnium additives at a tempe-

rature of 440 °C. This is associated with the precipitation of
strengthening AlsSc particles from the supersaturated solid
solution; while for 1570 alloy, microhardness indicators
remain unchanged, due to the fact that all nanosized disper-
soids precipitate during the discontinuous decomposition of
the solid solution.
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Annomayusn: 1lenpio paboThl SBISETCS U3yUSHHE BIUSHUS JOOABOK radHUs HA MEXaHUYECKHE CBOWCTBA U TEPMOCTa-
OMJIBHOCTh YACTHI] MIPU MOBBIIICHHON TeMIlepaType TePMUYECKOH 00paOOTKH aIFOMHHHUEBBIX CIUIABOB C BBICOKHM COJIEp-
*aHueM maraus. J{is usydenus Obut BeIOpaH cruiaB 1570 B qByx Moaudukaiusax: 6e3 comepkanus ragHus u ¢ ero 100as-
koii 0,5 % mo macce. O6a cruiaBa ObLIH ITOJBEPTHYTH TOMOTEHH3ALMOHHOMY OTXHUTY npu Temrepatype 440 °C ¢ pa3nny-
HBIMH PEXUMaMH BBIJICPIKKH, KOTOpble cocTaBmii oT 2 a0 100 4. JIns pasziudHbIX PeXMMOB TEPMHUYECKOH 00paboTKh
n3ydajach MUKPOTBEPOCTb, a TAK)KE C IOMOIIBIO ITPOCBEYHBAIOIIEH MUKPOCKOITMH HCCIIEIOBANIACH TOHKAass MUKPOCTPYK-
Typa. B pe3yibpraTe yaanoch yCTaHOBHUTH, YTO B IIPOIIECCE OT)KUTA IIPH MAJIOM BPEMEHH BBIIEPKKH (2—8 1) crutas ¢ 1o00aB-
KoM radHus MMeeT Oojee BHICOKHME MOKa3aTeIW MHUKPOTBEPJOCTH, IPEBOCXO/s TOKa3arenu cruiaBa 1570 B cpenHeM Ha
20 HV. 3o cBs3ano ¢ teM, uTo B cruaBe 1570 ¢ nob6aBkaMu radHUsS pyu TepMOOOPAOOTKE yBEINUUBACTCS KOINIECTBO
BBIJICIISIFOIIMXCS YaCTHUI MIPU OJHOBPEMEHHOM YMEHBIICHHH MX CPEIHETO pa3Mepa 10 CPaBHEHHIO ¢ 0Aa30BBIM CILUIABOM.
B 10 e Bpems B crase 1570 6e3 comeprkanus ragHUS npu ero oTkure npu Temreparype 440 °C pocta MEKPOTBEPIOCTH
HE TIPOUCXOANT. DTO 00YCIOBJICHO TeM, uTo B ciutaBe 1570 6e3 comepkanus ragHAS IPHU OCTHIBAHUH TIOCIIE JIUTHS TIPOHC-
XOJMT HPEPBIBUCTHIN pacmajy, B pe3yjibTaTe KOTOPOro OOJIbIIAs YacTh CKaHIUs BBLACIACTCS U3 MEPECHIIEHHOTO TBEPIOTO
pacTBoOpa B BHJE IUcCIiepcouioB. B crutaBe ¢ mobaBkamu radyHUs TAKOTO sIBJICHHUsI HE HAOMI0JaeTCs, YTO CBUICTEIBCTBYET
0 €ro CrIOCOOHOCTH OCTaHABJIMBATh IPEPHIBUCTBIN pacajl B MPOIECCe OXJIAKICHUS CIUTKA MOCIIE JTUThS.

Knrwoueegvle cnosa: amoMUHUEBBIC CIUIABBI; NIEPEXOJHBIC METAJUIBI; CKAaHIUH; radHuii; TepMooOpadoTKa; yHpOUHSIO-
M€ HAHOYACTHUIIBI.
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Abstract: Biocompatibility makes magnesium alloys attractive functional materials in terms of their use as biodegrada-
ble implants. However, the technologies for manufacturing semi-finished products carry a possible diversity of the local
strain rate and temperature within a rather wide range, which affects the processed material structure and properties.
The purpose of this study is to determine the range of temperatures and resistance to deformation, at which there is no ne-
gative effect on the main structural characteristics of the processed material, using the example of a medical purposes alloy
of the Mg-Zn-Y alloying system. The authors carried out mechanical tests of a biodegradable Mg-1Zn-2.9Y magnesium
alloy at various temperatures and strain rates. The influence of temperatures in the range of 20...400 °C on the structure
and properties of the Mg-Zn-Y system alloy is disclosed. Starting from a temperature of 350 °C, the process of dynamic
recrystallisation is accompanied both by the complete restoration (return) of the original microstructure and by coarsening
of the grain size, which can adversely affect the material functional characteristics. The high thermal stability of the biode-
gradable Mg-1Zn-2.9Y magnesium alloy is revealed, which probably results from the presence of the LPSO phase in it.
The study shows that the deformation process is accompanied by twinning. At a strain rate of 2-1072s™* over the entire
temperature range, the grain size distribution slightly narrows and shifts towards smaller diameters. The application of
the obtained results in technological processes for manufacturing medical semi-finished products will help to solve
the issue of microstructure instability at the stage of transition from a semi-finished product to a finished product during
subsequent thermomechanical treatments.

Keywords: medical purpose magnesium alloys; biodegradable magnesium alloys; Mg-1Zn-2.9Y; temperature-speed
deformation; medical purpose alloy; magnesium alloys; dynamic recrystallisation; microstructure evolution.
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tion [1; 2]. In fact, they formed a separate class of new
generation biodegradable metal materials. Compared to
other metal materials used as orthopaedic implants, such

INTRODUCTION
Recently, biodegradable magnesium alloys have

drawn the attention of developers of medical materials
due to their attractive properties, including osteointegra-

as titanium, titanium alloys, and stainless steels, the elas-
tic modulus of magnesium alloys is closest in value
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to that of human bone tissue [3]. Moreover, magnesium
and its alloys are already used as temporary implants that
are completely degradable in a biological environment
(in vivo), and are replaced by newly formed bone, which
eliminates the necessity of repeated surgical interference
to remove the implant. Many studies have proven that
magnesium alloys are safe, and effective materials for
medical implants [3-5]. Magnesium ions released from
the alloy showed good biological activity [6-8]. The mag-
nesium alloy implanted in the human body is gradually
destroyed (dissolved) and absorbed [9], and excess mag-
nesium ions are removed from the human body due to
metabolism. The absence of the necessity of repeated
operations to remove implants significantly reduces mor-
bidity and the risk of injury. This feature makes them
extremely attractive to the market of biodegradable metal
implants designed to restore bones that require temporary
support.

Despite all the advantages, magnesium and its alloys are
characterised by relatively low strength and corrosion re-
sistance. Many studies have been carried out to improve
their mechanical properties and corrosion resistance by
alloying [10; 11]. For example, the addition of rare-earth
metals promotes dynamic recrystallisation of magnesium
alloys and increases tensile strength without loss of ductili-
ty [12; 13]. The addition of yttrium (YY) can simultaneously
improve both ductility [14] and corrosion resistance [15] of
a magnesium alloy. Moreover, a significant improvement in
the properties of magnesium alloys is possible due to sur-
face modification [16].

At present, much attention is paid to the hardening of
magnesium and its alloys by methods based on severe
plastic deformation (SPD), in particular, multi-axial
isothermal forging [17]. Magnesium and its alloys are
poorly deformed, since they have a hexagonal close-
packed lattice, and only two primary slip systems:
(0001)<1120> and (1010)<1120> [18]. To increase the
number of possible slip systems, it is usually necessary
to increase the deformation processing temperature,
which naturally negatively affects the final properties of
the material [19].

The modern technology for manufacturing macro-
scopic products from magnesium and its alloys is quite
well deveoped, however, for most medical products,
semi-finished products of small sizes in one or two di-
mensions (foil, thin-walled tubes, wire, etc.) are re-
quired. The manufacture of such semi-finished products
is associated with the application of large deformation
technologies (drawing, rolling, and extrusion). The de-
velopment of a technology for the production of medical
devices is impossible without knowing the temperature-
velocity behaviour of alloys in the process of active de-
formation. At the same time, the ultimate goal is both to
develop a technology for manufacturing thin-walled
semi-finished products and to form the required func-
tional properties, which are largely determined by the mi-
crostructure characteristics.

Since the microstructure of metals and alloys is
formed as a result of dynamic rearrangements of a defec-
tive ensemble, and acoustic emission (AE) arising during
their deformation is a unique phenomenon capable of
precisely reflecting defect dynamics [20], in this work,
we will use AE as an experimental method of controlling

and diagnosing the evolution of a defective ensemble
in situ, including for monitoring possible recrystallisa-
tion processes.

The purpose of this work is to determine the influence
of temperature-velocity factors on possible recrystallisation
processes and microstructure parameters of a medical pur-
pose alloy of the Mg—Zn-Y alloying system.

METHODS

Material and test samples

To carry out the research, a low alloy with a nominal
composition of Mg-1Zn-2.9Y (at. %) was selected, which
was manufactured based on Mg95V pig magnesium at
SOMZ LLC (Solikamsk).

The chemical composition of the produced alloy was
determined using an ARL 4460-1632 high-precision optical
emission spectrometer. The results of the chemical compo-
sition analysis are shown in Table 1.

End sections containing casting defects were cut off
from the resulting castings, and to remove surface defects,
the castings were machined on a lathe. After mechanical
treatment, the blanks were subjected to homogenising at
430 °C for 24 h.

Multi-axial isothermal forging (MIF) was carried out
at the production base of the IMSP RAS (Ufa). When
performing each forging cycle, the total degree of de-
formation ¢ was about 1.4. MIF was implemented using
a PA2638 hydraulic press (630 tf) equipped with
a UIShB 510 isothermal die block with flat dies and an
induction heater. In total, the blank underwent 16 forg-
ing cycles in the temperature range of 325...400 °C.
At the final stage, to obtain plates, the blank was upset
on a press at 325 °C.

The mechanical properties of the resulting material
were evaluated using two types of cylindrical specimens
made according to the drawings (Fig. 1). For mass test-
ing, the samples had a working part with a diameter of
5 mm and a length of 25 mm (Fig. 1 a), and for tests with
AE registration, the samples were more massive: 8 mm
in diameter, 40 mm long, and with a flat for installing an
AE sensor (Fig. 1 b). The longitudinal axis of the sam-
ples corresponded to the expanding direction (RD) after
upsetting.

Experimental technique

Samples were tested for uniaxial tension on an In-
stron 8802 universal servohydraulic testing system (Eng-
land) with nominal strain rates: 5:107% 5-107%, 2:102s1,
using an Instron 3119-406 climate chamber at temperatures:
20, 100, 150, 200, 250, 300, and 400 °C (heating uniformity
was controlled using thermocouples).

Additional tests were carried out:

1) the alloy in the initial state was kept in a furnace at
400 °C (the holding time was chosen to be equal to the
time of testing the sample with a strain rate of 5-1073s7?
by 8 %);

2) the alloy in the initial state was deformed by 8 %
with a strain rate of 5-107% s™* at room temperature, and then
kept in a furnace at 400 °C (the holding time was chosen to
be equal to the time of testing the sample with a strain rate
of 5-1073 s by 8 %).
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Table 1. Chemical composition of the Mg—Zn-Y system alloy
Tabnuua 1. Xumuueckuii cocmas cnaaga cucmemvt Mg—Zn-Y

Alloying elements, at. %
Name of alloy
Mg Zn Y Zr* Other elements’ amount
Mg-1Zn-2.9Y Base 0.8 2.2 0.076 0.1

Note. *Zirconium is added to a melt to reduce the content of iron impurities and grain refinement.
Tpumeuanue. *Lupronuii dobasisiemcs @ pacniag Osi CHUNCEHUsL COOEPAHCAHUSL NPUMeCel] Jcene3d U U3MeNbYeHUs. 3ePHA.

a

Fig. 1. Specimens for mechanical tests: a — for mass temperature-speed tests;
b — with a flat for tests with simultaneous recording of an acoustic emission signal
Puc. 1. Obpasysl 013 MexaHuyeCKux UCNLIMAHUIL. & — OJIs1 MACCOBbIX MEMNEPAMYPHO-CKOPOCHHBIX UCHbIMAHUIL,
b — ¢ awickoti Ons ucnvimanuil ¢ 00Ho08peMenHol pecucmpayueti CUZHANA AKYCMUYECKOU IMUCCUL

Deformation was measured using an Epsilon 3448 ex-
tensometer (item 3, Fig. 2).

To record the AE signal, the authors used the equipment
consisting of a MSAE-1300WB broadband piezoelectric
transducer (Microsensors, Sarov) with an operating frequen-
cy range of 50...1300 kHz; a PAC 2/4/6 low-noise preampli-
fier (USA) with a bandwidth of 10...1200 kHz and an ampli-
fication of +60 dB; a PAC PCI-2 low-noise registration sys-
tem, which allows recording a signal into the computer
memory in streaming mode (stream) with a resolution of
16 bits and a signal sampling frequency of 2 MHz, input fil-
ter bandwidth of 100...1000 kHz, and additional amplifica-
tion of +6 dB. After testing, the recorded stream was sequen-
tially divided into frames with a duration of 4096 samples,
for each of which the energy (E) and median frequency (fm)
(the frequency dividing the area under the spectral density
power curve into two equal parts) were calculated and syn-
chronized with the deformation curve. The AE technique is
described in more detail in our earlier work [20].

The microstructure study was carried out on cross-
sectional tensile specimens (TD) in the middle of

the working base. Microstructure analysis was per-
formed using the EBSD method. The metallographic
specimens were prepared by grinding on a sandpaper of
different grain sizes, polishing using a diamond suspen-
sion (with a particle size ranging from 9 pum to
0.25 pm) and Hitachi IM4000 Plus finishing ion polish-
ing (Japan) (the inclination of 3° to the surface, acceleration
of 6 kV and discharge of 1.5 kV, argon gas 0.1 cm®/min
and 25 rpm 1-2 h).

To estimate the microstructure parameter, the authors
used a Zeiss Sigma scanning electron microscope (Carl
Zeiss, Germany) equipped with a TFE cathode and
an EDAX/TSL backscattered electron diffraction detec-
tor (EDAX, Mahwa, New Jersey, USA). Microstructure
scanning was carried out with a step of 250...350 nm,
the structural element reliability criterion was 6+8 points,
with a codirectional orientation within 5°. Based on
the obtained structure maps, histograms of grain-
boundary angles and grain sizes were constructed. The
diameter of a circle with an equivalent area was chosen
as the grain size estimate.
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RESULTS

The initial microstructure of the Mg-1Zn-2.9Y alloy
(Fig. 3a) consists of fine grains (average diameter is
(1.5+0.7) um) slightly elongated as a result of alloy upset-
ting after MIF. The grain size distribution is lognormal
(Fig. 3b), and the histogram of grain-boundary angles
(Fig. 3 c) reveals a maximum around a 30° angle.

As an example, Fig. 4 shows mechanical diagrams for
uniaxial tensile tests of specimens at temperatures of 20
(Fig. 4 a) and 200 °C (Fig. 4 b) with three strain rates.

Due to the fact that the level of AE signals turned out to
be very low even at room temperature, it was possible to
carry out correct tests only for the highest strain rate
(2:102s™). As an example, Fig.5 shows diagrams of
the AE parameters combined with the uniaxial tension
curve in the test temperature range of 20-250 °C and at
a strain rate of 2:1072 5%,

At elevated temperatures of mechanical tests, the pre-
sented diagrams (Fig. 5 b—-d) show a sharp transition to
plastic deformation resembling a yield tooth, which is not
observed in tests at room temperature. The presence of two
kinks is also visible in the diagram. In this interval (from
the “yield tooth” to the last “kink”), the deformation is ac-
companied by a rather powerful AE.

The study of the microstructure in specimens tested at
a maximum strain rate of 2-1072s! at temperatures of 150,
200, 250, and 300 °C was carried out after loading was
stopped at a total strain of 4, 8, and 16 %. As an example,
a view of the microstructure (Fig. 6 a) is shown, as well as
the histograms of grain size distributions (Fig. 6 b) and
grain-boundary angles (Fig. 6 ¢) after tests at a temperature
of 250 °C and with a degree of deformation of 16 %.

According to the results of the studies, no significant
changes in the structure compared to the initial state (Fig. 3)
at all temperatures and degrees of deformation were re-
vealed. The investigated alloy has a high thermal stability,
which is probably related to the presence of the LPSO
phase in it.

Since no significant changes occurred in the structure in
the temperature range of 20-300 °C, to find the boundary of
such “insensitivity”, it was decided to additionally test
the specimens with a strain rate of 5-10° s up to a strain
of 8 % at 350 and 400 °C. As can be seen, in these cases,
the microstructure (Fig. 7, 8) consists of larger grains and
the peak in the histogram of distribution of grain boundaries
over the grain-boundary angles shifted closer to ~90°.

To identify the reasons for the growth of average grain
size, which may be associated with dynamic or static re-
crystallisation, the authors carried out additional studies.
Fig. 9 and 10 show the microstructures of the samples, as
well as the grain size distributions and distributions of
grain-boundary angles after soaking at 400 °C (Fig. 9) and
after soaking at 400 °C of the Mg-1Zn-2.9Y alloy pre-
deformed by 8 % at room temperature with a strain rate
of 5-107% s7* (Fig. 10).

DISCUSSION

At the highest temperature of tests with AE registration
(250 °C), the dependence of the median frequency on time
(of strain) is of oscillatory character (Fig. 5 d). According
to our hypothesis, this may be related to the recrystallisa-
tion nature, in particular, to the fact that, the dynamic re-

crystallisation process in the Mg-1Zn-2.9Y alloy proceeds
continuously (does not coincide in time in spatially separat-
ed regions of the metal) due to the presence of the LPSO
phase in it.

The study of the microstructure in samples tested at
a maximum strain rate of 2-1072 s at temperatures of
150, 200, 250, and 300 °C of testing carried out after
the loading was stopped, and at a total strain of 4, 8, and
16 % (Fig. 6) showed no significant changes compared
to the initial state (Fig. 3). The investigated alloy has
a high thermal stability, which is probably related to
the presence of the LPSO phase in it. However, the fol-
lowing peculiarities were identified:

1) in all cases, except for the initial state, the histograms
of the grain-boundary angles show a high-angle component
(a peak near 90°) associated with twin boundaries
(Fig. 6 ¢), i. e., mechanical twinning was present in all
the cases studied;

2) at the highest strain rate at all temperatures, the grain
size distribution narrows and shifts towards smaller diame-
ters in relation to the initial state, which has a positive ef-
fect on the material functional characteristics.

Comparing the results of action of a temperature
of 400 °C on a material in the static state (in the initial
(Fig. 9) and deformed by 8 % (Fig. 10) states) with the
result of exposure to the same temperature, but in the
dynamic mode (at active deformation (Fig. 8)) demon-
strates fundamental changes. If in the dynamic mode at
a temperature of 400 °C, compared to lower tempera-
tures, the average grain size grows, but at a low grain
size nonhomogeneity (Fig. 8 a, 8 b), then in the static
mode at a temperature of 400 °C, the process of inhomo-
geneous recrystallisation occurs with the formation of
interlayers of large grains (Fig. 9 a, 9 b), which is even
more pronounced after a preliminary deformation of 8 %
(Fig. 10 a, 10 b).

Thus, starting from a temperature of 350 °C, the process
of dynamic recrystallisation in the alloy under study is ac-
companied both by the complete restoration (return) of
the initial microstructure and by coarsening of the grain
size, which can adversely affect the Mg-1Zn-2.9Y alloy
functional parameters.

CONCLUSIONS

Based on the results of mechanical tests of a medical
purpose magnesium alloy of the Mg-Zn-Y alloying sys-
tem, it was found that in the range of test temperature
(150+300) °C and rate (5:107*+2-1072)s™%, no significant
changes occur in the structure compared to the initial state
(after multi-axial isothermal forging). The investigated al-
loy has a high thermal stability, which is obviously attribut-
ed to the presence of the LPSO phase in it. The formation
of a peak near the 90° angle on the histograms of the distri-
bution of grain-boundary angles indicates a significant role
of the twinning process in the overall deformation process.
Moreover, at the highest strain rate over the entire tempera-
ture range, the grain size distribution narrows slightly and
shifts towards smaller diameters, which positively affects
the Mg-1Zn-2.9Y alloy microstructure and the material
functional characteristics.

Starting from a temperature of 350 °C, the process
of dynamic recrystallisation is accompanied both by
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Fig. 2. A unit for uniaxial tensile tests of specimens:
1 — specimen; 2 — jaws; 3 — extensometer; 4 — acoustic emission sensor
Puc. 2. Yemanoska 0nsa ucneimanutl Ha 00HOOCHOE pacmadicerue 00pasyos:
1 - obpaszey; 2 — 3axeamvi; 3 — sxcmenzomemp,; 4 — 0aMUUK AKYCMUYECKOU dIMUCCUU
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Fig. 3. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)
of the Mg-1Zn-2.9Y alloy in the initial state
Puc. 3. Muxpocmpyxmypa (8), pacnpedenenue 3epen no pasmepam (b) u pacnpedenenue no yenam pazopuenmuposku (C)
cnaasea Mg-1Zn-2,9Y 6 ucxoonom cocmosinuu
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Fig. 6. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)
of the Mg—1Zn-2.9Y alloy after temperature tests at 250 °C with a deformation rate of 2-107? s* and deformation degree of 16 %
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Fig. 7. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)
of the Mg—1Zn-2.9Y alloy after temperature tests at 350 °C with a deformation rate of 5-10~2 s~ and deformation degree of 8 %
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Fig. 8. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)
of the Mg—1Zn-2.9Y alloy after temperature tests at 400 °C with a deformation rate of 5-10~3 s* and deformation degree of 8 %
Puc. 8. Muxpocmpyxmypa (8), pacnpedenenue 3epen no pasmepam (b) u pacnpedenenue no yeram pazopuenmupogku (C)
cnnasa Mg—12Zn-2,9Y nocre memnepamypuvix ucnoimanuii npu 400 °C
co ckopocmoio degpopmayuu 5-107° ¢t u cmenenvio degpopmayuu 8 %
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Fig. 10. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)
of the Mg-1Zn-2.9Y alloy after 8 % deformation at room temperature
with a deformation rate of 5-107% s* and further soaking at 400 °C
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the complete restoration (return) of the original micro-
structure and by coarsening of the grain size, which can
adversely affect the material functional characteristics
and is unacceptable with regard to the variability of
technological parameters.

Thus, the Mg-1Zn-2.9Y alloy in the state after multi-
axial isothermal forging has a thermally stable fine-grained
structure, which allows leveling the negative effect of pos-
sible fluctuations in the technological parameters of shaping
in the range of strain temperature (150+300) °C and rates
(5:1042:102) s 7%,
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OTPULIATENIBHOTO BIIMSHHUSA HA OCHOBHBIC CTPYKTYPHBIE XapaKTEpHUCTHKH 00pabaTblBaeMOro MaTepHaia, Ha IpHMepe
CIJIaBa MEAMIIMHCKOTO Ha3HAYECHUs] CUCTEMBI JerupoBanus Mg—Zn-Y. [IpoBeneHsl MexaHUYIECKUE HCIIBITAHUS Onopasia-
raeMoro MarHueBoro cruiasa Mg—-1Zn-2,9Y npu pasznuuHbIX TeMiiepatrypax U CKOpocTsax nedopmanuu. PackpbiTo Bius-
Hue Temieparyp B auanazone 20...400 °C Ha cTpYKTypy U CBOMCTBA cIutaBa cucteMbl Mg—Zn-Y. Hauunas ¢ Temmepary-
pst 350 °C, npornecc AMHAMUYECKOW PEKPUCTAJUIU3AIMU COIPOBOXKAAETCS HE TOJILKO MOJHBIM BOCCTAHOBJIEHHEM (BO3Bpa-
TOM) MCXOJHOH MHUKPOCTPYKTYpBI, HO U YKPYIIHEHHEM pa3MepoB 3€pHa, YTO MOKET HETaTUBHO CKa3aThCsl Ha (hYHKIHO-
HaJIbHBIX XapaKTEepUCTUKaX Marepuana. BrlsgBiieHa BbICOKas TEpMOCTaOMILHOCTH OMOpa3liaraeMoro MarHMeBOTO CILIaBa
Mg-1Zn-2,9Y, uto, BeposiTHO, 00BsicHsieTcss HamuarneM B Hem LPSO-das3sl. Tlokazano, yTo nedopMarioHHBINH TpoIiecce
COTPOBOXK/IaeTCs ABolHMKoBanueM. [Ipu ckopoctn gedopmarmu 2-1072 ¢! Bo BceM TeMIlepaTypHOM JMana3oHe pacrpe-
JIeNICHNE 3epeH TI0 pa3MepaM HECKOJIBKO CYXaeTCsl M CMEIAaeTCsl B CTOPOHY MEHBIINX JHaMeTpoB. Vcroap30BaHne Mmoy-
YEHHBIX PE3yJIBTATOB B TEXHOJOTMYECKUX MPOLECCAaX M3TOTOBIECHUS MOITy()aOpHUKaTOB MEIUINHCKOTO HA3HAYEHHS ITOMO-
JKeT PelHTh MpoOIeMy HecTaOMIBPHOCTH MHKPOCTPYKTYpPHI Ha CTaguH Iepexona oT moiyhadbpukaTa B H3AEIHE NPH
MOCTIe IYIOIIUX TEPMOMEXaHUIEeCKUX 00paboTKax.

Kniouegvie cnosa: MarnueBble CIUIaBbl MEAINIIMHCKOTO Ha3HAueHHUs; OMOpasiaraeMble MarHueBble crutaBel; Mg—1Zn—
2,9Y; TeMneparypHO-CKOpOCTHasi Ae(opMallis; CIUIaB MEIUIIMHCKOTO Ha3HAYEHHs; MarHUeBbIe CIUIaBbl; AMHAMUYECKas
PEKPUCTAILTU3AIHST; DBOJIOLHS MUKPOCTPYKTYPBI.
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Abstract: Unsatisfactory quality of the surface layer of additive products, in particular increased surface roughness,
prevents the widespread use of electron beam powder bed fusion (EBPBF). Electrospark treatment (EST) is one of
the methods for smoothing and hardening the surface layer. The work shows the possibility of modifying the surface of
additive VT6 alloy samples by reactive EST with multicomponent electrodes. For this purpose, the authors used electrodes
made of the FessCrisMo014Y2C15Bg bulk metallic glass forming alloy and the FeCoCrNi, high-entropy alloy. Based on
the results of scanning electron microscopy, it was identified that after EST, both modified layers have a thickness of about
16 um. X-ray diffraction phase analysis showed that in the case of treatment with an amorphous electrode they contain
carboborides of the Ti(B,C) type, and in the case of treatment with a high-entropy electrode — intermetallic of
the Tiy(Fe,Ni) type. The modified layers have average hardness values of 19 and 10 GPa and elastic modulus of 234 and
157 GPa, respectively, which significantly exceeds the values of these parameters for the EBPBF-grown VT6 alloy. Elec-
tric discharge modification of the surface with multicomponent electrodes led to a decrease in roughness by 8...11 times
due to the melting of the protrusions and filling of the dimples with the melt to a depth of more than 50 um. A comparative
analysis of the results of tribological tests showed a change in the wear mechanism as a result of EST of the additive VT6
alloy. Wear resistance increased by 4 and 3 orders of magnitude when using electrodes made of a bulk metallic glass and
high-entropy alloy, respectively.

Keywords: titanium alloy; electron beam powder bed fusion; surface roughness; smoothing; hardening; wear re-
sistance; electrospark treatment; bulk metallic glass forming alloy; high-entropy alloys.
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ty of additive surfaces, various post-processing methods are
used, which are divided into processing with [8-10], and
without [11-13] surface layer removal.

The first group includes methods of mechanical pro-

INTRODUCTION

Poor surface quality is one of the main factors limiting
the development of additive technologies (AT) [1; 2]. Elec-

tron beam powder bed fusion (EBPBF), used to grow tita-
nium products allows obtaining good properties in bulk,
however, defects (unmelted particles, pores, cracks) are
formed on their surface, which reduces surface-sensitive
properties, such as wear resistance [3; 4]. Taken together,
surface defects determine increased roughness [5; 6], which
has a critical impact on the service life and reliability of
manufactured products [7]. Currently, to improve the quali-

cessing and electrochemical processing, which allow ob-
taining rather smooth surfaces with a roughness of less
than 0.5 um. The latter includes laser processing, and sur-
face modification by deposition of coatings. In particular,
in [13], the possibility of using laser polishing of the In-
conel 718 nickel alloy was demonstrated, which allows
reducing the surface roughness Ra from 7.5 to 1 um.
It was shown that laser exposure led to a decrease in grain
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size and an increase in microhardness from 345
to 440 HV. The main disadvantage of such methods is
uncontrolled heating of the blank part, which leads to bulk
recrystallization [14; 15]. The application of electrospark
treatment (EST) of EBPBF-grown products is free of this
disadvantage, since the supplied energy leads to insignifi-
cant heating [16; 17].

The application of electrodes made of multicomponent
alloys, such as bulk metallic glass forming alloys (BMG),
and so-called high-entropy alloys (HEA), in the reactive
EST technology is of particular interest.

Bulk metallic glass forming alloys are based on near-
eutectic compositions of multicomponent systems, in
which the melt solidifies during deep supercooling with
the formation of amorphous or metastable phases [18].
The advantage of these electrodes is their chemical and
structural homogeneity, characteristic of metallic glass-
es, and the near-eutectic composition of low-melting
electrodes ensures deep supercooling of the melt, formed
during local melting of the electrode, spreading of melt
drops over the substrate surface, filling of dimples and
obtaining modified surfaces with an amorphous/nano-
crystalline structure.

The prospects of using in EST technology of multi-
component cast electrodes with high glass-forming
ability produced by vacuum metallurgy, were experi-
mentally shown in [18; 19]. In particular, in [18],
FessCrisMo14Y2C15Bs  and  FegiNisCrsNbgMnsSioBig
cast electrodes were used to perform EST of substrates
made of carbon steel, and VT20 grade titanium alloy
(Ti-6.5A1-V—-Mo-2Zr). EST with amorphous elec-
trodes allowed increasing the hardness of the VT20
titanium alloy by 3 times, and increasing the wear re-
sistance by 3 orders of magnitude. In [19], as a result of
vacuum EST of an AISI 420S steel substrate using
a Fes1Co7CrisMo14C15BgY, electrode, a surface with
an amorphous structure was obtained. It was noted that
the low roughness of the electric discharge surfaces was
ensured, due to the formation of melt drops that spread
over the substrate surface.

Due to the high configurational entropy of mixing com-
ponents, HEAs [20] tend to form a structure of a single so-
lid solution. However, it is metastable, and when heated by
an electric spark discharge, it experiences decomposition,
the products of which, interacting with the substrate ele-
ments, can form a modified layer strengthened by interme-
tallic compounds.

The studies discussed above show that the application of
multicomponent electrodes in the EST technology to im-
prove the quality of additive surfaces is promising, but re-
quires additional study.

The purpose of this study is to test multicomponent al-
loys with high glass-forming ability, and high mixing en-
tropy as electrodes for the reactive EST of the additive VT6
titanium alloy.

METHODS

EBPBF-grown VT6 alloy (Ti-6Al-4V) was used as
substrates (cathodes). Table 1 presents the chemical com-
position of the alloy.

Rod electrodes (anodes), with a diameter of 3 mm made
of bulk metallic glass forming FessCrisM014Y2C15B¢ alloy,
were produced by induction melting followed by casting
the melt into a copper mold at an argon pressure of 0.2 atm.
Multicomponent electrodes made of high-entropy
FeCoCrNi, alloy powder were produced, by hot pressing
(HP) on a DSP-515 SA press (Dr. Fritsch, Germany) in
a vacuum, at a temperature of 950 °C, a pressure of
35 MPa, and an isobaric holding for 3 min.

Electrospark treatment was carried out on an Alier-
Metal 303 machine in an argon environment, using a vibrat-
ing anode holder according to the following mode: current
strength — 120 A; pulse duration — 20 us; voltage — 20 V;
pulse energy — 48 mJ; pulse frequency — 3200 Hz.

The kinetics of mass transfer of multicomponent elec-
trodes onto a titanium substrate during EST (specific anode
erosion AA; and specific weight gain of the cathode AK;),
was measured by the gravimetric method for 5min on
a KERN 770 analytical balance (KERN, Germany) with
an accuracy of 107° g. Measuring of the cathode and anode
mass was carried out every minute after EST on an Alier-
Metal 303 machine.

X-ray diffraction (XRD) phase analysis was carried out
using spectra obtained on a D2 PHASER diffractometer
(Bruker AXS, Germany) in monochromatic Cu-Ka
(AKa=0.15418 nm) radiation in the 26 angle range from 10°
to 120°. Microstructural studies were performed on
an S-3400N scanning electron microscope (SEM) (Hitachi
High-Technology Corporation, Japan), equipped with
a NORAN System 7 X-ray energy-dispersive spectrometer
(Thermo Scientific, USA).

Tribological tests were carried out on a Tribometer fric-
tion machine (CSM Instruments, Switzerland), at room
temperature with reciprocating motion according to the “pin —
plate” scheme. A fixed ball with a diameter of 3 mm made
of 100Cr6 grade steel (analogous to ShH15) was used as
a counterbody. Test conditions: track length is 4 mm, ap-
plied load is 1 and 2 N, maximum speed is 5 cm/s. Obser-
vation of counterbody wear spot was carried out using
an AXIOVERT CA25 optical microscope (ZEISS, Germany)
at x100 magnification. Wear tracks and surface roughness

Table 1. Composition of the VT6 titanium alloy (Ti—-6Al-4V) according to GOST 19807-91
Tadnuya 1. Cocmag mumanogoeo cnaasa BT6 (Ti—6Al1-4V) no F'OCT 19807-91

Concentration, at. %

Ti Al \%

Si Fe Zr

83.74 10.98 4.08

0.57

0.24 0.24 0.15
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were studied using a WYKO NT1100 optical profilometer
(Veeco, USA). Mechanical properties (hardness and elastic
modulus), were studied using a Nano-HardnessTester in-
strument (CSM Instruments, Switzerland) at a maximum
load of 10 mN.

RESULTS

The surface of the substrates was characterized by
a “loose” relief (Fig. 1a), which was formed by unmelted
spherical particles of the original powder with a size of
70...90 um representing typical defects for EBPBF technology.

The substrate structure was two-phase, and consisted of
o and B phases of titanium with lattice parameter of 0.2913
and 0.3152 nm, respectively (Fig. 1 b).

The curves of mass transfer kinetics for both types of
electrodes presented in Fig. 2 indicate an increase in
the thickness of the electric spark layer throughout the en-
tire duration of treatment (5 min/cm?). The curves of mass
increase of titanium alloy substrates, described by a power
function, indicate a low contribution of reverse transfer.
The greatest weight gain (AKs=5.0-10"* g) is observed dur-
ing treatment with a BMG-electrode. At the same time,
the HEA-electrode erosion during treatment of the titanium
substrate additive surface was more intense.

Fig. 3 shows images of microstructure of cross-section
of the EBPBF-titanium alloy after treatment with a BMG-
electrode. The modified layer, about 16 um thick, has
a gradient structure with pronounced dark inclusions.

Intensity, c.u.

According to energy dispersive X-ray spectroscopy
(EDX) data presented in Table 2, these inclusions are TiC
carbide particles. As the distance from the surface increas-
es, the size of the carbide particles increases from 100 to
300 nm. Dark region3 (Fig.3b) at the boundary of
the modified layer, and the substrate contains several ele-
ments (Ti, Fe, Cr, Mo, Al, Y, C) with a predominance of Ti
(51.0 at. %) and corresponds to the zone of primary interac-
tion between the electrode and the substrate.

Images of the titanium substrate microstructure, after
treatment with a HEA-electrode are shown in Fig. 4.
Treatment of the titanium alloy additive surface with
a HEA-electrode also led to the formation of a modified
layer 16 um thick (Fig. 4 a). One can observe that the modi-
fied layer has a structure without inclusions compared to
the layer formed by a BMG-electrode. This layer is charac-
terized by a high Ti content (60...75 at. %) throughout
the entire thickness. EDX (Table 3) showed that the con-
centration of elements in the surface layer (region 1) and
the melt-filled dimples (region 3) is almost the same, which
indicates a uniform distribution of elements throughout
the entire thickness.

Fig. 4 b shows that, due to the action of electric spark
pulses, local melting of both the electrode and the substrate
occurred. The resulting melt filled the surface dimples of
the substrate. The depth of filling of the dimples with
the melt is in the range of 52.3+1.8 um.

Fig. 5 and Table 4 show the results of XRD phase ana-
lysis of modified layers, formed during EST with

30 40 50 60 70 80 90 100 110 120
20,°

b

Fig. 1. Cross-section image («) and diffraction pattern (b) of a VT6 EBPBF sample in the initial state
Puc. 1. Hzobpasicenue nonepeunozo winupa (a) u ougppaxmozpamma (b) COJIC-o6pasya BT6 6 ucxoonom cocmosinuu
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Fig. 2. Cathode weight gain and anode erosion during EST of a titanium alloy with BMG and HEA electrodes:
solid line is substrate weight gain, dashed line is electrode erosion

Puc. 2. [Ipusec kamooa u sposus anooa npu U0 mumanosozo cnraéa OAC- u BOC-anexkmpooamu:
CHJIOWHAS TUHUSL — NPpUBeC Maccol nOOﬂOJlCKu, NYHKMUPHAs TUHUA — 3po3us 3Jze1<mpoba
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Fig. 3. SEM image in the backscattered electron (BSE) mode of the cross-section of the VT6 EBPBF sample
after EST with a BMG-electrode (a); EDX analysis area (inset contains a magnified image of the selected area) (b)
Puc. 3. POM-uzo6padicenue 6 pedcume o6pamuo ompadicennvix snexmponos (BSE) nonepeunozo wnugha COJIC-o6pasya BT6
nocne DUO OAC-snexmpodom (a); obnacmu IC-ananuza (na 6cmasgke ygenuuennoe uzobpascenue gvioenennot oonacmu) (0)

Table 2. EDX analysis results of areas shown at Fig. 3 b
Tabauya 2. Pesynomamor DJJC-ananuza obnacmei, noxazannwvix na puc. 3 b

Concentration, at. %
No.
Fe C Ti Cr Mo Al \Y Y
1 334 24.4 19.6 10.7 8.0 2.7 0.9 0.4
2 32.7 255 19.0 10.5 9.1 2.0 0.8 0.4
3 15.6 19.3 51.0 5.4 4.3 4.0 — 0.4
4 16.1 354 34.1 6.0 5.8 1.3 - —

52

Frontier Materials & Technologies. 2024. No. 1




Mukanov S.K., Loginov P.A., Petrzhik ML.L et al. “Electrospark modification of the surface of additive VT6 alloy...”

Substrate

a

Fig. 4. SEM images in the backscattered electron (BSE) mode:
modified layer of the VT6 EBPBF sample after EST with a HEA-electrode
(insert contains a magnified image of the selected area) (a); a deep dimple filled with the melt during EST (b)
Puc. 4. POM-uzobpadicenus 8 pesxcume obpamno ompagxcennvix snexmpornos (BSE):
moouguyuposannwiii croi COJIC-o6pasya BT6 nocie U0 BOC-anexkmpodom
(Ha écmaske ygenuuennoe uzo0bpagicenue gvloeiennol obaacmu) (), anyboxas enaduna, sanonnennas pacniasom npu U0 (b)

Table 3. EDX analysis results of areas shown at Fig. 4 b
Taoauya 3. Pesynomamor DJ]C-ananuza obnacmeil, nokazannvix na puc. 4 b

Concentration, at. %
No.
Ti Ni Fe Al Cr Co \Y
1 59.4 10.8 8.3 7.1 6.1 55 2.8
2 745 4.7 4.0 8.7 2.4 2.2 3.6
3 65.0 8.9 6.8 7.8 4.3 4.2 3.0
4 86.3 - - 9.5 — - 4.2
H 2 Ti,(Fe,Ni) @aTi(B,C)
= TiNi oTi(FeAl),
A TiFe 0(Ti,V)C

Intensity, c.u.

10 20 30 40 50 60 70 80 90 100110120
20,

Fig. 5. X-ray diffraction pattern of the VT6 EBPBF sample after EST with an electrode:
1 — FessCrisMo14Y2C15Bs BMG-electrode; 2 — FeCoCrNi2 HEA-electrode
Puc. 5. Jugppaxmozpamma CIJIC-o6pazya BT6 nocre DHO snexmpodom:
1 — OAC-snexmpoo FessCrisM014Y2C15Bs; 2 — BOC-anexmpoo FeCoCrNiz
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Table 4. Phase composition of samples subjected to EST
Taonuua 4. @azoewiii cocmas 06paszyos, noosepenymoix IHO

Lattice parameter, nm
Electrode used at EST Phase Portion, wt. %

€)) (b) (c)

Ti(B,C) 44.8 0.8558 - -
Ti(FeAl)z 275 0.4920 - 0.7988

FesgCrisMo014Y2C15Be

(Ti,v)C 14.6 0.2904 - 0.4640

TiFe 13.1 0.3153 - -

Tiz(Fe,Ni) 60.1 1.1296 - -

FeCoCrNi2
TiNi 39.9 0.3039 - —

multicomponent electrodes. At processing with a BMG-
electrode, chemically active titanium interacted with
the electrode elements resulting in the formation of cubic
phases: carbides and intermetallics. According to the EDX
data (Table 2), the carbide particles contain Ti and C. Con-
sidering that the EDX resolution does not allow identifying
boron contained in the BMG-electrode, these particles
(Fig. 3 b) are probably carboborides of the Ti(B,C) type.
The interaction of the Al and V substrate elements with
the electrode leading to the formation of hexagonal
Ti(FeAl), and (Ti,V)C phases was also discovered.

The structure of the layer modified by the HEA-
electrode consists of two phases; the diffraction peaks in
the diffraction pattern can be attributed to the Tix(Fe,Ni)
and TiNi cubic phases. One should note that there is a halo
in both diffraction patterns, confirming the formation of an
amorphous phase during EST, as was found in [18], which
is more pronounced for the sample treated with a BMG-
electrode.

Table 5 presents the results of studying the surface to-
pography of the modified layers. The initial titanium sam-
ple additive surface was characterized by a high roughness
(Ra) of 38.754+3.00 pm. One can see that treatment with
multicomponent electrodes noticeably reduces the values
of the arithmetic average of profile height deviations (Ra)
and maximum peak to valley height of the profile (Rz)
compared to the additive surface of the original titanium
alloy. The minimum surface roughness of 3.53+0.31 pum is
observed when processed with a BMG-electrode, and is
probably determined by the high fluidity of the electrode
material.

The effect of the titanium alloy EST, with multicompo-
nent electrodes on the tribological and mechanical proper-
ties can be traced in Fig. 6 and 7. As one can see in Fig. 6 a,
the starting friction coefficient (FC) for the titanium sub-
strate is 0.23, and it increases monotonically to 0.33 at
the end of the test. When the counterbody slides over the
layer formed by a BMG-electrode, three stages can be seen:
up to 1000 cycles, a low FC (0.09...0.12) remains un-
changed; during the breaking-in period (up to 1500 cycles),
a FC monotonically increases from 0.15 to 0.32, and
the steady-state friction coefficient reaches 0.36. Increasing
the applied load from 1 to 2N on the steel ball led to

an increase in FC up to 0.39. When testing a layer formed
by a HEA-electrode, the starting FC is the highest (0.25),
and after 500 cycles, a more significant increase in FC
up to 0.48 is observed.

The results of measuring mechanical properties
(Fig. 6 b, Table 6) showed that EST leads to an increase in
both hardness (4 times for BMG and 2 times for HEA) and
elastic modulus (1.7 times for BMG and 1.2 times for
HEA) of the titanium alloy. The average hardness values of
the layers formed by the BMG- and HEA-electrodes were
18.742.5 and 10.0+0.9 GPa, respectively.

To study the nature of wear of the samples, the areas of
tribocontact on the counterbody, and the sample were stu-
died (Fig. 7). Fig. 7 a—c shows the wear spot of the steel
ball. The adhering of wear debris to the ball, while main-
taining its spherical shape, confirms the higher hardness of
the counterbody compared to the titanium alloy.

The presence of deep grooves in the counterbody wear
spot (Fig. 7 b, 7 c) indicates a greater hardness of the layer
formed on VT6, during processing with multicomponent
electrodes compared to the counterbody material.

The reduced wear of the untreated titanium alloy is
the highest (10 mm3¥/(N-m)). After treating the titanium
alloy with a BMG-electrode, no wear groove was detected
at a load of 1 N, which corresponds to a reduced wear value
of less than 1077 mm3%/(N-m). Therefore, to test samples
with a modified layer, the load was increased up to 2 N.
With an increase in the applied load from 1 to 2N
(Table 6), the wear of the steel counterbody increased from
3.18 to 3.84-107° mm®/(N-m), while the wear of the modi-
fied layer did not change (<1077 mm3/(N-m)).

DISCUSSION

As known [21], erosion of electrodes during an electric
spark discharge depends on a number of factors: density,
heat capacity, specific heat of fusion, thermal coefficient of
electrical resistance, etc. Their porosity has a great influ-
ence on the erosion resistance of electrodes. Previously
[22], to increase erosion and accelerate mass transfer during
EST, electrodes with increased porosity (5-10 %) produced
by powder metallurgy methods were used. In this study,
HEA-electrodes were produced using HP technology,
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Table 5. Surface roughness of the VT6 alloy EBPBF samples before and after EST
Tabnuua 5. [llepoxosamocmwv nosepxnocmu COJIC-o06pazyos cnniaéa BT6 0o u nocie U0

Sample Ra, pm Rz, pm
EBPBF of the VT6 alloy 38.75+3.00 221.72+38.00
EST with a BMG-electrode 3.53+0.31 36.19+5.00
EST with a HEA-electrode 4.66+0.28 37.26+3.98

Table 6. Tribological and mechanical properties of samples
Tabnuua 6. Tpubonozuueckue u mexanuuecKue ceolcmea oopazyos

1, 1075-mm3/(N-m)
Sample FC (final) H, GPa E, GPa
of a sample of a counterbody
EBPBF of the VT6 alloy 159.60 sticking 0.33 4.7+0.3 136+7
+ EST with a BMG-electrode <1077 3.18 0.36
18.7+2.5 234432
+ EST with a BMG-electrode* <1077 3.84 0.39
+ EST with a HEA-electrode* 3.24 3.33 0.48 10.0+0.9 157+15
Note. *Applied load is 2 N.
Tpumeuanue. *Ipunosicennas nazpysrka — 2 H.
0.7 R +EST with a HEA-electrode
-— - . 0 Ve i
S 0'6_ +EST with a HEA-electrode 360 @b \‘ /’ 2
HQ:J | Z 720 2 / S}
o 0.44 = ] Som
c 0.3 o S/ F
5 03_ 8 4,80 > /,/ ,f _g ;’:
4] Substrate 2t A /// X / /
. . . | //
0 +EST with a BMG-electrode = f;/,;c ' - :
0 20'00 40100 BOIOO Dedom W 1600 200 2000
Number of cycles Depth of indentation, nm
a b

Fig. 6. Experimental dependences of the friction coefficient on the number of cycles (a) and nanoindentation curves (b)
Puc. 6. Dxcnepumenmanbuble 3a6UCUMOCHU KOIDuyLenma mpeHust om KOIU4ecmad yukios (@) u kpussle nanounoenmuposanust (b)

so large erosion values (Fig. 2) can be explained by the
presence of pores in them (porosity is 3.8+0.2 %). The in-
crease in the cathode weight gain (AKs=5.0-10"*g) during
treatment with a BMG-electrode, can be explained by
a lower melting point, higher ability melt to undercooling
(AT=38 °C) and better fluidity [18].

Modified layers, formed during EST with multicompo-
nent electrodes, have a gradient or layered structure. Proba-
bly, such a structure is associated with the mixing of melt
droplets, containing substrate and electrode elements, as

a result of repeated exposure to pulsed electric spark dis-
charges. During EST, spark pulses with a duration of 20 ps,
cause local heating and melting of the anode and cathode,
ensuring their chemical and diffusion interaction leading to
reaction phase formation. Heat removal by the metal sub-
strate provides a high quenching rate of melt (10°-107) K/s
[18; 23], which leads to surface layer hardening.

The modified layer produced by EST, with an amor-
phous FessCrisMo14Y2C15Bg electrode significantly dif-
fers in structure from the layer produced by EST with
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Fig. 7. Micrographs of counterbodies and 3D-images of wear tracks after tribotestins of samples:
the VT6 alloy tested at the load of 1 N (a); of modified layers formed with BMG-electrode (b);
HEA-electrode (c) (both tested at 2 N)
Puc. 7. Muxpogpomoepaghuu xonmpmen u 3D-uz06pasicenuss dopodcek usHoca 0opasyos nocie mpubOUCHbIMaHULL:
ucxoonwiti cnaas BT6 (npu nazpysxe 1 H) (a); mooupuyuposannvie ciou, cpopmuposannvie: OAC-anexkmpooom (b);
BO3C-anexmpoodom (C) (0o6a npu nacpyske 2 H)

a FeCoCrNi; electrode. A characteristic feature of the first
one (Fig. 3) is its gradient structure; the size of Ti(B,C)
carboboride particles varies within 100...500 nm, with larg-
er particles located further from the surface. When treated
with a FeCoCrNi; electrode, a layer is formed with a pre-
dominant proportion of the Tiy(Fe,Ni) intermetallic.
The increased Ti content (Table 3) in this modified layer is
caused by the processing electrode composition. The amor-
phous electrode composition, in contrast to HEA, contains
active metalloids (carbon, boron), which react with Ti
forming new phases (in particular, Ti(B,C)).

As can be observed from Table 5, the roughness of
modified layers, just as the starting FC (Fig. 6 a), was much
lower than that of the additive surface of the original
EBPBF VT6.

As shown in Fig.7b, 7c, in the area of contact of
the counterbody with the modified layers, the wear mecha-
nism changes. It is observed not the adhering of wear pro-
ducts, but the formation of deep grooves, which is more
pronounced after testing a sample treated with a BMG-
electrode, the structure of which contains TiC carbide parti-
cles (Fig. 3). This indicates that the counterbody is scrat-
ched by solid particles crumbled from the modified layer of
the sample at the initial stage of testing, where the abrasive
wear mechanism may predominate. Wear of a sample treat-
ed with a HEA-electrode, occurs both through crumbling at
the beginning of the test and through further grinding of
particles of the solid and brittle Tiy(Fe,Ni) phase, which
leads to smoothing of the counterbody central part by wear

products. In this case, the monotonic increase in the friction
coefficient up to 0.48, with sliding counterbody occurs due
to an increase in the contact area.

Based on the comprehensive tribological study, Fig. 8
shows a schematic representation of the wear mechanism of
the original titanium alloy, and samples with modified lay-
ers. Reduced FC (0.33) when the counterbody slides along
the untreated sample surface is probably caused by the oc-
currence of a solid-phase reaction of chemically active Ti,
with the counterbody ShH15 steel (100Cr6) material. As
a result of this sliding of the ball, wear products adhere to
its surface (Fig. 7 a). Compaction of wear products under
the load, leads to the tribolayer formation in the contact
zone providing a reduced friction coefficient.

Increasing the load up to 2 N, when testing a layer after
treatment with a BMG-electrode, practically, does not lead
to a change in the final friction coefficient (Table 6). This
indicates that the wear of this layer during the entire test
occurred according to the same mechanism. In this case,
an increase in the counterbody wear is observed, but the
wear of the modified layer remains unchanged.

Comparing the XRD results with tribological tests, one
can conclude that the increase in the wear resistance of
the titanium sample treated with a BMG-electrode by
4 orders of magnitude is caused by the formation of Ti(B,C)
carboboride. In the case of treatment with a HEA-electrode,
despite the high volume fraction of Tiy(Fe,Ni), the modi-
fied layer has a rather high reduced wear value of
3.24-107° mm?(N-m) compared to the surface treated with
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Fig. 8. Schematic diagram of the wear mechanism of samples before and after EST
Puc. 8. Cxemamuueckoe uzobpasicenue mexanusma usHoca oopasyos 00 u nocie U0
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Fig. 9. Scheme and 3D-image of the surface of the VT6 EBPBF sample after EST with multicomponent electrodes
Puc. 9. Cxema u 3D-uzobpadsicenue nosepxnocmu COJIC-ob6pasya BT6 nocie DUO mnocokomnonenmuuimu 21eKmpooamu

a BMG-electrode. Thus, the phase composition and micro-
structure of the modified layers correlate with mechanical
and tribological characteristics. The presence of high-
hardness phases (Ti(B,C), Tiz(Fe,Ni)) in the modified lay-
ers, in combination with a fine-crystalline structure, led to
a significant increase in hardness and elastic modulus com-
pared to the VTG alloy.

Fig. 9 presents the scheme for smoothing the additive
surface of a titanium alloy (substrate). Based on the study
of the structure and morphology of the additive sample
surface before (Fig. 1) and after EST (Fig. 3, 4), one can
assume that when processing the EBPBF sample with
multicomponent electrodes, local melting of the protrusions
on their surface occurs with the formation of a melt
consisting of electrode and substrate elements. This melt
spreads over the surface and fills dimples more than 50 um
deep. Thus, the shown in table 5 decrease in the average
surface roughness Ra by 8 and 11 times for the HEA and
BMG electrodes, respectively, can be explained.

CONCLUSIONS

1. Electrospark treatment of additive surface of the titani-
um alloy with electrodes made of multicomponent alloys, led
to the formation of modified layers about 16 pm thick with
a submicron structure. When treated with an amorphous elec-

trode, a gradient structure layer is formed, the size of Ti(B,C)
carboboride particles varies within 100...500 nm with larger
particles located further from the surface.

2. The results of comparative tribological tests of
an EBPBF sample with modified layers showed that EST
with multicomponent electrodes allows increasing the wear
resistance of a titanium alloy. It has been found that an in-
crease by 4 orders of magnitude in the wear resistance of
EBPBF samples of titanium alloy, treated with an amor-
phous electrode, is associated with the formation of Ti(B,C)
carboboride in the surface layer due to the interaction of
the chemically active melt with the substrate.

3. The results of studying the mechanical properties
showed, that EST leads to an increase in both the hardness
(2 and 4 times) and the elastic modulus (1.2 and 1.7 times)
of the VT6 alloy when treated with high-entropy, and
amorphous electrodes, respectively. The quenching of melt
droplets with the formation of hard and wear-resistant in-
termetallics or carboborides plays a key role in the harden-
ing of modified layers during EST.

4.1t has been demonstrated that during EST with
multicomponent electrodes, a melt is formed, which
spreads over the titanium alloy surface filling dimples
more than 50 um deep, which leads to a decrease in sur-
face roughness by 8 and 11 times for the HEA and BMG
electrodes, respectively.

Frontier Materials & Technologies. 2024. No. 1

57



Mukanov S.K., Loginov P.A., Petrzhik ML.L et al. “Electrospark modification of the surface of additive VT6 alloy...”

REFERENCES

1. Murr L.E., Gaytan S.M., Ceylan A. et al. Characteriza-
tion of titanium aluminide alloy components fabricated
by additive manufacturing using electron beam melting.
Acta Materialia, 2010, vol. 58, no. 5, pp. 1887-1894.
DOI: 10.1016/j.actamat.2009.11.032.

2. Leary M. Surface roughness optimisation for selective
laser melting (SLM): Accommodating relevant and ir-
relevant surfaces. Laser Additive Manufacturing: Mate-
rials, Design, Technologies and Applications. Sawston,
Woodhead Publishing, 2017, pp. 99-118. DOI: 10.
1016/B978-0-08-100433-3.00004-X.

3. Karlsson J., Snis A., Engqvist H., Lausmaa J. Characte-
rization and comparison of materials produced by Elec-
tron Beam Melting (EBM) of two different Ti-6Al-4V
powder fractions. Journal of Materials Processing
Technology, 2013, vol. 213, no. 12, pp. 2109-2118.
DOI: 10.1016/j.jmatprotec.2013.06.010.

4. Calignano F., Manfredi D., Ambrosio E.P. et al. Over-
view on Additive Manufacturing Technologies. Pro-
ceedings of the IEEE, 2017, vol. 105, no. 4, pp. 593—
612. DOI: 10.1109/JPROC.2016.2625098.

5. Nasab M.H., Gastaldi D., Lecis N.F., Vedani M.
On morphological surface features of the parts printed
by selective laser melting (SLM). Additive Manufactur-
ing, 2018, vol. 24, pp. 373-377. DOI: 10.1016/j.addma.
2018.10.011.

6. Leuders S., Thone M., Riemer A., Niendorf T., Troster T.,
Richard H.A., Maier H.J. On the mechanical behaviour
of titanium alloy TiAlI6V4 manufactured by selective la-
ser melting: Fatigue resistance and crack growth per-
formance. International Journal of Fatigue, 2013,
vol. 48, pp. 300-307. DOI: 10.1016/j.ijfatigue.2012.
11.011.

7. Fé-Perdomo I.L., Ramos-Grez J., Mujica R., Rivas M.
Surface roughness Ra prediction in Selective Laser
Melting of 316L stainless steel by means of artificial in-
telligence inference. Journal of King Saud University -
Engineering Sciences, 2023, vol. 35, no. 2, pp. 148-156.
DOI: 10.1016/j.jksues.2021.03.002.

8. Asfandiyarov R.N.,, Raab G.I., Gunderov D.V.,
Aksenov D.A., Raab A.G., Gunderova S.D., Shish-
kunova M.A. Roughness and microhardness of UFG
grade 4 titanium under abrasive-free ultrasonic finish-
ing. Frontier Materials & Technologies, 2022, no. 3-1,
pp. 41-49. DOI: 10.18323/2782-4039-2022-3-1-41-49.

9. Bagehorn S., Wehr J., Maier H.J. Application of mechani-
cal surface finishing processes for roughness reduction and
fatigue improvement of additively manufactured Ti-6Al-
4V parts. International Journal of Fatigue, 2017, vol. 102,
pp. 135-142. DOI: 10.1016/}.ijfatigue.2017.05.008.

10.Tan K.L., Yeo S.H. Surface modification of additive
manufactured components by ultrasonic cavitation abra-
sive finishing. Wear, 2017, vol. 378-379, pp. 90-95.
DOI: 10.1016/j.wear.2017.02.030.

11. Yasa E., Kruth J.-P. Microstructural investigation of
Selective Laser Melting 316L stainless steel parts ex-
posed to laser re-melting. Procedia Engineering, 2011,
vol. 19, pp. 389-395. DOI: 10.1016/j.proeng.2011.11.130.

12. Zhang Baicheng, Zhu Lin, Liao Hanlin, Coddet C. Im-
provement of surface properties of SLM parts by at-

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

mospheric plasma spraying coating. Applied Surface
Science, 2012, vol. 263, pp. 777-782. DOI: 10.1016/].
apsusc.2012.09.170.

Fang Zhihao, Lu Libin, Chen Longfei, Guan Yingchun.
Laser Polishing of Additive Manufactured Superalloy.
Procedia CIRP, 2018, vol. 71, pp. 150-154. DOI: 10.
1016/j.procir.2018.05.088.

Barile C., Casavola C., Pappalettera G., Renna G. Ad-
vancements in Electrospark Deposition (ESD) Tech-
nique: A Short Review. Coatings, 2022, vol. 12, no. 10,
article number 1536. DOI: 10.3390/coatings12101536.
Wang De, Deng Shaojun, Chen Hui, Chi Changtai,
Hu Dean, Wang Wengin, He Wen, Liu Xiubo. Micro-
structure and properties of TiC particles planted on sin-
gle crystal superalloy by electrospark discharging. Sur-
face and Coatings Technology, 2023, vol. 461, article
number 129438. DOI: 10.1016/j.surfcoat.2023.129438.
Liu Xiao-Qin, Zhang Yu-Xing, Wang Xiao-Rong,
Wang Zhao-Qin, He Peng. Microstructure and corrosion
properties of AICrxNiCu0.5Mo (x=0, 0.5, 1.0, 1.5, 2.0)
high entropy alloy coatings on Q235 steel by electro-
spark — Computer numerical control deposition. Materi-
als Letters, 2021, vol. 292, article number 129642.
DOI: 10.1016/j.matlet.2021.129642.

Mukanov S.K., Baskov F.A., Petrzhik M., Levashov E.A.
Electro-spark treatment with low-melting Al-Si and Al-
Ca electrodes in order to improve wear and oxidation
resistance of EP741NP alloy prepared by selective laser
melting. Metallurgist, 2022, vol. 66, no. 3, pp. 317-326.
DOI: 10.1007/s11015-022-01331-0.

Petrzhik M., Molokanov V., Levashov E. On conditions
of bulk and surface glass formation of metallic alloys.
Journal of Alloys and Compounds, 2017, vol. 707,
pp. 68-72. DOI: 10.1016/j.jallcom.2016.12.293.
Sheveyko A.N., Kuptsov K.A., Antonyuk M.N., Baz-
lov A.l, Shtansky D.V. Electro-spark deposition of
amorphous Fe-based coatings in vacuum and in argon
controlled by surface wettability. Materials Letters,
2022, vol. 318, article number 132195. DOI: 10.1016/
j.matlet.2022.132195.

Mukanov S., Loginov P., Fedotov A., Bychkova M.,
Antonyuk M., Levashov E. The Effect of Copper on
the Microstructure, Wear and Corrosion Resistance of
CoCrCuFeNi High-Entropy Alloys Manufactured by
Powder Metallurgy. Materials, 2023, vol. 16, no. 3, ar-
ticle number 1178. DOI: 10.3390/ma16031178.
Gitlevich A.E., Mikhaylov V.V., Parkanskiy N.Ya.,
Revutskiy V.M. Elektroiskrovoe legirovanie metalli-
cheskikh poverkhnostey [Electric-Spark Alloying of
Metal Surfaces]. Kishinev, Shtiintsa Publ., 1985. 196 p.
Levashov E.A., Merzhanov A.G., Shtansky D.V. Ad-
vanced Technologies, Materials and Coatings Deve-
loped in Scientific-Educational Center of SHS. Galvano-
technik, 2009, wvol.100, no.9, pp. 2102-2114.
EDN: MWXQPL.

Zhao Wang, Su Hao, He Weifeng, Wang Xiaorong, Cui
Xiaoyu, Luo Sihai. Defect Control of Electro-spark
Deposition WC—-Co Coatings via Adjusting Pulse Ener-
gy and Deposited Layer Number. Journal of Materials
Engineering and Performance, 2023, vol. 32, pp. 1402—
1411. DOI: 10.1007/s11665-022-07204-6.

58

Frontier Materials & Technologies. 2024. No. 1


https://doi.org/10.1016/j.actamat.2009.11.032
https://doi.org/10.1016/B978-0-08-100433-3.00004-X
https://doi.org/10.1016/B978-0-08-100433-3.00004-X
https://doi.org/10.1016/j.jmatprotec.2013.06.010
https://doi.org/10.1109/JPROC.2016.2625098
https://doi.org/10.1016/j.addma.2018.10.011
https://doi.org/10.1016/j.addma.2018.10.011
https://doi.org/10.1016/j.ijfatigue.2012.11.011
https://doi.org/10.1016/j.ijfatigue.2012.11.011
https://doi.org/10.1016/j.jksues.2021.03.002
https://doi.org/10.18323/2782-4039-2022-3-1-41-49
https://doi.org/10.1016/j.ijfatigue.2017.05.008
https://doi.org/10.1016/j.wear.2017.02.030
https://doi.org/10.1016/j.proeng.2011.11.130
https://doi.org/10.1016/j.apsusc.2012.09.170
https://doi.org/10.1016/j.apsusc.2012.09.170
https://doi.org/10.1016/j.procir.2018.05.088
https://doi.org/10.1016/j.procir.2018.05.088
https://doi.org/10.3390/coatings12101536
https://doi.org/10.1016/j.surfcoat.2023.129438
https://doi.org/10.1016/j.matlet.2021.129642
https://doi.org/10.1007/s11015-022-01331-0
https://doi.org/10.1016/j.jallcom.2016.12.293
https://doi.org/10.1016/j.matlet.2022.132195
https://doi.org/10.1016/j.matlet.2022.132195
https://doi.org/10.3390/ma16031178
https://elibrary.ru/mwxqpl
https://doi.org/10.1007/s11665-022-07204-6

Mukanov S.K., Loginov P.A., Petrzhik ML.L. et al. “Electrospark modification of the surface of additive VT6 alloy...”

10.

11.

12.

CIIMCOK JIMTEPATYPHBI

Murr L.E., Gaytan S.M., Ceylan A. et al. Characteriza-
tion of titanium aluminide alloy components fabricated
by additive manufacturing using electron beam melting //
Acta Materialia. 2010. Vol.58. Ne5. P. 1887-1894.
DOI: 10.1016/j.actamat.2009.11.032.

Leary M. Surface roughness optimisation for selective
laser melting (SLM): Accommodating relevant and ir-
relevant surfaces // Laser Additive Manufacturing: Ma-
terials, Design, Technologies and Applications. Saw-
ston: Woodhead Publishing, 2017. P. 99-118. DOI: 10.
1016/B978-0-08-100433-3.00004-X.

Karlsson J., Snis A., Engqgvist H., Lausmaa J. Characte-
rization and comparison of materials produced by Elec-
tron Beam Melting (EBM) of two different Ti-6AI-4V
powder fractions // Journal of Materials Processing
Technology. 2013. Vol.213. Ne12. P. 2109-2118.
DOI: 10.1016/j.jmatprotec.2013.06.010.

Calignano F., Manfredi D., Ambrosio E.P. et al. Over-
view on Additive Manufacturing Technologies // Pro-
ceedings of the IEEE. 2017. Vol. 105. Ne 4. P. 593-612.
DOI: 10.1109/JPROC.2016.2625098.

Nasab M.H., Gastaldi D., Lecis N.F., Vedani M.
On morphological surface features of the parts printed
by selective laser melting (SLM) // Additive Manufac-
turing. 2018. Vol.24. P. 373-377. DOI: 10.1016/j.
addma.2018.10.011.

Leuders S., Théne M., Riemer A., Niendorf T., Troster T.,
Richard H.A., Maier H.J. On the mechanical behaviour
of titanium alloy TiAl6V4 manufactured by selective la-
ser melting: Fatigue resistance and crack growth per-
formance // International Journal of Fatigue. 2013.
Vol. 48. P. 300-307. DOI: 10.1016/j.ijfatigue.2012.
11.011.

Fé-Perdomo I.L., Ramos-Grez J., Mujica R., Rivas M.
Surface roughness Ra prediction in Selective Laser
Melting of 316L stainless steel by means of artificial in-
telligence inference // Journal of King Saud University -
Engineering Sciences. 2023. Vol. 35. Ne 2. P. 148-156.
DOI: 10.1016/j.jksues.2021.03.002.

Acoannuspos P.H., Paa6 I'.11., I'yanepos I.B., Axce-
voB JI.A., Paa6 A.T. Tymmeposa C.J., Hlumkyxo-
Ba M.A. IllepoxoBaTocTh U MHKPOTBEPIOCTH YIbTpa-
Menko3epaucToro tutana Grade 4, moaBeprayToro 6es-
aOpa3uBHOHN YJIBTPa3BYKOBOW (PMHHUIIHON 00paboTke //
Frontier Materials & Technologies. 2022. Ne 3-1. C. 41—
49. DOI: 10.18323/2782-4039-2022-3-1-41-49.
Bagehorn S., Wehr J., Maier H.J. Application of me-
chanical surface finishing processes for roughness re-
duction and fatigue improvement of additively manufac-
tured Ti-6Al-4V parts // International Journal of Fa-
tigue. 2017. Vol. 102. P. 135-142. DOI: 10.1016/j.
ijfatigue.2017.05.008.

Tan K.L., Yeo S.H. Surface modification of additive
manufactured components by ultrasonic cavitation abra-
sive finishing // Wear. 2017. Vol. 378-379. P. 90-95.
DOI: 10.1016/j.wear.2017.02.030.

Yasa E., Kruth J.-P. Microstructural investigation of
Selective Laser Melting 316L stainless steel parts ex-
posed to laser re-melting // Procedia Engineering. 2011.
Vol. 19. P. 389-395. DOI: 10.1016/j.proeng.2011.11.130.
Zhang Baicheng, Zhu Lin, Liao Hanlin, Coddet C. Im-
provement of surface properties of SLM parts by at-

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

mospheric plasma spraying coating // Applied Surface
Science. 2012. Vol. 263. P. 777-782. DOI: 10.1016/j.
apsusc.2012.09.170.

Fang Zhihao, Lu Libin, Chen Longfei, Guan Yingchun.
Laser Polishing of Additive Manufactured Superalloy //
Procedia CIRP. 2018. Vol. 71. P. 150-154. DOI: 10.
1016/j.procir.2018.05.088.

Barile C., Casavola C., Pappalettera G., Renna G. Ad-
vancements in Electrospark Deposition (ESD) Tech-
nique: A Short Review // Coatings. 2022. Vol. 12.
Ne 10. Article number 1536. DOI: 10.3390/coatings
12101536.

Wang De, Deng Shaojun, Chen Hui, Chi Changtai,
Hu Dean, Wang Wengin, He Wen, Liu Xiubo. Micro-
structure and properties of TiC particles planted on sin-
gle crystal superalloy by electrospark discharging // Sur-
face and Coatings Technology. 2023. Vol. 461. Article
number 129438. DOI: 10.1016/j.surfcoat.2023.129438.
Liu Xiao-Qin, Zhang Yu-Xing, Wang Xiao-Rong,
Wang Zhao-Qin, He Peng. Microstructure and corrosion
properties of AICrxNiCu0.5Mo (x=0, 0.5, 1.0, 1.5, 2.0)
high entropy alloy coatings on Q235 steel by electro-
spark — Computer numerical control depaosition // Mate-
rials Letters. 2021. Vol. 292. Article number 129642.
DOI: 10.1016/j.matlet.2021.129642.

MykanoB C.K., backoB ®@.A., Iletpxuxk M.H., JleBa-
moB E.A. DiexTpouckpoBas o0paboTKa JETKOILIaBKHU-
mu aiekrpogamu Al-Si M1 Al-Ca mis moBbieHus
CTOMKOCTU K M3HOCY M OkucieHuto cmasa DI1741HII,
IMOJYYCHHOTO CCJICKTHBHBIM JIA3CPHBIM CIIJIaBJICHUCM /l
Meramwtypr. 2022. Ne3. C. 70-77. DOI: 10.52351/
00260827_2022_03_70.

Petrzhik M., Molokanov V., Levashov E. On conditions
of bulk and surface glass formation of metallic alloys //
Journal of Alloys and Compounds. 2017. Vol. 707.
P. 68-72. DOI: 10.1016/j.jallcom.2016.12.293.
Sheveyko A.N., Kuptsov K.A., Antonyuk M.N., Baz-
lov A.l, Shtansky D.V. Electro-spark deposition of
amorphous Fe-based coatings in vacuum and in argon
controlled by surface wettability // Materials Letters.
2022. Vol. 318. Article number 132195. DOI: 10.1016/
j.matlet.2022.132195.

Mukanov S., Loginov P., Fedotov A., Bychkova M.,
Antonyuk M., Levashov E. The Effect of Copper on
the Microstructure, Wear and Corrosion Resistance of
CoCrCuFeNi High-Entropy Alloys Manufactured by
Powder Metallurgy // Materials. 2023. Vol. 16. Ne 3. Ar-
ticle number 1178. DOI: 10.3390/mal16031178.
I'mtnesnu A.E., MuxaiinoB B.B., Ilapkanckuii H.A.,
Pepynxuii B.M. DOneKTpoHMCKpOBOE JIETMPOBAHUE Me-
TaJuindeckux TmoBepxHocTed. Kummnes: Iltuunia,
1985. 196 c.

Levashov E.A., Merzhanov A.G., Shtansky D.V. Ad-
vanced Technologies, Materials and Coatings Deve-
loped in Scientific-Educational Center of SHS // Gal-
vanotechnik. 2009. Vol. 100. Ne9. P. 2102-2114.
EDN: MWXQPL.

Zhao Wang, Su Hao, He Weifeng, Wang Xiaorong,
Cui Xiaoyu, Luo Sihai. Defect Control of Electro-spark
Deposition WC—-Co Coatings via Adjusting Pulse Ener-
gy and Deposited Layer Number // Journal of Materials
Engineering and Performance. 2023. Vol. 32. P. 1402-
1411. DOI: 10.1007/s11665-022-07204-6.

Frontier Materials & Technologies. 2024. No. 1

59


https://doi.org/10.1016/j.actamat.2009.11.032
https://doi.org/10.1016/B978-0-08-100433-3.00004-X
https://doi.org/10.1016/B978-0-08-100433-3.00004-X
https://doi.org/10.1016/j.jmatprotec.2013.06.010
https://doi.org/10.1109/JPROC.2016.2625098
https://doi.org/10.1016/j.addma.2018.10.011
https://doi.org/10.1016/j.addma.2018.10.011
https://doi.org/10.1016/j.ijfatigue.2012.11.011
https://doi.org/10.1016/j.ijfatigue.2012.11.011
https://doi.org/10.1016/j.jksues.2021.03.002
https://doi.org/10.18323/2782-4039-2022-3-1-41-49
https://doi.org/10.1016/j.ijfatigue.2017.05.008
https://doi.org/10.1016/j.ijfatigue.2017.05.008
https://doi.org/10.1016/j.wear.2017.02.030
https://doi.org/10.1016/j.proeng.2011.11.130
https://doi.org/10.1016/j.apsusc.2012.09.170
https://doi.org/10.1016/j.apsusc.2012.09.170
https://doi.org/10.1016/j.procir.2018.05.088
https://doi.org/10.1016/j.procir.2018.05.088
https://doi.org/10.3390/coatings12101536
https://doi.org/10.3390/coatings12101536
https://doi.org/10.1016/j.surfcoat.2023.129438
https://doi.org/10.1016/j.matlet.2021.129642
https://doi.org/10.52351/00260827_2022_03_70
https://doi.org/10.52351/00260827_2022_03_70
https://doi.org/10.1016/j.jallcom.2016.12.293
https://doi.org/10.1016/j.matlet.2022.132195
https://doi.org/10.1016/j.matlet.2022.132195
https://doi.org/10.3390/ma16031178
https://elibrary.ru/mwxqpl
https://doi.org/10.1007/s11665-022-07204-6

Mukanov S.K., Loginov P.A., Petrzhik M.I. et al. “Electrospark modification of the surface of additive VT6 alloy...”

DJIeKTPOUCKPOBOE MOAU(PUIMPOBAHUE TOBEPXHOCTH aJAUTUBHOTrO ciiiasa BT6

BbICOKOIHTPONMUHBIM U aMOP(HBIM 3JIEKTPOAAMHU
© 2024
Myxanos Camam Kyanovikoeuu™', xanmuuat TeXHUIECKUX HayK, MIAIIMI HAYYHBIA COTPYIHUK
Hay4HO-y4eOHOr0 [IEHTpa CaMOPaCIPOCTPAHSIOIIEr0Cs BHICOKOTEMIIEPATYPHOIO CHHTE3a
Jozunos IMasen Anexcandpouy?, KanauaaT TeXHUYECKUX HAYK, CTAPLINIA HAYYHBIHA COTPYIHUK
Hay4HO-y4eOHOT0 [IEHTpa caMOPaCIPOCTPAHSIONIEr0Cs BHICOKOTEMIIEPAaTyPHOI'O CHHTE3a
Hempacux Muxaun Heanoeuu®, J0KTOp TEXHMYECKUX HaYK,
npodeccop kadeapsl TOPOLUIKOBOW METALTYPIUU U PYHKIIMOHAIBHBIX TIOKPBITHI, BEIyIIHH HAYyYHbIH COTPYJHUK
Hay4HO-y4eOHOT0 [IEHTpa caMOPaCIIPOCTPAHSIOIIEr0cs BHICOKOTEMITEPaTyPHOI'O CHHTE3a
Jegawos Eezenuit Anexcandposeuy®, NoKTop TEXHUYECKHX HAyK, Ipodeccop,
3aBeyronIui Kadeapoii MOpoKOBONH METAJUTYpPriH ¥ (PyHKIMOHAIBHBIX TOKPBITHH,
JVPEKTOP HAyYHO-y4eOHOT0 IEHTPa CaMOPacHpOCTPAHSIONIEr0Cs BEICOKOTEMIIEPATYPHOTO CHHTE3a
Yuusepcumem nayxu u mexnonoeuit MUCHC, Mockea (Poccus)

*E-mail: smukanov@misis.ru 1ORCID: https://orcid.org/0000-0001-6719-6237
20RCID: https://orcid.org/0000-0003-2505-2918
3ORCID: https://orcid.org/0000-0002-1736-8050
4ORCID: https://orcid.org/0000-0002-0623-0013

Iocmynuna 6 peoaxyuio 23.06.2023 Ipunama xk nyboauxayuu 16.11.2023

Annomayun: HeynoBlneTBOPUTENbHOE Ka4eCTBO ITOBEPXHOCTHOTO CJIOSI aJAWTHBHBIX H3/ENNH, B YaCTHOCTH MOBBI-
[IeHHas MIEPOXOBATOCTh MOBEPXHOCTH, MPEMATCTBYET INMPOKOMY MNPHMEHEHHIO CEIEKTUBHOTO JJICKTPOHHO-ITYYEeBOTO
crmasnerns (COJIC). OgauM n3 crioco0OB BBHITTIAKMBAHUS, a TAKKE YIPOYHEHHS IOBEPXHOCTHOTO CIIOS SIBIISICTCS JJIEK-
TpouckpoBas oopadotka (O10O). B paboTe mokazaHa BO3MOXHOCTh MOTU(PHUIIMPOBAHUS IIOBEPXHOCTH aIIUTHBHBIX 00pas3-
oB u3 caBa BT6 myrem peakimonHoit D110 MHOTOKOMITOHEHTHBIMH 3JIEKTpogaMu. [ 3Toro OBUTH MCIIOIE30BaHBI
ANEKTPObl U3 00beMHOaMOpdu3yemoro ciuiaBa FesgCrisMo14Y2C15Bg u BhicokoauTpomnuitnoro cruiaBa FeCoCrNiy. Ilo
pe3ybTaTaM pacTpPOBOW 3IEKTPOHHON MUKPOCKOIMH YCTaHOBIIECHO, YTO mocie DO oba MoaudHUIHpOBaHHBIX CJIOS UMe-
10T TOJIIUHY OKOJO 16 MKM. PeHTreHocTpyKTypHbIi ()a30BbIi aHaNnM3 MOKa3all, YTO B ciydae oOpaboTKH aMopdHBIM
3JIEKTPOIOM OHHM cozaepikat kapbobopuasl Tuna Ti(B,C), a B cirydae 00pabOTKH BHICOKOIHTPOIMHHBIM 3JEKTPOIOM — HH-
tepmeramnapl Thna Ti(Fe,Ni). MoanuunpoBaHHble cJI0M UMEIOT cpeanue 3HadeHust TBepaoctu 19 u 10 I'Tla u moayns
ynpyrocta 234 u 157 I'Tla cOOTBETCTBEHHO, YTO 3HAUYMTEIHHO TPEBHIIIACT 3HAYECHHS ITHX MapameTpoB st ciiasa BT6,
BeIpanieHHoro C3JIC. DiekTporckpoBoe Moau(pUIMPOBaHKNE MOBEPXHOCTH MHOTOKOMIIOHEHTHBIMH 3JIEKTPO/IaMH TIPHBE-
JI0 K YMEHBIICHHIO MIepoXoBaTOCTH B 8...11 pa3 3a cuer oruraBieHus BHICTYIIOB U 3aIlOJHEHHS BIAIMH PACIIaBOM HA TITy-
6uny 6onee 50 MkM. CpaBHHUTENBHBIA aHANN3 PE3yJIbTaTOB TPHOOIOTHUECKUX MCIBITAHNH TTOKA3aJl M3MEHEHNE MEXaHU3Ma
u3Hoca B pesynstare DWO agnutuBHOrO crnasa BT6. M3HOCOCTONKOCTD MOBBICHAACh HAa 4 U 3 MOpPsIKa BEIUYHUHBI IPU
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Abstract: The paper presents the results of the study of the end milling temperature of low-alloy steel depending on

the cutting modes and the type of crystalline structure. The experiment was carried out on a PROMA FHV-50PD uni-
versal milling machine. The blanks were processed using a 12-12D-30C-75L-4F HRC55 carbide milling cutter.
No cooling was used during processing. The obtained data were statistically analyzed to identify the dependence of
the end milling temperature of low-alloy steel on the processing modes and the steel crystalline structure. When creat-
ing a mathematical model of cutting temperature, the authors carried out a bootstrap analysis to identify the significance
of the parameters of the processing modes. The mathematical model was chosen using the Akaike informative criterion.
It was found that mathematical models of the temperature dependence on processing modes for both types of crystalline
structure include the cutting depth in the second power. At the same time, for steel in an ultrafine-grained state, both
the cutting depth and the feed are statistically significant. It was not possible to detect the influence of cutting speed on
temperature in the studied range of processing modes. Thus, when milling this group of materials, the force component
primarily determined by the cutting depth exerts the predominant influence on the temperature regime. The level of
cutting temperature when processing steel in an ultrafine-grained state is generally higher than when processing steel in
a coarse-grained state, which should be associated with the increased physical and mechanical properties of steel with

an ultrafine-grained crystalline structure.

Keywords: material cutting; coarse-grained (CG) and ultrafine-grained (UFG) structure; low-alloy steel; cutting tem-

perature; end milling.
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INTRODUCTION

The study of the properties of bulk nanostructured
metal materials with an ultrafine-grained (UFG) structure
is one of the most promising areas of modern materials
science [1; 2]. However, despite the growing interest in
such materials on the part of researchers and engineers,
there is insufficient data on the cutting machinability of
materials with a UFG structure. There is data on the sur-
face roughness dependence on the type of crystalline
structure of the material being processed when milling
B95 aluminum alloy [3]. It follows from the results of the
study [3] that when processing an alloy with a UFG struc-
ture, the surface quality is higher as compared to an alloy
with a coarse-grained (CG) structure. Similar studies were
carried out for turning 12H18N10T stainless steel [4].
The paper also notes a significant decrease in roughness
parameters when processing materials with a UFG struc-

ture. It follows from work [5], that the microhardness and
microstructure of the near-surface layer of the blank, after
milling, differ for steel with coarse and fine grains.
In work [6] dealing with the study of end milling of mi-
crochannels in a UFG low-carbon steel blank, a decrease
in surface roughness parameters when processing UFG
material is also observed.

The work [7] proposes a convenient and effective me-
thod to determine the constants of the Johnson — Cook model
for UFG titanium. The authors subsequently, used the ob-
tained values of the constants, to calculate the cutting forces
when processing UFG titanium [8]. The work [9] describes
a fast and accurate algorithm for calculating the tempera-
ture when cutting UFG titanium, and notes that the cutting
temperature of the VT6 titanium alloy, with an UFG struc-
ture, is significantly lower than the cutting temperature of
an alloy with a CG structure. The authors of [10] note
an increase in cutting force when processing UFG VT6
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titanium alloy, as well as a decrease in the size of burrs
compared to CG titanium. In [11], based on a study of the
chip parameters, and thermal conductivity of CG and UFG
titanium, the authors concluded on a potential increase in
cutting machinability, and reduction in cutting tool wear
when changing to a structure with fine grains.

At the same time, there is no data on the influence of
steel structure, and processing modes, on cutting tempe-
rature. Cutting temperature is an important factor that
must be taken into account by a technologist, when de-
signing operations for mechanical machining of materi-
als [12]. Cutting temperature affects the cutting tool du-
rability, the machined surface roughness, the dimensio-
nal accuracy of processing, and many other parameters
of the cutting process [13; 14]. Moreover, cutting tem-
perature can be used as one of the main diagnostic sig-
nals along with cutting force [15; 16]. The use of cutting
temperature, as a feedback signal when developing auto-
matic control systems for the treatment process, is worth
noting individually [17; 18].

The purpose of this work is to study the influence of
the coarse-grained, and ultrafine-grained crystalline struc-
ture of 09G2S steel, and its processing modes on the cutting
temperature during end milling.

METHODS

09G2S low-carbon low-alloy steel, GOST 19281-2014
(Table 1) was chosen as the material for the study.

Two samples with dimensions of 40x15x10 mm each
in one of two states were studied: as-delivered state with
a CG structure, and after equal channel angular pressing
(ECAP) according to the Conform scheme (ECAP-C)
with a UFG structure. The ECAP-C technology included:
homogenizing annealing of steel at 820 °C followed by
quenching in water + tempering at 350 °C + cold ECAP-C,
4 passes along the Vs (Bc) route + additional anneal-

ing at 350 °C, with a holding time of 10 min. The pro-
duction technology and properties of the UFG steel are
given in more detail in [19; 20]. Table 2 gives the me-
chanical properties of 09G2S steel before and after
ECAP-C.

The experiment was carried out on a PROMA FHV-
50PD universal milling machine. The blanks were processed
using a 12-12D-30C-75L-4F HRC55 carbide milling cutter.
No cooling was used during processing. The cutting tempera-
ture was recorded using a Seek Thermal Compact XR ther-
mal imager. Thermal imager characteristics: temperature
range is from —40 °C to +330 °C, viewing angle is 20°, reso-
lution is 412x312 pixels, and frame refresh rate is 9 Hz.

When creating a model using a limited amount of da-
ta, bootstrap analysis was used. By creating multiple
random samples with replacement from the original
sample, a test statistic is created to find confidence in-
tervals. Bootstrap analysis was carried out for a confi-
dence interval of 0.95, with a number of samples of 999,
the type of confidence intervals is BCa (corrected per-
centile), and the sampling method is sample of objects.
All calculations were carried out in the R programming
environment.

To search for the best structure of the mathematical
model of cutting temperature, the method of automatic
processing of models and discarding insignificant pa-
rameters, was used. The selection of the regression mo-
del was carried out, using the technique of stepwise for-
ward/backward search, assessing the effectiveness of
the model, according to the AIC criterion, and discarding
insignificant parameters. The Akaike Informative Crite-
rion (commonly called AIC), is a criterion for choosing
between statistical models. The informative criterion
considers the fit of the model to the data, taking into ac-
count the number of model parameters. When evaluat-
ing, preference is given to the model with the minimum
criterion value.

Table 1. Chemical composition of the 09G2S steel (wt. %)
Tabnuya 1. Xumuueckuii cocmag cmanu 09I'2C (mac. %)

Steel C Si

S Ni Cr Al Cu Fe

09G2S 0.09 0.64 1.26 0.007

<0.003 0.1

0.08 0.02 0.14 the rest

Table 2. Average grain size (dav) and mechanical properties of the 09G2S steel in different states

Taonuya 2. Cpeonuii pasmep sepua (day) u mexanuueckue ceoticmea cmanu 09I'2C 6 paznuunvlx cOCMOSHUAX

Steel state dav, pm HB os, MPa 602, MPa 5, %
Initial (CG state) 20.00 143 48543 354+11 25+1.8
After ECAP-C (UFG state) 0.45 331 838+12 655+44 10£1.5
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RESULTS

The results of measuring the cutting temperature for
the 09G2S steel with CG and UFG structure, are given in
Tables 3, 4. It can be observed, that the cutting temperature
depends on both the modes and the type of crystalline struc-
ture, of the alloy.

Fig. 1 shows distribution graphs (box plot) of cutting
temperature for the 09G2S steel in CG and UFG states. In
the graphs, one can see the extreme values (range), outliers,
quartile boundaries, and a median. The graph for steel in the
CG state shows the cutting temperature distribution, with
possible outliers for experiments No. 3 and 5 (Fig. 1 a). For
steel in the UFG state, no outliers were detected (Fig. 1 b).
Fig. 1 shows that the interquartile range (rectangle height) for
UFG steel is 2 times larger, and the median is significantly
higher. Thus, the temperatures when processing 09G2S steel
in the UFG state, are generally higher, than when processing
09G2S steel in the CG state.

Fig. 2, 3 show bootstrap analysis graphs. Bootstrap
analysis displays an assessment of the significance of pro-
cessing parameters when calculating cutting temperature.
Thus, for steel in the CG state, the cutter rotation speed n
and the feed s are insignificant, as can be observed from
Fig. 2 b, 2 c (the abscissa of the peak value of the graph is
near zero for n and s). Therefore, for steel in the coarse-
grained state, the only significant parameter of the model is
the cutting depth t. For the model of the cutting temperature
of steel in the UFG state, the feed s (Fig. 3 ¢), as well as
the depth of cut in the first and second degrees (Fig. 3 b,
3 d) are significant.

The model of the cutting temperature dependence, on
processing modes, for 09G2S steel in the CG state is expressed
by the formula

T=k+c-t+d-t?,

where T is temperature, °C;
t is cutting depth, mm;
k, c, d are adjustable model parameters.

Fig. 4 shows a diagram of the model parameters with
residuals for CG steel. The graphs represent the conver-
gence of the model for all parameters. This is evident from
the closeness of the values with residuals (solid line) and
the model values (dashed line).

The model of the cutting temperature dependence on
processing modes for 09G2S steel in the UFG state is ex-
pressed by the formula

T=t+s+1-t2,

where | is the model parameter.

Fig. 5 shows a diagram of model parameters with resi-
duals for UFG steel. High model convergence is observed.

While studying the influence of processing modes on
the temperature during end milling of blanks made of
09G2S steel in the CG and UFG states, the authors obtained
the following results: for steel in the CG state,
the cutting depth t has the greatest influence on the cutting
temperature; for steel in the UFG state — the cutting depth t
and feed s. In both cases, the dependence of temperature on
cutting depth is described by a second-degree polynomial.

DISCUSSION

The experimental data analysis showed a different
nature of the cutting temperature dependence on pro-
cessing modes for steel in CG and UFG states. Probably,
the higher temperature when processing steel in the UFG
state can be explained by the increased level of physical
and mechanical properties of this steel. This result is
opposite to that obtained in [7] for the cutting tempera-
ture of titanium.

Apparently, to answer fully the question about the in-
fluence of the type of alloy crystalline structure on the
cutting temperature, it is necessary to take into account
the complex of physical and mechanical properties of the
material. Thus, the 09G2S steel studied in this work is
characterized by a significant increase in mechanical
properties with grain refinement. This is most evident
from the increase in the strength of the 09G2S steel,
which increases by 1.7 times (from 485 to 838 MPa)
during ECAP, as well as from the increase in the yield
strength of steel by 1.85 times (from 354 to 655 MPa).
At the same time, the thermal conductivity of steel is
higher than that of titanium. Therefore, one can expect
different patterns of temperature distribution, when cut-
ting steel and titanium. The process of end milling of
09G2S steel, in the CG and UFG states is characterized
by the absence of influence of the cutting speed on
the temperature, in the studied range of processing
modes. Thus, when milling this group of materials,
the force component primarily determined by the cutting
depth, exerts the predominant influence on the tempera-
ture regime. Further research could be aimed at investi-
gating the milling temperature of steel, with different
types of crystalline structure, within a wider range of
cutting speeds. In this case, to carry out experiments, one
may need both higher-speed machining equipment, and
a thermal imager with a wider temperature measurement
range, since the cutting temperature increases with in-
creasing cutting speed.

The research is also complicated by the fact that at
present, blanks from alloys with a UFG structure for
cutting experiments, are produced in single-piece quan-
tities. The shortage of processed material greatly limits
the range of research carried out. Therefore, one can
expect that in the near future, a lack of experimental
data on the cutting processing of alloys with a UFG
structure will continue to be. Partially, mathematical
modeling of experimental results, with a small number
of experiments, helps to find a way out of the situation.
Statistical methods similar to the bootstrap analysis,
used in this work, allow identifying the significance of
factors, and formulating analytical dependencies for
processing parameters, based on a relatively small sam-
ple of experimental data. Thus, the approach proposed
in this study will help, in the future, to continue re-
search into the cutting of alloys with different types of
a crystalline structure. These studies will be necessary
to design technological processes, for the production of
parts from alloys, with an ultrafine-grained crystalline
structure.
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Table 3. Milling temperature of the 09G2S steel in the initial state
Tabnuua 3. Temnepamypa ¢peseposanus cmanu 091 2C 6 ucxo0HoM cocmosHuu

No. Spindle speed Feed Cutting depth Cutting temperature,
of experiment n, rpm s, mm/min t, mm T, °C
1 720 65 0.6 91.3
2 875 65 0.8 84.5
3 720 65 1.0 198.0
4 720 100 0.6 94.0
5 875 100 1.0 259.0*
6 720 470 0.6 90.0
7 720 470 1.0 130.3
8 875 470 0.8 126.3
9 875 185 0.6 115.5
10 720 65 0.8 110.3

Note. *A higher temperature value is possible, since the obtained value is close to the upper limit of the instrument measurement
range (300 °C).

Ipumeuanue. *Bo3moosicHo bonvulee 3HaUeHUe MeMNepamypbl, NOCKOIbKY NOIYYeHHOe 3HaAueHue OIUSKO K 6epXHell epanuye ouand-
30na usmeperust npudopa (300 °C).

Table 4. Milling temperature of the 09G2S steel after ECAP-C
Tabnuya 4. Temnepamypa gpeseposanus cmanu 09I'2C nocie PKYII-K

No. Spindle speed Feed Cutting depth Cutting temperature,
of experiment n, rpm s, mm/min t, mm T,°C
1 720 65 0.6 95.5
2 875 65 0.8 97.3
3 720 65 1.0 163.0
4 720 100 0.6 94.3
5 875 100 0.8 109.5
6 875 100 1.0 195.3
7 720 185 0.6 168.8
8 875 185 0.8 170.3
9 875 185 1.0 258.3*

Note. *A higher temperature value is possible, since the obtained value is close to the upper limit of the instrument measurement
range (300 °C).

Ipumeuanue. *Bo3mooicHo bonvuiee 3HaUeHUe MeMnepamypsl, NOCKOIbLKY NOIYYeHHOe 3HaueHue OIU3KO K 6epXHell epanuye ouana-
30na usmepenus npubopa (300 °C).
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CONCLUSIONS

The main factor influencing the end milling temperature
of 09G2S steel in coarse-grained and ultrafine-grained
states, is the cutting depth. For steel in the ultrafine-grained
state, a significant factor in calculating the cutting tempera-
ture, aside from the cutting depth, is the feed, and its cutting
temperature level is generally higher than that of steel in
the coarse-grained state.
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HccnenoBanue remneparypbl KOHIEBOro pe3epoBaHUsA HU3KOJICTHPOBAHHOM

CTAJIM B KPYITHO3CPHUCTOM M YJIbTPAMEJIKO3CPHUCTOM COCTOSHUAX
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Annomayus: IlpencrapieHsl pe3yIbTaThl HCCIENOBAHUSA TEMIIEPaTyphl KOHIIEBOTO (hpe3epOBaHUSA HU3KOJIETUPOBAHHON
CTall B 3aBHCHUMOCTH OT PEXHMMOB PE3aHMs M THIIA KPUCTANINYECKOH CTPYKTYPBHI. DKCIIEPUMEHT MPOBOAWIICS Ha YHUBEp-
canpHOM (pe3epHoM cranke PROMA FHV-50PD. O6paboTky 3aroToBOK OCYIIECTBIISUTH TBEpAOCIUIaBHON (pe3oit 12-12D-
30C-75L-4F HRCSS. B xone 00paboTKH OXJIakKIAeHHEe HE MCIONB30BAIOCh. [loydeHHbIe JaHHBIE MOABEPTalnuCh CTATUCTH-
YECKOMY aHAJIM3Y C IIENbI0 BEIIBICHHS 3aBUCHMOCTH TEMITepaTyphbl KOHIIEBOTO (pe3epoBaHMs HU3KOJIETUPOBAHHOMN CTaIH OT
PEXUMOB 00pabOTKH U KPHCTAIMIECKON CTPYKTYpHI cTaid. [Ipu co3mannm MaTeMaTHYecKOH MOJENN TeMIlepaTyphl pe3a-
HUS TIPOBOAWIICS OyTCTpel-aHaIN3 JUIsl ONpeeIeHNs] 3HAUMMOCTH IIapaMeTpOB PEKUMOB 00paboTku. Beibop matemarmde-
CKOW MOJIEIIH IIPOU3BOIJICA C UCIIONIF30BaHIEM HHPOpMaMOHHOTO KpuTepus Axanke. OOHapyKeHO, 9TO MaTeMaTHIECKUe
MOJIENN 3aBHCHMOCTH TEMIIEPATYpPBI OT PEKMMOB OOpaOOTKH JUIsi 00OMX THIIOB KPHCTAIMYECKOH CTPYKTYpPBI BKIFOUYAIOT
TIyOuHYy pe3aHusi BO BTOpoi creneHu. [Ipu 3ToM 171t cTany B yIbTPaMEIKO3EPHUCTOM COCTOSIHUM CTaTHCTHYECKH 3HAYNMa
HE TOJIbKO TITyOMHA pe3aHus, HO U Hojaya. BiInsHUs CKOpPOCTH pe3aHusl Ha TeMIepaTypy B HCCIEIyeMOM JHAlla30He PEeKH-
MOB 00pabOTKM OOHapyXUTh HE yAalnock. TakuM oOpa3zoM, Ipu 00paboTke (pe3epoBaHMEM JaHHOH IPYIIBI MaTepHaoB
npeoOiazarolee BIMsSHIE HAa TEMIIEPATYPHBIA PEKUM OKa3bIBaeT CHIIOBAsi COCTABIISIONIAs, B IEPBYIO OYEPEab OnpeessiemMast
ITyOMHOM pe3aHus. YPOBEHb TEMIIEpPATyphl pe3aHus Ipu oOpadoTKe CTald B yIbTPAMEIKO3EPHUCTOM COCTOSHHUU B IIEJIOM
BBIIIE, YeM ITpU 00paboTKe CTajayd B KPYMHO3EPHUCTOM COCTOSIHHHM, YTO JIOJDKHO OBITH CBSI3aHO C NOBBINICHHBIMH (DHU3HKO-
MEXaHHYECKUMH CBOHCTBAMH CTAJU C YIIBTPAMEIKO3EPHNUCTON KPUCTAININIECKOH CTPYKTYPOH.

Knrouegvie cnosa: pezanne marepuainon; kpynaosepuuctas (K3) u ynprpamenkosepuucras (YM3) cTtpykrypa; HU3KO-
JIETHPOBAHHAs CTaJlb; TEMIIEPATYpa pe3aHHusl; KOHIEBOE (hpe3epoBaHHeE.

Bnazooapnocmu: Astops 6xarogapsat aupekropa HUM ®OIIM mpu YumMckoM yHHBEPCHTETE HAyKH W TEXHOIJOTHIHA
(r. Ya) mpoceccopa P.3. Bannesa 3a mo0e3HOE IPEIOCTABICHAE MATEPUAIIOB TSI HCCIICTOBAHIS.

PaGora BBITIONHEHA TIpH (prHAHCOBO# Toepxke PH® (mpoext Ne 20-69-47059, https://rscf.ru/project/20-69-47059/).

Jlna yumupoeanua: Pacropryes JI.A., CeBactesHOB A.A., Knesnos I'.B. HccrnenoBanue Temneparypsl KOHIIEBOTO
(hpe3epoBaHUs HU3KOJIETMPOBAHHON CTAIM B KPYITHO3EPHUCTOM U YJIBTPAMEIIKO3EPHUCTOM cocTosiHusx // Frontier Materials
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Abstract: The scale of heterogeneity of the structures of steels and alloys can be rather large both within one sample
and within a product. The procedure adopted in practice for determining the integral values of crack resistance characteris-
tics cannot always reflect this circumstance. In this regard, it is necessary to develop methods for assessing the crack re-
sistance of a medium with a heterogeneous structure. In this work, the authors determined the crack resistance of large
forgings made of heat-hardenable 38KhN3MFA-Sh steel (0.38%C—-Cr—3%Ni—Mo-V) based on the critical crack opening
d. and the J-integral. The presence of critical stages in the development of a ductile crack during testing was assessed
by acoustic emission measurements. In combination with the obtained methods of digital fractography of 3D images of
fractures, this allowed relating the shape and position of the leading edge of each crack jump to the load-displacement dia-
gram. Measuring the crack opening geometry during the test showed the possibility of determining directly the coefficient
of crack face rotation when estimating d.. In general, this allowed constructing a map of the distribution of parameter J.
values over the thickness of the sample and estimating the scale of the scatter in crack resistance within one sample —
up to 30 %. Such a localization of measurements, primarily of the 6. parameter, is comparable to the scale of heterogeneity
in the morphology of various types of structures, which was assessed based on the measurement of digital images of
the dendritic structure, the Bauman sulfur print, non-metallic inclusions on an unetched section, and ferrite-pearlite band-
ing in the microstructure. This makes it possible to link local crack resistance values to various fracture mechanisms

and their accompanying structural components.

Keywords: heterogeneity of structures; crack resistance; acoustic emission; fractography; quality prediction in metal-
lurgy; critical crack opening; Cherepanov—Rice integral; nonlinear fracture mechanics.
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INTRODUCTION

The production of materials, in particular steels, is cha-
racterized by technological heredity — a mechanism for
the evolution of structure and defects determined by the tech-
nological process trajectory [1; 2]. Within the tolerance
limit of standard technology, a wide range of technological
process trajectories is usually observed, the implementation
of which leads to the formation of various structures in
the material, nominally identical, but differing in the geo-
metry of their structure [3; 4]. This is the reason for the scatter
in properties, primarily viscosity (material’s resistance to
crack propagation), often significant [3; 5].

Within the current GOST 25.506-85, BS 7448-Part 1,
and ASTM E1290 standards, it is assumed that the force
criterion Ky should be determined under the conditions of
plane deformation, the deformation criterion — critical crack
opening 8. and the energy criterion — J-integral should be

determined under conditions of developed plastic defor-
mation and ductile crack undergrowth. All of them give
crack resistance values when testing a sample with a pre-
induced fatigue crack. It is obvious that in the presence of
a heterogeneous structure, the integral value of crack re-
sistance is the result of the “addition” of the crack re-
sistance values of individual structural components,
the level of which is determined, among other things, by
the size, shape of similar structural elements, and their spa-
tial configuration. In this regard, the determination of crack
resistance should provide for the possibility of linking it to
the structure, the heterogeneity of its structure, for example,
as was implemented within the local assessment of cold
brittleness on samples whose dimensions are comparable to
the scale of individual structural components [3]. The up-
dating of regulatory documents related to the determination
of crack resistance on massive samples has actually main-
tained the approaches to its assessment proposed several
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decades ago. Until recently, the solution to this problem
was complicated by difficulties associated with the correct
description of the topography of fractures, in particular, its
labor intensity, which makes their assessment qualitative
[6; 7]. Therefore, for example, it is impossible to identify
objectively the positions of the leading front of a growing
crack in a fracture at the time of its successive jumps. Un-
derstanding this is necessary to identify the patterns of duc-
tile crack propagation kinetics, in particular, in connection
with the need to determine the critical stages of its deve-
lopment [7; 8]. Due to the morphology diversity of similar
structures, which determines differences in the mechanisms
and, consequently, in the crack propagation Kinetics, it is
not always clear to what extent the use of the maximum
load value during testing as a critical value recommended
by regulatory documents corresponds to reality [3; 6].
The use of acoustic emission (AE) for this purpose is not
always accompanied by a comparison with direct results of
measuring the topography of fractures, which complicates
the interpretation of the results obtained [9; 10]. It is obvi-
ous that the development of digital methods for measuring
structures and fractures can allow progressing in this direc-
tion, but a number of issues related to their metrological
support still remain unresolved, which complicates the as-
sessment of the reproducibility and comparability of
the results obtained [3; 11]. However, the consistent deve-
lopment and application of methods for digitalization of
measurements in crack resistance tests should provide
a deeper understanding of the patterns of crack opening and
propagation, which will allow developing refined appro-
aches to determining fracture toughness, including as-
sessing the possibility of linking the results to the structure
heterogeneity. This is important for developing justified
technology solutions aimed at increasing the consistent
quality of metal [3; 5; 12].

The purpose of this work is to clarify the methods for
determining criteria for nonlinear fracture mechanics based
on measuring the crack geometry and opening, and to as-
sess the possibility of linking crack resistance values to
the structure heterogeneity.

METHODS

The metal of large forgings made of heat-hardenable
steels of 38KhN3MFA-Sh (0.38%C—-Cr—3%Ni—Mo-V) and
15Kh2NMFA (0.15%C-2%Cr-Ni—Mo-V) types with vary-
ing degrees of preserved cast structure and 09G2S
(0.09%C—2%Mn-Si) sheet steel (Table 1) produced accord-
ing to current industrial technologies was used as research
objects.

Deep etching in a 50 % aqueous HCI solution
(for ~30 min), 3 % HNOg3 solution (up to 3-55s) was
used to identify the dendritic structure and microstruc-
ture, respectively, and the Bauman method was used to
obtain a sulfur print.

Digital images (in 256 shades of gray) of microstruc-
tures and non-metallic inclusions (NMI) on unetched sec-
tions were obtained using light microscopy (Axio Observer
D1m Carl Zeiss class in the magnification range of 50-
1000 times). To convert the images of macrostructures and
the sulfur print into digital form, the authors also used an
AGFA 1280 digital camera with a CCD matrix and

a DUOSCAN T1200 scanner at a resolution of 500 dpi
(film negatives at a magnification of x0.5, the sulfur print at
the sample scale).

To measure the geometry of structures and fractures,
their primary digital 2D images (in 256 shades of gray)
were converted into a “1-0” matrix (black and white) based
on an analysis of the image brightness field. The illumina-
tion unevenness in the field of view was eliminated by sub-
tracting an optimal degree polynomial; noise (not definitely
identifiable small objects) was removed by filtration (taking
into account the nature of the object’s structure, usually <5—
10 um?) [11].

Assessment of the heterogeneity of the placement of
dark spots of sulfur prints was carried out by dividing the
image into VVoronoi polyhedra — polygons, in each of which
all points are closer to its center than the points in neighbor-
ing polyhedra. In this case, the distribution of distances
between neighboring polyhedra will objectively reflect
the location of the sulfur print dark spots [3]. The difference
in measurement results was assessed based on the non-
parametric Smirnov criterion [13].

Digital three-dimensional images of fractures were ob-
tained at the sample scale using the component module for
the “Optofract — 5M” optical microscope (Russia), as well
as optical units of the MBS-9 microscope (Russia) and
a Nikon J1 digital system camera, resolution 10.1 mega-
pixels. The method resolution was 5-10 um for each of
the three coordinates, the total analyzed volume corre-
sponded to the fracture area in plan (taking into account
measurements in the third direction) [15].

A digital three-dimensional triangulation model based
on the obtained series of photographs was created using the
OpenMVG, OpenMVS software packages and specially
developed service modules in the C++ and Python pro-
gramming languages. As a result of software reconstruction
of the surface, non-textured triangulation models were ob-
tained in the Stanford PLY and Wavefront OBJ formats.
Visualization and editing (surfaces and point clouds) were
carried out using MeshLab and CloudCompare software,
the main 3D relief characteristics were calculated using
Gwyddion software [1].

Fracture toughness tests were carried out using a three-
point bending scheme in accordance with the GOST
25.506-85 standard on an Instron 150LX testing machine
(USA) using rectangular specimens of type 4 (with dimen-
sions of 15x20x120 mm) with a notch and a pre-grown fa-
tigue crack, at loading speed of not more than 0.2 mm/min
at room test temperature.

The force (Kic) and energy (J-integral) crack resistance
criteria were assessed in accordance with the GOST 25.506
standard. The value of the critical crack opening d. was also
determined based on the concept that assumes that crack
opening occurs by rotating its edges around a certain center
(axis) [15, p. 86]:

1
e ——
1+nl+72
B

8, =V,

where V. is the sensor displacement at critical load,;
I is the crack length;
n is the rotation coefficient;
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z is the distance from the displacement sensor location to
the sample;
B is the height of the sample.

The coefficient n was determined experimentally based
on finding the position of the center of rotation of the crack
edges along the sample height (L) [14]:

Bl
oL-(l+2)°

The kinetics of stepped crack propagation was studied
using the AE method and quantitative analysis of fractures.
With a large number N>>1 of small AE pulses, informative
emission signals corresponding to crack jumps, linked to
the “Bending load (P) — Displacement (V)” diagram, were
separated from the cumulative distribution N(A) — the total
number of pulses N with amplitude less than A [16].

The values of the critical crack opening 8. and
the J-integral were determined for each of the first
crack jumps, 8. — also for individual points of the lead-
ing crack edge.

RESULTS

The presence of different-scale structures in materials,
from dendritic patterns of different geometries to micro-
structures of different morphologies, leads to a significant
scatter in properties due to the influence of heterogeneity of
structures on fracture mechanisms. Heterogeneity of struc-
tures at all scale observation levels was also present in the
steels under study. It was observed both within one sample
and from sample to sample. For example, a pair-wise com-
parison of samples of the results of measuring the NMI
areas (at least 2000 pieces per option) at a 100-fold increase
in four equal areas (not less than 80 mm? each) of the sur-
face of an unetched section (total area ~340 mm?) made of
38KhN3MFA-Sh (0.38%C-Cr-3%Ni-Mo-V) steel based
on the Smirnov D criterion identified a significant diffe-
rence with a risk of 0.05 (with a table value of Dggs=1.36%)
(Table 2).

The difference in the criterion experimental values re-
flects the difference in the statistics of the distribution of
non-metallic inclusions areas in the studied parts of
the section, which, in turn, is a consequence of the hetero-
geneity of the forging dendritic structure. This heterogenei-
ty in the geometry of inclusions may be one of the reasons
for the scatter in fracture toughness values.

The Bauman sulfur print morphology evidences the exi-
stence of NMI heterogeneity of a different scale in the same
forgings associated with the presence in their structure of
separate dendritic liquation zones (Fig. 1): columnar dend-
rites reflecting the heat removal direction to the surface of
the forging (peripheral zone), a mixture of equiaxial small
dendrites in the intermediate zone and coarse equiaxial
dendrites in the central one (Fig. 2 a).

For the development of ductile fracture, both the size of
sulfides and their placement on the surface of the polished
section are important: their close location to each other fa-

1 Bolshev L.N., Smirnov N.V. Mathematical Statistics Tables.
Nauka, 1965. 464 p.

cilitates the ductile fracture initiation, and an increase in
their sparseness promotes the development of plastic de-
formation. The selection of the nearest neighbors on
the plane was obtained based on partitioning the sulfur
print image into Voronoi polyhedra (Fig. 2 b, 2 ¢). Parti-
tioning the image into Voronoi polyhedra showed that
the average distances between the centers of the polyhedra
for different liquation zones (peripheral, intermediate
and central) were close and amounted to 3.70+0.02;
3.70+0.01; 3.39+0.02 mm, respectively. The heterogeneity
of the placement of the sulfur print dark spots of the forging
of 38KhN3MFA-Sh (0.38%C-Cr-3%Ni—Mo-V) steel is
evidenced, in particular, by the distribution of distances
between their centers for forging areas corresponding to
different zones of liquation (peripheral, intermediate and
central) reflecting differences in the dendritic pattern mor-
phology (Table 3).

With a similar distribution of distances between spots in
each of the areas of the forgings, as evidenced by the values
of the skewness and kurtosis coefficients (Table 4), differ-
ences are observed between the samples related to the re-
sults of measuring the distances between dark neighboring
spots. This may be one of the reasons for the scatter of
properties over the forging cross-section. The reason for
such heterogeneity in the distribution of sulfides (sulfur
print dark spots) was most likely liquation. A comparison
of samples — the results of measuring the pitch of dendrites,
for example, in the central and intermediate regions of
the forging according to the Smirnov criterion, revealed
their significant difference (Dexp=1.121 > Do11s=1.19).
The dendrite pitch varied from 60 to 3820 um.

The remote consequences of liquation were also reflect-
ed in the microstructure of 38KhN3MFA-Sh (0.38%C-Cr—
3%Ni—Mo-V) steel (a mixture of ferrite and bainite), in
which large ferrite areas were observed. Their diameter
varied from 95 to 386 pm.

The presence of a dendritic structure in forgings made
of 15Kh2NMFA (0.15%C—2%Cr—Ni-Mo-V) steel also
contributed to the formation of uneven distribution of sulfur
print dark spots and the appearance of different grain sizes
in the structure. Etching of samples selected at random re-
vealed austenite grains in the structure differing in the range
of maximum diameter D values (A=Dmax—Dmin): 250 and
90 um, respectively.

Heterogeneity of microstructures is characteristic not
only of steels with a remained cast structure — its remote
consequences can be observed, for example, in rolled pro-
ducts. The result of this may be differences in the scale of
banding in the microstructure over the cross section of an
impact sample made of sheet 09G2S (0.09%C—-2%Mn-Si)
steel (Fig. 3). Comparison of samples of the results of
measuring the pitch of pearlite bands in two fields cut out
from a panoramic image (along the cross section of an im-
pact sample) using the Smirnov criterion showed that they
differ with a risk of 0.05 (Dexp=1.37 > Dg5=1.36).

Thus, it is obvious that the scale of heterogeneity of dif-
ferent-scale structures can be very large; this is typical
when producing the materials, primarily the most wide-
spread — steels. In this regard, assessing the viscosity of
a medium with a heterogeneous structure, which allows

2 See 1.
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Table 1. Chemical compositions of steels under study
Tabnuya 1. Xumuueckue cocmagwl ucciedyemuix cmaneil

Weight fraction of elements, %

Steel
C Mn Si P S Cr Ni Mo \Y Cu

38KhN3MFA

(0.38%C—Cr—3%Ni-Mo-V) 0.41 0.22 0.22 0.02 0.02 0.87 3.32 0.58 0.14 0.03

09G2S

(0.09%C_2%Mn.Si) 02 | 13 | 05 | 004 | 004 | 03 | 03 - - 0.3

15Kh2NMFA

(0.15%C.29%Cr-Ni-Moy) | 013 | 03 | 017 | 002 | 002 | 18 | 10 | 05 | 001 | 003

Table 2. Experimental values of the Smirnov criterion when comparing the results of measuring non-metallic inclusions areas
on four equal-area sections of 38KhN3MFA-Sh (0.38%C—-Cr—3%Ni—Mo-V) steel
Taonuya 2. Sxcnepumenmanvrule 3nauenus Kpumepus CMUpHo8a npu cpasHeHuu pe3ynbmamos usmepeHus

nAoWaoet HeMEeMaNIUHECKUX 6KIIOYCHUL HA YEMbIPeX PAGHBIX N0 NIOWAOU YUACMKAX Waupa
uz cmanu 38XH3IM®A-1I (0,38%C—Cr—3%Ni-Mo-V)

Panorama section 1 2 3 4
1 - 5.57 2.52 1.85
2 5.57 - 7.18 4.39
3 2.52 7.18 - 3.28
4 1.85 4.39 3.28 -

3cm 10 cm 3cm

Fig. 1. Morphology of the dendritic pattern of forging made of 38KhN3MFA-Sh (0.38%C—Cr—3%Ni—Mo-V) steel
and its structure in the central and intermediate regions of the forging
Puc. 1. Mopghonoeus dendpummnozo pucynka noxosxu uz cmanu 38XH3IM®DA-III (0,38%C—Cr—-3%Ni—Mo-V)
u eco cmpoenue 6 L{eHmpa]ZbHOIZ u npOMeofcymouHozZ 001aCMAX NOKOBKU
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Fig. 2. Sulfur print image decomposition (a) into Voronoi polyhedra (b) using the example of the central region
of a forging made of tempered 38KhN3MFA-Sh steel (0.38% C—Cr—3% Ni—Mo-V) and the distribution of distances
between the centers of gravity of the nearest dark spots (c)

Puc. 2. Pazbuenue uzobpasicenus: cepHo2o omneuamxa () Ha noausopsl Boponoeo (b)

Ha npumepe yeumpanbHou obnacmu nokosku uz yryuuiaemou cmanu 38XH3IM®PA-III (0,38%C—Cr—3%Ni—Mo-V)
u pacnpedenenue paccmosiHuil MeNcOy YeHMPAMU MANCeCmu OAUNCAUMUX memHblx nsime (C)

Table 3. Experimental values of the Smirnov criterion obtained when comparing the distribution of the number

of the nearest dark neighbor spots and the distances between their centers for different fragments

of the sulfur print image of the forging made of 38KhN3MFA-Sh (0.38%C-Cr—3%Ni—Mo-V) steel

Taénuua 3. Dxcnepumenmanvhvie 3Havenusi kpumepuss CMUPHO8A, NOLy4eHHble NPU CPABHEHUU PACHPeOeeHUTl YUCLA OIUNCATIUUX
TMeMHBIX NAMeH-coceoell U PACCOAHUL MeXHCOY UX YeHMPAMU, 015 PA3TUYHBIX PpasMeHmos u300paxiceHus

ceprozo omneuamka nokogku uz cmanu 38XH3IM®DA-1II (0,38%C—-Cr-3%Ni-Mo-V)

Forging area under study Peripheral Central Intermediate
. 0.724 (0.6) 0.629 (0.8)
Peripheral - 7.361 (0.05) 2307 (0.05)
Central 0.724 (0.6) B 0.588 (0.9)
7.361 (0.05) 9.356 (0.05)
. 0.629 (0.8) 0.588 (0.9)
Intermediate 2.307 (0.05) 9.356 (0.05) -

Note. The numerator and denominator indicate the experimental values of the Smirnov criterion for the distribution of the number

of the nearest dark spots of the sulfur print and the distance between their centers, respectively. The risks of the hypothesis about their
differences are indicated in parentheses.

Hpu/ueqaﬁue. B yucnumene u 3namenamene YKA3aHsvl OKCnepumeHmajbHoble 3HaA4YeHUsl Kpumepusi CMupHOGG onst pacnpe()eﬂeHu}z uuc-

G ORUNCAUUUX TMEMHBIX NMEH CEepHO2co omnevyamrka U pacCmosHus MleCdy Ux yenmpamu coomeemcmeeHHO. B cxobkax YKasawsvl puc-
KU 2unomesvl 00 ux OMiuUdulL.
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Table 4. Values of the coefficients of skewness and kurtosis of the distributions of the number of neighbors

of the nearest sulfur print dark spots and the distances between them in different areas along the cross-section
of a forging made of 38KhN3MFA-Sh (0.38%C-Cr-3%Ni—Mo-V) steel

Tabnuya 4. 3nauenus K03¢hPuyuenmos acummempuu u dKCyecca pacnpeodeseHuil Yucia coceoell OIuNcatuux
MEMHBIX NAMEH CEPHO20 omnedamKa Mp(lCCWlO}iHMIZ MEDIC())/ HUMU 6 PA3TUYHbIX 001aACMAX NO CEYEHUIO0 NOKOBKU
u3z cmanu 38XH3M®A-I1I (0,38%C-Cr—3%Ni—-Mo-V)

Parameter Coefficient of Peripheral region Central region | Intermediate region
skewness 0.456 0.329 0.410
Number of neighbors
kurtosis 0.167 —0.045 0.183
Distance between the centers skewness 0.719 0.737 0.674
of the nearest dark spots of sulfur print Kurtosis 0421 0518 0.379
lcm
v
4 L'_.' :f : i
500 pm
a
350
285
300
8 . @ left frame
: 250
"E 200 — right frame
S 150 133
(o
100
50 O
m 7 0 2 1 2 0 00 10
O —
1.23 26.11 50.99 75.87 100.75 125.63 150.51 175.39 200.26

Banding pitch, um
b

Fig. 3. The observed difference in the scale of banding in the microstructure along the cross-section of an impact sample
made of sheet 09G2S (0.09%C—-2%Mn-Si) steel in the panorama as a whole and in its different sections (left and right) (a)
and the corresponding distribution of values of a pitch of perlite strips (b)

Puc. 3. Habriooaemoe pasnuuue 8 Macuimabax noiocuamocmu 8 MUKpOCmMpyKmype no ce4eHuio y0apHo2o oopasya
uz aucmosoti cmanu 09I2C (0,09%C-2%Mn-Si) na nanopame 6 yerom u na omoenbHbIX ee yuacmKax (1eom u npasom) (a)
u coomeememeyiouee um pacnpeoenenue 3nadenull waea noioc nepauma (b)
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determining the influence of heterogeneity on the fracture
resistance, becomes relevant.

When determining fracture toughness based on the J-in-
tegral and &, the authors assessed the crack propagation
kinetics using AE, which made it possible to record pulses
during the fracture process (Fig. 4 a). Most of the recorded
pulses were of a noise nature. Filtering of AE signals al-
lowed separating signals corresponding to crack jumps
(with reference to the “P — V” diagram, Fig. 4 b).

The obtained results allowed identifying the scale of dif-
ferences in crack resistance values (critical crack opening)
both within each sample and from forging to forging, in-
cluding the result of crack resistance calculation according to
GOST: ASczécmax_Scmin; A16c=|8CGOST_801|; AmaX8c:|6CGOST_60max|;

min®®=|3cECST—5,M"| (Table 5).

The difference between the 5. values calculated in ac-
cordance with GOST within one sample compared to
the CCO value determined experimentally (5.7%) varied
from 3 to 40 % for 38KhN3MFA-Sh (0.38%C—Cr—3%Ni—
Mo-V) steel, from 15 to 17 % for 15Kh2NMFA (0.15%C-

2%Cr-Ni—Mo-V) steel; it reached 22 and 43 %, respective-
ly, compared to the §.™" minimum opening value.

The J-integral values were also determined for each of
the first five crack jumps, taking into account its under-
growth. The obtained results allowed identifying the scale
of differences in the J-integral values both within each
sample and from sample to sample, including with
GOST: AJ:Jmax_Jmin; A13:|JGOST_J1|; AmaXJ:|\]GOST_\]maX|;
AmaXleJGOST_Jmaxl; AminglJGOST_Jminl (Table 6)

To assess the crack resistance heterogeneity over
the sample section, a map of the distribution of critical
crack opening values for the second — fourth jumps along
the contours of the crack leading edge was compiled
(Fig. 5). The first jump from a fatigue crack was not taken
into account, since the fracture relief was measured only at
the stage of static crack undergrowth.

Therefore, the use of a refined technique for local as-
sessment of the critical crack opening allowed determining
the values of crack resistance . over the cross section of
the sample.
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Fig. 4. Loading — displacement diagram and AE signals during the destruction of a sample
made of 38KhN3MFA-Sh (0.38%C-Cr-3%Ni—Mo-V) steel before (a) and after (b) filtration
Puc. 4. Juacpamma «nazpyska — cmewjenue» u cuenanut A9 npu paspywenuu oopasya
uz cmanu 38XH3IM®A-II (0,38%C-Cr—3%Ni-Mo—V) do () u nocze (b) urempayuu
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Table 5. Scale of heterogeneity of Jc values (mm) of metal forgings with a heterogeneous structure

made of 38KhN3MFA-Sh (0.38%C-Cr—3%Ni—Mo-V) and 15Kh2NMFA (0.15%C-2%Cr—Ni—Mo-V) steels
Tabnuya 5. Macumab neoOHOpoOHOCU 3HAUEHUI Oc (MM) MEMANA NOKOBOK ¢ HEOOHOPOOHOU CIPYKMYPOTL
u3 cmanu 38XH3M®A-LI (0,38%C—-Cr—3%Ni-Mo—V) u I5X2HM®A (0,15%C-2%Cr-Ni-Mo-V)

Steel gﬁmg'eer AP cmax cmin AdC Amad® Amin®
1 0.005 0.108 0.079 0.029 0.031 0.002
2 0.016 0.098 0.077 0.021 0.016 0.005

38KhN3MFA-Sh
(0.38%C-Cr-39N1-Mo_V) 3 0.031 0.121 0.091 0.030 0.031 0.001
4 0.002 0.065 0.052 0.013 0.002 0.015
5 0.007 0.093 0.068 0.025 0.007 0.018
L5KhINMEA 6 0.023 0.347 0.298 0.049 0.051 0.002
(0.15%C-2%Cr-Ni-Mo-V) 7 0.089 0.228 0.152 0.076 0.040 0.116

Table 6. Scale of heterogeneity of J-unmezpana values (MJI/m?) of 38KhN3MFA-Sh (0.38%C-Cr-3%Ni-Mo-V)

and 15Kh2NMFA (0.15%C-2%Cr-Ni-Mo-V) steels

Tabnuya 6. Macwmat neodnopoonocmu suavenuti J-unmezpana (MIowc/m?) cmaneti 38XH3IM®DA-II (0,38%C-Cr-3%Ni-Mo-V)

u 15X2HM®A (0,15%C-2%Cr—Ni-Mo-V)

Steel Sample JeosT Jmax J min A‘] AlJ AmaxJ Amin‘]
number
1 0057 | 0097 | 0066 | 0.031 0.009 0.040 0.009
2 0009 | 0081 | 0047 | 0034 0.044 0.018 0.052
38KhN3MFA-Sh

3 0070 | 0135 | 0083 | 0.052 0.025 0.065 0.013

(0.38%C—-Cr-3%Ni-Mo-V)
4 0062 | 0102 | 0079 | 0023 0.026 0.040 0.017
5 0067 | 0064 | 0039 | 0025 0.028 0.003 0.028
L5KhINMEA 6 0208 | 0587 | 0336 | 0.251 0.038 0.289 0.038
(0.15%C-2%Cr-Ni-Mo-V) 7 0274 | 0189 | 0122 | 0.067 0.106 0.085 0.152

DISCUSSION

The observed difference in crack resistance values with-
in one sample and between samples showed that taking into
account crack undergrowth, including shape restoration of
its leading edge (according to AE measurements and frac-
ture topography), provides a wider range of crack resistance
values, both the critical crack opening 3. and the Che-
repanov—Rice integral (compared to GOST 25.506). This is
significant, since for large forgings made of heat-
hardenable 38KhN3MFA-Sh (0.38%C-Cr—3%Ni—-Mo-V)
and 15Kh2NMFA (0.15%C-2%Cr-Ni-Mo-V) steels,
it was shown that the . values within one sample varied

from 25 to 37% and from 16 to 50 %, respectively.
At the same time, the values determined in accordance with
GOST 25.506 differed from 3 to 34 % for 38KhN3MFA-Sh
(0.38%C-Cr—3%Ni—Mo-V) steel and from 8 to 33 % for
15Kh2NMFA (0.15%C-2%Cr-Ni-Mo-V) steel compared
to the . values characteristic of the first static crack jump
(according to AE measurements).

The J-integral value gives the integral value of the frac-
ture energy for each crack jump. It was shown that the J-in-
tegral values within one sample varied from 29 to 72 % and
from 55 to 75 %, respectively. The study revealed a signifi-
cant difference between the values of the Cherepanov—Rice
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Fig. 5. Map of the heterogeneity of crack resistance distribution (J. values) based on measurements
at the bottom of a macrobrittle square for the second — fourth jumps of a ductile crack
(the first jump from a fatigue crack was not taken into account), 38KhN3MFA-Sh (0.38%C-Cr-3%Ni-Mo-V)
Puc. 5. Kapma HeoOHopoOHocmu pacnpeoeienusi mpewuHoCmMouKocmu (3HaueHutl oc)
10 UBMEPEeHUSAM HA OHe MAKPOXPYNKO20 K8aopama 0Jisl 6Mopo2o — 4emeepmo20 CKAYKo8 633K0U mMpeujuHbl
(nepeviii CKauoK om yCmaiocmHol mpewunsl e yuumoleéancs), cmaio 38XHIM®DA-I (0,38%C-Cr-3%Ni—Mo-V)

integral determined in accordance with GOST 25.506 and
the J-integral values characteristic of the first static crack
jump (according to AE measurements). It was 16-44 % for
38KhN3MFA-Sh (0.38%C-Cr-3%Ni—-Mo-V) steel, 13-
39% for 15Kh2NMFA (0.15%C-2%Cr-Ni—-Mo-V)
steel. This means that using maximum load values as
critical values when determining fracture toughness is
not always valid.

It is important to note that critical crack opening has
the advantage of being able to actually pinpoint the crack
opening within each of the leading edges of a growing
crack (taking into account their curvature and irregular
shape). Hence, the possibility of linking d. values to one
or another destruction mechanism, which is determined
by the type of structure or the features of its local struc-
ture. This is important when identifying the causes of
the scatter in viscosity, determining its structural and
metallurgical factors, and it will allow improving
the objectivity of the prediction of metal destruction as
a whole. ldentifying critical elements of structures is
also necessary for managing the quality of metal pro-
ducts, including in real time, changing from selecting
structures for given properties to designing structures of
optimal configuration [17; 18].

CONCLUSIONS

Direct measurements of images of heterogeneous struc-
tures in large forgings made of 38KhN3MFA-Sh (0.38%C—
Cr-3%Ni-Mo-V), 15Kh2NMFA (0.15%C-2%Cr—Ni-Mo-V)
steels and sheet of 09G2S (0.09%C-2%Mn-Si) steel were
used to assess the degree of heterogeneity of their structure,

the scale of which should definitely be taken into account
when determining their crack resistance. The boundaries of
effective application of the criteria of nonlinear fracture
mechanics are compared: deformation criterion — critical
crack opening 6. and energy criterion — J-integral.
The study showed that, in the case the geometry and Kine-
tics of ductile crack development are measured during frac-
ture toughness testing, it is possible to expand the range of
values of crack resistance characteristics (for each crack
jump on one sample), which is essential for a more com-
plete description of the viscosity reserve of a medium with
a heterogeneous structure. The advantage of critical crack
opening . — the possibility of relating crack resistance
values to the structure — has been identified when as-
sessing structural steels with different-scale structural
heterogeneity.
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O BO3MOKHOCTH JIOKAJTbHOT0 H3MEPEHHUsI TPEUIHHOCTOINKOCTH

KOHCTPYKIHOHHBIX CTAJICH ¢ NPUBA3ZKOU K CTPYKTYype
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Annomayun: Macutab HEOTHOPOJHOCTH CTPYKTYP CTajeil M CIUIaBOB MOXKET OBITh JIOCTaTOYHO BEIIMK B MpeJesax Kak
0JHOTO 00pasia, Tak 1 m3aenus. [IpuHATas Ha NpaKTHKE MPOLEIypa ONpeaeTIeHHs HHTETPATbHBIX 3HAUCHUH XapaKTEPUCTHK
TPEIIMHOCTOMKOCTH HE BCET/Ia MOKET OTPa3HTh 3TO 0OCTOSTENHCTBO. B 3TOM CBS3M HEOOXOANMO Pa3BUTHE METO/IOB OLCHKH
TPEIIMHOCTOHKOCTH CpeJibl C HEOAHOPOIHOM CTPYKTYpOil. B paboTe TpemnHOCTONKOCTh KPYIHBIX TOKOBOK M3 YIy4IIaeMOM
cramu 38XH3M®DA-II (0,38%C-Cr-3%Ni—-Mo-V) onpenenstim Ha OCHOBE KPUTHYECKOTO PACKPBITHSA TPELIMHBI O
n J-uHterpana. Hamnune KpUTHYECKHUX 3TANoOB B Pa3BUTHM BSI3KOH TPEIIMHBI NPH MCHBITAHUN OLECHUBAIH IO N3MEPEHHIM
aKyCTHUYECKOW dMHCcCcHH. B coyeranun ¢ noydeHHbIMU MeToAamu nugpoBoit Gppakrorpadun 3D-1300pakeHUsIMA N3IIOMOB
9TO MO3BOJIMIIO TIPUBA3aTh GOPMY U MOJIOKEHUE MEPEIHEro (PPOHTA KaXOro CKayka TPEUIMHBI K AMarpaMMe «Harpyska —
CMeIIeHney. V3Mepenne TeOMETpHH PacKphITHs TPEHIMHBI B MPOIIECCE MUCIIBITAHMSA ITOKA3aJI0 BO3MOXKHOCTB IIPSIMOTO OTIpe-
Jenenust ko duirenTa BparieHns: O0eperoB TPEIIMHEI IIPU OLIEHKE dc. B 11e10M 3TO M03BOJIMIIO OCTPOUTH KapTy pacrpese-
JICHUS 3HAYCHUH mapamerpa O 1Mo TOJIIHHE 00pasiia i OIICHUTh MaciTad pa3dpoca TPEIIUHOCTOWKOCTH B MPe/eiax OJHOTO
ob6pasna — 10 30 %. Takas sokanu3anyst U3MEPEHHH, B IEPBYIO OYEpEb MTapaMeTpa O, COMOCTaBIMa ¢ MACIITA0OM HEOJHO-
POIHOCTH CTPOCHHS MOP(OJIOTUH PA3INYHBIX THIIOB CTPYKTYp, KOTOPBIA OBUI OIIEHEH Ha OCHOBE M3MEPEHMs LU(POBBIX
N300paKEHUI JCHIPUTHON CTPYKTYPBI, CEPHOrO OTIICYaTKa 1o baymaHy, HEMETaUTHUSCKHX BKJIIOYCHUI HAa HETPABICHOM
umde, GeppruTo-NepIUTHON MOJIIOCYATOCTH B MHKPOCTPYKTYpe. DTO Ta€T BO3MOXKHOCTD JUIS TPUBSI3KH JIOKATBHBIX 3HAUC-
HHUH TPEIIMHOCTOMKOCTH K Pa3IMIHBIM MEXaHM3MaM Pa3pyIICHHs! M COITYTCTBYIOIINM MM CTPYKTYPHBIM COCTaBIISIOIINM.

Kniouegvle cnoea: HEOTHOPOTHOCTD CTPYKTYD; TPELIMHOCTOWKOCTD; aKyCTHUYECKasl IMUCCHS; (hpaKTorpadus; MporHo3 Ka-
YECTBA B METAJUTYPIUH; KPUTUUECKOE pacKpbITUE TPEIIMHBL, MHTerpai Yepenanosa — Palica; HenmMHeHAs MEXaHUKa pa3pyLICHYs.
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Abstract: A coating based on a single-phase medium-entropy CrFeNi alloy with a face centered cubic (fcc) struc-
ture has good ductility, relatively high anti-corrosion properties, low cost, but insufficient strength for its widespread
use. It is assumed that adding strengthening particles in the form of tungsten carbides and borides to the CrFeNi
equiatomic coating will lead to an increase in its mechanical properties. This work studies the influence of tungsten
carbide and boride additives on the structure and microhardness of a CrFeNi equiatomic coating. The coatings were
formed by layer-by-layer short-pulse laser cladding with preplaced powder on a multifunctional laser installation
equipped with a solid-state laser with a lamp pump based on an Nd:YAG crystal. The change in phase composition
when adding strengthening particles was detected using X-ray diffraction analysis and transmission electron micro-
scopy (TEM). Both methods confirmed the precipitation of Cr,3Cs chromium carbide in the deposited coatings. TEM
photographs indicate that the precipitated phase is distributed along the grain boundaries of the y-solid solution.
The study found that the addition of 6 wt. % WC and 3 wt. % WB increases the level of microhardness of the CrFeNi
coating by 26 % (from 340+6 to 430+12 HV 0.025). This occurs due to the presence of Cr,3Cs, WC particles in
the structure and possible microdistortions of the crystal lattice of the y-phase as a result of doping with tungsten
atoms released during the dissolution of tungsten borides and carbides in the process of high-temperature short-pulse
laser heating.

Keywords: CrFeNi coating; medium-entropy alloys; tungsten carbides/borides; short-pulse laser cladding; equiatomic
coatings; microhardness.
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a new class of materials — high-entropy alloys (HEAS).

INTRODUCTION These alloys appeared relatively recently, in 2004, usual-
One of the most rapidly developing areas of modern ly contain at least five elements, and the amount of each
metal science is associated with the development of of them should not be less than 5 at. % [1; 2]. Due to
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significant differences in the processes of structure and
phase formation, HEAs are classified as a separate group
of materials, that have mechanical and functional proper-
ties, as well as thermal stability, different from traditio-
nal alloys (the main element as a matrix and a set of al-
loying elements). As a result, HEAs can have unique
strength, tribological and corrosion properties in a wide
temperature range [3-5].

Medium-entropy alloys (MEAS) consist of three or
more main elements with approximately equal atomic
percentages, and their configuration entropy is in
the range of 1-1.5 R (R is the universal gas constant) [6].
Due to the high mixing entropy associated with a disor-
dered solution of several elements, both MEAs and
HEAs can form stable single-phase solid solutions in
which, in an ideal situation, atoms of different sizes are
uniformly distributed.

Most industrial equipment is exposed to aggressive ex-
ternal influence, such as high thermal and mechanical
loads. To ensure long-term operability, and stability of this
equipment, a functional surface layer (coating) with high
mechanical, anti-corrosion and other properties is required.
It is the surface layers, in which the processes of wear, cor-
rosion, cavitation damage and the initiation of fatigue
cracks develop, which are the main reasons for the failure
of the bulk of parts and mechanisms. Therefore, the use of
expensive HEAs and MEAs, in the form of thin laser coat-
ings, and not in the form of an entirely manufactured part,
will provide a significant economic effect due to material
saving [7].

At the same time, the technology of laser surfacing,
using short-pulse radiation, has a number of significant
advantages. These include the possibility of producing
a homogeneous, and dense layer of coating material of
a specified thickness with a good metallurgical bonding,
with the substrate material [8], as well as the possibility
of forming nonequilibrium microstructures with unique
physical, and mechanical properties [9]. Due to high en-
ergy densities, the thermal effect on the substrate is mi-
nimized [9; 10]. The continuous development of laser
technologies makes them attractive for use, due to rela-
tive ease of operation, low cost, and high processing ef-
ficiency.

The system of Cr—Fe—Ni components is the basis for
a large number of MEAs and HEAs. Taken together, these
components form a medium-entropy equiatomic alloy with
relatively high anti-corrosion, mechanical and wear-
resistant properties, as well as low cost compared to other
multicomponent alloys.

Generally, single-phase face centered cubic (fcc) struc-
ture HEAs and MEAs have good ductility, but low strength
[11]. Therefore, the development of ways to improve
the mechanical properties of these alloys is an up-to-date
area for further research. The strength of multicomponent
alloys can be increased through solid solution strengthen-
ing, by adding elements with a large atomic radius.
The second phase precipitation in the fcc matrix can also
improve the mechanical properties of the alloy [12].

To increase the hardness of traditional alloys, additives
of various strengthening particles are used — carbides, bo-
rides, etc. Tungsten carbide WC is well known for its high
hardness, high chemical stability and oxidation resistance,

which makes it possible to use it as a reinforcing phase in
composite coatings to increase wear resistance [13-15]. It is
known that tungsten borides have good chemical inertness,
high wear resistance and hardness, as well as a high fusion
temperature [16; 17]. Based on this, it can be assumed that
the addition of strengthening particles in the form of tung-
sten carbides and borides during short-pulse laser cladding
of the CrFeNi alloy can be an effective way to increase its
strength characteristics.

The purpose of this work is to study changes in
the structural-phase state and microhardness of a coating
based on an equiatomic CrFeNi alloy, formed by short-
pulse laser cladding with the addition of tungsten car-
bides and borides.

METHODS

Multicomponent coatings, based on medium-entropy al-
loys, were formed by layer-by-layer short-pulse laser clad-
ding, with preplaced powder on a LRS AU multifunctional
laser system (manufactured by the “OKB BULAT”),
equipped with a solid-state Nd:YAG laser (wavelength is
1.065 pm).

The substrate material, was plates of AISI 1035 (che-
mical composition: Fe—-C0.38-Si0.34-Mn0.65-Cr0.13—
Ni0.06—Cu0.09 wt. %; as-delivered state), with dimen-
sions of 45x45x10 mm3. Before applying the coating,
the surface of the plates was cleaned from oxides using
sandpaper. As the base coating material, an equiatomic
alloy of the Cr—Fe—Ni system was used in the form of
a spherical powder, with a fraction of 50-150 um (sup-
plied by PJSC “Ashinsky Metallurgical Plant”, Asha,
Russia), the chemical composition of which is given in
Table 1. To strengthen the CrFeNi matrix of the coating,
GP10BN powder (60% WC + 30 % WB + 10 % Co)
with the fraction of 10-30 um was used produced by
Luoyang Golden Egret Geotools Co., Ltd (China). The sur-
facing material of the multicomponent coating was ob-
tained by mechanically mixing CrFeNi alloy powder,
and the GP10BN powder in amounts of 3 and 10 wt. %.
Consequently, CrFeNi+1.8% WC +0.9% WB +0.3% Co
and CrFeNi + 6 % WC + 3 % WB + 1 % Co coatings were
obtained (wt. %). A coating without adding the alloying
elements (CrFeNi), acted as a base coating to compare
the resulting structural features and micromechanical
properties.

Laser cladding with preplaced powder was used to
apply the coating. A preplaced layer of the material was
produced by applying a suspension (10 g of a mixture of
CrFeNi powder and alloying additive (GP10BN powder);
2 ml of alcohol-rosin solution) and subsequent levelling
with a special device (“knife”) to achieve a uniform
thickness (~200 pum) of the layer over the entire deposited
area. Then, the plate with the applied layer of suspension
was dried with a heat gun for 15-20s. After this,
the plate was placed in a chamber with continuous inert
gas (argon) purging. Laser scanning of the deposited lay-
er of the material was carried out according to the scheme
shown in Fig. 1 a.

The following laser cladding parameters were used:
pulse duration — 3.5 ms; pulse frequency — 20 Hz; pulse
energy — 8.3 J; distance between scanning lines — 0.8 mm;
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Table 1. Chemical composition of CrFeNi powder, wt. %
Taonuya 1. Xumuueckuii cocmas nopowra CrFeNi, mac. %

Fe Ni Cr

Base 35.6 29.8

0.37 <0.001 0.008 1.62

the diameter of the laser spot in the focal plane was ~1 mm.
After this, the deposited coating was re-exposed to laser
action, but with a greater degree of laser defocusing in or-
der to obtain a surface with less roughness. To reduce the
effect of mixing the coating material with the substrate ma-
terial, the coating was applied in three layers.

Measurements of Vickers microhardness (HV) of coat-
ings, as well as the construction of 2D maps of its distribu-
tion, were carried out on a cross-section using a Q10A+
automated microhardness tester (Qness, Austria). The load
on the Vickers indenter was 0.245 N (25 gf), and the hold-
ing time was 10 s. The measurement error was determined
by the standard deviation with a confidence level of p=0.95.
The presence of an optical system, with magnifying lenses,
made it possible to use this equipment for studying
the macrostructure.

X-ray diffraction analysis (XRD) was performed using
a XRD-7000 diffractometer (Shimadzu, Japan) in Cu—Kq
radiation, using a graphite monochromator. X-ray tube
voltage U=40 kV, current 1=30 mA, focus size 1x10 mm?,
external standard is silicon powder. The diffraction spec-
trum was recorded in the angular range of 20=30-120°, in
a step-by-step mode with a scanning step of A6=0.03° and
a pulse accumulation duration of 2 s. Phase identification
was carried out using the PDF-2 database of the Interna-
tional Centre for Diffraction Data (ICDD). The ICDD data
bank also contains a program of quantitative analysis using
the corundum number method, which was applied to deter-
mine the relative content of the phases. Corundum numbers
(the ratio of the intensities of the maximum lines of phases,
and the reference phase of corundum (a-Al2O3) in a 1:1
mixture), are accumulated in the ICDD data bank along
with X-ray phase standards. This method is a semi-
guantitative estimation.

Measurements of the half-width (full width at half
maximum) of diffraction lines, were performed using
the “New_profile” software package (free distribution).
The package includes a set of means for preliminary pro-
cessing of diffraction spectra, (background separation,
elimination of the Ka, component of the doublet). Back-
ground separation was carried out using the least squares
method (LSM); to determine the single maxima parame-
ters, the Lorentz quadratic function was used. The soft-
ware package uses the residual value as a criterion for
the quality of fitting. In the process of fitting the Lorentz
function to the experimental profiles of single maxima,
data on the position of these maxima were obtained,
which were then used to calculate the elementary cell
parameters of the detected phases.

Since the X-ray diffraction spectrum contained broad-
ened diffraction maxima, we analysed the line broadening
using the Williamson—Hall method, which assumes that

the broadening is caused by the small sizes of coherent
scattering regions (CSR) and microdistortions (g) of crystal-
line structure (type Il residual stress). The method is based
on the following relation:

[3=4080tan®+L,
D-cos®

where f is the physical broadening, rad.;
¢ is an average value of microstrains (dimensionless value);
O is Bragg angle;
X is the radiation wavelength (for Cu—K, A=1.54051 A);
D is the CSR size, nm.

Electron microscopy studies were carried out using
a JEM-200CX transmission electron microscope (JEOL,
Japan). Samples (~300 pm thick) for the production of thin
foils were cut out on an electric spark machine, followed by
grinding to a thickness of 50-70 um. Then, they were sub-
jected to double-sided thinning by electropolishing.

RESULTS

Fig. 2 shows a cross-section of a CrFeNi + 6 % WC +
+3% WB + 1 % Co (wt. %) medium-entropy alloy coat-
ing obtained by optical microscopy. As can be seen,
the coating thickness value after three-layer laser clad-
ding varies from approximately 620 to 710 um. The ma-
crostructure of the studied sample shown in Fig. 2 con-
firms that during the laser cladding, a relatively dense,
uniform coating is formed without large defects in
the form of cracks. The coating contains isolated conti-
nuity defects in the form of pores, which are predomi-
nantly round-shaped. It is also worth noting that during
laser cladding, an almost defect-free transition zone was
formed, between the coating material and the substrate
material: there are no peelings of the coating, only iso-
lated elongated pores are observed.

The Vickers microhardness test results indicate an in-
crease in the microhardness of coatings up to 26 %, with
the addition of strengthening additives in the form of
tungsten carbides and borides. As can be seen from
Table 2 and the graph presented in Fig. 3, the average
microhardness of the CrFeNi coating formed by laser
cladding is 340+6 HV 0.025.

An increase in the mass fraction of WC and WB in coat-
ings, leads to an increase in the microhardness level. The aver-
age microhardness level of the CrFeNi+ 1.8 % WC +
+0.9% WB +0.3% Co sample is approximately
380£11 HV 0.025, while this feature for the CrFeNi +
+6%WC+3% WB + 1% Co sample is 430+12 HV 0.025,
which is 12 and 26 %, respectively, higher than that of
the original sample without strengthening additives.
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Fig. 1. Scheme of laser scanning of pre-applied powder (a) and appearance of a steel sample with a fused coating (b)
Puc. 1. Cxema nazepro2o ckanuposans npeosapumenbHO HaAHeCeHH020 NOPOWKA ()
U BHewHULl 610 CMALHO20 00paszya ¢ HanaasieHHblM nokpoimuem (b)

Coating

Fig. 2. Macrostructure of a fused coating based on CrFeNi + 6 % WC + 3 % WB + 1 % Co medium-entropy alloy
in the cross-section plane
Puc. 2. Makpocmpykmypa HaniaeieHHo20 NOKPbIMusi Ha OCHOBe
cpednesnmponuiinozo cnaasa CriFeNi + 6 % WC + 3 % WB + 1 % Co 6 niockocmu nonepeunozo ceuenust

Fig. 4 shows 2D maps of microhardness distribution in
the cross-sectional plane of the studied samples, where are-
as with high microhardness values (465-500 HV 0.025 and
above) are marked in red, and areas with the lowest micro-
hardness values (150-200 HV 0.025) are marked in blue.
As can be seen, the CrFeNi sample is characterised by
a relatively uniform microhardness distribution, in the cross-
sectional plane (Fig. 4 a). Slight deviations in the microhard-

ness distribution are observed in the CrFeNi + 1.8 % WC +
+0.9 % WB + 0.3 % Co coating (Fig. 4 b): areas of the coat-
ing near the “coating — steel” transition zone have a slightly
higher microhardness level.

Fig. 5 presents the XRD results for the CrFeNi +
+6% WC + 3% WB + 1% Co sample. Phase analysis
showed, that the sample contains three phases: y-phase
(CrFeNi-based solid solution), chromium carbide Cr23Cs
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Table 2. The results of measuring microhardness of the studied samples
Tabnuua 2. Pesynomampl usmepeHuss MUKPOMEEPOOCMU UCCIe008aHHbIX 00PA3Y08

Coatin Average value, RMS deviation o, Range R, Coefficient
g HV HV HV of variation Ve, %
CrFeNi 340+6 37 175 10.6
CrFeNi + 1.8 % WC +
+0.9 % WB + 0.3 % Co 380+11 51 263 13.4
CrFeNi + 6 % WC +
+3% WB + 1% Co 430+12 61 328 14.2
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/
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Fig. 3. Graph of changes in microhardness of samples with deposited coatings
depending on the distance from the surface
Puc. 3. I'paghux uzsmenenuss Mukpomeepoocmu 06pasyo8 ¢ HaANIAGIEHHbIMU ROKPLIMUSIMU 6 3A6UCUMOCTIU
om paccmosiHus Om no6epxXHocmu

(Fm-3m space group), and WC tungsten carbide. The ratio of
the diffraction maxima indicates that the y-phase has a distinct
texture with the [200] zone axis. Analysis of the diffraction
peak profiles, showed that their width significantly exceeds
the instrumental width. As a result of the calculations, it was
found that the average size of the y-phase CSR is 59 nm, and
the average value of microstrains (<e¢>) was 0.26 %.

The elementary cell parameters calculated using
the least squares method (RTP 32 programme), and the quan-
titative composition are shown in Table 3. It can be observed
that the lattice parameter of the CrFeNi-based y-solid solu-
tion practically did not change, when adding the tungsten
carbides and borides (a=3.598 A and a=3.599 A, respective-
ly). The presented quantitative analysis results for the
CrFeNi+6 % WC+3% WB +1% Co coating (~86 wt. %
of y, ~13 wt. % of Crx3Cs, ~1 wt. % of WC), are estimating
due to the presence of the y-phase crystallite texture.

The TEM method was used to study the structure of
a CrFeNi alloy formed by short-pulse laser cladding.

Fig.6a, 6b show the sample microstructure features.
Elongated subgrains are observed, inside of which there
are individual dislocations or dislocation cells. The sub-
grain boundaries are wide, consisting of clusters of dislo-
cations. The reflections in the microdiffraction image
(Fig. 6 a) belong only to the y-phase, which is also con-
firmed by the obtained results in [18; 19]. In general,
the sample structure is characteristic of samples obtained
by selective laser melting and is single-phase.

Fig. 7 shows the structural features of the CrFeNi +
+6% WC +3%WB + 1% Co sample. In Fig. 7 a, 7 c, fcc
grains of 1-2 um in size, with an elongated or rounded
shape are visible. There are a small number of dislocations
inside the grains. The Mey3Cs phase precipitated along
the grain boundaries. In the microdiffraction patterns, ex-
cept for the fcc reflections of the solid solution, there is
a network of Me,3Cs reflections (Fig. 7 b). In the dark-field
image (Fig. 7 d), precipitates of the Mex;Cs phase glow
along the grain boundaries.
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Fig. 4. 2D distribution maps of microhardness of deposited coatings in the cross-sectional plane of the samples:
a— CrFeNi; b—-CrFeNi +1.8% WC +0.9% WB + 0.3% Co; c—CrFeNi+ 6% WC + 3% WB + 1 % Co

Puc. 4. 2D-kapmul pacnpedenenuss MUKpPOmMEepoOoCmu HANiaeIeHHbIX NOKPbIMULL 8 NIOCKOCHU NONePEeYHO20 CeYeHUs 00pa3yo8:
a— CrFeNi; b —CrFeNi + 1,8 % WC + 0,9 % WB + 0,3 % Co; ¢ — CrFeNi + 6 % WC + 3% WB + 1 % Co
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Fig. 5. X-ray diffraction pattern of the CrFeNi + 6 % WC + 3 % WB + 1 % Co sample
Puc. 5. Penmeenosckasn ouppaxmozpamma obpaszya CrFeNi + 6 % WC + 3 % WB + 1 % Co
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Table 3. Phase composition, elementary cell parameters of the studied samples
Tabnuua 3. @azoewiii cocmas, napamempuvl 2NEMEHMAPHOU SYEUKU UCCIe008AHHBIX 00PA3Y08

Elementary cell parameters, A

Phase Content, wt. %
a \%
CrFeNi coating
y-phase, Fm-3m 100.0 3.598 46.58

CrFeNi+6% WC +3 % WB +

1 % Co coating

y-phase, Fm-3m 86.2 3.599 46.62
Cr23Cs, FM-3m 12.7 10.660 1214.20
wcC 1.0 - -

Fig. 6. Structure of the CrFeNi sample:
a — bright-field image; in the insert — microdiffraction pattern, [130], zone axis;
b — dark-field image in the 002, reflection

Puc. 6. Cmpyxmypa obpasya CrFeNi:

a — ceemionojibHoe u306pa91ceHue; Ha 6KIAOKE —

Kapmuna Mukpoougparxyuu, ocs 3onut [130],;

b — memnononvnoe uzobpasicenue 6 pegprexce 002,

DISCUSSION

It is important to emphasise that the results of this work
confirm the fundamental possibility of using a CrFeNi
equiatomic alloy as a surface layer formed by laser clad-
ding. This allows saving expensive material. Moreover, to
produce a dense coating and a transition zone (from the
coating to the steel substrate), without continuity defects
(pores), a more careful selection of surfacing technological
modes is apparently required.

The microhardness of the CrFeNi alloy depends on
the manufacturing technology. For comparison, technologies
for producing CrFeNi alloy, not using laser radiation, are cha-
racterised by lower microhardness values. Thus, in [18],
the CrFeNi alloy produced by the spark plasma sintering tech-
nology had an average microhardness of 267 HV. The mi-
crohardness of CrFeNi samples produced by vacuum-arc
melting in an argon atmosphere was approximately 200 HV
[19], while the microhardness of the CrFeNi coating formed
by laser cladding is on average 340+6 HV 0.025.

During this work, it was identified that the addition of
tungsten carbides and borides has a positive influence on
the microhardness values of deposited coatings. A similar
approach, to increasing the strength properties of a CrFeNi
alloy by adding particles, is mentioned in [20]: adding
1 wt. % of yttrium oxide Y203 and 1 wt. % of zirconium Zr
to the CrFeNi alloy, leads to an increase in microhardness
to 474 HV.

Based on the results of the study of the structure and
phase composition, one can assume that this strengthening
effect is caused by the precipitates of special Crz3Cs chro-
mium carbide formed along the grain boundaries of
the y-solid solution. The hardness of Cry3Cs carbide is
1000-1150 HV [21]. The X-ray method did not reveal the
presence of WB tungsten borides in the deposited coating,
which in an amount of 3 wt. % was added to the CrFeNi
equiatomic alloy powder. However, the XRD method iden-
tified a small amount (1 wt. %) of WC tungsten carbide in
the coating (Fig. 5, Table 3), which, along with chromium
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Fig. 7. Structure of the CrFeNi + 6 % WC + 3 % WB + 1 % Co sample:
a - bright-field image; b — microdiffraction pattern, axis of [110], and [110]y,,c, zones;

¢ — dark-field image in the 111, reflection; d — dark-field image in the 222y, ¢ reflection
Puc. 7. Cmpyxmypa obpasya CrFeNi + 6 % WC + 3 % WB + 1 % Co:
a - ceemnononvhoe uzobpadicenue; b — xapmuna muxpoougpaxyuu, ocu son [110], u [110]ye,c, 5

C — memnonoavtioe usoopadicenue ¢ pegpaexce 111, d — memnononvnoe uzobpasicenue 6 pegnexce 222y, .

carbides, causes dispersion strengthening of the coating.
From these data, it follows that tungsten boride complete-
ly dissolved during laser cladding of the coating, and
tungsten carbide dissolved only partially. This is facilitat-
ed by the larger amount of added WC carbide (6 wt. %),
as well as the higher melting point of tungsten carbide
(Tmeltwc=2870 °C), than that of tungsten boride
(TmeItWB=2660 °C).

To form Cr23Cs chromium carbide, the presence of free
carbon is necessary. Despite the fact that the CrFeNi pow-
der for surfacing contains 0.37 wt. % of C, when surfacing
the CrFeNi coating without additives, a single-phase struc-
ture of a y-solid solution is formed. Precipitates of CrxCs
chromium carbide were found only in coatings with addi-
tives. This may lead to the assumption, that part of the WC
tungsten carbides (possibly significant) dissolved due to
high instantaneous power values during the process of
short-pulse laser cladding. In addition, during the crystalli-
zation process, carbon formed compounds with chromium,
as a more active chemical element.

When WC and WB particles dissolve, as a result of la-
ser cladding, tungsten atoms move into a y-solid solution
based on the Cr—Fe—Ni alloying system, replacing individu-
al chromium, iron or nickel atoms at the crystal lattice sites.

This leads to microdistortions of the lattice and correspond-
ing additional coating strengthening.

CONCLUSIONS

This study demonstrated the fundamental possibility of
producing relatively high-quality coatings (with the pres-
ence of isolated pores) based on a CrFeNi equiatomic alloy
with a thickness of 600-700 um using short-pulse laser
cladding with preplaced powder.

TEM method identified that the coating formed from
the CrFeNi alloy without strengthening additives using
short-pulse laser cladding, is characterised by a single-
phase structure (y-solid solution), with a grain size of 1-
2 um. The addition of strengthening particles in the form of
tungsten carbides and borides (WC and WB) to the CrFeNi
matrix, leads to the Me2;Cs second phase precipitation in
the laser coating along the grain boundaries. The results of
X-ray diffraction phase analysis confirm the presence of
the CrxCs phase, in the CrFeNi+6 % WC+3 % WB +
+1 % Co coating, complete dissolution of WB boride and
partial dissolution of WC carbide during laser cladding.
According to approximate calculations (due to the presence
of texture in the y-phase), the content of the Cr,3Cs phase
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precipitated during crystallization is 12.7 wt. %. The ele-
mentary cell parameter of the y-phase does not change sig-
nificantly, when adding strengthening particles to
the CrFeNi-based coating. In both cases it is (3.598-
3.599) A.

The results of Vickers microhardness test indicate that
the microhardness in the cross-sectional plane of the sam-
ples is characterised by relative homogeneity. Only in the
CrFeNi + 6 % WC + 3% WB + 1 % Co coating, individual
areas with an increased microhardness level are observed.
The obtained results indicate the strengthening of CrFeNi-
based coatings by adding tungsten carbides and borides.
The CrFeNi+1.8% WC +0.9% WB +0.3% Co sample
has an average microhardness of 380+11 HV 0.025, which
is 12 % higher than the initial value. The average micro-
hardness of the CrFeNi+6% WC+3%WB +1% Co
sample is 43012 HV 0.025, which is 26 % higher than
the average microhardness level of the CrFeNi coating
(34046 HV 0.025) without strengthening additives.

The strengthening of the CrFeNi + 6 % WC + 3 % WB +
+1 % Co coating is caused by the presence of chromium
carbides (Cr23Cs), and tungsten carbides (WC) particles in
the laser coating structure, as well as, apparently,
the occurrence of microdistortions of the crystalline lattice
of the y-solid CrFeNi-based solution due to its doping with
tungsten atoms precipitated during the dissolution of tung-
sten borides, and carbides in the process of high-
temperature short-pulse laser heating.
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Annomayusn: TlokpeiTHe HA OCHOBE OfHO(A3HOTO cpenHesHTponuiHoro criaBa CrFeNi ¢ rpaHeneHTprupOBaHHON KY-
ouueckoii (I'LIK) cTpykTypoii 001a1aeT XOpOoIIer IaCTHYHOCThIO, OTHOCHTEIBHO BHICOKMMYU aHTHKOPPO3HMOHHBIMHU CBOM-
CTBaMH, HU3KOM CTOMMOCTBIO, HO HEIOCTaTOYHOM NMPOYHOCTHIO JUIS €ro IIHUPOKOro mpuMeHenus. [Ipenmonaraercs, 4yTo
no0aBIIeHNE YIIPOYHSIONINX YACTHI] B BUE KapOuI0B 1 60puaoB Bonb(dpama B skBuaroMHoe CrFeNi-mokpsiTre npuseer
K TIOBBIIICHUIO €0 MEXaHMYECKHX CBOWCTB. B pabore m3yueHo BnmsHHME 100aBOK KapOuma u Gopuna Bosib(ppama Ha
CTPYKTYpPY M MHKPOTBepAOCTh 3kBHATOMHOro CrFeNi-mokpeiTrsa. @opMHpOBaHHE MOKPBITHHA OCYIIECTBISIIOCH ITyTEM
MOCJIOMHOTO KOPOTKOMMITYJIbCHOTO JIA3€PHOTO OIUIABJICHUS MPEABAPUTEIHHO HAHECCHHOTO MOPOIIKa Ha MHOTO(YHKIIHO-
HaJIbHOW JIa3€pHOIM YCTAaHOBKE, OCHALEHHOW TBEPIOTEJBHBIM Ja3€poOM C JIAMIOBOM HAaKauKOW Ha OCHOBE KpHCTaslia
Nd:YAG. Usmenenne (a3oBoro cocraBa Hpu A00ABICHUH YIPOYHSIONIUX YACTHUI[ BBIABISUIOCH C MMOMOIIBIO METOIO0B
PEHTI€HOBCKOTO JTU(PAKIIMOHHOTO aHAIN3a M MPOCBEYMBAOIIEH AIeKTpOHHOI Mukpockonuu (ITOM). O6a merona noa-
TBEP/MJIM BBIJCJICHUE B HAIUIaBICHHBIX HMOKPHITUSX KapOouna xpoma CrCe. ®oTorpaduu, monydeHHbIE NMPH MOMOIIN
[15M, yka3bIBalOT Ha TO, YTO BbLAeNseMas (asza pacrpezieseHa Mo rpaHuliaM 3epeH Y-TBEpAOro pacTBopa. Y CTaHOBJICHO,
yro nob6asienue 6 mac. % WC u 3 mac. % WB nossiiaet ypoBenb MukpotBepaoctu CrieNi-mokpeitus Ha 26 % (¢ 34016
1o 430+12 HV 0,025) BcnencrBue Hanmmuust B crpykrype yactun Cr3Cs, WC 1 BO3MOXXHBIX MHUKPOUCKaXKEHUH KpHCTal-
JIMYECKO pemieTku y-(ha3bl B pe3ysibTaTe JETHPOBaHHs aTOMaMHu BoJb(paMa, BBICBOOOAMBIIUMHUCS NPU PACTBOPEHHUHU 0O-
PHIOB M KapOKI0B BoJIb(paMa B MPOLIECCE BHICOKOTEMIIEPATYPHOI'O KOPOTKOMMITYJIbCHOTO JIA3€PHOTO Harpena.

Knroueswie cnosa: CrFeNi-nokpsiTre; CpeqHEIHTPONUIHBIC CIIaBbI; KapOUAB/00pH bl BONb(MpaMa; KOPOTKOUMITYJIb-
CHasl JJa3epHasl HalIaBKa; 3KBUATOMHBIE TIOKPBITHS; MUKPOTBEPOCTb.
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Abstract: The experience of many-year research has shown that optimizing the steel chemical composition and micro-
structural characteristics, as well as reducing its contamination with non-metallic inclusions (NMI), it is possible to signifi-
cantly increase the corrosion resistance of oilfield pipeline steels and increase the time of their trouble-free operation.
The influence of complex NMIs on the steel corrosion resistance is determined by both the chemical composition of NMIs
and their quantitative ratios. Therefore, obtaining metal products of the required quality is possible only when using
the “control by structure” principle. In the work, based on the analysis of brightness fields of images (on a sample scale) in
256 shades of gray, the authors proposed digital, metrologically supported procedures for measuring the NMI heterogenei-
ty of low-carbon oilfield steels: eliminating the heterogeneity of field illumination, justifying the criteria for binarization
and noise filtering. For low-carbon steels of various types of melting, the authors identified the key role of dispersed non-
metallic inclusions ranging in size from 5-10 um? to 2 nm? in the formation of the corrosion resistance of steels. This may
explain why, in some cases, there is no interrelation between the corrosion rate and the fracture resistance of steels,
the formation of which is determined by larger particles. When representing the NMI as a set of random points on
the plane, the distribution of distances between the nearest ones is estimated based on Voronoi polyhedra statistics.
The study shows that an increase in the kurtosis coefficient of distributions of polyhedra areas is accompanied by an in-
crease in the corrosion rate of the steels under study. This indicates the negative impact of heterogeneity in the arrange-
ment of dispersed NMIs on the corrosion resistance of steels.

Keywords: digital measurements of structures; quality management by structure; non-metallic inclusions in steel; cor-
rosion resistance of oilfield pipes.
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INTRODUCTION

Producing high-quality steel is possible only when con-
trolling the non-metallic inclusions (NMI) present in it,
which are an inevitable product of the technological process
[1; 2]. The size of inclusions in steel depends on their origin
and can vary from 0.01 microns to 10 mm. Due to their
small volume fraction, NMls primarily affect the destruc-
tion processes, but each size group affects in its own way
[1]. Large inclusions visible to an unaided eye contribute to
the formation of areas of destruction or corrosion. Small
inclusions (less than 1 mm) can lead to the formation of
fatigue failure sites. Dispersed inclusions can affect
the plastic properties, and susceptibility to the austenite
grain growth [3]. The quality of the metal is determined
both by the NMI volume fraction, and size and by their

shape and heterogeneity of location. In turn, analysis of
the NMI chemical and phase composition, makes it possible
to diagnose their origin for further elimination of the nega-
tive impact. The works [4-6] reflect the peculiarities of
the influence of the size, shape and type of inclusions, on
the mechanical properties of structural steels. NMI conta-
mination is one of the main reasons for the rapid failure of
oil pipes [7]. The corrosion activity of complex Nis, present
in modern steels, depends on their chemical and phase
composition, the optimization of which can prevent the ne-
gative impact of NMls on the corrosion resistance of steels,
under service conditions of oilfield pipelines [8].

Due to the significant influence of NMls on the proper-
ties of steel, various methods are used to analyze them.
To study the chemical composition of single NMls, scan-
ning electron microscopy, with the possibility of performing
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X-ray spectral microanalysis is used. To determine the size
and shape of inclusions, and estimate the distance between
them, the extreme value method, Spark-DAT, thermody-
namic calculations, etc. are used [9-11]. However, the rank-
ing of structures based on comparison of their images, ob-
tained by the light microscopy methods with reference
scales is the most common. The GOST 1778, 5639 and
3443 reference scales have an empirical nature; this indi-
cator is complex, and difficult to formalize. The statistical
nature of images of “score” structures is often not taken
into account; therefore, there are difficulties when deter-
mining a one-to-one correspondence between GOST
“scores” and the quantitative characteristics of the geo-
metric elements of their images. Digitalization makes it
possible to document quickly measurements of structures,
which allows collecting measurement statistics, and for-
mulating recommendations on product quality manage-
ment based on it [12].

Through digitalization, it became possible to provide
mass measurements and obtain statistical estimates of
the geometric parameters of structural elements, which was
previously difficult to achieve due to the large amount of
manual work. The obtained representative volume of measu-
rement results, allows evaluating the influence of structural
heterogeneity on the properties of steels, taking into ac-
count their different scales. An assessment of the variation
in contamination of the 38KhN3MFA steel (from large
forgings) with NMls, showed that the scale of observation
is of great importance, and affects the reproducibility of
the measurement results of the NMI geometry [13].

Segmentation, i. e., dividing an image into its constitu-
ent areas or objects, is one of the important stages of quan-
titative analysis. Non-trivial image segmentation is one of
the most challenging image processing problems. Most
existing image segmentation algorithms are based on one of
two basic properties of the luminance signal: discontinuity
and uniformity. In the first case, the approach consists in
the image partition based on sudden changes in the signal,
such as luminance differences in the image. The second
category of methods uses dividing the image into areas that
are homogeneous in terms of pre-selected criteria. Thresh-
old processing (binarization) is an example of such methods
[14]. In the standards existing today (ASTM E45-18a and
DIN EN 10247:2017-09), it is recommended to use the
flicker method as a binarization method for quantitative
assessment of NMIs, but it is manual, and as a conse-
guence, subjective. In turn, most image analyzers have
built-in global methods. The use of global binarization
methods when processing panoramas of NMI images, can
lead to the binary image distortion. The reasons for this are
the small size, and number of objects to study, and the fea-
ture of automatic “stitching” of image panoramas, leading
to illumination heterogeneity. Therefore, it remains relevant
to develop physically justified binarization methods that
allow identifying objectively the informative objects in
images of structures.

The practice of developing digital procedures for mea-
suring structures and fractures shows that considering
the physical laws of the formation of the brightness field of
their images, when identifying binarization and filtering
criteria, and a reasonable choice of the measurement object
representative volumes. Taking into account their statistical

nature, can provide virtually the only trajectory for prepar-
ing images for their subsequent measurement. Conse-
quently, one cannot expect significant differences from the
results of measurements of the geometry of structural
elements, obtained in different laboratories, on the same
metallographic specimens [15]. It is obvious that digital
metallography using image analyzers that have undergone
interlaboratory round-robin comparisons, will significantly
simplify acceptance tests, between the supplier and con-
sumer of metal products [16].

The purpose of this study is to develop a methodology
for quantitative analysis of non-metallic inclusions on a thin
section scale, to identify patterns of their influence on the
corrosion resistance of oilfield pipe metal.

METHODS

Sheets of five low-carbon steels of various melts
were the objects of the study. The sheets intended for
oilfield pipes were produced using standard technology.
Table 1 presents the chemical composition of the steels
under study.

The chemical composition of steels was determined us-
ing an OBLF QSN 750 automatic analyzer and complied
with the requirements of regulatory documents. The micro-
structure was studied on longitudinal samples cut from
sheets in the as-delivered condition. The cut samples were
hot pressed into resin using a CitoPress-5 automatic electro-
hydraulic press. Grinding and polishing were carried out on
an AutoMet 250 Buehler machine. For the structure metal-
lographic examination, the authors used an Axio Observer
D1m Carl Zeiss optical microscope.

To assess the steel contamination with NMIs in our
study, panoramas were obtained on the scale of a metallo-
graphic specimen (the studied area for all samples was at
least 170 mm?). Image panoramas of non-metallic inclu-
sions were obtained on unetched metallographic specimens,
using Thixomet software at a magnification of x50.
The chemical composition of complex NMIs was deter-
mined using a JSM-6610LV scanning electron micro-
scope at a magnification of X500 (the analyzed area was
at least 3.5 mm? on the sample scale). Nanosized precipi-
tates of carbide (carbonitride) excess phases were stu-
died by transmission electron microscopy using a JEM-
200CX microscope.

Tensile tests to determine strength and plastic characte-
ristics were carried out in accordance with GOST 1497-84.
Electrochemical studies to determine corrosion characteris-
tics and subsequent calculations were carried out in accord-
ance with ASTM G3, G5, G59, G102, ISO 17475:2005, and
GOST 9.912-89 standards.

Image panoramas were processed in prepared software
using C#. The color image was converted to shades of gray
(from 0 to 255) using the formula:

1=0.299-R+0.587-G+0.114-B,

where R, G and B are the intensity values of red, green and
blue colors, respectively [17].

To process image panoramas, a complex algorithm was
developed, which includes the elimination of illumination
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Table 1. Chemical composition of the steels under study
Taonuua 1. Xumuueckuii cocmas ucciedyemvix cmanetl

Element content, mass fraction, %
Steel
C Mn Si S P Cr Ni Mo \Y/ Nb N
1 0.052 0.466 0.150 0.002 0.005 0.054 0.091 0.009 0.099 0.002 0.022
2 0.054 0.653 0.214 0.001 0.005 0.067 0.104 0.009 0.044 0.024 0.007
3 0.049 1.090 0.248 0.001 0.005 0.244 0.076 0.095 0.002 0.033 0.008
4 0.049 0.920 0.230 0.001 0.004 0.651 0.071 0.008 0.004 0.040 0.007
5 0.044 0.635 0.258 0.001 0.003 0.538 0.070 0.009 0.044 0.025 0.007

heterogeneity of various natures and subsequent analysis of
the brightness field to determine the binarization threshold.
Illumination heterogeneity was eliminated using a method
based on subtracting the 1%t or 2" degree surface from
the original 3D distribution of image luminance intensities.
The binarization algorithm included the construction of
distribution histograms of intensities of the halftone image
pixels f(x,y). Dark objects were identified against a light
background by determining the value of T threshold, which
delimits the brightness distribution modes. Any point in
the image with coordinates x; and y;, at which f(x;,yi)>T, was
called the background, points with lower brightness were
called the object. Geometric parameters were calculated
according to the four-connection principle; boundary ob-
jects were not taken into account.

The authors calculated the following NMI parameters:
density, volume fraction and average area, as well as
the skewness and kurtosis coefficients of area distribution.
To identify the “object — noise” threshold value, the authors
relied on the parameters of the equipment used, and
the nature of the object. For this purpose, in particular,
the filtering threshold was varied, sequentially removing
from the primary image the inclusions with an area of less
than 5, 10, 25, 50, 75, and 100 pm?, respectively. To assess
the NMI location heterogeneity, the construction of Voronoi
polyhedra [18] based on the method of perpendicular bisec-
tors was proposed. After constructing the polyhedra and
determining the nearest neighbors, the distances between
the centers of objects (NMI), the areas of the polyhedra and
the number of their nearest neighbors, as well as the kurto-
sis and skewness coefficients, of the distributions of
the obtained values were calculated.

RESULTS

The variation of the threshold filter led to the following
changes in the values of the NMI geometry parameters:
a natural decrease in the density and volume fraction of
particles, an increase in the average values of their area for
the five steels under study (Fig. 1). It was identified that at
high filter values, the difference in the density of the NMls
of the studied samples is leveled out. The difference in
the density of large inclusions (from 100 pm? and above)

for all samples was minimal — 29 pcs/mm?, and for all in-
clusions (without filtering) — 218 pcs/mm?.

The results of the NMI quantitative analysis were
compared to the acceptance properties of steels. The re-
sults of tensile and corrosion resistance tests are given in
Table 2.

The sheets studied corresponded to K52 and K55
strength classes, the scatter of strength and plastic parame-
ters was insignificant. However, the corrosion resistance of
the samples differed by a factor of 3. Fig. 2 shows the rela-
tionship between the NMI density, and the corrosion re-
sistance of the steels under study, taking into account dif-
ferent levels of noise filtration.

Fig. 3 shows the dependences of Voronoi polyhedra pa-
rameters on the corrosion resistance values of the samples
under study, from which it follows that these characteristics
significantly correlate with each other.

Steels 4 and 5 have the lowest density and more uniform
distribution of NMls, and as a consequence, the best corro-
sion resistance. In turn, for steels 1, 2 and 3, the statistics of
\oronoi polyhedra do not differ, but for steels 2 and 3, a cor-
relation with the NMI density was revealed. For steel 1, no
significant relationship was found between the NMI density
and corrosion resistance.

Table 3 presents the results of the quantitative assess-
ment and chemical composition of NMI using scanning
microscopy.

Fig. 4 shows images of nanosized particles obtained us-
ing transmission microscopy.

DISCUSSION

The change in the characteristics of steel contamination
with inclusions with increasing filtration threshold (Fig. 1),
is associated with the removal of small objects, the number
of which prevails over large ones. Fig. 2 shows that the
greatest strength of the relationship between corrosion re-
sistance and NMI density (correlation coefficient is 0.95),
is observed in the absence of their filtration. Increasing
the filtration threshold and the accompanying screening out
of small inclusions leads to a decrease in the correlation
coefficient. This indicates that corrosion resistance is main-
ly affected by small inclusions (<10 pm?). One should
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Fig. 1. Statistical parameters of NMlIs of the steels under study at different filtration levels:
a — density; b — volume fraction; ¢ — average area
Puc. 1. Cmamucmuyeckue napamempsl HB uzyuaemvix cmaneil npu pasHvix yposHax unempayuu:
a — nromuocms,; b — obvemnas 0ost; € — cpednss niowads

Table 2. Mechanical and corrosive properties of the steels under study
Taonuya 2. Mexanuueckue u KOppPO3UOHHbBLE CEOUCMEA UCCAEIYEeMbIX CIalell

Steel Yield strength, Tensile strength, Ultimate elongation, Corrosion rate,
MPa MPa % mm/year
1 441.0 510.9 24.9 1.67
2 413.8 504.4 25.9 1.35
3 469.8 547.4 215 1.57
4 454.0 556.2 215 0.59
5 445.7 524.7 26.3 0.75
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Fig. 2. Correlation of NMI density and corrosion rate in the steels under study
when varying the inclusion filtration level (by their area)
Puc. 2. Coomnowenue niomuocmu HB u ckopocmu Kopposuu 8 ucciedyemvlx cmanix
npu sapuayuu yposHsa puibmpayuy 6Ka0YeHull (no erudune ux niowaou)

consider this fact during “noise — object” filtering, since an
incorrect choice of threshold can lead to the loss of a signi-
ficant part of the information. Despite the fact that the vo-
lume fraction of small NMls is low, they have a higher den-
sity compared to large ones. In this regard, there is an in-
creased likelihood that small inclusions will form clusters,
which, in turn, will contribute to a decrease in the corrosion
resistance of steels.

It is unlikely that the absence of a significant relation-
ship between the NMI density and corrosion resistance for
steel 1 may be associated with the chemical composition
of inclusions and the release of nanosized particles. There-
fore, further analysis of the contamination of steels with
NMIs was carried out using scanning and transmission
microscopy. Microanalysis of inclusions using SEM
showed that, unlike other steels under study, steel 1 is dis-
tinguished by a high density of complex NMls based on
aluminum-magnesium spinel and a high Al/(Mg+Ca) ra-
tio. It is known [19] that with an increase in the proportion
of the Al,O3; phase in a complex NMI, the tendency to
the appearance of microfractures around the NMIs in-
creases, which leads to a decrease in the corrosion re-
sistance of steel. In turn, modifying steel with calcium
allows giving a globular shape to such inclusions and
thereby reduce their negative impact [20].

Transmission electron microscopy showed that steel 1
contains a large number of nanosized carbonitride particles.
The belonging of particles to one type or another was as-
sessed by the nature of the mutual arrangement of the parti-
cles, the presence of a regular orientation correspondence
between the particles, and the ferrite matrix, and by
the shape of reflections of the particles in the micro-
diffraction patterns. Nanoparticles were detected in almost
all areas of the sample tested for their presence. Particles
of all known types were observed, most of all particles
were of the interphase/mixed type; their volume density
was high (Fig. 4). Thus, the presence in steel 1 of nanopar-

ticles of a different (than in steels 2-5) nature, determined
the deviation from the found general patterns reflecting
the relationship between the NMI density and corrosion
resistance.

The results of the work showed the importance of an in-
tegrated approach to the study of the morphology of non-
metallic inclusions. This involves the combination of
a physically supported image-processing algorithm to get
ideas about the geometry of inclusions, and the patterns of
their arrangement in the volume of metal with an analysis
of their composition using transmission and scanning mi-
croscopy, including submicroscopic and nanoscale observa-
tions. It appears to be essential for understanding the diffe-
rences in corrosion resistance of oilfield steels.

CONCLUSIONS

1. The authors proposed a method for processing pano-
ramic images of NMIs (on a metallographic specimen)
based on an analysis of the patterns of their brightness
fields (in 256 shades of gray) to compile reasonable algo-
rithms for illumination, equalization and binarization of
images, which is necessary to obtain metrologically assured
results. The study shows the importance of justifying
the choice of filtering threshold for objects of noise nature,
to obtain significant results.

2. The study shows the effectiveness of using the statis-
tics of Voronoi polyhedra to assess the heterogeneity of
NMIs location, which includes obtaining statistical esti-
mates of the type of distribution of parameter values.

3. Comparing the results of corrosion tests, and quanti-
tative assessment of the NMIs of samples of the steels un-
der study, the influence of density, values of the polyhedron
area distribution kurtosis coefficient, and the average dis-
tance between the centers of inclusions (in the size range
from 2 nm? to 10 um?) on corrosion resistance was discovered.
The coefficients of determination of linear dependencies
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Fig. 3. Correlation of the results of determining the NMI geometry
(according to the Voronoi polyhedra statistics) and the corrosion rate:
a — average distance between centers; b — average area of polyhedra;

¢ — kurtosis coefficient of the distribution of polyhedra areas
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Table 3. The results of NMI analysis using scanning microscopy

Taonuua 3. Pezynomamet ananuza HB memodom ckanupyroujett MUKpoCKonuu

Area of analyzed _ Chemical element average content in inclusions, wt. %
Steel ofa mzl':z:rﬁ)cgerap?ic N'\ggs;jrirr]rilzty’ Mg Al S Ca All(Mg+Ca)
specimen, mm
1 3.79 51 3.75 10.60 2.95 6.04 1.18
2 4.54 37 6.73 6.95 2.73 7.14 0.53
3 3.57 48 3.40 311 1.32 8.38 0.32
4 3.90 35 4.03 7.92 5.48 4.60 0.97
5 3.82 43 4.17 3.00 311 9.19 0.35

b

Fig. 4. Nanosize particles of carbonitrides in the steel 1:
a — formed according to the interphase mechanism; b — formed in ferrite
Puc. 4. Hanopazmepnvie uacmuywl kapoorumpuoos ¢ cmanu 1:
a — cpopmuposasuiuecs no medxcghasnomy mexanusmy, b — obpaszosasuuecs ¢ peppume

were 0.91, 0.74, and 0.74, respectively. At the same time,
the influence of inclusions on the fracture resistance was
not revealed, which can be explained by the absence of
differences in the contamination of steels with larger NMls
playing a decisive role in fracture.

4. Using SEM methods, the composition of the NMls
was revealed — predominantly aluminum-magnesium spi-
nel; using TEM methods, the authors identified the pre-
sence of a large number of nanosized particles having
a significant impact on the development of the corrosion
rate of the steels under study.
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Annomayua: ONBIT MHOTOJIETHUX HCCIEJOBAaHUI MOKa3aj, 4TO CYHIECTBEHHO MOBBICUTb KOPPO3HOHHYIO CTOMKOCTB
cTanel He(TEIPOMBICIOBBIX TPYOOIIPOBOIOB M YBEIHUHUTH CPOKH MX O€3aBapHIHON IKCIUTyaTallui MOXKHO, ONTHMHU3HUPYS
XHUMHYECKUI COCTaB M MUKPOCTPYKTYPHBIE OCOOCHHOCTH CTaJIH, & TAK)KE MOHIKAs €€ 3arpsI3HEHHOCTh HEMETATHUCCKH-
mu BkmoueHUsiME (HB). Bimstane xommiekcHpix HB Ha KOppo3HOHHYIO CTOHKOCTE CTamu 00YCIOBIEHO KaK XUMHUYECKUM
cocraBoM HB, Tak M nX KONMYECTBEHHBIX COOTHOIIEHHEM. [103TOMY MOJydeHHE METaIONpPOAYKIUU TpeOyeMoro Kave-
CTBa BO3MOKHO TOJBKO C IIPUMEHEHHEM MPHHIINIA «yTIPaBIECHHU 110 CTPyKType». B paboTe Ha ocHOBe aHamnm3a MONEH sp-
KOCTH H300pakeHuil (B MaciiTabe 00pasiioB) B 256 OTTEHKAX CEPOro MPeIOKEeHbI HU(GPOBBIC METPOIOTHYCCKU obecIie-
YEeHHBIE MPOLEIYPbl U3MEpEeHHs HeoqHOpoaHOoCcTH HB HHU3KOyIepoaucThIX cTajell HeTenpOMBICIIOBOTO HA3HAYCHHS,
TaKue KaK yCTpaHEHHE HEOJHOPOIHOCTH OCBEIIEHHMSI MOJIs 3peHNs], 000CHOBaHHE KpUTEpUEeB OMHApH3aiy U QUIBTPALN
UIyMOB. [[ns HU3KOYINIEpPOAUCTHIX CTaje pa3IMYHON BBIIUIABKM BBISABIICHA KIIOYEBas POJb JUCIEPCHBIX HEMETaJulnye-
CKMX BKJIIOYEHUY pasmepoM oT 5—10 Mkm? 10 2 HM? B (JOPMUPOBAHNH KOPPO3HOHHOM CTOMKOCTH CTaleil. ITO MOKET 00b-
SICHUTb, TIOYEMY B Psifie CIy4aeB OTCYTCTBYET B3aMMOCBSI3b MEXKIY CKOPOCTBIO KOPPO3HH M COINPOTHBIECHUEM CTalled pas-
pylIeHuo, B GOPMHUPOBAHUH KOTOPOTO OTPEEIAIONIEE BIMSIHIE OKa3bIBAIOT YaCTHIEI OONbIIero pasmepa. B mpencrasie-
HuM HB Kak MHOXKECTBa CIy4aiHBIX TOYEK Ha TIOCKOCTH paclpeleieHue PacCTOSHUN MEXTy OMMKaWIIMH U3 HUX OIle-
HEHO Ha OCHOBE CTaTHUCTHKH MoandapoB Bopoworo. [TokazaHo, 4T0 MOBBIIIEHNTO KO3 ((GHUIHEHTA SKCIIECCa pacipeaeIeHIH
IUTOIIAIeH MOJM3IPOB COIMYTCTBYET yBEIHUEHHE CKOPOCTH KOPPO3UH HCCIEAYEMBIX CTajied. JTo yKa3plBaeT Ha OTpHUIla-
TEJIbHOE BIMSHUE HEOJNHOPOIHOCTH B pa3zMelieHUH aucnepcHbix HB Ha KOppO3HOHHYIO CTOMKOCTh CTaJIEH.

Knrouegwie cnosa: nudpoBeie H3MEPEHHS CTPYKTYp; YIPABIEHHE KaY€CTBOM II0 CTPYKTYpE; HEMETAIMUECKHUE BKIIIO-
YCHHUS B CTAJIH; KOPPO3UOHHAS CTOMKOCTh HE(PTEIIPOMBICIIOBBIX TPYO.
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Abstract: Dispersion-strengthened composite materials belong to the group of promising structural materials characte-
rised by a diverse combination of properties. The paper considers examples of the creation and heat treatment of composite
materials based on aluminium alloys strengthened by the titanium carbide dispersed phase characterised by high hardness,
elastic modulus, and good melt wettability. At present, self-propagating high-temperature synthesis (SHS) is the most ac-
cessible, inexpensive and effective way to obtain them. The authors substantiate the expediency and show their successful
experience of the formation in the composition of the AMg2 and AMg6 industrial alloys of a titanium carbide dispersed
phase with a particle size of 130 nm in an amount of up to 10 wt. % using the SHS method, which makes it possible to
increase the hardness of the alloys. Additional heating of the AMg2-10%TiC and AMg6-10%TiC samples after synthesis
also contributes to the further increase in hardness. The complex of studies of physical, mechanical and operational charac-
teristics presented in the paper was carried out to compare the properties of the work-hardened matrix alloys and the sam-
ples of composite materials before and after heating. The test results showed that heat treatment reduces the porosity of
the composites and significantly increases their hardness and microhardness. A slight decrease in compressive strength at
a significant increase in wear resistance is observed. It was found that composite materials are characterised by high corro-
sion resistance to carbon dioxide and hydrogen sulfide corrosion corresponding to the level of matrix alloys. The results
obtained allow recommending the developed materials for the production of parts of the connecting rod and piston group,

bearings and other wear-resistant parts of friction units.

Keywords: composite material; AMg2-10%TiC; AMg6-10%TiC; titanium carbide; heat treatment; self-propagating

high-temperature synthesis.
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INTRODUCTION

One of the most promising ways to improve the me-
chanical characteristics of conventional aluminium alloys,
is to introduce dispersed particles of an additional phase
into their composition, for which ceramic compounds —
oxides, carbides, nitrides, borides, etc. are most often used
[1; 2]. However, in the case of an aluminium matrix,
the most suitable phase for reinforcement is the titanium
carbide phase, which has crystal lattice parameters as close
as possible to aluminium, and possesses high hardness,
elastic modulus, low density, and good wettability [3; 4].
The most common way to produce such composite materi-
als is the method of mechanical mixing of particles into an
aluminium melt, however, this approach excludes the pos-
sibility of obtaining a highly dispersed titanium carbide
phase, since the introduced particles are prone to agglome-
ration, and often contain impurity adsorbed compounds, that
prevent the complete assimilation of particles in the melt.
In this regard, the most appropriate option is the formation

of dispersed particles of titanium carbide directly in the melt
from the initial elemental powders of titanium and carbon
or their compounds [5-7].

This technology based on the method of self-propa-
gating high-temperature synthesis (SHS) was developed
and used at the Chair “Metal Science, Powder Metallurgy,
Nanomaterials” of Samara State Technical University. Ac-
cording to the results of the studies, the possibility of suc-
cessful synthesis of composite materials of the AI-10%TiC,
Al-5%Cu-10%TiC, Al-5%Cu—2%Mn-10%TiC, etc. com-
positions characterised by increased mechanical characte-
ristics has already been shown [8; 9].

A review of current publications showed a steady ten-
dency towards reinforcement of industrial alloys, that
have long been developed and actively used with the tita-
nium carbide phase [10]. For example, in the study [11],
the AI-10%TiC addition alloy was introduced into
the composition of the 2014 aluminium matrix alloy,
which allowed increasing the strength from 118 to
147 MPa, and the hardness from 61 to 94 HV. In [12],
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based on the AA 6063 alloy (analogue of AD 31), hybrid-
reinforced samples were produced using the SHS method,
including 5 vol. % Al;Os; and 5 vol. % TiC. Then, since
the matrix alloy is a thermally hardenable one, the result-
ing composite was subjected to T6 treatment in the form
of quenching at 530 °C and artificial ageing at 175 °C.
It was found that composite material samples demonstrat-
ed acceleration in aging kinetics. To achieve a maximum
hardness of 78 HB after ageing, they required 2-4 h,
whereas for an unreinforced alloy, this time was 6-8 h,
and the material hardness did not exceed 65 HB. The authors
explain the observed accelerated aging by an increase in
the dislocation density near dispersed particles. This is
associated with a large difference in the thermal expansion
coefficient of these particles and the matrix alloy (Al.Os;
and TiC particles have a TLEC of 8-10°%K™, Al —
23-1075/K™%), as well as accelerated diffusion of dissolved
atoms and modification of the base alloy. It is obvious that
the presence of additional phase dispersed particles affects
the order and intensity of structural transformations in the
composition of conventional alloys. On the other hand, in
addition to this, completely new effects may arise that are
not typical for matrix alloys.

Thus, in the work [13], a composite material based on
the AMgl alloy containing 5 wt. % SiC was obtained by
the mechanical mixing method, and then the possibility of
its thermal hardening was shown for the first time. In par-
ticular, it was found that quenching at a temperature of
550 °C and subsequent ageing at a temperature of 160 °C
leads to an increase in hardness from 770 to 1000 HB and
strength to 152 MPa, and in combination with subsequent
rolling, it leads to an increase in hardness to 1530 HB and
strength up to 236 MPa.

Such an increase in the strength characteristics of
aluminum-magnesium alloys is extremely important,
since they are widespread due to their low cost, good
deformability, corrosion resistance, and weldability;
however, they are not good in strength [14]. The alloys
under consideration contain microadditives of alloying
elements (Fe, Si, Mn, Ti, etc.), which contribute to solid
solution strengthening, but their quantity is too small to
significantly increase the strength characteristics, so
the alloys are additionally hardened by plastic defor-
mation. However, the use of cold hardening leads to
a decrease in ductility, so annealing is the final stage
after plastic deformation, during which partial or com-
plete removal of strain hardening occurs, which leads to
a decrease in strength [15; 16].

Previously, studies on the production of AMg2-
10%TiC and AMg6-10%TiC composite materials by SHS
method were carried out, which showed that in both cases,
an active and rapid SHS reaction was observed, and the
fractures of the samples were characterised by a uniform
grey colour without the remains of unreacted charging
material [17]. After synthesis, according to X-ray micro-
analysis and X-ray phase analysis, the composition of the
composites contained the target phase of titanium carbide
(with a particle size of 130 nm), as well as magnesium,
apparently in the precipitated B-phase (AlsMg,), which
was not detected due to its small amount. Hardness measu-
rements showed an increase in the values for the AMg2
base from 59.4 to 64.4 HB, for the AMg6 base — from 83
to 90.9 HB. Then the samples were additionally heated

with following cooling in air. It was found that heating
at 150 °C and holding for 2 h leads to an increase in
the hardness of AMg2-10%TiC to 67.6 HB, and heating
at 230 °C and holding for 3 h of the AMg6-10%TiC sam-
ple leads to the hardness of 93 HB. Using phase analysis
of the samples, the B-phase was detected in both cases,
which indicates its additional precipitation after heating
[17]. However, other properties than hardness of the ob-
tained samples were not studied.

The purpose of the work is to study and compare
the basic physical, mechanical and operational characteris-
tics, of the AMg2-10%TiC and AMg6-10%TiC composite
materials before and after heat treatment.

METHODS

To compare the results, all tests were carried out on ma-
trix alloys in a cold-worked state (AMg2N and AMg6N)
and composite materials based on them. AMg2 and AMg6
alloys were used as a matrix for creating melts with digital
markings of these alloys as 1520 and 1560, respectively,
according to GOST 4784-2019 (Table 1).

To obtain a charge mixture, titanium powders (grade
TPP-7, TU1715-449-05785388) and carbon (P-701,
GOST 7585-86), taken in a stoichiometric ratio, were
mixed with 5% by weight of the Na,TiFs salt charge
(GOST 10561-80). The resulting composition was divid-
ed into 3 equal portions, each of which was alternately
introduced into AMg2 or AMg6 melts heated to a tem-
perature of 900 °C in a graphite crucible of a PS-20/12
melting furnace, then synthesised and poured into a steel
casting mold. Thermal treatment of the samples was car-
ried out in a laboratory chamber furnace SNOL, with
an operating temperature of up to 1300 °C. The experi-
mental determination of the density of the samples was
carried out using hydrostatic weighing in accordance
with GOST 20018-74. The theoretical maximum possi-
ble density of a nonporous casting composite was calcu-
lated using the formula

p. = P1P2
" onp +(L-n)p,

where pr is theoretical density, kg/m?;
p1 is crystalline aluminium density, kg/m?3;
pz is second phase (titanium carbide) density, kg/m?;
n is titanium carbide mass content in the composite.
The calculation of actual porosity was carried out using
the formula

p=1-Fe,
P

where pe is experimentally measured density, kg/m?;
P is porosity, %.

When calculating, the density of aluminium was taken
to be 2700 kg/m?, the density of the titanium carbide phase
was 4920 kg/mé, n=0.1.

The hardness of the obtained experimental samples
was determined using a TSh-2M hardness tester according
to GOST 9012-59. The microhardness of the samples was
studied using a PTM-3 standard microhardness tester
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according to GOST 9450-76 by indentation of a diamond
pyramid with a square base and an interface angle at
the apex of 136°. The weight on the indenter was 100 g.
Compression tests were carried out on the Il type samples,
with a diameter of 20 mm according to GOST 25.503-97.
The moment of appearance of the first cracks was deter-
mined visually. Corrosion resistance was tested accord-
ing to GOST 13819-68 in the Coat Test 3.3.150.150
autoclave complex under the following conditions:
aqueous solution of 5%NaCl; gas phase 1 MPa CO,,
0.5 MPa H;S, 3.5 MPa N, at a temperature of 80 °C;
duration is 240 h; total pressure is 5 MPa. Corrosion
resistance parameters were calculated, according to
GOST 9.908-85. Tribological tests were carried out us-
ing the “Universal-1B” universal tribological complex,
according to the ring—plane test scheme; counterbody
material — steel 40X; normal contact load is 380 N;
counterbody rotation speed — 600 rpm; test duration is
30 min or until complete setting occurs.

RESULTS

As a result of determining the physical properties
(Table 2) of the AMg2N, AMg6N alloys, and the AMg2—
10%TiC and AMg6-10%TiC composite materials, it was

identified that the density of the composite materials is
higher than the density of the matrix alloys, which is obvi-
ously related to the presence of a reinforcing ceramic phase
of titanium carbide. Test results show, that additional heat-
ing leads to a decrease in the porosity of composite materi-
als, due to an improvement in the adhesive bond between
the matrix and the filler.

The study of mechanical characteristics (Table 3)
showed that the ceramic phase reinforcement of matrix al-
loys leads to an increase in their hardness and microhard-
ness. Additional heating of the AMg2-10%TiC and AMg6—
10%TiC composite materials promotes an increase in hard-
ness by 13 and 12 %, respectively, and microhardness
by 22 and 7 %, respectively. Reinforcement, with a highly
dispersed titanium carbide phase in combination with heat
treatment does not have a strong negative effect on
the yield strength and relative strain.

The results of determining the tribological characteris-
tics (Table 4) of the AMg2N, AMg6N alloys and AMg2—
10%TiC, AMg6-10%TiC composite materials before and
after heat treatment, showed that reinforcement in combina-
tion with heat treatment leads to a significant decrease in
the friction ratio and wear rate. The lowest tribological
properties are observed in the original AMg2N and AMg6N
alloys: they showed wear during setting and abrasive

Table 1. Chemical composition of the AMg2 and AMg6 alloys
Tabnuua 1. Xumuueckuii cocmae cniasos AMz2 u AM26

Element content, %
Alloy
Al Mg Fe Si Mn Cu Ti
AMg2 95.3-98.00 1.8-2.8 <0.4 <0.4 0.2-0.6 <0.1 <0.1
AMg6 91.1-93.68 5.6-6.8 <0.4 <0.4 0.5-0.8 <0.1 <0.1

Table 2. Physical properties of the AMg2, AMg6 alloys and AMg2-10%TiC, AMg6-10%TiC composite materials

before and after heat treatment

Tabnuya 2. usuueckue ceoticmea cniaeog AMz2, AM26 u komnosuyuonnwvix mamepuanoe AMz2-10%TiC, AM26-10%TiC

00 U nocie mepmuiecKkoli 0opadbomxu

Alloys and composite materials Theoretical density, pr, Experimental density, Porosity,
on their base g/lem?® pe, g/cm?® P, %
AMg2N 2.690 - -
AM@2-10%TiC, without HT 2.820 2.797+0.05 0.82
AMg2-10%TiC, after HT 2.820 2.820+0.03 0.00
AMg6N 2.640 - -
AMg6-10%TiC, without HT 2.768 2.739+0.06 1.00
AMg6-10%TiC, after HT 2.768 2.768+0.04 0.00

Note. HT (heat treatment) is heating at T=150 °C for 3 h.

Ipumeuanue. HT (mepmuueckasn obpabomra) — naepes npu T=150 °C ¢ meuenue 3 u.
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wear, which led to rapid surface layer destruction; high
values of the friction ratio and wear rate indicate unac-
ceptable processes occurring in the friction zone. AMg2—
10%TiC and AMg6-10%TiC samples showed significantly
better tribological characteristics compared to the matrix
alloy, however, they had scuff marks, on which friction was
established with a ratio of about 0.1. The same samples,
after additional heating according to the recommended con-
ditions, showed the lowest values of the friction ratio, low
wear rate and good conformability.

Table 5 shows that the titanium carbide ceramic phase
reinforcement of the AMg2 and AMg6 alloys leads to
a decrease in the corrosion resistance level.

DISCUSSION

Since composite materials, especially those obtained by
the SHS method, are characterised by increased porosity,
which has a significant impact on their properties, the den-
sity and porosity of the resulting materials were initially
determined. The study of the porosity of the samples
(Table 2) showed that after synthesis, the deviation from
the calculated value does not exceed 1 %, and after heat
treatment, it decreases to zero, which may be caused by
a change in the composition and structure of the interphase
boundaries and an improvement in the quality of the “ma-
trix — filler” bond.

The titanium carbide phase is characterised by in-
creased hardness, and, accordingly, low ductility, there-
fore, the main mechanical characteristic of composite
materials containing it, as a rule, is compressive
strength. However, since complete destruction of such
samples does not occur, the yield strength value was
used as an evaluation criterion, which corresponds to
the temporary fracture resistance upon the occurrence
of the first cracks. The obtained values of the strength, of
the as-cast material (Table 3) comparable to the values

after cold hardening, are obviously caused by the follow-
ing factors. The first is the action of the Hall — Petch
mechanism determined by the role of dispersed particles
as the alloy crystallisation centres. The second is
the Orowan mechanism, the essence of which is that
the resistance to motion of dislocations, increases with
decreasing distance between particles. The third is
the emergence of difficulties for the motion of disloca-
tions due to the formation of additional dislocations
caused by the mismatch of the coefficients of thermal
expansion and elastic modulus of the matrix material and
the reinforcing phase particles. The study [18] showed
that the introduction of reinforcing TiC particles with
a size of 40-100 um, into the AK12M2MgN aluminium
alloy, using the mechanical mixing method, leads to
a decrease in the compressive deformation degree
from 17.01 to 12.65 %, and the ultimate compressive
strength from 489 to 470 MPa, while the hardness in-
creases by 30-50 HB. One can conclude that the pre-
sence of the carbide phase does not lead to an increase in
the strength characteristics, but does contribute to an
increase in hardness.

Since it was found that the presence of carbide phase
particles contributes to an overall increase in the hardness
of the resulting materials, it was assumed that this could
have a positive effect on their wear resistance, so the tribo-
logical properties were further investigated. Low values of
the friction ratio, low wear rate and good conformability of
AMg2-10%TiC and AMg6-10%TiC composite materials
after the optimal heat treatment mode, are obviously related
to an increase in the quality of the interfacial bond, as well
as additional precipitation of the solid intermetallic B-phase
(AlzMg2) [19].

One of the main advantages of aluminum-magnesium
alloys is their high corrosion resistance. The study of this
characteristic in an environment of CO; and H,S gases at an
elevated temperature of 80 °C, showed that the samples

Table 3. Mechanical characteristics of the AMg2, AMg6 alloys and AMg2-10%TiC, AMg6-10%TiC composite materials

before and after heat treatment

Taonauua 3. Mexanuueckue xapakmepucmuxu cniagoe AMez2, AMz6 u komnozuyuonnvix mamepuanog AMz2-10%TiC,

AM26-10%TiC 0o u nocne mepmuueckoii obpabomxu

Alloys and composite materials Uniaxial compressive strength test Hardness Microhardness
on their base o MPa £ % HB HV, MPa
AMg2N 290+10 69.19 59.4+20 608+10
AMg2-10%TiC, without HT 271+13 59.70 59.4+20 736+15
AMg2-10%TiC, after HT 298+10 61.50 67.6+£20 745+18
AMg6N 449415 32.00 83.0+£19 991+21
AMg6-10%TiC, without HT 403+18 19.00 90.9+19 1020+20
AMg6-10%TiC, after HT 395+19 14.00 93.0+£19 1069+19

Note. HT (heat treatment) is heating at T=150 °C for 3 h.

Ipumeuanue. HT (mepmuueckas obpabomra) — naepes npu T=150 °C ¢ meuenue 3 u.
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Table 4. Tribotechnical properties of the AMg2, AMg6 alloys and AMg2-10%TiC, AMg6-10%TiC composite materials

before and after heat treatment

Tabnuya 4. Tpubomexnuueckue cgoticmea cniagos AMe2, AM26 u komnosuyuonnvix mamepuanog AM22-10%TiC, AM26-10%TiC
00 U nocie mepmuieckoll 0opabomxu

Alloys and com_posite materials Wear rate, Eriction ratio Self-heating
on their base pm/h temperature, °C

AMg2N 37.6+5.2 <0.3 71
AMg2-10%TiC, without HT 6.4+1.6 0.11...0.12 65
AM@2-10%TiC, after HT 4.0£1.3 0.07...0.08 56
AMg6N 15.5+4.1 0.13...0.15 70
AM(g6-10%TiC, without HT 3.5+0.6 0.07...0.09 59
AMg6-10%TIiC, after HT 4.2+1.2 0.08...0.10 66

Note. HT (heat treatment) is heating at T=150 °C for 3 h.

Ipumeuanue. HT (mepmuueckasn obpabomra) — naepes npu T=150 °C ¢ meuenue 3 u.

Table 5. Corrosion resistance of the AMg2, AMg6 alloys and AMg2-10%TiC, AMg6-10%TiC composite materials

before and after heat treatment

Tabauua 5. Kopposuonnas cmoiikocms cniasos AMe2, AM26 u komnosuyuonnwix mamepuanos AM22-10%TiC, AM26-10%TiC

00 U noCie mepMuiecKoll 0opabomxu

Factor
Alloys angnc;)r:zﬁozlat:ematerlals p\é\:elj%?tt ;?Zi’ Cci;rosion2 rate, Corrosion depth index,
Am, kg/m? , g/(m?-h) 7, mm/year

AMg2N 0.160 0.666+0.04 0.0021
AM@2-10%TiC, without HT 0.095 0.416+0.02 0.0014
AMg2-10%TiC, after HT 0.108 0.450+0.03 0.0014
AMgEN 0.231 0.962+0.06 0.0030
AM(g6-10%TiC, without HT 0.151 0.627+0.04 0.0021
AMg6-10%TiC, after HT 0.208 0.868+0.02 0.0027

Note. HT (heat treatment) is heating at T=150 °C for 3 h.

Ipumeuanue. HT (mepmuueckasn obpadbomxa) — nazpes npu T=150 °C ¢ meuenue 3 u.

both of matrix alloys and of composite materials, before
and after heating, have a depth corrosion rate at the level of
0.001-0.005 mm/year (Table5). This indicates the high
corrosion resistance of the AMg2-10%TiC and AMg6—
10%TiC composite materials and allows classifying them
as rather resistant metals [20].

CONCLUSIONS

According to the results of a set of studies of properties,
the developed composite materials AMg2-10%TiC and
AMg6-10%TiC produced by the SHS method and subject-
ed to additional heating showed, a higher level of hardness,
microhardness, wear and corrosion resistance compared to

the matrix alloys AMg2 and AMg6 in the cold hardening
state. Thus, reinforcement with a highly dispersed phase of
titanium carbide in combination with heat treatment, is an
appropriate way to increase mechanical and operational
characteristics, as it helps to avoid the labour-intensive ope-
ration of cold strain hardening (cold hardening). Based on
the data obtained, composite materials can be recommend-
ed to produce connecting rod and piston group parts, bear-
ings, and other wear-resistant parts of friction units.
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Sherina Yu.V., Luts A.R. “The study of the effect of heat treatment on the properties of the AMg2-10%TiC and AMg6-10%TiC...”

Annomayusa: JlucriepcHO-yNIpOYHEHHBIE KOMIIO3UIIMOHHBIE MaTEpHalbl OTHOCATCS K IPYIIIE EPCIIEKTUBHBIX KOHCTPYK-
IIMOHHBIX MaTepHAJIOB, OTINYAIOIINXCS Pa3HOOOPa3HBIM COUYETaHHEM CBOWCTB. B paboTe paccMOTpeHbI MpUMEpPHI CO31aHUS
Y TEPMUYECKOH 00pabOTKM KOMIO3UIIMOHHBIX MAaTEPHAJIOB HA OCHOBE aJIFOMUHUEBBIX CILJIABOB, YIIPOUYHEHHBIX JUCIIEPCHON
(hazoit kapOuaa TMTaHa, AJIsl KOTOPOI XapaKTepHbI BHICOKAs TBEPAOCTh, MOLYJIb YIIPYIOCTH M XOpOIIasi CMaYMBaeMOCTh pac-
wiaBoM. B Hacrosiiee Bpems: Hauboliee TOCTYIHBIM, HENOPOTHMM U 3((PEKTHBHBIM CIIOCOOOM TOJIyYEHHsI STHX MaTepUalioB
SBJIICTCSI CaMOPACIIPOCTPaHsIOIIMCs BeicokoTemneparypHbiii cuare3 (CBC). Ob6ocHoBaHa 1esiecooOpa3HOCTh M MOKa3aH
COOCTBEHHBIH YCIIEIIHBIN ONBIT (POPMUPOBAHUS B COCTABE MPOMBIIUICHHBIX CIIaBOB AMr2 n AMro6 aucniepcHoii ¢asbl Kap-
Oupma TutaHa ¢ pazmepoM 4actuil ot 130 HM B kosmuectBe 10 10 mac. % meromom CBC, 4TO 1MO3BOJNISIET YBEIMYUTH TBEP-
JIOCTh CIUIaBOB. [IpoBejieHre Mocie CHHTe3a JOMOIHUTEbHOTO HarpeBa 00pasioB AMr2-10%TiC u AMr6-10%TiC Takxe
CITIOCOOCTBYET IOCIJIEYIOIIEMY TOBBIMIEHUIO TBEpAOCTH. [IpecTaBneHHbIH B cTaThe KOMITIEKC UCCIIEIOBAHNH (DH3NIECKUX,
MEXaHUYECKUX M HKCILTYaTAI[IOHHBIX XapaKTEPUCTHK BHIIIOIHEH C LEJbI0 CPAaBHEHMS CBOWCTB MAaTPHYHBIX CIUIABOB B Harap-
TOBAHHOM COCTOSIHMM M 00pa3IOB KOMITO3UIIMOHHBIX MaTepHaloB A0 U IOCIE Harpesa. Pe3ysnpTaThl UCIIBITAHUN TTOKa3aly,
YTO TPOBEICHUE TEPMHUIECKOH 00pabOTKH CIIOCOOCTBYET CHIKEHHIO IMOPHCTOCTH KOMIIO3UTOB M 3HAYUTEIFHOMY IMOBBIIIIE-
HHIO MX TBEPIOCTH M MUKpOTBeprocTH. Habmromaercs Takxke He3HAUUTENbHOE CHIDKEHHE IIPOYHOCTH Ha CKaTHe MPHU CyIe-
CTBEHHOM TIOBBIIIEHUH H3HOCOCTOMKOCTH. YCTaHOBJICHO, YTO KOMIIO3UIIMOHHBIE MaTepHalibl XapaKTEepU3YIOTCSl BBICOKOM
KOPPO3HUOHHOM CTOMKOCTBIO K YIVICKHUCIOTHOM U CepOBOIOPOIHOM KOPPO3UH, COOTBETCTBYIONIEH YPOBHIO MATPHYHBIX CILIa-
BOB. [losrydeHHbIe pe3ysbTaThl MO3BOJISIOT PEKOMEH/I0BATh Pa3pad0OTaHHbIE MaTepPHalIbl ISl M3TOTOBIICHUS JICTANICH 1IaTyH-
HO-TIOPIIHEBOM IPYMIIbI, MOJIIUITHUKOB U JPYTUX U3HOCOCTOMKUX JIeTanel y3/10B TPEeHHUS.

Knrouesvie cnosa: xomnosunuonubsiii Mmarepuan; AMr2—-10%TiC; AMr6-10%TiC; kapbua TuTaHa, TepMudecKas 00-
paboTKa; caMOpacpOCTPaHSIOMNIICS BBICOKOTEMIIEPATYPHBIN CHHTE3.

Bnazooapuocmu: CtaThs IOATOTOBJICHA [0 MaTepHaIaM IOKIAN0B y4acTHHKOB X| MexmyHapoaHoi mkomsl «Du3n-
yeckoe MarepuanoBenernue» (ILIOM-2023), Tompsartu, 11-15 cenrssdps 2023 rona.

Jlna yumuposanuza: lepuna 10.B., JIyn A.P. Biusane Tepmudeckoir 00paboTKy Ha CBOWCTBA KOMITO3UIIMOHHBIX Ma-
tepuanoB AMr2—-10%TiC u AMr6—10%TiC, noxy4eHHBIX METOJJOM CaMOPacIIPOCTPAHSIONMIETOCS BEICOKOTEMIIEPATYPHO-
ro cuntesa // Frontier Materials & Technologies. 2024. Ne 1. C. 105-112. DOI: 10.18323/2782-4039-2024-1-67-10.
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On the cover: Image of the structure of the Mg-8.6Zn-1.2Zr alloy subjected to prolonged annealing in air at a tem-
perature of 400 °C for 24 h. Light microscopy. Author of the photo: M.A. Shishkunova, postgraduate student (Ufa University
of Science and Technology, Ufa, Russia).

Ha o6noxicke: V300paxkenne cTpykTypsl cruiaBa Mg—8,6Zn—1,2Zr, noaBepraHyToro JUIMTENbHOMY OTKUTY B BO3ZYII-
HOH cpene npu Temneparype 400 °C B reuenue 24 4. CeToBast Mukpockonusi. ABrop ¢oro: lllumkynosa M.A., acnupast
(Y bumcknit yHHBEpCUTET HAyKU M TEXHOJIOTHH, Y da, Poccus).
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