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It should be noted that the specified recipe had a significant effect
on the metallic base of the 42CrNiMo alloy samples. The weight loss of
the samples during processing reached 3 mg/dm? in one cycle. It was
decided to reduce the processing temperature from 160°C to 95°C to
reduce the effect on the base metal. This resulted in lower losses of the
base metal (2 mg/dm?), but the surface of the samples after processing
remained dark and without a characteristic metallic lustre. Since this
method of removing oxide films formed during autoclave tests proved
to be the most optimal, its composition and processing parameters were
optimized for the 42CrNiMo alloy.

The dependence of the mass change of austenitic stainless steels
samples and chromium-nickel alloy, pre-oxidized in an aqueous envi-
ronment at a temperature of 350°C and a pressure of 16.5 MPa after
removal of oxide films, on the testing exposure time is shown in Fig. 4.
According to the obtained results, not all the oxide film transfers into
the aqueous environment during autoclave tests. The amount of metal
that has turned into oxides increases with the exposure time of the au-
toclave testing.
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Fig. 4. Mass change of samples after autoclave tests at 350°C and 16.5 MPa
and chemical removal of oxide films: a—06Cr18Nil0Ti; 4—08Cr18Nil0Ti;
c—42CrNiMo.
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false conclusion that the 42CrNiMo alloys possess the lowest corrosion
resistance due to the fact that it has the greatest mass gain. Removing
the remains of oxide films made it possible to estimate the amount of
metal that reacted with the corrosion environment and transformed
into oxide (Fig. 4), which, in turn, allows calculating the amount of
oxygen necessary for the formation of oxides Fe203, Fes04, Crz0s, NiO.
The amount of oxygen spent on the formation of oxides corresponds to
the mass change in the case if the surface layers of the oxide film do
not dissolve.

The method of chemical removal of oxide films was implemented be-
cause the etching stage would not result in a significant dissolution of
the alloy material that was not preliminary oxidized. Only the oxide
film formed during the autoclave tests undergoes oxidation in the
KMnO, solution. At the additional treatment of samples from which
the oxide film was completely removed in the above-mentioned solu-
tions, the mass loss after chemical removal did not exceed
0.25 mg/dm?. Therefore, with a certain probability, it can be assumed
that, because of sequential treatment of samples with the proposed so-
lutions, only the oxide layer is removed, without significant dissolu-
tion of the metal base.

Figure 5 shows the summarized results of measuring the mass
change of 06Cr18Nil0Ti (Fig. 5, a) and 08Cr18Nil0Ti (Fig. 5, b) steel
samples at different stages of autoclave testing, mass changes after
removing oxide films, and a calculated curve showing the amount of
oxygen required for corrosion process. The generalized results reveal
that if the dissolution of the surface layers of the oxide film did not oc-
cur, then during 10000 hours of testing in the agqueous environment of
the composition of the VVER-1000 primary coolant at a temperature of
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Fig. 5. Mass change of 06Cr18Nil0Ti (a) and 08Cr18NilOTi (b) samples at
different stages of testing: ——calculated mass change in the of the sample
taken into account absorbed oxygen, m—mass change of studied sample,
e—mass change of sample without taking into account the oxide film (after
oxide removal).
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TABLE 2. Total calculated mass gain (B), amount of lost metal (D) and disso-
lution coefficient (a) of oxide films of the studied alloys samples after 10 000
hours of autoclave tests.

Material Mass gain Metal loss Dissolution coeffi-
(B), mg/dm? (D), mg/dm? cient (a), %
42CrNiMo 9.15 -9.6 =0
06Cr18Nil0Ti 25 -64 31
08Cr18Nil0Ti 22 -55 30

350°C and a pressure of 16.5 MPa, the mass gain of the samples would
be almost the same = 25.6 mg/dm? and 22.0 mg/dm? for 06Cr18Nil0Ti
and 08Cr18NilOTi steels, respectively (Table 2).

The obtained results made it possible to calculate the dissolution co-
efficient (a) of oxide films formed during autoclave tests. This coeffi-
cient is the ratio of the mass of the oxide film that has transferred to
the corrosion environment to the total mass of the oxide film that was
formed during oxidation of the sample. For the above-specified param-
eters of the autoclave tests, the dissolution coefficient was almost the
same and was 31% and 30% for steels 06Cr18NilOTi and
08Cr18NilOTi, respectively (Table 2).

When removing oxide films from 42CrNiMo samples, it was estab-
lished that the amount of lost material (-9.6 mg/dm?) almost coincides
with the mass gain of the samples during the test (9.15 mg/dm?). How-
ever, this is not valid, because the amount of lost metal should be
=22 mg/dm? (additional curve in Fig. 6). Therefore, it can be assumed
that the recipes developed and tested for austenitic stainless steels do
not allow removing completely the oxide film from the surface of the
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Fig. 6. Mass change of 42CrNiMo samples at different stages of testing.
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42CrNiMo sample. That is, it is likely that the recipes need to be
adapted for processing 42CrNiMo alloy. Nevertheless, the obtained
results allowed concluding confidently that the dissolution coefficient
of oxide films on 42CrNiMo samples is insignificant or even equal to
Zero.

4.2. Kinetics of corrosion and transfer of corrosion products to the
corrosion environment

Formulas that describe the corrosion process are of great practical im-
portance. They are part of majority of computer codes for the thermo-
mechanical analysis of both core structural materials and nuclear fuel
assemblies. Since the corrosion process affects, at least, the thermal
conductivity of the workpiece surface (the thermal conductivity of the
oxide is lower than the thermal conductivity of the base metal) and the
mechanical characteristics (due to a decrease in the thickness of the
workpiece or cladding). Calculations of corrosion processes are im-
portant in predicting the amount of corrosion products that can trans-
fer to the corrosion environment (the primary coolant), which purity
requires severe limitations.

The corrosion kinetics of metals and alloys can be approximated by
several laws: linear, parabolic, cubic, and logarithmic [19]. The choice
of one or another approximation law should be established by experi-
mental results, which may have statistical scatter. For most metals,
the corrosion kinetics is described by a formula of the following type:

Am
—=A-t", 1
S (1)

where: Am—mass change of sample, mg; S—surface area of sample,
dm?; t—exposure time, hours; A—proportionality factor; n—the de-
gree of reaction, which depends on the type of material and oxidation
conditions, for reactor conditions it is in the range from 0.33 to 1.0.
The degree of reaction (n) defines the approximation law.

The experimental results of measuring the mass change of samples
during autoclave tests at 350°C and 16.5 MPa and after chemical re-
moval of oxide films are presented in logarithmic coordinates in Fig. 7.
The obtained results for steels of the Cr18Nil0Ti grade are superim-
posed on two segments. On the first segment, the results of tests with
exposure time up to 1000 hours are given and are characterized by an
index of power (n) equal to 0.817 and 0.720 for steels 06Cr18Nil10Ti
and 08Cr18NilOTi, respectively (Table 3). On the second segment, the
test results of testing for more than 1000 hours are given, and the n
value is 0.347 and 0.352 for steels 06Cr18Nil0Ti and 08Cr18NilO0Ti,
respectively.

The experimental results of measuring the mass change of
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Fig. 7. Mass change of samples after autoclave testing at 350°C and 16.5 MPa
and chemical removal of oxide films in logarithmic coordinates.

42CrNiMo samples in logarithmic coordinates are superimposed on one
segment. The index n of formula 1 for the 42CrNiMo alloy is 0.510. If
n is calculated for short-term (up to 1000 hours) and long-term (more
than 1000 hours) test periods, it will be 0.509 and 0.546, respectively.

5. DISCUSSION OF RESEARCH RESULTS

The results of corrosion resistance tests of steels 06Cr18NilOTi,
08Cr18Nil0Ti and 42CrNiMo alloy in the model solution of the VVER-
1000 primary coolant at a temperature of 350°C and a pressure of
16.5 MPa were obtained. At the first stage of the research, the corro-
sion resistance of the alloys was estimated basing on the mass change,
the appearance of the samples, and the morphology of the oxide films.
The results of the autoclave tests revealed that the 42CrNiMo alloy
samples oxidize with mass gain unlike the Cr18NilO0Ti steel samples.
After 10000 hours of testing, the mass gain of the 42CrNiMo alloy
samples was 9 mg/dm?2, and that of Cr18Nil0Ti steels was 2—-3 mg/dm?.

TABLE 3. Constants for calculating the amount of oxidized metal for steels
06Cr18Nil0Ti, 08Cr18Nil0Tiand 42CrNiMo alloy.

. 0-1000 hours 1 000-10 000 hours
Material
n | A n | A

42CrNiMo 0.509+£0.04 0.0878+£0.03 0.546+0.07 0.0630=0.03
06Cr18Nil0Ti 0.817+0.04 0.1084%0.03 0.347%£0.02 2.6526=0.66
08Cr18Nil0Ti 0.720£0.05 0.1692+0.06 0.352+0.01 2.1686+0.27
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A greater mass gain of the 42CrNiMo samples does not mean that this
alloy possesses lower corrosion resistance. During the corrosion pro-
cess of stainless steels, two mutually competing processes occur: the
formation of an oxide film, which results in a mass gain; and the disso-
lution/spalling of the surface layers of the oxide film—mass loss. The
mass loss of Cr18Nil0Ti samples under the conditions of the primary
coolant is caused by the formation of an oxide film with several layers
of different composition. The outer layer of the oxide film partially
dissolves in the corrosion environment under certain conditions, which
results in a mass loss. In some cases (significant fluctuations in the pH
of the corrosion environment, a high flow rate of the coolant), the mass
loss can result in a negative value of the mass index of corrosion. It is
possible to establish the valid corrosion rate only after establishing the
actual amount of metal lost during corrosion, which is possible only
after removing the remains of the oxide film from the surface.

The results of the removal of oxide films revealed that not all corro-
sion products are transferred to the aqueous environment during auto-
clave tests. The amount of metal that transforms into oxides increases
with increasing exposure time of autoclave tests.

Figure 8 shows the mass change of stainless-steel samples after au-
toclave tests and chemical removal of oxide films in comparison with
data from literature sources obtained during inspection of pipes at
ZNPP-3, NVNPP-2, KolNPP-2, Paks NPP-3 [22, 27, 28]. The results
obtained during the performance of this research are in the range of
experimental results obtained at NPPs. This indicates that the test pa-
rameters and the composition of the corrosion environment were se-
lected correctly, and the influence of irradiation on corrosion process-
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Fig. 8. Mass change of stainless steels according to the results obtained during
the performance of this research and according to the results in literature
sources [27].
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es is not significant.

Based on the results of measuring the mass change of the samples, it
can be concluded that the corrosion rates of 06Cr18NilOTi and
08Cr18NilOTi steels are almost the same. The rate of transformation
of metal to oxide for the 42CrNiMo alloy is much lower and is
0.0022 g/(dm?-h) in the first 1000 hours, in contrast to the average rate
for Cr18NilOTi steels, which is about 0.0550 mg/(dm?h) during the
same time interval. In longer tests (more than 1 000 hours), the corro-
sion rate decreases by almost 2 times and for the 42CrNiMo alloy is
0.0010 mg/(dm?h), while for Cr18NilOTi steels the corrosion rate de-
creases by almost 4-5 times.

To estimate the mass loss, it is necessary to use formula 1 with the
coefficients given for each studied material (Table 3). Calculations re-
vealed that during one reactor cycle (7500 hours) of Cr18NilO0Ti steels
operation in the core, a mass loss of metal is almost 54 mg/dm? (average
value for 06Cr18Nil0Ti and 08Cr18Nil0Ti), that is equal to 0.68 um.
The next reactor cycle will result in the loss of only 0.19 um of metal.
For the 42CrNiMo alloy, losses for the first and second reactor cycles
will be 0.1 um and 0.04 um, respectively. Calculations revealed that
the 42CrNiMo alloy is more resistant to corrosion damage under the
conditions of the primary coolant.

An equally important parameter that characterizes the corrosion
resistance of the 42CrNiMo alloy is the dissolution index of the oxide
film, which has a low value. While for Cr18Nil0Ti steels, it is = 30%.
The surface area of Cr18Nil0Ti stainless steel components in the pri-
mary circuit of VVER-1000 is 12.500 m?, and in the first reactor cycle,
the transfer of corrosion products in the reactor core will amount to
20.25 kg. While the transfer of corrosion products into the circuit will
be minimal or absent for 42CrNiMo alloy components.

CONCLUSIONS

1. The paper presents the results of corrosion tests of 06Cr18Nil0Ti,
08Cr18NilOTi steels and 42CrNiMo alloy tubular samples in a model
environment of the primary coolant of a light water reactor at a tem-
perature of 350°C and a pressure of 16.5 MPa for 10 000 hours. The
corrosion resistance of the samples was estimated by the mass change
of the samples after testing, the appearance of the samples, the micro-
structure of the oxide films and the amount of oxidized metal.

2. The results of autoclave tests in an aqueous environment at a tem-
perature of 350°C and a pressure of 16.5 MPa revealed that, unlike the
Cr18NilOTi steel samples, the 42CrNiMo samples oxidized with mass
gain. After 10000 hours of testing, the mass gain for the chrome-
nickel alloy was only = 9 mg/dm?, and for steels—0——2 mg/dm?.

3. After autoclave tests, the surface of 42CrNiMo alloy samples and
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06Cr18NilOTi and 08Cr18NilO0Ti steel samples had different colours
but high reflectivity. Based on the general idea of corrosion, the high
reflectivity of the surface and the absence of loose deposits on the sur-
face indicate the high corrosion resistance of the studied materials.
The study of the morphology of the oxide films surface revealed that
during autoclaving, compact pyramidal-shaped microcrystalline pre-
cipitates form on their surface.

4. The kinetics of mass change in of 06Cr18Nil0Ti and 08Cr18Nil0Ti
steel samples after testing and after chemical removal of oxide films
had a similar character. The mass of the samples during the entire time
of the autoclave tests did not change significantly (0-2 mg/dm?).
Chemical removal of the oxide film from the surface revealed that for
10 000 hours of testing, corrosion losses were up to 55 mg/dm?.

5. It was established that the dissolution coefficient of oxide films,
which is the ratio of the mass of the oxide film components that has
transferred into the corrosion environment, to the total mass of oxide
that was formed during oxidation, is equal to zero for the 42CrNiMo
alloy. Moreover, this coefficient was 30% on average for steels
06Cr18Nil0Ti and 08Cr18Nil0Ti. This indicates that the transfer of
corrosion products into the coolant will actually be absent for the
42CrNiMo alloy.

6. The dependences that approximate the corrosion kinetics of
Cr18NilOTi steels and 42CrNiMo alloy were obtained. At the initial
stages of corrosion (up to 1000 hours), the mass loss was described by a
power law with indices of power of 0.817 and 0.720 for 06Cr18Nil10Ti
and 08Cr18NilOTi steels, respectively. In longer tests, the power indi-
ces were 0.347 and 0.352, respectively. The results of measuring the
mass change for the 42CrNiMo alloy samples, obtained over the entire
period of the research, were described by one law with an index of pow-
er of 0.510.

7. Basing on the research results, it was concluded that the 42CrNiMo
alloy possess higher corrosion resistance, and the oxide films that grow
on its surface do not dissolve significantly in the corrosion environ-
ment, in contrast to the Cr18NilO0Ti steels with the dissolution coeffi-
cient of oxide films of 30%.
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PACSnumbers: 61.66.Dk, 61.72.Ff, 62.20.Qp, 75.30.Cr, 81.30.Kf, 81.40.Pq, 81.65.Lp

BniuB TexHoJOTiYHKHX MapaMeTpiB Ha iduKo-MexaHiuHi
M eKCILIyaTalliifHi BJIaCTUBOCTI 3HOCOCTINKOI ayCTeHITHOL
BHCOKOMAaHI'aHOBOI KPUILi

B. M. Ca:xues, I'. B. CuixHOII

HauioxnaavHuil yHigepcumem «3anopisdvka nosimexmHika»,
sy.. yKroecvrozo, 64,
6906 3 3anopixcics, Yepaina

ITIpoBegenMy AOCTIMKEeHHAMEN HPOAaHAJIi30BaHO BIJIMB OCHOBHUX KOMIIOHEH-
TiB XeMiYHOro CcKJanIy, MeTOHiB MoAu(piKyBaHHsA, YMOB eKCILIyaTallil Ta BU-
npobyBaHb Ha (isMKO-MexaHiuHi W eKCIIyaTalliiHi XapaKTepPUCTUKHN BUCO-
KOMaHI'aHOBOI Kpuili. YTouneHno xouieHrparii Kapoony Ta Maurany ajasa 3a-
6e3IeyeHH ONTUMAJIbHOTO KOMILIEKCY BJIACTUBOCTEM KPUIIi B 3aJI€KHOCTI Bif
yMmoB ekcuayaramnii. IlinTeepaskeno, 110 OJa4 geTajliB, AKi IpamooTh B yMOBax
a0pa3WBHOTO 3HOIIYBAaHHS 3a BHCOKUX AMHAMIUHHX 1 CTATMYHMX HaBaHTa-
JKeHb, HaWKpallli mokasuuku Baactuocteir kpuii 110I'13JI 3abesneuyroTbesa
3a cepelHiX 3HaUeHb KoHIleHTpariit Kapoouny Ta MaHraHny B Me:Kax CTaHIApPTY.
Jiia neraniB, AKi IpaIOOTh 3a HUBBKUX YAAPHUX HAaBaHTAKEHb, NOIiIJIBHUM €
3aCTOCYBaHHSA ayCTEHITHMX 3HOCOCTIMKUX KPUIb i3 KoHIeHTpamiamu MaH-
raHy Ha HIKHbOMY, a KapOoHY Ha BEPXHBOMY PiBHAX V MeKaxX CTaHIapPTHOTO
xeMigHOTO cKJany. 1le yMOMKIUBUTS i ABUIIIUTHU Pecypc POoOOTH AeTasiB 3i mo-
HUKEeHHAM BHUTpPAT MaHI'aHOBUX (epocTomniB. 3alIpOIOHOBAHO METOAY KOM-
IJIEKCHOTO MOAM(iKyBaHHS BHMCOKOMAHTAaHOBUX KPUIIb, IO IIOJISATAE Y BBE-
menni Amominiro, Turany Ta Banagiro i sike 3abesneuye mepeBeeHH ILIiBKO-
BUX HiTpuAiB AJOMiHiIO B TAXXKOTONKI KOMIJIeKCHI HiTpuau Antominito, Tu-
Tany Ta Barazmiro kommaxkTHOI hopmu. Ili BKIOUEHHA AiI0TH AK MoaudikaTo-
PU-iHOKYJISTOPU, CTBOPIOIOUM IEHTPU KpHCTaJisallii, Mo cupusae moapioHeH-
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HIO CTPYKTYPU, HiABUIEHHIO HAJiMHOCTHU Ta AOBroBiuHOCTH BUInUBKiB. [loci-
I’KeHO BILJIMB TeMIIepaTypu BUIPOOYBaHb Ha yAapHY B’ A3KiCTh BHCOKOMAH-
T'aHOBOI KpuIli uepes 3MiHU KOHIeHTpaIliit Kapoony Ta MaHrany SK OCHOBHOT'O
MOKAa3HUKAa HAAiMHOCTH pPOoOOTH JeTajiB MAIIMH 34 HU3bKHUX TeMIepaTyp. 3a-
IIPOIIOHOBAHO BUKOPUCTAHHA IIMTOMOI ITapaMarHeTHOI CIPUHAHATINBOCTA ayC-
TeHITHOI MaTpuUIli B AKOCTi ITapaMeTpa IPOrHO3yBaHHSA BJIACTUBOCTE KPHUILi 3a
HUB3BbKUX TeMIIepaTyp.

KarouoBi ciioBa: BICOKOMAHI'aHOBA KPUIS, AyCTEHIT, MApPTEHCUT, Kap0Oix, Me-
2Ka MIITHOCTH, yAapHa B’ A3KiCcThb, 3HOCOCTIHKiCTh.

The influence of the main components of the chemical composition, modifica-
tion methods, operating conditions and tests on the physical, mechanical and
operational characteristics of high-manganese steel is analysed. The concen-
trations of carbon and manganese are refined to ensure the optimal set of
steel properties depending on the operating conditions. As confirmed, for
parts operating under abrasive wear conditions under high dynamic and stat-
ic loads, the best properties of the 110I'13JI steel are provided at average
values of carbon and manganese concentrations within the standard. For
parts operating at low impact loads, it is advisable to use austenitic wear-
resistant steels with manganese concentrations at the lower levels and carbon
at the upper levels within the standard chemical composition. This is increas-
ing the service life of parts, while reducing the cost of manganese ferroal-
loys. A method is proposed for the complex modification of high-manganese
steels, which consists in the introduction of aluminium, titanium and vana-
dium and ensures the conversion of aluminium film nitrides into refractory
complex aluminium, titanium and vanadium nitrides of a compact form.
These inclusions act as inoculant modifiers, which form crystallization cen-
tres, contribute to the refinement of the structure, increase the reliability
and durability of castings. The effect of test temperature on the impact
strength of high-manganese steel with a change in the concentration of car-
bon and manganese, as the main indicator of the reliability of machine parts
at low temperatures, is studied. It is proposed to use the specific paramagnet-
ic susceptibility of the austenitic matrix as a parameter for predicting the
properties of steel at low temperatures.

Key words: high-manganese steel, austenite, martensite, carbide, tensile
strength, impact strength, wear resistance.

(Ompumano 8 atomozo 2023 p.; ocmamoun. apisnm — 28 aromozo 2023 p.)

1. BCTYII

3HOCOCTIKiI KpHIli, caMOI0 PO3IOBCIOMKEHOI0 3 AKUX € BHCOKOMAH-
ramosa Kpuilsa tumny 110I'13JI, BUKOPHCTOBYIOTHCA AJIS BUTOTOBJICHHS
IeTaJiB y TipHUYOPYIZHOMY, 30arauyBajJbHOMY YCTATKYBaHHi, CilIbCh-
KOTI'OCIIOZapChKOMY, TPAHCIOPTHOMY MAaIlIMHOOyAyBaHHi. 3 1iei Kpwuiri
BUTOTOBJIAIOTH 3y0M Ta KOPOMMCJIa KOBIIIiB eKCKaBaTOPiB, IIIOKMU, BaJ-
KH, 6ujia, MOJIOTKU, OPOHi Mpo6apoK, GyTepyBabHi IIUTH KYJbOBUX,
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CTPUKHEBUX, BUXPOBUX MJIMHIB, XPECTOBUHU Ta CTPIJIKU IJIA 3aJIi3HU-
YHOT'O TPAHCIIOPTY Ta TPaMBaWHUX KOJill, IAaHKU I'yCEeHUI[b eKCKaBaTO-
piB, TpakTopiB i OaraTo iHIMIUX BimmOBiZamIbHUX AeTajliB — ychoro 0i-
abpie 400 maimenyBaub [1]. Vi mi merani migmaroThbess 3HOITYBaHHIO;
KOJKHA JeTajb Ipaloe y cuenudivamx ymoBax. OmHa 3HOIIYETHCA 3a
BeINKUX IMHAMIUHKX a00 CTaTMUYHUX HaBaHTa)KeHb, Apyra — 3a HaBa-
HTa)KeHb, II[0 BUTUHAIOTh, 4 TPETA IMiAJacThCA TiIbKU aO0pasuBHOMY
cTUpaHHIO. MOKJIMBe MOEJHAHHSA ABOX i OibIle THUIIB pyHHIBHOI Iii Ha
OJIMH i TOM Ke JeTaab. BeiM M IiAM IPOTHCTOITEH YHiKaJAbHA 3i0HICTE
BHUCOKOMAHTaHOBOI KPHIIi 3MIITHIOBATHCS IIiJ Yac 30BHINIHIX HaBaHTAa-
JKeHb [2].

CrifikicTs merasiB y Ti#l um iHIIIN MaIIMHI 3aJ€KUTHL Big mpupomu
MaTepidany, 3 AKMM BOHU KOHTAKTYIOTh, a TAKOXK BiJ BJIacTHUBOCTEH
KpHUIli, TAKUX AK MIiIIHiCTb, ILJIACTUUYHICTh, yAapHa B A3KicTh, TBep-
IicThb, 3HOCOCTiHiKiCTh, XOJIOMOCTIHKIiCTh; Ta 000B’I3KOBOIO YMOBOIO Ha-
TifiHOI PpOoOOTH MAIINHU € 3a0e3IeUeHHs BiICYTHOCTY aBapiHMUX II0JIO-
MOK ii meraJiB, aKi abo cami € poboumMu opramaMu, a00 BUKOHYIOTH
OopouedyTepyBadbHi GYHKIIII AeTaris, AKi B poOOoTi migmaroThCcsa 3HaAU-
HOMY a0pasMBHOMY 3HOIIYBAHHIO i yac CTaTUUYHMUX a00 AMHAMIUHMX
HaBaHTaYKeHb.

Huni BupoOHUIITBO 3HOCOCTINKUX OeTaJiB Mae 3a0e3meuyBaTU MakK-
CUMAaJIbHyY €KOHOMiuHY e()eKTHBHICTb, BPaXOBYIOUM BHCOKY BapTiCTh
MaHTaHOBUX (epocToIriB. 1110 mpobieMy BUPIMIyIOTh ABOMA ILIAXAMHU:
BUKOPUCTAaHHIM €eKOHOMHO JIETOBAHUX KPUIIH IEePJIiTHOTO KJaacy abo Ba-
pirOBaHHAM XeMiUHMM CKJAAOM i TeXHOJIOTiUHMMHN 3acobaMu IHiJ dac
BUPOOHUI[TBA BUJINBKIB i3 BICOKOMAaHTaHOBOI KPUIli ayCTEHITHOTO KJa-
cy. 3 orIALy Ha Ife, JOCHiA:KeHHs Ta Po3po0Ka peKOMeHaIlill CTOCOBHO
pPamioHAJIBHOTO XeMiUHOI'O CKJIaAy KPHILi, il KOMIIJIEKCHOTO MOAU(IKY-
BaHHSA IJIs Pi3HUX YMOB eKcCILIyaTallii 3abesmneuarsh HagiHHICTh poboTH
JeTasiB 3 IMOHMKEHHAM BUTPAT MAaHI'AHOBUX (PEpPOCTOIIIB i € aKTyaJb-
HUMH.

2. AHAJIISA JIITEPATYPHUX JAHUX

AycTeHiTHa BUCOKOMAaHI'aHOBA KPUIA, IKY OyJIO 3ampoiioHoBaHo I'an-
dinpmom, mictuts 1,2% Kapbony, 12% Manrany [3], 1o micaa rapry-
BaHHA y BoAl Big 950—1000°C 3abe3meuye cTabiIbHICTD ayCTEHITY Ta HO-
CTaTHBO BUCOKi 3HaueHHA (PisMKO-MexaHiuHMX BjacTuBocTeii. Takwuit
BMiCT OCHOBHUX KOMIIOHEHTIiB BMCOKOMAHI'AHOBOI KPHIIi BifIoBimae
Kpuii 110T'13J1. Ase miroumMu cTaEgapTaMHu TAa TeXHIUHMMHN YMOBAMU
Ha kpuirio 110I'13JI, HesBaskarouu Ha Te, 110 PiBeHb il MiHiCHUX i mia-
CTUYHUX BJIACTUBOCTE!, a TAKOK 3HOCOCTiKicTh B 3HAUHil Mipi Bu3Ha-
YaroThCA XEeMiUYHUM CKJIaJIOM, MONYCKAIOTHCA JOCTATHBLO IITUPOKI KOJIH-
BaHHA MeK BMicTy ocHOBHUX ejaeMeHTiB [1]. [lonm:kenna B Kpuili KoH-
meHnTtparniit ax Kapoony, Tak i MaHr'aHy IpUBOAUTD IO IMOHIKEHHSA CTa-
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OiMIBHOCTM ayCTEHITY, i 3a MEeBHUX XEeMiUHMX CKJAMiB Y KPHUIL MOXKYTh
OTHOYACHO OyTHM IPUCYTHIMU CTPYKTYpPHU, BimmiHHI Bim aycrewmity [4],
10 CTa€ IPUUYMHOIO 3HAUHNX 3MiH BJIACTUBOCTEH KPUIli. A BpaxXoBYIOUH,
IO CTAaTUYHI Ta TMHAMIUHI HAaBaHTAMKEHHS HA IMBUIKO3HOIITYBAaHI 3MiH-
Hi JeTaJi pisHMX MAaIlIMH 3HAYHO BiIPi3HAIOTHCS, TO PA30M i3 MOHUKEH-
HAM CTablJIbHOCTY ayCTEHITY Ile BILIMBAE Ha 3MIiIlHEHHS IOBEPXHEBOTO
mIapy AeTajiB, IO € HaBaKJINUBIININM YNHHUKOM IXHBOI 3HOCOCTIAKOC-
Ti. Bigomo [4], m10 3aranbHui eeKT 3MiITHEHHA CKJIaIa€ThCA i3 3MiIl-
HEeHHA Big miaacTuuHOl gedopmailiii TBepaoro posunHy, Bix (pa3oBux me-
PeTBOpPEeHb IIiJ Yac Po3Mnaay TBEPAOro PO3UMHY, BiJ 3MIiITHEHHS HOBUX
das. Cryminb BIJIMBY KOMKHOTO YMHHMKA BU3HAYAETHCA YMOBAMHU €KC-
miryararnii Ta xemiuHUM cKJamom Kpuri [5, 6]. B [7, 8] maBemeno pe-
3yJbTaTH AOCJIiIKEeHb, AKi BKa3yIOTh Ha 3aJIEXKHICTh MArHETHOT'O CTaHy
KpHUIIi, ii pisuKo-MexaHIiUHUX BJIACTUBOCTEH, (G OPMYyBaHHA MapTEHCUTY
IedpopMalrii Bif XeMiuHOroO CKJIAZy Ta CTyIIeHs aedopMarrii.

Kpuii iz morm:xenuM Bmicrom MaHTraHy MaiOTh MEHIITY CTa0iIbHICTD
ayCTeHiTy Ta 34aTHi OiIBLIIIOI0 Mipo0 3MiHIOBATH CBOI BJIACTHBOCTI IIif
HaBaHTAaKeHHAM BHACJiIOK IepeTBOPEHb, IO IIepediraioTh IIij uac IJja-
ctuuHoi medopmariii. 3a MiKpoymapHOro HaBaHTaKeHHS (OaraTopaso-
BUX yAapiB) posmaj aycTeHiTy BimbyBaeThcs e O0inbIn iHTEHCUBHO [4].
BigmoBigno, mudepeHIiiiioBannii migxXii 40 BMICTy B KPUIIi OCHOBHUX
eJIEMEeHTIiB XeMiuHOro CKJaAy B 3aJIeKHOCTiI BiJ YyMOB eKcCILIyaTamil
IacTb 3MOTY HiIBUITUTU e(peKTUBHICTD 11 BUKODPUCTAHHA.

Axr Bigomo, ogHUM i3 cIIOCOOiIB MiABUINEHHA AKICHUX BJIACTHUBOCTEHN
BUCOKOMAHI'aHOBUX KpHUIIhL € MoamdiKyBaHHSA. AHajisa JiTepaTypHUX
ITaHUX IIOKAa3ye, IM0 HaNOiabIl epeKTUBHUMU Moau@ikaTopaMu BICO-
KOMAaHTaHOBOI KPUIIi € eJIeMeHTH, AKi YTBOPIOIOTH (pa3u BTiJIEHHA TUITY
MeC ta MeN 3 BUCOKOIO TEMIIEPaTypPOoIo AUCOIiAIlil Ta mepexony B TBep-
nuii posurH. HiTpugo- Ta Kap6igoyTBOPIOBAILHI eJIeMeHTH MoAPiOHIo-
IOTh 3€PHO ayCTeHiTy, IiABUIIYIOTh OJHOPIAHICTh CTPYKTYPU, BUXiAHY
TBEPAiCTh, 3HOCOCTiMKiCTh, MiITHiCHIi BJIACTHBOCTI.

Haifibinpmr mimpoKe B3acTOCyBaHHSA A MOAUGMIKYyBAaHHSA KPHIIL
110T'13JI omep:xkanu Turaum, Banagiii, Kansmiii, PSM [1], aie KoHIIeHT-
pamii ix y KpuIli 3a JaHMMM Pi3HUX aBTOPiB 3HAYHO Bigpi3HAIOTHCA.
IIpeacraBaanu iHTepec AOCIHiAKeHHA BILIMBY MOAM(iIKaTOPiB HA CTPYK-
TYpPy, HeMeTaJieBi BKJIIOUEHHSA Ta BJaCTUBOCTI BUCOKOMaHT @aHOBOI KPUITi
3a pisHUX KoHIleHTpaIiit Maurany.

JlocTaTHBO BHMCOKa XOJOMOCTIMKICTh BHCOKOMAHI'AHOBOI KpPHIIi
YMOJKJIMBIIIOE HOPMAaJbHO TIpAIIOBATU JeTaldAM 3a HU3bKUX TeMIlepa-
Typ. B Takux ymoBax HaWOiJIBLIIT BaKJIMBUM MOKA3HUKOM pPoOGOTO3IAT-
HOCTH CTa€ BiJICYTHIiCTHL aBapiiHMX IIOJIOMOK AeTaJIiB, SKa 3a0es3imeuy-
€ThCs, B IEPIITy uepry, piBHeM yaapHOi B’sa3KocTu Kpuii. Tomy OyJio 6
0axaHO KOHTPOJIOBATH METAJ KOYKHOTO TOIJIEHHS Ha yAapHY B’ sI3KicThb
i Yac BUTOTOBJIEHHS AeTaJiB, IO IPAIIOI0Th 38 HU3bKUX TeMIIEpaTyp.
AJle KOHTPOJb (PisMKO-MeXaHIUHMX BJACTHUBOCTEH BHCOKOMAaHIAHOBOIL
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KPUI[l Ay:Ke YTPYAHIOETHCA TPYAOMICTKMM IIPOIIECOM BUTOTOBJIEHHS
3paskiB g BunpoOyBaHb. [ Bupimmenna 1iei mpobiemu aBTopoMm [1]
Ha OCHOBi BUBUEHHA JIiTepPaTYpPHUX OAHUX i BIACHUX AOCIiIKeHb OYJIO
3aIIPOIIOHOBAHO EeMIIipuuHy (GopMyJay AJA OpubOJIM3HOTO BU3HAUEHHS
yIoapHOI B’A3KOCTU B 3aJIEXKHOCTI Bifl pAAy UMHHUKIB: KOHIIEHTPAIill ¥
metagai Kapoorny, @ochopy, Turany; 6aay sepHa ayCTeHIiTYy; CyMapHOTO
BMiCTy B IIJIaKy Hepe] BUIIYCKOM TOIJIEHHSA 3aKMCYy 3ajiida Ta 3aKUCY
MaHT'aHy; TeMIIepaTypu BUIIPOOYBAHHSA 3pas3KiB. 3a J0moMororo 1riei ¢o-
PMyJau MOKHA 3 IOCTATHIM piBHEM JOCTOBIpDHOCTH PO3pPaxoByBaTU yla-
PHY B’A3KicTb Kpuili 6e3 mpoBeAeHHA BUIPOOYBaHb HA Kompi. AJe B it
dopmyi He OyJI0 BpaXOBAHO TaKi BAKJINBI YUMHHUKY, AK PEXKUM TEPMi-
YHOrO 00pO0JIeHHSA, HAABHICTEL IIOP, PUXJIOCTH, TPIIlIUH yV 3pasKax, 3a-
cMiueHHs KpUIli HeMeTaJleBUMU BKJIIOUEHHAMM, CTaH IIOBEPXHi 3pas3KiB
Ta iH. A iHKOJIM BOHM MOKYTb CTATH BUPIITaIbHUM YNHHUKOM.

3. META TA 3ABJIAHHS TOCJLIKEHD

MeTa poO60OTH — BCTAHOBUTH 3aJEXKHOCTi (hisMKO-MeXaHIUHUX BJIACTH-
BOCTell i BHOCOCTIMKOCTM BiJf BMiCTy OCHOBHHMX XEMiUHHUX €JIEMEHTIiB,
KOHIIeHTpAIlii Moau(ikaTopiB, TeMmepaTypu BUIPOOYyBaHb, Imapamar-
HETHOI'O CTaHy ayCTeHiTHOI MaTPUIli BUCOKOMAaHI' aHOBOI KPUIIi.

JJ1sa mocATHEHHSA IIOCTaBJEHOI MeTH BUPiITyBaJIucAd HACTYIHI 3aaayi:
mocaimuTu BriuB KapOomy Ta MaHTraHy Ha CTPYKTYPY, BJIACTUBOCTI Ta
(a30BUl CKJIaJ BUCOKOMAHI'aHOBOI KPHUILi; JOCHiANTH 3aJI€KHICTL 3HO-
IIyBaHHS BUCOKOMAaHI'aHOBOI KPUIILi BiJi XeMiUHOI'O CKJIALy I YMOB €KC-
mJayaTallii; BCTAaHOBUTH BIIJIMB MOAMU(piKyBaHHS Ha CTPYKTYPY, HEMETA-
JIEBi BKJIIOUEHHS Ta BJACTUBOCTI BUCOKOMAHI'aHOBOI KPHILi; BCTAHOBUTH
HASABHICTh KOPEJAIINHOro 3B’A3KY MiK IapaMarHeTHOIO CTPYKTYPOIO
aycTeHiTHOI MaTpuIli # yaapHOO B’ A3KiCTIO KPUIli 3a HeTaTUBHUX TEM-

mmepaTyp.

4. MATEPIAJ I METOAUKA JOCJIIJKEHD

BunpobyBaHHs IPOBOAUIIN Ha JUTUX 3paskax (0e3 MexaHiuHOro 06poob-
JIeHH), 3arapToBanmx y Bogai Bim temmepatypu y 1050°C. Xewmiunuii
CKJIaJ JOCTiMKyBaHUX BUCOKOMAHTAHOBUX KPUIIL HaBemeHO y Tab. 1.
Kpuii BuTonaioBaan B iHAYKITIHAHINT TUTTLOBil meui 3 OCHOBHOIO (hyTe-
poBkoio. Koumnenrpaiiigs Maurany B KpuIlgx BapiroBajgacsa B MeXKax 7,5—
14,5% , Kapbony — 0,8—-2,2% . BmicT iHIINX eJeMeHTiB OCHOBHOIO Xe-
MiYHOTO CKJIaAy IIiATPUMYBaBCA Ha CEpPeIJHHLOMY PiBHI B Me)KaxX CTaHIa-
pry masa Kpuiii 110I'13J1. Po3kucHeHHS KPUIlh IPOBOAMIAN AJIOMiHieM
i3 pospaxyHKy Iioro sajuiirkoBoro Bmicty B merasuai y 0,015-0,020%.
Kounenrpanii mogudikaropis ckaaganu: Turany — 0,05-0,15% , Ba-
nazgiro — 0,10-0,15% , Kaasiio — 0,05-0,1% (B mepepaxyHKy Ha Me-
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TABJINIA 1. Xemiunuii ckJajg i BMicT rasiB BHCOKOMAHI'aHOBUX KPUIb
110T'13JI, 110T'10JI, 110I'8JI (% mac.).

TABLE 1. Chemical composition and gas content of high-manganese steels
110I"13J1, 110T'10JI, 110T'8JI (% mas.).

Mapxal, Buicr exementis, % mac. [pucanka BMicz/:aSiB’

Kpuii| Ca, %
C| Mn[si| P | s [c|al]mjpaM v 0 | N,

11,3613,100,660,0900,0270,290,013 — - - —  0,00800,0096

2 1,3613,150,680,0900,0220,300,0180,150 — - ~  0,0075 0,013

[y B 18813,150,700,0900,0230,800,018 — = - 0,10 0,0076 0,013

41,3013,050,680,0900,0130,300,016 — 0,03 - ~  0,0050 0,013

51,38 13,1 0,700,0900,0180,280,018 — - 0,15 —  0,0090 0,010

6 1,3813,630,680,0900,0210,300,0150,075 — 0,15 —  0,0064 0,011

71,3810,501,00 0,11 0,0180,300,015 — - - ~  0,0080 0,014

8 1,4010,551,00 0,12 0,0180,300,0160,150 — - ~  0,0063 0,014

9 1,3910,550,90 0,11 0,0200,310,016 — - — 0,10 0,0060 0,010

0L 01,3910,660,94 0,11 0,0240,300,015 — 0,03 — ~  0,0057 0,010

111,4210,601,08 0,11 0,0260,300,018 — - 0,15 —  0,0087 0,011

121,3410,551,06 0,11 0,0260,290,0150,075 — 0,15 -  0,0067 0,013

131,26 7,95 0,610,0920,0160,300,015 — - - ~  0,0060 0,011

141,26 7,95 0,580,0920,0140,300,0150,150 — - ~  0,0076 0,015

151,26 7,84 0,620,0920,0160,300,017 — - - 0,10 0,0050 0,012

871 61,96 7,84 0,670,0920,0180,290,016 — 0,03 - ~  0,0045 0,011

171,28 7,84 0,620,0920,0180,300,016 — - 0,15 —  0,0050 0,011

181,26 7,84 0,610,0920,0140,300,0150,075 — 0,15 -  0,0055 0,014

TajgeBui i3 cuiaikokanasiiro), PSM — 0,02-0,04%.

BunpoOyBaHHsS Ha PO3pWB MPOBOAWJIM Ha MammuHi Mapku ¥ PM-50.
s Bu3HaAUEHHA yAapHOI B’A3KocTH 3pasku 3 U-momibHumM HaapizoMm
BUIpPOOyBaiu Ha MaaTHHKOBoOMY Kompi MK-30A. MipaHHS TBepAoCTH
npoBoawaN Ha BpuHeameBoMy nIpuiani, MiKpOTBEPAOCTH — Ha IPUJIaLi
IIMT-3. BusHaueHHs yaapH0-adpasuBHOI 3HOCOCTIHKOCTY ITPOBOIUIIN B
JabopaTOPHOMY KYJHOBOMY MJIMHI 3a BiJHOIIIEHHSM BTpPaT MacH eTa-
JIOHHUX i mociimumx 3paskiB. [[1a BusHaUeHHSA I'yCTUHU OYJI0 3aCTOCO-
BAHO METOJY TipOoCTaTUUYHOTO 3BasKyBaHHsA. KoposiliHy cTiiikicTh Bu-
3HauaJu B MOJEJIbHOMY cepemoBuilli 3 pH =9, 110 BigmoBigaso BupoO-
HUYUM yMOBaM 30arauyBaJIbHUX ITPOIECiB YOPHOI Ta KOJIBOPOBOI MeTa-
JAypriii. MIiKpPOCTPYKTYpPHY aHaJidy Ta [OOCTiIKeHHSa HeMeTaJeBUX
BKJIIOUEHDb HPOBOAMIMN Ha Merasorpadiunomy mikpockomi MUM-8 Ta
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eleKTpoHHOMY MiKpockomi VYOMB-100K. IIutomy mnapamarseTHy
CIIPUHAHATINBICTh, AYCTEHITY IOCJIiMKYBAaHMX KPHUIb, HU3bKIN BMiCT
depomarseTHux as BUBHAUAJIN UYTJIMBOI MarHeTOMETPUUYHOIO METO-
moio [9, 10].

5. PE3YJIbTATHU NOCJHLAAKEHD BILJINBY TEXHOJIOTTYHUX
ITAPAMETPIB HA BJIACTHBOCTI BACOKOMAHI AHOBOI KPHIII

5.1. Bnaus Kap6ony Ta MaHraHy Ha BJaCTHBOCTiI BUCOKOMAaHI'aHOBOIL
Kpuiti

Me:xki BMicTy OCHOBHUX X€MIiUHHMX €JIEMEHTIiB, AKi BCTAHOBJIEHO CTaHIA-
pToM aasa 3HOcOCTiHKOI aycTeHiTHOI Kpumi 110I'13JI, BmimniyioTs y cebe
onTHMaJIbHI KoHIleHTpallii Maurany ta Kapbony y kpuni I'agdinbga i
OXOILTIOIOTH I TOCTATHBO MINPOKI iHTepBain, 10 IPUBOAUTH A0 3HAU-
HUX 3MiH y cTabiJIbHOCTI aycTeHITYy Ta, BiAIOBiZHO, Y BJIACTHBOCTAX
Kpuili. Kpim Toro, B cyyacHHX yMOBaXx IiJ Uac BUTOTOBJIEHHA BUJINBKIiB
i3 kpuii 110I'13JI maiiuacriiie TOIJIeHHS IPOBOLATHL METOLOIO IIEPETO-
IJIEHHA BiIX0iB 3 BUKOPUCTAHHIM BiAIpalnbOBaHUX IETaJiB K OCHOB-
HOT'O KOMIOHeHTa IMUuXTU. Iliciid po3TOoIJIeHHA IMUXTU B AYTOBi# meui
BmicT MaHrany B MeTaJli MIOHUMKYEThCA HUKUYE HAKHBOTO PiBHA XeMid-
Horo ckJaany xpuri 110I'13JI, a Kap6oHy, HaBOaKu, ImMigHiMaeThca Ha
BepXHi#l piBeHb, a iHKOIU i Bullle HHOro. ToMy KOMIIEHCYBAaTHU HEIOJIK
Maurany Tpeba MeTaJleBUM MaHI'aHOM ab0 HI3bKOBYTJICIIEBUM (pepomMa-
HI'aHOM, II[0 3HAYHO IIiABHUINYE coOiBapTicTh Kpuili. B pesyabrarti, 1100
MOHUBUTU BapPTiCTh, BUJIMBKY BUT'OTOBJAIOTE i3 Kpunb 3 MaHramom Ha
HIKHBOMY PiBHI a6o mmxue, a KapboHy — Ha BepxHbBOMY ab0 BHIIE,
TOOTO JaJIeKO BiJl KJIacMUYHOTO cKJaany kputi I'agdinbaa.

Pesyabratun gociaimxens BmiIuBy KapoOomy ta Manramy Ha (isuxo-
MeXaHiuHi BJaCTUBOCTiI BUCOKOMAHT'aHOBOI KPUIli HaBeAeHO Ha puc. 1, a
Ha yaapHO-a0pasuBHY 3HOCOCTIHKicTh, — Ha puc. 2. JlocrigKeHHs MoKa-
3aJii, M0 BCi (PiBMKO-MeXaHiuHi BJIACTHMBOCTI MOHUIKYBAJNCS 3 IOHU-
JKeHHAM KoHIeHTpalii Manrany. Mexa MiITHOCTH BHCOKOMAaHI'aHOBHUX
Kpunb 3 migsunienuam Bmicty Kapbony momHoToHHO 3pocTrana (puc. 1,
a), 110 MOSCHIOETHCS MiABUIITEHHAM IXHBOI 31i0HOCTI 10 3MiITHEeHHA IpU
3pocTaHHi KoHIleHTpaIlii Kapbony.

KpuBi, mo ommcyooTsh 3MiHM HOKa3HWKIB IJIACTUYHOCTH, YIAapHOIL
B’SIBKOCTHU Ta TBEPAOCTU MaJii eKCcTpeMaJbHuil xapakrep. Crouarky 3a
PaxyHOK OigBUITeHHA CTa0iIbHOCTH ayCTEHITY Ta 3MEHINIeHHS KiJIbKoC-
TH MapTeHCUTHHUX (as i3 spocranuam Bmicty Kapbony [4] mmacTuuni
xapakrepuctuku (puc. 1, 0, 8) i1 ynapua B’ sa3KicTs (puc. 1, 2) sapocranu,
a TBepAicTb 3MeHITyBajsacs (puc. 1, 9).

ITics nepeBuInenHs xKoumnenrpaii Kapbouny 3 inrepsany 1,2-1,3%,
AKUH € AysKe OIM3BbKUM 10 MexKi posumuuoctu Kapbomy B aycreniri,
KPHUBi 3MiHIOBaJIM HAXWJI Y IPOTUJICKHOMY HANIPAMKY 3a PAaXyHOK 30i-
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JBIIIEeHHS KiJIbKOCTH 3aJIMINKOBUX KapbimiB, aKi He miggaoThCsa PO3UN-
HEeHHIO mif uac rapryBanH4 [1] i AKi, mo-mepire, cami HeT'aTUBHO BILIIH-
BalOTh Ha (PiBMKO-MEXaHiuHiI BJIACTMBOCTI KPHIli, a HmO-APyre, BILJIMBA-
IOTH Ha PYX AUCJIOKAIIi i, BiATIOBimHO, Ha mepeOyqoBy r'paTHuIri [4].

B Toi1 :Ke uac, MOKa3HUK 3HOCOCTIKOCTH 3MiHIOBAaBCS B 3aJI€KHOCTI
Bix KoHneHTpanii Kapbony Ta MaHrany He Tak OQHO3HAUHO, AK (i3UKO-
MeXaHiuyHi BJIacTUBOCTi. BiJIbIII BICOKA 3HOCOCTIAKIiCThL KPHUIIH i3 IOHU-
JKeHHaM BMicTy Maunramy (puc. 2) moB’a3ama 3 iIXHBOIO O0iIbIIT0OI0 30i0Hi -
CTIO IO 3MiITHEeHHS 3a MEXaHIYHOT'0 BILIMBY Ha IOBEPXHEBU 11ap.

Biporigao, 1110 HaABHICTH, MapTeHCUTY Aedopmallil B MOBepPXHEBUX
mapax Kpuib ['10JI i I'8JI npuBoAUTS 10 OiNbIII BUCOKOTO IXHBOT'O 3MiIl-
HeHHsA i, BiAIOBiZHO, 3pOCTaHHSA OIIOPY aAOpPa3sMBHOMY S3HOIIYBAaHHIO.
Kpumga I'8JI, 1110 Mae HaliMeHIITYy CTiHKicTh ayCTeHiTy, MaJjia 0 MoKa3yBa-
T HaWOiJIBIT BUCOKI 3HAUEHHS 3HOCOCTIHKOCTU. AJle TTOKa3HUK 3HOCO-
cTifikocTH 1iel KpuIli 3a ygapHo-abpasuBHOTO 3HOIIYBAHHS B KYJIbOBO-
My MJIMHI OyB HEKYe, HisK ¥ Kpuri I'10J] 3a Oyab-aKuX KOHIIEHTPAILil
Kap6omy. Kpim Toro, 3 monm:xkeHHam BMmicTy KapOomy HuM:KUe Merxi
YTBOPEHHS IIEPBUHHOTO MapTeHcuTy [4] sHococTrifikicTs kpuili I'8JI Oy-
Jla HaBiTh HMiK4Ye, HixK v KpuIli I'13JI. HaaBHicTh 1BOX TUIIB MapTeHCH-
TiB medopmarrii (¢ i o') y BUCOKOMAHTaHOBUX KPUIAX ITiATBEPAKYETHCS
B poborax [11, 12].

Y BUCOKOMAaHI'aHOBill KpHUIli 31 cTablILHUM ayCcTeHiTOM IIpoIiec gedo-
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Puc. 1. 3anexuicTdh (pismKo-MexaHiUHMX BJIACTUBOCTEH BHICOKOMAHI'AHOBUX
kputb (kpuBa I — I'13JI, kpua 2 — I'10JI, kpua 3 — I'8JI) Bix BmicTy Kap-
6OHY: MeXKa MIITHOCTH O; (@), BifHOCHE BUIOBKEeHHA O (0), BilHOCHEe 3BYKeHHS
Y (8), ynapua B’ askicts KCU (2), TBepzicts HB (0).

Fig.1. Dependence of the physical and mechanical properties of high-
manganese steels (curve 1—I'13JI, curve 2—TI'10JI, curve 3—I'8JI) on the car-
bon content: strength limit o, (a), relative elongation & (6), relative narrowing
Y (8), impact viscosity KCU (2), HB hardness (0).



BIIJIMB TEXHOJIOTTYHUX ITAPAMETPIB HA BJIACTHIBOCTI 511

30 7
1 217 1
. ¢ ° ]
1,81
J (]
20+ o
° o 2151 2
x i 2 [e) o IIE[
= 2
10 % |
- 0,91
y—*\ S
. 06] 2
0 : : : : : 0,31 . .
1,0 1.2 1,4 16 L0 1.2 14 1.6
G % C, %
y
8 2
2800
2200-
«
=t
= 2100
o
|
20004
1900 : .
1,0 1,2 1.4 1,6
C, %
0

ITpodosienus puc. 1.

Continuation of Fig. 1.

pMaIifiHoro ABiHHUKYBAHHS € JOMiHYBAJIbHUM MEXaHi3MOM 3MillTHEHHS
[13]. Aue 3 migBuIleHHAM y Kpulli BMicty MaHrany 3a HU3bKOTO PiBHA
ILIACTUYHOI medopmailrii, AKOMY BiAmosigae yaapHo-abpasuBHE 3HOIIIY-
BaHHSA B KYJIbOBOMY MJIMHI, XapaKTePUCTUKU MiIlHOCTH IOHUKYIOTBCS,
Tomy 1o Manran npurHiuye yrBopeHHsa asifiHukiB [13]. Bigmosigzo,
sHococTifkicTy Kpumi I'l 3JI mae HMKUI TOKA3SHMKM 3HOCOCTiHKOCTH,
Hixk mHectabinbui kpuii I'8JI i I'10JI, B AKUX MPOXOAUTHL iHINNIT Mexa-
Hi3M 3MiInlHeHHS.

AmnajioriuHi pe3yabTaTH AOCIiIKEeHb yAapHO-a0pa3suBHOI 3HOCOCTili-
koctu Kkpuili 3 10% Manramy nopiBuAHO i3 kpuiteto 110I'13JI 6yJ1o0 oxe-
p:xaHo B poborti [14], aBTOpamMu sKo0i 6yJio MOKas3aHo, IO IIiJBUIIEHHS
3HOCOCTiMKOCTH KPHIIi 3 MeTacTabiJIbHUM ayCTEeHITOM HOCATAEThCA Ta-
KOJK JOJaTKOBUM €KOHOMHUM JIeI'YBaAHHSIM.

HocimimxeHHa 3MiH MiKpOTBEDPAOCTHM BKAa3aHUX KPUIb IO Ta IIicjasa
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Puc. 2. 3anexHicTh 3HOCOCTIHKOCTY BUCOKOMAHI'aHOBMX KPHUIlL Bix Bmicty Ka-
pOoHy 3a BUIpoOyBaHb Y KyJaboBoMYy MuuHi: I — I'13JI, 2 — I'10JI, 3 — I'8JI.

Fig. 2. Dependence of wear resistance of high-manganese steels on the carbon
content during tests in a ball mill: 1—I'13JI, 2—TI'10JI, 3—I'8JI.

BHOIITYBAaHHS IIiATBEPAUIN MOKJINBICTh TOHUKEHHS CTabiJIbHOCTH ayc-
TEeHITYy 1 YTBOPEHHSA &- i o'-MapTeHCUTHUX (a3 3 MOHUIKEHHAM BMIiCTy
Mamurany ta Kap6ony (puc. 3).

Ho BHOIIyBaHHA MiKPOTBepPAiCTh IIOBEPXHEBOrO IIIapy 3pasKiB is
kpumi I'13JI 3i s6inpmienuam KoHIieHTparii KapboHy smaxomuiacs
mpuban3Ho Ha ogHOoMYy piBHi. HasgBHicTh MapTeHCUTHUX (a3 Y KPUIAX
I'10JI i I'8JI 3a HM3BLKUX KOHIleHTpalliii KapOony 3abesmeuyBaja GiabIl
BHUCOKIi 3HAUEHHS MiKPOTBEPAOCTH. 3 HMiABUIIEHHAM CTA0iIbHOCTH ayc-
TeHiTY MikpoTBepaicTs Kpuith ['10JI i I'8JI MOHOTOHHO MOHUMKYBaJacA
Ta gocArasa piBaa kpuili I'13JI 3a Bucokux KoHmeuTpaiiit Kap6ony.

Ilicasa sHoIIyBaHHA HAMOiJBIN BMCOKiI 3HAYEHHA MiKpPOTBEPAOCTH
masu 3pasku i3 Kpuiri I'8JI. 3 migBuinmenuam kouienTpailii Manrany sa
mocTifinoi KoHmeuTpailii KapooHy 3HaUeHHA MiKPOTBEPAOCTH IIOHMMKY -
Banucs. 30iablleHHsA KoHIeHTpanii Kap6oHy mpuBOAWINM OO0 IIiABU-
IIeHHA MiKPOTBEPAOCTHU IIOBEPXHEBOTO ITapy yV BCiX MOCHiAKyBaHUX
Kpunax, age y kpuiax I'10JI i I'8JI spocTranus 0ya0 GiIbII iHTEHCHB-
HUM, HixK y kpuni I'13JI. Ile MokHa MOACHUTU HACTYIIHUMU IPUYMHA-
mu. B xpuii I'13JI 36inbinenns smicty Kap6oHy BUKJINKAE I ABUIEHHS
3aTHOCTHU IO 3MillTHEHHS, 110 OB’ A3aHO 3 HOCUJIeHHAM edeKTy OJIIOKY-
BaHHA AedeKTiB Kpucraniunoi O0ygoBu atomamu Kap6ory. B Kpuirsax
I'10JI i I'S8JI mo 1mporo momaeTbcsAa YTBOPEHHS MapTeHCUTy aedopmarrii,
TBEPAiCTE SKOTO TEeXK 3POCTAaE 3 IIiABUINIeHHAM KoHIleHTpaIii Kapoony.

Meranorpadiuni gocrigxenusa (puc. 4) mokasaan, 110 CTPYKTypa Io-
CALMKYBAaHNX KPUIlh Yy JUTOMY CTaHIi IIpeacTaBJisgiaa co00I0 ayCTeHiT i3
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Puc.3. MikpoTBepAicTh IIOBEPXHEBHUX IIIapiB 3pasKiB BHCOKOMAHI'aHOBUX
Kpuiib no (Kpusi 1, 2, 3) Tta nicaa (kpusi 4, 5, 6) 3HOITYBaHHA Y KYJIbOBOMY
mawusi: 1,4 —T13JI,2,5 —T10JI, 3,6 — I'8JI.

Fig. 3. Microhardness of surface layers of high-manganese steel samples be-
fore (curves 1, 2, 3) and after (curves 4, 5, 6) wear in a ball mill: 1, 4—T'13J1,
2,5—T10J1, 3, 6—TI'8JI.

BKJIIOUEHHAM BeJUKUX KapOimiB. 36imbmienHnsa Bmicty Kap6oHy B Kpu-
1 Ax Oinbime 1,5% IpUBOAMIIO 4O YTBOPEHHS CYILIBHOIL CiTKE KapOimis,
posTallloBaHMX IIePEeBaKHO II0 Mexxkax 3epeH. Tepmiune oOpPOOIEeHHST,
rapryBaHHA ¥ Boai 3 1050°C, mHeszame:xuo Bif KoHmeHTparnii Manrany,
3a0e3I1euyBaJjIo OJlep;KaHHA v 3pasdKkax ayCTeHITHOI CTPYKTYPH 3 OCTaTO-
yHUMU Kapbigzamu 3a Bucoxoro smicty Kap6oHy.

5.2. BrutuB mogudikaTopiB HA BJIaCTUBOCTi BUCOKOMAaHI AaHOBUX KPHILH

Buaus pisanx mogu(piKaTopiB MOCTiAKyBaiM B YMOBaX IIOPIIIMHOI PO3-
JUBKHU pPigKoro MeTary. g KOKHOT0 BapiAHTY 00p0o0IeHHS BU3HAYAIA
MeXaHiuHi BJIACTHMBOCTi: yAapHO-aOpasuBHY 3HOCOCTiMKiCTh, TJIMOMH-
HUH IMTOKa3HUK Kopoasii, BmicT OKkcureny ta HiTporeny y Kpuiii, IpoBo-
auan Merajiorpaiuay Ta MmikpodpakTorpadiuny anaaisu. PesyabTatn
BUIPOOYBaHb BUCOKOMAHTAHOBUX KpHUIL (Taba. 2) moKasaiu, IMo Haii-
0inbIN epeKTUBHE MiABUINMEHHA MeXaHiUYHMX BJACTHUBOCTEH Ta yIapHO-
a0bpasuBHOI 3HOCOCTiTKOCTH BUCOKOMAHTaHOBUX KPUIlHL 3a0e3meuyBaIn:
Turan 3a oro smicty B meraii 0,05—-0,15% , Banagiit — 0,10-0,15%
Ta cuiJabHI mpmcagkm Agiomimiro, TuTamy Ta BaHasmiio 3 ocTaTouHHM
BMiCTOM y BKa3aHMX MeKax. IcTOTHe MiBUINeHHA MeXaHiYHUX BJIACTU-
BOCTel OyJIO oZlep:KaHo TaKoxK IIif uac MogudikyBanusa Kaabiliem y Ki-
abkocTi 0,05-0,1% (B mepepaxyHKy Ha MeTaJIeBuUii).
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Puc. 4. MikpocTpyKTypa gocaimxyBanux kpunb (1, 2 — I'13JI, 3, 4 — I'10JI,
5,6 — I'8JI) y nutomy (1, 3, 5) i saraproBanomy (2, 4, 6) cTaHax 3a 3pOCTAIOUNX
koumenrpariiit Kap6ony (0,9%, 1,3%, 1,6%).

Fig. 4. Microstructure of the studied steels (1, 2—TI'13J1, 3, 4—T'10J1, 5, 6—
T'8JI) in the cast (I, 3, 5) and hardened (2, 4, 6) states with increasing carbon
concentrations (0.9%,1.3%, 1.6%).

I'mubuHHNN MOKa3HUK KOPOo3ii MaB He3HAUHI 3MiHHU B 3aJI€XKHOCTI Bix
BMicTy mMomudikaTopiB, i, III0 0COOJIMBO CJOi BiAMiTHTH, TOHUIKEHHS
KoHIeHTparii MaHrany B Kpulli He IIPUBOAUJIO M0 MiABUINEHHS KOPO-
3ifiHoI cTifiKOCTHM, HA BiIMiHY BiJ pe3yabTaTiB JOCIiI:KeHb KOPO3iiAHOTO
moBomkeHHsa aycreHiTHOI TWIP-kpuni Fe—Mn—Al-Si B posuuni x.io-
puny [15]. A came, 3i 36inbienuam BMmicTy Manrany B 6esByrJierieBiit
aycreniTHil Kpuni TWIP 36iabH1yeThes IMBUAKICTE KOPO3ii.

Meranorpadiuni gocaimxenusa kpunb 110I'13J1, 110T'10J1, 110T'8JI
3 robaskamu Anrominiio, Tutany, Kanbirito, PSM i Bamaniio mokasanm,
110 Ipupoza Ta (opMa HeMeTaJIeBUX BKJIIOUEHDb Y BCiX KPUIAX OJHAKO-
Ba Ta OesmocepemHLO 3B’s3aHa i3 BMicToM enemeHTa-moaudikaropa. B
KPHUIAX, PO3KUCHEeHNX AoMiHieM, OyJI0 BUABJIEHO IJIO0YJISPHI BKJIIO-
YeHHS aJIOMOMAHI'aHOBUX CUJIiKaTiB (puc. 5, a). MikpodpakTorpadiuni
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TABJINIIA 2. Boiue moaudikyBanusa Ha BaacTuBocti xpuns ['13JI, I'10JI,
T'8JI.

TABLE 2. The effect of modification on the properties of I'13JI, I'10JI, I'SJI
steels.

MexaniuHi BIacTuBoCTi YnapHo- IIBun-

abpasus- | I'yctu- | kictb
KCU, |HB,|HasHoco-| Had, |Koposii

M5 /M2 MITa|cTifiicTs| T/CcM? I1,

€ MM /piK
Al 406 810 32,7 29,4 2,12 1870 1,01 7,8050 0,0002

Al+Ti 411 834 33,4 29,7 2,33 2020 1,06 17,8116 0,0003

Al+Ca 407 842 34,9 30,9 2,24 1920 1,03 7,8110 0,0002

Mapxra |Mogudika-

KPHIIi TOp Go,25| Oss

0, 0,
MITa| MITa | 7| V> %

rian Al+P3M 398 826 31,4 29,6 2,04 1960 1,07 17,8188 0,0003
Al+V 417 831 33,7 30,1 2,31 2070 1,08 7,8160 0,0003
Al+Ti+V 426 851 34,1 31,3 2,35 2120 1,10 17,8139 0,0002

Al 419 742 19,2 18,5 1,72 1830 1,16 17,7852 0,0002

Al+Ti 431 787 20,8 19,9 1,94 2070 1,27 7,7887 0,0002

Al+Ca 422 779 20,7 19,6 1,86 1870 1,17 17,7881 0,0003

rion Al+P3M 416 772 18,4 18,5 1,65 1960 1,26 7,7943 0,0002
Al+V 438 783 21,1 19,7 1,89 2120 1,28 17,7899 0,0003
Al+Ti+V 445 794 21,3 20,9 1,96 2170 1,31 7,78889 0,0003

Al 438 612 8,5 8,1 0,98 1830 1,09 7,8717 0,0002

Al+Ti 447 651 9,4 9,3 1,13 2120 1,22 7,8728 0,0002

s Al+Ca 440 639 9,3 8,7 1,08 1870 1,11 17,8724 0,0002

Al+P3M 429 636 8,2 8,0 0,95 2020 1,22 17,8782 0,0002
Al+V 451 648 8,9 9,2 1,09 2170 1,24 17,8773 0,0003
Al+Ti+V 466 673 9,8 9,6 1,14 2230 1,29 7,8769 0,0002

TOCIiM:KeHHA YMOMKJINBUJIN BCTAHOBUTH, IIO0 HA BJACTHUBOCTiI BUCOKO-
MAaHT'aHOBUX KPUIb HANOIIBLINNI BILIUB POOJIATEL APiOHOAMCIEPCHI HiT-
puaHi BKIOUEHHS. B 31aMax KpUIlb, PO3KUCHEHUX AIOMiHieM, Oy0
BUSABJIEHO ILTiBKOBiI HiTpmam AmiomiHito (puc. b, 6), HaBKPYru SKUX
oIep:;Kajia PO3BUTOK 30HA KPUXKOTO PYHHYBaHHA.

Hob6asxu Kansiito ra PBM mpuBoaman 1o moapiOHEeHHA Ta 3MeHIITeHH S
3arajibHOI KiTbKOCTH TJIOOYJIAPHUX BKJIOUEHBb. II03UTUBHUN BILJIUB ITHIX
€JIeMEeHTIB IIPOABUBCA TaKOK y HMOoHM:KeHHI OKcureHy B MeTasi (IuB.
rabii. 1). Berununnu sepen 3 qodaBkamu Kamabitito Ta PSM me 3amintoBasu-
ca. MomugikyBanua Turarnom i Banagiem npuBesio 70 yTBOPeHHSA HITPU-
nmiB (puc. 5, 8) i kapboHiTpUAiB (pUC. 5, ). ¥ KpUIFEX, MOAu(MiKOBAaHUX
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Agtominiem i TuramoM, OCHOBHY Macy HITPUIHHX BKJIOUEHL CKJIALAJIN
HiTpuam Turamy mpaBuiabHOI Ky6iuHOI popMu posmipamu y 5—20 MKM
(pmc. 5, 2).

3a cminpHOTO MOomMdiKyBaHHA Anmtominiem, Tutamom i Banamiem 6y-
JIO OZlepPsKaHO KOMILJIEKCHI BKJIIOUeHHs po3mipamu y 0,5—5,0 mxMm (puc.
5, €), aki BmimyBanu Amtominiii, Turan, Banagiti i Hitporen. Taxi
BKJIIOUEHHSA imeHTHdiKyBamnca Ak HiTpugu Amdiominiio, Turamy, BaHa-
Iiro, a TaKoXK AK KapOomiTpuau Bamagiro. IIpucagku Turany Ta Bana-
miro B8 1,3—1,5 pasiB moapibHIOBaIN 3epHA ayCTEHITY Ta UMHWJINA IIO3U-

Puc. 5. HemerasieBi BK/IIOUeHHSA B MOAU(piKOBAHNX BHCOKOMAHI'AHOBUX KpU-
IAX: aJIOMOMAHTAHOBMM CHJIIKAT y KpHUIi, MoaudikoBaHiii AsoMiniem
(0,015% Al) (a), naiskosuii HiTpug Amntominito (0,015% Al) (6), mitpung Tura-
my (0,015% Al+0,08% Ti) (8), (2), wapOomitpuz Bamagiro (0,015%
Al+0,15% V) (0), mitpug Bamaziro (0,015% Al+0,15% V) (e), miTpugu Auio-
miniro, Turamy Ta Banagiro (0,015% Al+0,08% Ti+ 0,15% V) (¢), (o).

Fig. 5. Non-metallic inclusions in modified high-manganese steels: manga-
nese—alumina silicate in steel modified with aluminium (0.015% Al) (a), alu-
minium-nitride film (0.015% Al) (6), titanium nitride (0.015% Al+0.08%
Ti) (8), (2), vanadium carbonitride (0.015% Al+0.15% V) (9), vanadium ni-
tride (0.015% Al+0.15% V) (d), aluminium, titanium, and vanadium ni-
trides (0.015% Al+0.08% Ti+ 0.15% V) (¢), (o).



BIIJIMB TEXHOJIOTTYHUX ITAPAMETPIB HA BJIACTHIBOCTI 517

TUBHUI BILINB Ha PiBHOMipHiCTEL posmoainy kapbinxis (Fe, Mn)sC.

3a mogudikyBanua AmoMminiem i BanagieM y Kpuiax 0yJio BUSBJIEHO
IpioHommcIepcHi BKJAOUeHHA posMmipamu y 0,5—-2,0 MKM (puc. 5, e).
MikpopeHTI'eHOCIIEKTPAJIbHOI0 aHaJai30I0 IIUX BKJIOUEHb BCTAHOBJIEHO
HaaBHicTh B HUX Bamanito. 3a mogudikyBanua Amiominiem i Turanom
abo Amiomimiem i Banazgiem B 3iamMax KpUIh TPaKTUYHO OyJau BiACyTHI
ILTiBKOBIi HiTpuaM AfoMiHifo.

3a cminbHOTO MOomMdiKyBaHHA Antominiem, Tutamom i Banamiem 6y-
JIO OZlepP:;KaHO KOMILIEKCHI BKJIIOUeHHA poaMmipamu y 0,5—5,0 MKM, 1110
mictuau Antominii, Tutan, Banagiii i Hitporen (puc. 5, ic).

KovmmiexkcHe Moan(piKyBaHHsa BUCOKOMAHI'aHOBUX KPUIbL AJIIOMiHi-
eMm, Turanom i Banagiem cupusaio mepeBeeHHIO MJIiBKOBUX BKJIIOUYEHD B
00’eMHi, 10 BuAiAAAMUCA B pigKiit Kpumi. I1i BKIOUEHHA Aigau AK MO-
nudiraTopu, yTBOPIOOUHN IeHTPHU Kpucraaisamnii. CTpykTypa KpHIli mo-
MiTHO moApiOHIOBAIacA Ta ImocJabaoBamaca Aid GocdigHol eBTeKTUKU
[1]. Hochimxenua moxkasaam, IO PaIliOHAILHUMU METOZAMU MOIMQi-
KyBaHHS MOKHA JOCATTU HiIBUIEHHS eKCILIyaTaI[iiHIX XapaKTepuc-
TUK HecTablJIbHUX KPUIh.

5.3. BoinB TremniepatTypu BUNIpPoOyBaHb HA yIapHY B’ A3KiCTH BUCOKO-
MAaHI'aHOBHUX KpHUIb

BunpoOyBaHHS TPOBOAMJIM Ha JUTHX 3paskax kpuib 110I'13JI,
110I"10JI, 110I'8J1, saraproBamux y Boai Bixg Temmepatypu y 1050°C.
Ynapuy B’askicts (KCU) Busunauanu Ha Koupi MK-30A 3a Temmepatyp
y +20°C, —20°C, —40°C, —60°C. Oxomom:xyBajabHe CePeIOBUIIEe — CYMiIII
CIIMPTY 3 PiAKUM as3oToM. Pe3ybTaTl JOCHIIKEeHDb BILJINBY TeMIeparTy-
pu BumpoOyBaHb i KoHIleHTpaIili y kpuiii Mauramy Ta Kapbony HaBeme-
HO Ha puc. 6, 7.

Hocmimxenua BuiuBy MoaudikyBanua kpuib 110I'13JI, 110I'10J1,
110I'8JI ma ymapHy B’A3KicTh 3a HH3BKHMX TeMIIepaTyp IOKasajo, IO
mMoau(iKaTOPH iCTOTHO He BIIMBAIOTh HA XOJIOJOCTiNKiCTh BHCOKOMAH-
T'aHOBUX KpHUIlh (Tadi. 3).

5.4. Kopensiiiiauii 38’ 430K MapaMarHeTHOI CIPUWHATINBOCTHU ayCTEHi-
Ty i ymapHoi B’SI3KOCTH 3a HETaTUBHUX TE€MIIEPATyp BUNIPOOYBaHb

AxK B:xe OyJI0 3a3HaUEHO paHillle, 0COO0JIMBICTIO BICOKOMAaHI'aHOBOI KPH-
IIi € Te, IO IIiCJIsg TapPTYBAHHSA B Hili Mae OyTH UMCTO aAyCTEHITHA CTPYK-
Typa, aKa 3abe3meuye BUCOKi 3HaUeHHA (Pi3MKO-MexXaHIiuHUX i cay:x0o0-
BUX BJIACTUBOCTeH. AJie Ha IPaKTUIli, B 3aJIeXKHOCTI BiJ] KOHIIeHTpAIlii
Kapbony Ta MaHrany, TeXHOJOTiUHIX OCOOJMBOCTEIH IIij UaC MPOBEIEH-
Hi TOILIeHHS, 3aJINBAHHS, OX0JOIKEeHHI BUJINBKIB y (hopMi, TepmMiuHOTO
00po0JIeHHA Ta iH. B MeTaJli MOKYTh OyTH OSHOYACHO IIPUCYTHIi aycTe-
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KCU, I/

Puc. 6. 3anexuicTh ynapHoi B’sI3KOCTH BHCOKOMAHI'AHOBUX KPHUIIh Bil TeMmIIe-
parypu Bunpobysanb: 1 — 110I'13JI, 2 — 110T'10JI, 3 — 110T'8JI.

Fig. 6. Dependence of the impact toughness of high-manganese steels on the
test temperature: 1—110T'13JI, 2—110I"10JI, 3—110I'8JI.

HIiT, IepJiT, CTPYKTYpPU IPOMIiKHOI 00jJacTy, MapTeHCUT, KapOiamu, He-
MeTaJieBi BKJIoueHHA. HadaBHicTh IUX (a3 MPUBOAUTH 0 CIIOTBOPEHS i
3MiH y KPUCTAJIUHIN CTPYKTYPi ayCTEeHiTHOI MaTpHIIi Ta, BiAIIOBiIHO,
o 3MiH y (pisMKO-MeXaHIUHNX i CIIy:KO00BUX BJIACTUBOCTIX KPHUIIi.

1,24

2
%

KCU, I /M2

C, %
Puc. 7. Buius KapObony Ha yaapHy B’S3KiCTh BUCOKOMAHI'AHOBUX KPHUILL IIPHU
-40°C: 1 —T13J1,2 —T'10JI, 3 — I'8JI.

Fig.7. The influence of carbon on the impact toughness of high-manganese
steels at —40°C: 1 —I'13JI, 2—TI'10JI, 3—TI'8JI.
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TABJINIA 3. Vpapua B’saskicte KCU mMonudikoBaHMX BHCOKOMAHI'aHOBUX
KPUIIb 3a Pi3HUX TEeMIIepaTyp BUIPOOyBaHb.

TABLE 3. Impact toughness KCU of modified high-manganese steels at dif-
ferent test temperatures.

K PoskucHiosau, KCU, Mz /m
puna .
MozuixaTop +20°C | -20°C | —40°C | -60°C
Al 2,12 1,97 1,55 0,99
AL Ti 2,33 2,04 1,58 1,00
Al Ca 2,24 2,08 1,59 1,05
110T'13J1
AL P3M 2,04 219 1,80 1,21
ALYV 2,31 1,98 1,53 1,00
AL Ti, V 2,35 1,63 1,32 0,99
Al 1,72 1,08 0,67 0,41
AL Ti 1,94 1,05 066 0,41
Al Ca 1,86 1,19 0,69 0,43
110T'10J1
AL P3M 1,65 1,00 0,71 0,45
ALYV 1,89 1,08 0,68 0,42
AL Ti, V 1,96 092 0,60 0,38
Al 0,98 0,24 0119 0,09
AL Ti 1,13 0,23 0,17 0,08
Al Ca 1,08 025 0,20 0,10
110T8JI
AL P3M 0,95 027 023 0,1
ALYV 1,09 024 0,21 0,10
ALTi, V 1,14 0,23 0,15 0,07

MarsneTHU cTaH ayCTeHITY XapaKTepU3yeEThCA IUTOMOIO TapaMarte-
THOIO COPUNHATIUBICTIO Yo, AKa BU3HAYAETHCA CyMapHUM MarHeTHUM
MOMEHTOM OJMHUIII Macu ayCTeHiTy 3a YMOBUM OJMHUUYHOI'O 3HAUEHHSA
Mmar"eTHoro noJss. Ilapamerep Yo € KOMILJIEKCHOI XapaKTePUCTUKOIO
ayCTeHiTy, cTaH AKOro c(pOpMyBaBCs BHACJIIJIOK HASIBHUX XEMIiUHHX
€JIEMEHTiB, MeXaHIUHUX i TeMIIepaTypHUX i, TOOTO Yo € UYTIUBUM JI0
30BHIIIHIX YMHHUKIB [16].

IIpoBemenuMu BUIIPOOYBaHHAMY JOBEIEHO TAKOXK i 3B’ A30K MixK yxaa-
PpHOIO B’A3KiCTIO 3a HUBLKHUX TEMIIEPATyp i MAarHETHUM CTAHOM ayCTeHi-
Ty, cOpMOBAHUM 0 BUIpoOyBaHub (puc. 8).

PesyabraTin KopeaoioTh 3 gocaimxenaamMu KCU 3a kiMHaTHOI TeM-
nepatypu [16], m10 miaTBEPAIKYE MOKIUBICTL BUKOPUCTAHHSA TUTOMOI
napaMarHeTHOl CHPUUHATINBOCTU ayCTEHITHOI MaTpPHUIli B AKOCTI ITapa-
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Puc. 8. Kopensniliauii 38’ 130K yaapHoi B’ askoctu KCU 3a HUBLKUX TeMIlepa-
Typ Bunpodbyeaus (I — +20°C, 2 — -20°C, 3 — -40°C, 4 — —60°C) i mapamar-
HETHOI CIPUUHATINBOCTHU Yo AyCTEHITY (DO MeXaHiYHMX BUIPOOyBaHb) KPUIH
110T'8JI, 110T'10JI, 110T"'13JI.

Fig. 8. Correlation of impact viscosity KCU at low test temperatures (1 —
+20°C, 2—-20°C, 3—-40°C, 4—-60°C) and paramagnetic susceptibility yo of
austenite (formed for mechanical tests) steels 110I'8JI, 110I"'10JI, 110I"'13JI.

MeTpa IPOTHO3YBAaHHS BJIACTUBOCTEH KPHUILi 38 HU3LKUX TEMIIEPATYP.

4. BUCHOBKH

1. YTouHeHo i ofepsKamo HOBI 3aye:kHOCTi BrmuBy Kapb6ory i Mauramy
Ha (ismKo-MexaHiuHi Ta Cay;KO00BI BJIACTHMBOCTI BMCOKOMAHI'aHOBOI
KPHUIIi 3 XeMiUHNM CKJIaJ0M Ha MeXKi cTabiILHOTO ayCTeHITY.

2. PekomMeH0BaHO AJIS OETANiB, SKi IpaIiolOTh 3a 3HAUHUX YIapPHUX
HaBaHTAKEHDb 1 IJId AKMX HAHBAKJIMUBIIIINM IIOKA3HMKOM HaJilAHOCTH
poboTu € ymapHa B’A3KicTh, MiATPUMYBATH BMIiCT OCHOBHUX €JIEMEHTiB
Ha piBHI cepenHix 3HaUeHb cCTAaHAAPTY AJsa Kpuiri 110I'13JI.

3. IIna meraiis, IO IPAIIOIOTh 3a HUSLKMX YAApPHUX HaBaHTAKEHbD,
OPHUIIYCTUMOIO € KOHIleHTpaIlia Maurany Ha HUKHBOMY PiBHI cTaHgap-
Ty, a Kap6oHY — Ha BepXHLBOMY, III0 € AKTYaJbHUM JJIA IIPOBEJEHHS TO-
IJIEHHA KPUI[L MEeTOA0I0 IePEeTONJIeHHA BifIIpanboBaHUX JIeTaJIiB.

4. PekoMeHIOBAHO METOAY KOMILIEKCHOTO MOAN(MIKyBaHHI BICOKOMAaH-
ramosoi kpuili Amrominiem, Tutamom i Banagiem, axuii 3abesmeuye 1e-
peBeZleHHS ILIiBKOBUX HITPUAIB AJIOMIiHiI0O B TAMKKOTOIKI KOMILIEKCHI
HiTpugu Auniominiio, Turamy ta Bamamito xKommaxkTHOi (dopmm. Ili
BKJIIOUEHHSA JiI0Th AK MOAM(iKaTOPU-KOAaIr'yJIsaATOPU, YTBOPIOIOUHN II€HT-
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pu KpucTaagisailii, o cupusae ToApiOHEeHHIO0 CTPYKTYPH Ta MiABUIIEHHIO
BJIACTMBOCTEM KPUIIi.

5. IlizTBepAKEeHO MOYKJINBiICTE BUKOPHCTAHHSA MarHeTHOT'O CTaHy 3arap-
TOBAaHOI BHMCOKOMAHI'aHOBOI KPUIIl OJA IIPOTHO3YBaHHA ii (PismKo-
MeXaHIYHUX BJaCTUBOCTEH 3a HUBbKUX TEMIIEPaTyp.
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Ultrasonic Investigation of High-Entropy AlysCoCrCuFeNi
Alloy at Low Temperature

V.S. Klochko, A. V. Korniyets, I. V. Kolodiy, O. O. Kondratov,

V. 1. Sokolenko, V. I. Spitsyna, T. M. Tykhonovska, and N. A. Yayes
National Scientific Centre ‘Kharkiv Institute of Physics and Technology’
of the National Academy of Sciences of Ukraine,

Akademichna Str., 1,
UA-61108 Kharkiv, Ukraine

The temperature dependence of the velocity propagation and the change in
the attenuation of plane-polarized ultrasonic waves at a frequency of 50 MHz
in the high-entropy Aly;CoCrCuFeNi alloy is investigated, using the
ultrasonic spectroscopy in the temperature range 77-300 K. As found, the
acoustic-characteristics’ anisotropy of the alloy is due to the growth texture.
Significant attenuation of ultrasonic waves is revealed. Its temperature
dependence is analysed. The effect of annealing on the studied acoustic
characteristics is investigated. The estimate of values of the dynamic
Young’s modulus, shear modulus, bulk modulus, and Poisson’s ratio is made.

Key words: high-entropy alloy, ultrasonic studies, anisotropy, elastic modulus.

B inTepBani Temmeparyp 78—300 K meTomoM yJIbTPasByKOBOI CHEKTPOCKOIil
MIPOBEZEHO MOCTiIMKeHHA TeMIIepaTypHOl 3aIeKHOCTH IIBUAKOCTH IIOIINPEHHS
Ta 3MiHM 3aTyXaHHA IIJIACKOIOJAPU30BAHUX YIBTPAZBYKOBUX XBUJIb YACTOTOIO
y B50MTI'm y Bucoroernrpomitinomy ctomi Aly;CoCrCuFeNi. Bussieno
aHI30TPOMiI0 aKyCTUYHUX XAPAKTEePHCTUK CTOIIy, 3YMOBJIEHY TEKCTYPOIO
pocty. BusiBneno 3HauHe 3racaHHs YJIbTPA3BYKOBUX XBUJIb, ITPOAHAJiB0BAHO
BILIMB TeMIIEpaTypPH Ha iioro 3MiHy. BUBUEHO BILJIMB BimaJyy Ha AOCTiI:KyBaHi
aKyCTHUYHI XapaKTepUCTUKN. BUKOHAHO OI[iHKY aumHaMiuHux moxayJis IOura,
3CyBYy, 00’€MHOT'0 MOAYJISI BceOiuHOro cTcKy Ta IlyaccoHoBoro xoediieura.

KarouoBi cioBa: BHCOKOEHTPOIIHHNII CTOH, YJLTPA3BYKOBi MOCTiIKeHH,
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1.INTRODUCTION

Multicomponent high-entropy alloys (HEAs) attract special attention,
since the concept of high mixing entropy opens new doors to the
development of modern materials with unusual combinations of
mechanical and functional characteristics that cannot be achieved by
traditional microalloying based on one dominant element. The
decrease in free energy contributes to the stabilization of solid
solution, dispersion-strengthened structural states. Lattice
distortion, due to the difference in the atomic radii of the substitution
elements, leads to the emergence of a favourable set of properties,
which include hardness, strength, heat resistance, corrosion
resistance, wear resistance. This allows not only create unique
structural materials, but also does not exclude the possibility to
discover new phenomena in their properties that makes their further
research topical.

As cast alloys of the Al.CoCrCuFeNi system (x = 0.25—-6 mole) with a
phase composition based on simple f.c.c. and b.c.c. structures are the
most studied among the high-entropy materials [1-13], they
demonstrated unique properties of HEAs. However, at cryogenic
temperatures data are insufficient. At the same time, information
about the acoustic and elastic properties, which reflect the nature of
the internal bonding forces in a crystal, is any single. Previously [9—
11], low-temperature (4.2—-320 K) studies of this alloy at a bending
vibration frequency of 513 Hz revealed thermally activated
relaxation processes caused by dislocations. The obtained values of
the Young's modulus (194—-182 GPa) agreed with the literature data
for similar type alloys [2]. At the same time, the authors did not
take into account the crystallographic texture, which is inevitably
formed at creating alloy blanks using the argon-arc method with
directed heat removal. Texture leads to property anisotropy. In this
regard, it became necessary to develop studies of the low-
temperature (77-300 K) properties of the Aly;CoCrCuFeNi alloy,
using the resource of pulsed ultrasonic technology, which includes
high frequencies (50 MHz), orientation and polarization of
ultrasonic waves.

2. RESEARCH METHODS AND SAMPLES

Ultrasonic studies were carried out by the pulse bridge method,
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which makes it possible to obtain the values of the propagation
velocity (Vis) and the change in attenuation (APL) of ultrasonic
waves in a single experiment. The excitation of longitudinal (L) and
shear (S) plane-polarized waves was created by broadband resonant
lithium niobate piezoelectric transducers with 50+2 MHz an
intrinsic resonant frequency. The acoustic contact ‘piezoelectric
transducer—sample’ was achieved with silicone o0il and honey.
Excitation by a high-frequency pulse generator with constant
amplitude (= 1.5 V) realized the mode of amplitude-independent
ultrasonic attenuation. The measurements were carried out with
AT = 1-2 K temperature interval in the samples warming up mode
at a rate of 0.5 K/min. The temperature stabilization of the sample
was kept at a level of +£0.05 K. The relative measurement error of Vi,
and Br is of 10°° and 1073, respectively. The measurement error
caused by the binder liquids was of 0.5-1%. When Af. was
measuring, the insignificant contribution of the silicone binder
softening to the change in the attenuation of longitudinal ultrasonic
waves was not taken into account at T > 120 K.

Elastic characteristics were determined from experimental data
of the velocity of longitudinal Vi and shear Vg ultrasonic waves
propagation and density p according to the known relations:

3VZ_4y?
E = Vzg, 1
PV vy 1)
4
Bzmﬁ—gﬁx (2)
G=pVZ, 3)

V=
2V - V)

where E is Young’s modulus, B is the bulk modulus, G is the shear
modulus, v is the Poisson’s ratio.

X-ray studies were carried out on a IPOH-2 serial diffractometer
in FeK, radiation using a selectively absorbing manganese filter.

The original ingot of a multicomponent alloy, which consist of
Al(4.46), C(19.48), Cu(21.01), C(17.18), Ni(19.4), Fe(18.46) wt.%,
was obtained by remelting components (purity = 99.9%) on a copper
water-cooled hearth in an arc furnace using a non-consumable
tungsten electrode. Remelting was carried out in the atmosphere of
purified argon. To ensure uniform distribution of components, the
alloy five times was remelted, with turnover on the hearth. The
density of the alloy was of 7.979 g/cm?.

Research samples (5.7x4x4 mm?® (HEA1l) and 5.5x4x4 mm?
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(HEA2) were cut from adjacent sections of the original billet
(7x7x30 mm?) using electric spark cutting. To obtain plane-parallel
surfaces along (HEA2) and perpendicular (HEA1l) to the heat
removal direction, they were rubbed using abrasive materials.

The metallographic studies, which are shown in Fig. 1, indicate
that the alloy microstructure has a typical dendritic character that
consists of a body of dendrites (it is main part) and interdendritic
spaces. It can be seen that, in the HEA1l sample (Fig. 1, a), the
primary axis of the dendrites are oriented parallel to the heat
removal direction, whereas, in HEA2 (Fig. 1, b), sections of the
alloy surface are observed with the orientation of the dendrite axes
both parallel and perpendicular to the direction of heat removal.

The alloy microhardness perpendicular to the dendrites primary
axis was of 2500 MPa, in parallel, it is of 2300 MPa.

According to x-ray diffraction data, the branches of dendrites
and interdendritic regions had f.c.c.; and f.c.c.; crystal structures
with very close lattice parameters, while the ratio of the intensities
of diffraction reflections indicates the presence of a predominant
crystallite orientation in the samples. The results of x-ray studies
are shown in Tables 1 and 2.

Previously obtained data of scanning electron microscopy using
an x-ray microanalyser for the present alloy [9] show that the
elemental composition of dendrites and interdendritic spaces is
significantly different. According to the authors, the dendrites
composition is enriched in iron, chromium, and cobalt by more than

TABLE 1. X-ray diffraction data of the HEA1 sample.

260 angle, Intensity, Lattice
Phase hkl deg imp/sec parameter a, A
111 55.46 391.7
200 65.01 889.6
f.c.c.q 3.599
220 99.03 393.0
311 26.29 216.3
200 64.43 241.9
f.c.c.y 220 97.88 63.3 3.624

311 124.76 72.9
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Fig. 1. Microstructure of high-entropy Alys;CoCrCuFeNi alloy: (a) HEA1
sample, (b) HEA2 sample.

20 at.% of each element and depleted in copper and aluminium less
than 10 at.%. The interdendritic spaces are enriched in copper up
to = 65 at.% and contain a small amount (less than 4 at.%) of iron,
chromium, and cobalt. The aluminium content in the interdendritic
spaces is greater (= 15 at.%), which, according to Ref. [1], leads to
an increase in the f.c.c. lattice parameter. In addition, at the
boundary between dendrites and interdendritic region, separate
spaces are observed to be close in composition to the interdendritic
region, but containing less copper and a higher amount of nickel,
iron, chromium, and cobalt.

Thus, taking into account the ratio of the intensities of
diffraction reflections in x-ray diffraction patterns and the
estimation of the volume fraction of phases according to
metallography data, dendrites correspond to a phase with a lower
lattice parameter (f.c.c.1) and interdendritic region corresponds to a
phase, which has a larger lattice parameter (f.c.c.sz).

3. RESULTS AND DISCUSSION

Figure 2 presents data a longitudinal ultrasonic wave velocity Vi(T)
at 50 MHz frequency in the HEA1l sample (Fig. 2, a) and in the
HEA2 sample (Fig. 2, b) in the temperature range from 78 to 300
K. In both cases, almost monotonically increasing dependence of
Vu(T) is observed with decreasing temperature. The difference in
the absolute value of the ultrasound velocity is = 4%, wherein,
there is a slight difference in the slope of the Vi(T) in the
temperature range between 125 K and 300 K.

Cubic crystals are known [14] to constitute the m3m elastic
symmetry class; therefore, symmetry axes of n > 2 order are the
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Fig.2. Temperature dependences of the longitudinal ultrasonic wave
velocity at 50 MHz frequency: (a) HEA1 sample, (b)) HEA2 sample.

crystal acoustic axes. Since the HEA1l sample has a crystallites’
predominant orientation in [100] direction (4-order symmetry axis),
it is quite probably to assume that the temperature dependence of
the longitudinal ultrasound velocity propagating in [100] direction
is determined by dependence on temperature of the elasticity-tensor
constant ci1 of f.c.c. lattice as a result thermal expansion of the
alloy.

Based on the ratios of the diffraction reflections intensities, the
HEAZ2 sample for the f.c.c.: phase has an insignificant predominant

TABLE 2. Characteristics of used materials.

Phase hkl 20 ggggle, I?rtle;l/SSi:Z’ Lattice parameter a, A
111 55.593 624.7

f.c.ca 200 65.110 164.5 3.594
311 126.561 120.8
111 55.097 30.0

f.c.c.2 200 64.511 45.9 3.624

311 124.757 38.4
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Fig. 3. Temperature dependences of the velocity of longitudinal ultrasonic
wave at 50 MHz frequency in the samples of HEA1 (a) and HEA2 (b) after
annealing at 1248 K for 12 h.

orientation of crystallites in [111] direction, while for the f.c.c.:
phase, it is in [100] direction. Thus, Figure 2, b demonstrates the
temperature dependence of the quasi-longitudinal ultrasonic wave
velocity, which is determined by the contribution of all independent
constants of the f.c.c. lattice elastic tensor during thermal
expansion. In the vicinity of = 120 K, both V.(T) dependences
exhibit a characteristic flexure due to the phonon spectrum
softening, through developing relaxation processes of phonon
scattering [15].

The elastic characteristics are known mainly to reflect the short-
range order of interatomic interaction. Therefore, an important
peculiarity affecting their magnitude and, hence, the magnitude of
the ultrasound velocity is the atoms’ compositional surrounding of
the first co-ordination sphere. In this case, of course, one must also
take into account the electronic structure of the alloy, namely, the
presence of a covalent-like chemical bond arising in the alloy as a
result of the electronic-orbitals’ hybridization of the atoms of its
components.

After annealing at 1248 K for 12 hours, followed by slow
cooling, the dependences Vi(T) (Fig. 3) undergo significant changes.
First, for both samples, an increase in the velocity value is observed
(= 5% at a temperature of 78 K and = 1% at T = 300 K), wherein
the V(T) for HEA1 (Fig. 3, a) demonstrates a characteristic flexure
that suggests the development of thermally activated structural
processes. Secondly, the anisotropy of this parameter is practically
absent. In contrast to the Vi(T) dependences for the original
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Fig. 4. Temperature dependences of the velocity of shear ultrasonic wave at
50 MHz frequency: (a¢) HEA1 sample, (b) HEA2 sample.

samples, where the anisotropy degree somewhat is increased as
temperature is decreased, the alloy becomes practically isotropic
with decreasing of temperature for annealed samples. It is obvious
that this is caused by a change in the state of the alloy structural—
phase composition.

Scanning electron microscopy data using an x-ray microanalyser
[9] show that the dendritic-regions’ composition remains practically
unchanged, while, in the interdendritic regions, the copper and
aluminium contents are decreased, and other elements’ content is
increased. Mostly at the boundaries between dendritic and
interdendritic regions, the formation of sites enriched with nickel
(=2 30%), aluminium (> 20%) and copper (> 20%) occurs. In addition,
because of structural-phase transformations, the b.c.c. phase is also
released in the f.c.c. matrix.

Figure 4 shows the temperature dependence of the velocity of
shear ultrasonic waves Vg(T) at 50 MHz frequency in a HEA1 sample
(Fig. 4, a) and HEA2 (Fig. 4, b). Since in HEA1 sample (Fig. 4, a)
the direction of sound propagation coincides (or is rather close) with
the acoustic axis, the change in the sound velocity is determined by a
temperature dependence of the elastic-tensor constant cs. When the
direction of the polarization vector of the shear ultrasonic wave was
changed, the velocity wvalue changed insignificantly (= 1.5-2%),
taking into account the error = 1%, which was introduced by the
acoustic contact (gluing). This fact indicates the presence of <100>
axial texture in the HEA1l sample, which was formed in the alloy
during crystallization. When the velocity of shear ultrasonic waves
was measuring in HEA2 sample (Fig. 4, b), a critical decrease of the
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TABLE 3. Elastic characteristics of high-entropy Al ;CoCrCuFeNi alloy at
300 K. E is Young’s modulus, G is shear modulus, B is bulk modulus, v is
Poisson’s ratio.

. Elastic characteristics
Simple
E, GPa G, GPa B, GPa v
HEA1 175.6 69.4 124.1 0.26
HEA2 122.3 45.1 141.2 0.36

ultrasonic wave amplitude was observed in the temperature range
78-215 K. Simultaneously, a noticeable difference in the magnitude
of the ultrasound velocity was noted to be depending on the
orientation of the polarization vector relative to the direction of the
primary axes of the dendrites. In this case, the maximum difference
in the Vg value at room temperature was =~ 10%. The difference in the
values of shear wave velocity for the samples is = 20%.

When Vg(T) of annealed samples was measuring, extremely low
amplitude of the ultrasonic wave was noted due to the scattering of
sound on structural inhomogeneities comparable with the
wavelength, the density of which increased because of a change in
the alloy morphology. This prevented further research.

Based on experimental data on the velocity of longitudinal and
shear ultrasonic waves and the density of the origin samples,
effective dynamic elastic moduli and Poisson’s ratios were
determined using Eqgs. (1)—(4). The results obtained at 300 K are
shown in Table 3. As can be seen, the wvalues of the elastic
characteristics for the HEA1l and HEAZ2 samples are noticeably
differ due to the certain elastic anisotropy, which is also
supplemented by the spatial heterogeneity of this material [12].

Since the alloy has a texture, it is useful to have information
about its elastic characteristics parallel the texture axis.

Table 4 shows the HEA1l sample data (at 300 K) obtained using
known relations for cubic crystals:

PVitto0) = €11> PVsfi00] = Caas Glaoo) = Caas

Egg) = (€1 = €p)(eyy + 2¢15)/(eyy + €15) -
The elasticity constant ci2 is determined by the mixture rule [16]:

M - ZciViMi 5)

SV

where ¢; is the atomic part, V; is molar volume, M; is elasticity-
tensor constant ci2 of the alloy according to known data of alloy
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Fig.5. Temperature dependence of the change in the attenuation of

longitudinal ultrasonic waves at 50 MHz frequency normalized to APmax of
HEA1 (a) and HEA2 (b) samples.

components equal to 60.9(Al), 138.1(Fe), 165(Co), 160(Ni), 124(Cu),
59(Cr) GPa.

Figure 5 shows the temperature dependence of the change in the
attenuation of longitudinal ultrasonic waves APL(T) in the HAE1
(Fig. 5, a) and HEA2 (Fig. 5, b) samples. As can be seen, both
curves have a typical S-shape due to the intensification of the
relaxation processes of phonon scattering known as Akhiezer’s
losses [15].

Noteworthily, it is the significant background attenuation of
ultrasonic waves caused by both absorption (internal friction) and
scattering of the ultrasonic wave on the inhomogeneities of the
dendritic structure, which differ by compressibility, since the
densities of the alloy components (the exception is Al) differ
insignificantly remaining within 7.19(Cr)-7.87(Fe)-8.9(Co, Cu, Ni)
g/cm3. Consequently, when an ultrasonic wave propagates in an
alloy, elastic pulsations are also possible.

After annealing at 1248 K for 12 hours, ABu(T) for the HEA1l
sample (Fig. 6, a) demonstrates an extreme dependence in the
vicinity of a temperature of = 170 K, while ABL(T) for the HEA2
sample (Fig. 6, b) remains virtually unchanged except for a slight
increase in the slope. The change in the dislocation structure of the
alloy because of annealing caused the appearance of an acoustic
attenuation peak in ABL(T) in the vicinity of T = 170 K.

The estimation of the activation energy based on the width of the
peak at half its height is determined according to the relationship
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Fig.6. Temperature dependence of the change in the attenuation of
longitudinal ultrasonic waves at 50 MHz frequency normalized to APma.x of
HEA1 (a) and HEA2 (b) samples after annealing at 1248 K for 12 h.

[17]:
E, = 2.63R&, (6)
2~ 11
where R is the molar gas constant, T: and T: are the temperatures
of the peak at half height, and is =2 0.1 eV, which is characteristic
of a relaxation resonance of the Bordoni type observed in
monoatomic materials.

Relaxation resonance due to the viscous motion of dislocations (of
the Hasiguti type) was observed in an annealed alloy of a similar
composition at a bending vibration frequency of 513 Hz [9]. Its
detailed statistical and thermal activation analysis [10, 11] was
considered based on the nonconservative viscous dislocation motion
observed in f.c.c. metals.

The absence of relaxation resonance in the annealed HEA2 sample
is apparently associated with the absence of certain (in magnitude
and direction in the alloy) shear stresses in the easy-slip plane of
dislocations due to the difference in the orientation of the
ultrasound polarization vector relative to easy-slip directions in the
samples.

However, another explanation for the extreme dependence ABL(T)
is also possible due to martensitic transformation, the temperature
of which is sensitive to the elemental composition of the alloy [18].
Confirmation or refutation of this requires further precision
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studies.

4. CONCLUSIONS

As a result of studies at low and moderately low temperatures (77—
300 K) of the propagation velocity and changes in the attenuation
of ultrasonic waves at 50 MHz in high-entropy Al ;CoCrCuFeNi
alloy, the following was established.

1. Anisotropy of the propagation velocity of longitudinal (4%)
and shear (20%) ultrasonic (50 MHz) waves and the corresponding
elastic characteristics is observed, which is due to the growth
texture. Its decrease (up to = 1.5% for VL) is associated with a
change in the state of the alloy structural-phase composition
because of annealing at T = 1248 K.

2. Significant attenuation of ultrasonic waves is due to both
internal friction and scattering on structural inhomogeneities
comparable with the ultrasonic wavelength.

The peak of acoustic attenuation at = 170 K in the alloy annealed
at T = 1248 K is caused by the development of relaxation processes
of the Bodoni type (E.= 0.1 eV).
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PACS numbers: 62.20.fg, 81.05.Bx, 81.05.Mh, 81.20.Ev, 81.40.Ef, 81.40.Lm

IlopiBHAIbHA aHAJI3a CTPYKTYPH, (0a30BOT0 CKJIATY

Ta BJIACTUBOCTEH BUCOKOEHTPOIIIHHUX KepMeTiB cuctemu Ti—
Cr—Fe—Ni—C, ogep:xaHuX MeTOIaMH MOPOIIKOBOI MeTAJyPprii Ta
IYTOBOTO MEePETOIJICeHHS

I'. A. Barawok, M. B. Mapuu, C. ®. Kupuaok, O. M. MucinBueHko,
0. A. Tonybenko, O. C. MakapeHKO
ITnecmumym npobaem mamepianosnascmeaim. I. M. Ppanuyesuva HAH Yrpainu,

ey.s. Omenana Ilpiyaka, 3,
03142 Kuis, Ykpaina

B cTaTTi HaBegeHO pe3yabTATH AOCTIIKEHHA CTPYKTYPH Ta BJIACTUBOCTEH BU-
coxoeHTponiiitHux KepMmeriB cucremu Ti—Cr—Fe—Ni—-C, omep:kanux iz Buxis-
HOI cyMmimIi 3 MOpoOIIKiB (hepoTUTaHy, BUCOKOBYTJIEIIEBOTO (DEPOXPOMY Ta HiK-
JI0 3 BUKOPHUCTAHHAM METOMiB IIOPOIIIKOBOI MeTajnyprii (rapAdoro miramiry-
BaHHSA IMOPOIITKOBUX IPECOBOK) i AYTOBOTO IEPeTOILIeHHA. 3pasku, ofeprKaHi
3a o60Ma TEeXHOJOTiAMU, MiAZaBaJIUCa HACTYIITHOMY Bifllajay 3a TeMIepaTtyp y
1000, 1100 Ta 1200°C. 3a pesyabTaTaMi PeHTI'eHO(Aa30BOI aHaIi31 BCTAHOB-
JIeHO, 1110 (Da30BUM CKJIAJ CTOIIY BKJIIOUAE ABA HEBIIOPAAKOBaHI TBep/i pO3UNHH
3 I'ITK- (mepeBaskuo) it OLIK-cTpykTypamu Tta xapbigai dasu: xybiuny MeC
(nns rapadenmiTaMooBaHUX 3paskiB) i Me;Cs (ny1s1 3paskiB, omep:KaHUX AYyTo-
BUM mepeToiieHHaM). [lokasaHo icTOTHY BiIMiHHICTH XapaKTepy MiKpOCTpPY-
KTypHU CTOIiB, OJep:KaHMUX 3a pisHuMH TexHoJjoriamu. OmiHKa MexaHiuHHX
XapaKTepUCTHUK OJep:KaHUX MaTepifiB mokasaJia, II0 IXHA TBePAiCTh Y BUXi-
IHOMY cTaHi ckjagae =62 HRC, a po3apaXyHKOBi 3HAaUeHHS I'DAaHUIII IJIUHHOC-
TH Gs, OJePsKaHi 3a pesyJbTaTaMu iHIEHTYBaHHS, AJId MaTepPidaiB 000X TexXHO-
JIOTili BUTOTOBJIEHHA cKJagae O0au3pko 3,0 I'Tla. Bigman i migBuineHHA Ioro
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538 T'. A. BATJIIOK, M. B. MAPI1Y, C. ®. KUPNJIIOK ra i=.

TeMIIEPATyPU IPUIBOAUTE 10 NeAKOr0 3MEHIIIeHHA 3HaUeHb TBEPAOCTH Ta I'pa-
HUIIl IJIUHHOCTY CTOLY.

KarouoBi cjioBa: BHUCOKOEHTPOMiiHMIT cTOIl, (PEepPOCTOIl, IIOPOIIKOBA METAJY-
prisg, rapAade IITaMIyBaHHSA, AYTroBe IE€PETOIJIEHHA, CTPYKTypa, (asoBumit
CKJIAJ, TBePIiCTh.

The results of research of the structure and properties of high-entropy cer-
mets of Ti—Cr—Fe—Ni—C system prepared from the original mixture of ferroti-
tanium, high-carbon ferrochrome, and nickel powders, using methods of pow-
der metallurgy (hot forging of powder preforms) and arc remelting, are pre-
sented in this article. The samples obtained by means of both technologies are
subjected to subsequent annealing at temperatures of 1000, 1100 and 1200°C.
As established based on the results of x-ray diffraction analysis, the phase
composition of the alloy includes two disordered solid solutions with f.c.c.
(predominantly) and b.c.c. structures, and carbide phases: cubic MeC (for hot-
forged samples) and Me;C; (for samples obtained by arc remelting). A signifi-
cant difference in the nature of the microstructure of alloys obtained by dif-
ferent technologies is shown. The evaluation of the mechanical characteristics
of the obtained materials shows that their hardness in the initial state is of
62 HRC, and the estimated values of the yield strength o5 obtained from the
results of indentation for the materials of both manufacturing technologies is
of about 3.0 GPa. Annealing and increasing its temperature leads to a certain
decrease in the values of hardness and yield strength of the alloy.

Key words: high-entropy alloy, ferroalloy, powder metallurgy, hot forging,
arc remelting, structure, phase composition, hardness.

(Ompumarno 30 ciunsa 2023 p.; ocmamoun. eapiasum — 28 awomoezo 2023 p.)

1. BCTYII

B ocraHHe AecATHUPIiUYSa OJHUM 3 HAIPAMIB Cy4acHOTO MaTepisjIo3HaBC-
TBa, SAKUU BigsHauaeTbcsad OYypXJUBUM PO3BUTKOM, € HAIIPAM,
moB’ A3auuii i3 po3podKamMu B 00JIaCTi HOBOTO KJIacy MaTepiAniB — Oara-
TOKOMIIOHEHTHUX BUCOKoeHTponitHux cromis (BECiB) [1-6]. Taxki cTo-
¥ 3a3BUUYAN cKJIamalThea 3 5—10 ereMeHTiB, SAKi B IMUXTOBOMY CKJIazIi
3HAXOIATHCS, AK IIPABUJIO, B OJMM3BKOMY JO €KBiaTOMHOIO CITiBBiJHO-
IITeHHi.

Oco0auBicTIO ITHOTO KJacy MAaTepisjiB € Te, II0O BHCOKA KiJbKiCThb
eJIEMEeHTiB, AKi BXOAATH 40 KoMIIOHeHTHoro ckJyjany BECiB, He nmpuBo-
IUTH 10 GopMyBaHHA 0araThoxX CKJIATHUX i KPUXKUX a3, IK 0UiKyeThb-
cd 3 MOTPiHUX (pasoBux miarpam. HaTomicTs yTBOPIOIOTHCA IIEPEBAKHO
mpocTi TBepai posunnuu 3 'IK- it OLIK-cTpyKTypamu, 110 MOACHIOETHCS
e)eKTOM BUCOKOI eHTpomii amimanua eneMeHTIB y cronax [7]. BECu
BildHAUaAIOTbCA  YHIKAJIBHUM  KOMILJIEKCOM OCHOBHUX  (hisuKo-
MeXaHiYHNX XapaKTepPUCTHK, TaKUX SK BHCOKA MiIlHiCTL, TBEPAiCTh,
CTiMKiCTB 10 TEPMiIUYHOTO BILJINBY, 3HOCOCTIHKiCTh i KOpO3iliHA CTIHKiCcTh
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AK 3a KiMHaTHOI, TaK i 3a IIi ABUIIIeHOI TeMIIepaTypu.

BBakaeTncs, 110 BucoKi MexaHiuui BaactuBocTi BECiB 3a6e3meuy-
IOThCA T'OJIOBHUM YMHOM 3a PaxXyHOK TOTO, IO HASABHICTh Y KpUCTAJid-
Hi#l r'paTHUIII TBEPAOrO PO3UMHY 3aMillleHHA Pi3HOPIAHUX aTOMIiB eje-
MEHTiB 3 Pi3HOIO eJIEKTPOHHOIO OYA0BOIO, PO3MIipOM i TepMOAMHAMIUHM-
MU BJIACTHUBOCTSAMHY IPUBOAUTE A0 i1 3HAYHOI'O CIIOTBOPEHHSA Ta CIIOBiJIb-
HeHHA IuPysil aToMiB y 0araTOKOMIIOHEHTHiN eJleMeHTapHiA MaTpHILi.
Ile cipusde 3HAUHOMY TBEPJOPO3YMHHOMY 3MIiITHEHHIO CTONY, a BUCOKa
eHTPOIIid 3MiIlIaHHA eJeMeHTiB y CTOII IPUBOAUTH K0 Minimisamnii I'i66-
coBOi BiJIbHOI eHeprii, 3abesmeuye IIiABUINEHY TepPMiuHY CcTabiJIbHICTD
(a30BOro CKJIAAYy Ta CTPYKTYPHOI'O CTaHy, a OTKe, i BUCOKOIO PiBHSA
BJIACTHUBOCTEH CTONTY — MEeXaHiuHUX, QisuuyHmX, XemMmiunux [7—9].

IlepeBaskHa GiJbIIiCTL BiZOMUX Ha CHOTOAHI 3 HAYKOBUX IIYOJIiKAIlil
BECiB € meTtasneBuMu crounaMu. OgHaK B OCTAHHIN yac 3’ SABIISAETHLCA IIi-
Juii pAg pobiT, IPUCBAYEHUX PO3POOIIi Ta JOCTiIKEeHHI0 BUCOKOEHTPO-
OillHOI OKCUIHOI Ta HEOKCUIHOI KepaMiKy — CTOIIiB, IKi MalOTh Y CBOE-
MYy CKJIAAi 3HaUHMWI BMicT KapOifiB, 60puAiB, HiTpuAiB, cuainugis abo
okcuzis [10—15]. Taki kepamiuHi MaTepiagIM TAKOXK CKJIaTaIOTHCA 3 Oa-
raTboX €JIEMEHTiB, IIT0 IOE€AHAHI B OHIiA—ABOX (padax BHACJIIIOK IIPOSIBY
BMCOKOI KoH(iryparitinol earpomnii. BucokoenTpormiina kepamika Bif-
3HAYAETHCA JOCTAaTHHO BUCOKMMU 3HAUEHHAMMU 3KapOMiITHOCTH, TBEPIO-
CTH Ta BHUCOKOIO 3HOCOCTiliKicTiO, aje, AK i Oyab-AKa KepaMmika, BOHA
IOCTATHBO KPUXKA.

IIpomiskHe ITOJOKEHHA MidK MeTaJeBUMM Ta KepaMiuHUMHU BUCOKOe-
HTPOMiMHMMU CTOIIAMH 3aiMalOTh BUCOKOEHTPOIIIMHI KepMeT:u — rere-
POTreHHi KOMIIOBUTH, IO CKJIAJAIOTHCA 3 OAHiel a00 KiJIbKOX KepaMiu-
HUX (BUCOKOMOAYJIBbHUX) (hasd 3 MeTasiaMmu ad0 MeTaJIeBUMY CTOIAMU Ta
XapaKTepu3yIThCSI KOMILJIEKCOM BJIACTUBOCTEMH, 1110 He IIPUTaMaHHi B1-
xigauM KommoHeHTaM [16—19]. fIx mpaBumiIo, KepMeTH yCHATKOBYIOTH
BHUCOKi 3HAUEHHS TBEPAOCTH Ta 3HOCOCTIKOCTH, XapaKTePHI AJIsd Kepa-
MiKWu, i B TOM Ke uac JOCTATHIO B’A3KiCTh 3a PaXyHOK HAIBHOCTH MeTa-
JIEBOI CKJIAJOBOI.

TexHOJOTIUHO HAHOIJIBIIT PO3MOBCIOAKEHI METOAW BUTOTOBJIEHHS
BECiB rpyHTyIOThCS epeBasKHO HA BUKOPUCTAHHI JUBAPHUX TEeXHOJIO-
riti, 30KpemMa BaKyyMHO-IyroBOT0 TOIlJIeHHsA. IIpoTe cTomu, omep:kaHi
MeTaJdypriiHuMMy MeTogaMu, MAIOTh i TPAOWIIifHI HEemZoJIiKu, BJacTUBIL
JuBapHUM cTomnam. J[o HuX, 30KpeMa, BiTHOCUThCA HAABHICTb ¥ CTPYK-
Typi MeTaay ycagHUX IIOP, PAKOBUWH i JeHAPUTHOI JiKBaIllii, AKi yTBO-
pPIOIOTHCA Hix yac Kpucrasisamil posromriB. Hemoirikm, mpurtaMaHHi JIn-
BaApHUM CTOIAM, CIPUAIU OiJBII MIUPOKOMY PO3BUTKY METO/IiB IIOPOIII-
KoBoOi MeTanyprii ansa omep:xkanua BECis [20—-22].

BigHOoCHO KOMIIOHEHTHOTO CKJIAAy HeoOXigHO BigsHAUMTH, IO Iepe-
BasKHa OiJIBIIiCTL CTBOPEHUX Ha choTofHimHi qens BECiB BUroTOBIA-
IOTBCA 3 UYMCTHUX MeTAaJiB IK KOMIIOHEHTIiB BUXiZHOI CMPOBUHU Ta MicC-
TATH Y 3HAYHUX KiJIBKOCTAX TaKi BUCOKOBAPTiCHI Ta AedinuTHI eaeMeH-
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1, ax Co, V, Nb, Mo, Ta, W, Hf, Zr To110, 1110 3HAYHO 3By KY€ €KOHO-
MIiUHY JOIiJBHICTE IMTUPOKOro mpakTuuHOro 3actocyBanua BECis. Ile
3YMOBJIIO€ IOIiIIBHICTSL PO3POOKM HOBUX CKJAIIB TAKUX CTOIIIB HA OCHO-
Bi MEHIII BUTPATHUX PeCcypco30epe:KHUX MiIX0aiB 3 BUKOPUCTAHHIM Bi-
IHOCHO JIeIleBUX i JOCTYIHUX CKJIAJOBUX 3a YMOBU 3a0e3meueHHs BU-
COKMX (piBMKO-MeXaHivHNX Ta eKCIJIyaTal[iiHNX BJACTHUBOCTEM OCTaH-
HiX.

B Toit :xe uac y TpaauIliiiHiii MmeTanyprifiHiii mpaKTHIli IIMPOKO 3a-
CTOCOBYIOTEH (pepocTtonin — cronu Pepymy 3 Cumiaimiem, Mamranom,
XpoMoM Ta iHININMH eJieMeHTaMU, AKi € HalliBOPOAYKTaMU MeTaJypriii-
HOrO BUPOOHUIITBA. PepocTon BUKOPUCTOBYIOTHCA IIiJ Uac TOIJIEHHS
KPHUIIi Ta YaBYHIiB, IJid PO3KMCHEHHS Ta JeI'yBaHHS PigKOro MeTaxy,
3B’A3yBaHHSA IKiAINBUX TOMIIIIOK, HaJaHHA MeTaly HeoOXiJHOI cTpy-
KTypu Ta BiaacTuBocTeii To1o [23]. Bukopucranua ¢gpepocToIiB SK KoM-
MOHEHTIB JJIsd JeI'yBaHHS PO3TOIIB Ma€ IiJNHA pAd eKOHOMIUHUX i Tex-
HiYHMX IIepeBar y mMOPiBHAHHI 3 MeTaJaMM y YMCTOMY BUTJIALI. 30Kpe-
Ma, BapTiCTh JeI'yBaHHS PO3TOIIy METAJOM y BUIVISAAL (pepocTomy icToT-
HO HUJKYa, Hi’K B padi BUKOPHUCTaHHA YUCTUX MeTasJiB. PepocTonu xa-
PaKTepU3yoThCA, AK IPAaBUJIO, HUKUUMU TeMIlepaTypaMu TOIJIEHHS y
HOPiBHAHHI 3 YUCTUMM METAaJIaMMU, IIT0 IOJIErIIIyE POSUYMHEHHA 1X Y PO3-
TOMi, HiIBHUIIYE CTYHiHL 3aCBOEHHS JITYBAJIbHUX €JIEMEHTiB PO3TOIIOM i
MOHMKY€E BUTAp.

EdexTuBHicTh BUKOpPUCTaHHA (DEPOCTOIIIB IJA BUTOTOBJIEHHA BMCO-
KOEHTPOIIiHHUX CTOIIiB BildHaUeHO, 30KpeMa, B [24].

Bpaxosyouu BuIlleHABeAeHe, METOIO JaHoil po00TH OyJIM OI[iHIOBAHHSA
MOKJIMBOCTEH OJlep:KaHHA 3 BUKOPUCTAHHAM METO/[iB ITIOPONIKOBOI Me-
TAJYypPrii Ta AYyroBOTO IIEPETOILIEHHS HOJiKOMIIOHEHTHOT'O BHCOKOEHT-
pomiiinoro crony cucrteMu Ti—Cr—Fe—Ni—C 3 BUKOpUCTAaHHAM B AKOCTi
BUXIiTHOI IMTAUXTU CYMIiIlli MOPOIIIKiB (hepOCTOITiB i HiKJII0, BCTAHOBJIIEHHSA
3araJbHIX 3aKOHOMipHOCTEH i MOpiBHAIbHA aHAaida oco0IuBOCTe (ha-
30- Ta CTPYKTYPOYTBOPEHHS i BTaCTUBOCTEH KePMETiB.

2. METOOJUKA EKCIIEPUMEHTY

K BUXimHI KOMIIOHEHTH IJI BUTOTOBJIEHHS BHUCOKOEHTPOIIIITHOIO CTO-
Iy BUKOPKUCTOBYBAaJIH IOPOIIKH (hepocTomnis: peporurany @Tu70 3 70%
Ti Ta Bucorosyriiernesoro gepoxpomy ®X800, mo micturs =65% Cr Ta
8,3% Kapbony, ogepskani moapiOHeHHAM KYCKOBUX (hparMeHTis, i 1mo-
poiok "ikio ITHI3-1 uncroroio y 99,5% . Buxigny cyminn ana cuaTesu
CTOIIiB IrOTYBaJIM 3MimyBaHHAM 110 33,3% Mac. KOMHOIO i3 IUX KOMIIO-
HEHTIB.

CTomlx BUTOTOBJISINCSA 34 IBOMA PiSHUMU TEXHOJOTIUHUMHU CXEMaMU:
3 BUKOPHCTAHHAM TEXHOJIOTiI MOPOIIKOBOI MeTalyprii Ta AyroBum Iie-
PeTOILIeHHAM.

Ilepia TexHOJOTiIUHA cxeMa BKJIOUajia IIpecyBaHHA BUXiTHUX IIO-
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portkoBux cymired mig tuckom y 700 MIla 3 ogep:KaHHAM 3aTOTOBOK
40 MM i BucoTow y 12 MM, HacTyIIHe rapsAde MITaAMIOYBAaHHA 1X i Bigman
rapaJelTaMIOBaHNX 3paskiB 3a Temmepatyp y 1000, 1100 Ta 1200°C.
l'apsaue mTaMoyBaHHS CIIPECOBAHUX 3aTOTOBOK IIPOBOAUJIM Ha MeXaHi-
yHOMY AyrocraropHomy mnpeci @B1732 y BigkpuTOoMy HITAMIIi, CXEeMYy
AKOro HaBeJleHO Ha puc. 1. Harpis 3aroToBoK mifg IIITaMIyBaHHS IIPOBO-
IUBCS B €JIGKTPOIIEYi OIIOPY B cepeloBUIIli aprony. Temmeparypa Harpi-
BY 3aroToBOK cKaazana 1150°C.

JlyroBe TomJieHHA HPECOBOK AHAJIOTIUHOTO CKJAaay 3AilicHIoOBaIu B
enexTponedi MIDPI-9-3 B cepeoBHUII[L OUHIIEHOTO aproHy 3a JOIIOMOTOI0
BOJIb(h)paMOBOI HEBUTPATHOI e€JEeKTPOAU 3 HACTYIIHUM BifIajgomM ojep-
JKaHUX CTOIIiB 3a THUX K€ TeMIIepaTyp.

Bigmas spaskiB nposoguam B 1medi pesuctuBHOro Harpisy Termolab
CHOJI 15/1300. TpuBamxicTsb Bignamy Bcix 3paskiB — 2 rogmam.

PeHTr'eHOCTPYKTYPHY aHaJIi3y 3pas3KiB MPOBOAUIU HA NUPPaKTOMET-
pi IPOH YM-1 y Ko6anbToBOMY BUIIpOMiHeHHi. [ludpaxrorpamu Bin
IIOBEPXHi 3pasKiB 3HiMaNM 3a HANIPYTd Ha PEHTIeHiBCBbKill TpyOIi y
30 kB i cusnu cTpymy y 25 MA, BUKOPHUCTOBYIOUN METOAY IIOKPOKOBOTO
CKaHyBaHHA i3 KpoKoM ckanyBauHA y 0,05° i vacom ekcmosuirii B Tourri
Big 2 c. O6poOKy Au(dpaKTOorpaM BUKOHYBAJIM 3a TOIIOMOIOIO IIPOrpaMu
1A TIOBHOIIPO(iJbHOI aHajisy PeHTIeHIBChKUX CIEKTPiB Big cymimri
nonikpucraniuaux ckiaagosux PowderCell 2.4.

l ' 1
H: NN 7 17—
: // : N\

Puc. 1. KorcrpykiifiHa cxema IMITAMIIY JJIs Fapsvyoro IITAMIYBAHHS IIOPOIII-
KOBHX 3aroToBOK: I — maTrpuid, 2 — IIyaHCOH, 3 — BHUXiJHa 3aroToBKa, 4 —
IIOKOBKA.

Fig. 1. Structural diagram of a die block for hot forging of powder preforms:
1—matrix, 2—punch, 3—initial preform, 4—forged workpiece.
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JocaimxeHHsa MiKPOCTPYKTYPY TPOBOAWJIN 3 BUKOPUCTAHHAM OITU-
yHOro Mikpockomna XJL-17 i ckaHyBaJIbHOTO eJIEKTPOHHOT'O MiKPOCKOIIa
JEOL Superprob-733. Illni¢u 1maBuin 3 BUKOPUCTAHHAM BOJHOTO PO3-
yury 10% HF + 15% HNOs.

KoMmmiIexkc MexaHiuHMX XapaKTePUCTHUK BU3HAYAJIM METOHOI0 iHJeH-
TyBaHHA Ha mpumiaamgi «Mikpou-rama» BigmoBigmmo mo crammapty ISO
14577-1:2002. IugeHTyBaHHSA IIPOBOAMJIOCS TPUTPAHHOIO aJIMAa3HOIO
mipamigkomo BepkoBuua 3 KyTOM 3aTOUKH 0ina Bepiuuu y 65° mig Ha-
BaHTa'KeHHAM Ha ingeraTop P =150 r i BUTPpUMKOIO i1 HABaHTAKEHHIM
y 15 ¢ i3 3ammcom migrpaMu HaBaHTAKEHHA—PO3BAHTAKEHHSA B KOOP/IN-
HaTaX «HaBaHTaYKeHHs P—3araubieHHsa h».

3a pe3yabTaTaMU iHIeHTYBaHHA i3 3aJI€3KHOCTH

HM = Fmax/Ap R 1)
me Fn.x — MaKcuMaJbHe HaBaHTA)KeHHS Ha iHAEHTOp, A, — ILIOIIa
IPOEKITil BiIOMTKa B MaTepidAai, AKa IJad ingenTopa Bepkosuua cTaHo-
BUTH Ap = 24, E')hc2 , BU3HAYAaJIU TBepAicTh 3a Meitepom HM.

I'paHUNII0 MIMHHOCTY BUXiJHWX CTOMNIB i CTOHmIB micjisa BigmoBigHMX
pesxuMiB Bignasmy pospaxoByBaiu iz TeiO0poBOi 3aIesKHOCTH:

cs=HM/3 (2)

Ha OCHOBI HaHWX IIMOJO CEepPemHiX 3HaueHb MiKpoTBepmoctu HM 3a
MetiepoM, ofepKaHUX I Yac iHAeHTyBaHHA KOMKHOTIO 3pas3Ka.
IlmacTuHiCTE CTOIY OI[iHIOBAJHM 3a XapPaKTEePHUCTUKOIO IIJIACTHYHOC-
T1 Oa, KA BU3HAYAJIACS 34 CIIiBBiIHOIIIEHHAM ILJIOI IIiT KPUBUMHU Ha-
BaHTaKeHHSA Ta PO3BAHTAKEHHA 3pa3KiB i uac ingmentyBanusd [25]:

S,=A /A =AJA +A4), (3)

Ie Ay — sarajsbHa pobora medopmariii, A, it A, — OPYKHA Ta MIACTUYHA
KOMITOHEHTH pPoboTHu gedopMaiiii 3a iHIeHTyBaHHS.

XapaKTepuCTUKU MaKPOTBEPJOCTU OJEPKaHUX CTOIIB OI[iHIOBaJIU
Tako:K MipauuaM Ha TBepaomipi TK-14-250 3a PoxBes10BOI0 METOIOIO
o mkaJyi C sriguo 3 ISO 6508-1:2013.

I'yctuHy 3paskiB, ofep:KaHUX TapsadyydM IMITAMOYBaHHAM i JyrOBUM
IIePEeTOIJIeHHAM, BUSHAUAJIN METOAO0I0 TiIPOCTaTUYHOTO 3BaKyBaHHA.

3. PE3YJIBTATHU EKCIIEPUMEHTIB TA IX OBTOBOPEHHSI

SAx moxasanu pe3ysIbTAaTU OIIHIOBAHHSA CEPegHBOI I'yCTHHH 3PasKiB,
OJlep:KaHNX 3 BUKOPHUCTAHHAM 000X TE€XHOJIOTIUHMX CXeM, I'YCTHHA Ta-
pAUYEIITAMIIOBAHUX 3Pa3KiB cKiaazana 6,71 r/cm®, a spaskis, omepsxa-
HUX IyTOBUM II€peTOILIeHHAM, — 6,73 r/cm?® 3a TeopeTnunoi (po3paxy-
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HKOBOI) rycTuHi cromy y 6,90 r/cm®. TakuM 4MHOM, IIOPYBATiCTh BUXiJ-
HUX 3pasKiB cKiaazana 0aussko 2,56—2,7% .

PesyiibraTt peHTI'eHOCTPYKTYPHOI aHAJi3W OAep:KaHMX 3pPasKiB
(puc. 2, a—2) mokasajau, IMO ITiCJA rapAvYoro IITAMIYBaHHS IIOPOIIIKO-
BUX 3aroToBOK (ha3oBUM CKJIAJ CTOIIYy BKJIOUAE OBAa HEBIOPSIIKOBaHIL
mBepai posunmum 3 OIIK- ta I'IIK-cTpyxkTypamu, kyoiunuii kapoix MeC
(tTumny TiC), 1o yTBOpuBCA B pe3yabTaTi B3aeMoIii KapOoHYy 3 HASIBHOI Y
ckaami gepoxpomy kKapbimuoi ¢gasu (CrFe);Cs 3 iHmuMm eaeMeHTaMu
CTONY, Ta HE3HAUHY KiJbKicTb iHTepMeTaniny Tumy NisTi.

Bignanm rapAadeniTaMIiioBaHMX 3pa3KiB IPUBOAUTH A0 MOMITHOI 3MiHU
dazoBoro ckyany crony. Tak, iHTepmeTrasieBa (dasa, 110 He € TepMOIMNHA-
MiuHO cTabiJbHOIO, 3HMKAE BiKe micjaa Bigmaay 3a 1000°C ta cymposo-
IKYEThCA 30iIbITIeHHAM BMicTy KapOigHoi ¢dasu. IligBuinenusa remiepa-
Typu Bigmaay no 1100°C mpuBOAUTE 10 TOMITHOTO 3MEHIITeHHS KiJIbKOC-
1 OIIK- Ta I'lIK-ha3oBux cKIamZOBUX i 3pOCTAHHA BMiCTy KyOiUuHOIrO Ka-
poimy y mopiBHAHHI 3 BUXiZHUM rapsdeliTaMIoBaHuM cTomom (Tabu. 1).
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Puc. 2. PenrrenorpaMu 3pasKiB CTOIY, OJep:KaHUX rapAdYNM IITAMIYBAHHIM
(a—2) i myroBum neperormienuam (0—xc): 6e3 Bignany (a, 0) Ta micada Bigmaay 3a
1000°C (6, e), 1100°C (8, €) Ta 1200°C (2, ).

Fig. 2. The x-ray patterns of alloy samples produced by hot forging (a—2) and
arc remelting (0—uc): without annealing (a, d) and after annealing at 1000°C
(6, e), 1100°C (8, €) and 1200°C (2, axc).
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TABJINIIA 1. Pesyabpratu KinbKicHol ¢asoBoi ananisu BECiB B 3ayeskHOCTL
Big TeMIIepaTypu Bigmaiy.

TABLE 1. Results of quantitative phase analysis of high-entropy alloys de-
pending on annealing temperature.

Dasu Bwmict as (% 00.) 3a Temneparypu Bigmaiay, °C
Bessigmary | 1000 | 1100 1200
Tapaue mramnyBanHA
OLIK 12 10 8 7
THIK 50 50 43 48
MeC 33 40 49 45
NisTi 5 — — —
JlyroBe mmepeToIieHH A
OLIK 5 10 10 18
TIK 60 60 53 64
Me:Cs 35 30 37 18




TIOPIBHSTJILHA AHAJIIBA CTPYKTYPU, ®A30BOI'0 CKJIAITY TA BJIACTUBOCTEH 545

PesynbraTyn pospaxyHKYy mapaMmeTpiB ToHKoI ctpyktypu I'lIK-dasu
rapAavYenITaMIIOBAHNX 3Pas3KiB, BUKOHAHOTO 3 BUKOPUCTAHHAM ITporpa-
mHuoro kominiekcy PowderCell 2.4, mokasaiu, 1110 B pe3yabTaTi Bigmasy
Ta 3 MiJIBUINEHHAM TeMIIepaTypu OCTAaHHLOT'O BeJIMUYMHA 00JacTH Kore-
perTHOTrO posciauusa (OKP) momirTHO 30inbITyeThCA, TOAI AK 3HAUECHHS
nucrtopciit (Ad/d)uw 3MenIyeTheA (TAbM. 2).

PDas30BUM CKJIA AaHAJIOTIYHOTO CTOITY, OAEPKAHOI0 JYTOBUM II€PETOII-
JIEHHAM, IIOMIiTHO BiJpi3HAETHCSA BiJ rapsadyenITaMIOBAHOIO MaTEPisaiIy.
BesmnocepesHbo Iric/ad mepeToIieHHsa AudppaKIiiiHi JiHil peHTr'eHOTpa-
MU MaloTh HUSbKY iHTEHCUBHICTh BiJHOCHO (DOHY; TAKOYK BOHU CUJIBHO
posmupeni (puc. 2, d), 110 € HACTIAKOM CHJILHOTO CIIOTBOPEHHA KPUCTA-
JiuHOI I'PaTHUIII, BHUKJMKAHOTO BHCOKOIO INBHUAKICTIO KpucTrajisamil
CTOITY Ha MiZHi#l BOMOOXOJOMKYBaHiM moanHi (IIBUAKICTE 0XOJIOMKEH-
HS BUJINBKiB cTanoBuia 6aussko 80—-100°C/c).

Ha it smppaxTorpami HaM BAaIocs HALiTHO BCTAHOBUTH HASIBHICTD
TphoX (hpas — OIIK-dasu, kapbiny Tuny Me.C; ra 'IIK-inTepmeTasriguoi
dasu 3i cTrpykTypoio Tumy Ti2Ni.

Bigman ycyBae sHauHI TepMiuHiI HANIpyXeHHA Ta MPUBOAUTH IPaKTHU-
YHO JI0 JIikBimarii cy60mo0uHOI cTPYKTYpH 3epeH (puc. 2, e—xc). B Toii ke
yac, Ha BiAMiHY Bij rapademraMIIOBaHUX 3pas3KiB, Iricasd Bigmaay B
cKJami cromy ictoTHOo 36imbiryerbesa Bmict OIIK-dasu, a 3 migBuien-
HaM TeMmepaTtypu Bignamay go 1200°C moMiTHO 3MEHITYETHCS BMIiCT Ka-
poimmoi dasm 3a paxyHOK mimBuineHHs xkoHmentparii OIIK- Tta I'IIK-
dasoBux ckiaamoBux (Tabis.1). PospaxyBaTum XapaKTEepPUCTUKU TOHKOIL
cTpyKTypu ocHoBHOI asu (I'IIK) cromy, omep:kaHOro IyroBUM IIEPETO-
IJIEHHAM, He IPeACTaBIISIETHCA MOMKJINBUM, OCKiJIBKY OCHOBHIM 11 qud-
PaKIIAHUNA MaKCHMYM IIEPEeKPUBAETHCA AUPPAKI[IHNHIM MaKCHMYMOM
Big Me:Cs.

Ominka MexXaHiYHMX XapaKTEepPUCTUK CTOIIB, ITPOBeJeHa 3 BUKOPIUC-
TaHHAM METOAU iHIeHTyBaHHA, ITOKa3aJa, I10 cepelHi 3HaueHHs TBep-
moctu 3a Metiepom HM BUXiTHMX CTOIIB, OJep:KaHNX 3a 000Ma TeXHO-
JOTIYHUMU cXeMaMu, He3HAUHO Bi/[piBHAIOTHCA Ta 3HAXOAATHCA HaA PiB-

TABJUIIA 2. 3anexkuicTs mapamerpiB ToHKOI cTpykTypu I'IIK-dasu rapsa-
YeIITAMIOBAHUX 3pa3KiB BiJl TeMIlepaTypu Bigmairy.

TABLE 2. Dependence of the parameters of the f.c.c. structure of hot-forged
samples on the annealing temperature.

Temmneparypa Bignamy, °C OKP, am | ex~(Ad/d)um
6e3 Bigmanay 19 0,0022
1000 21 0,0013
1100 26 0,0011

1200 32 0,0006
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Hi 8,95-9,0T'IIa (puc.3). Bigman i migBumenHsa ioro TemIiepaTypu
MIPUBOIATH 1O 3aKOHOMipHOTO 3MEHIIIeHHA TBEPJOCTH CTOIIiB. 3BEpTae,
oIHaK, Ha cebe yBary Toi (axT, 110, TOAL AK 3HAUeHHA TBepmocTu HM
rapAaYelITaMIIOBAHNX 3Pas3KiB IJIs KOMKHOTO 3 PeKUMiIB 00pOOJIeHHS
(BuximHi Ta BigmaseHi 3pasKu) BapilOIOTbCA Yy AisITa3oHi BiAXMJIiB Bin
cepenuboro 3uauenHs Bix +0,32 mo +0,56 I'Ila (puc. 3, a), 11a 3paskis,
oIep;KaHMX NYyTOBUM MEPETOILJIEHHAM, [MMIUPUHA AiANa30HY BapiloBaHHSI
3HaUYeHb MiKpoTBepAocTHu AJas Temuepatyp Bigmamay 1100°C ta 1200°C
icTorHo 30iabITyeTHC 70 £0,74—-1,0 I'Ila (puc. 3, 6).

3asHaueHa 3aKOHOMIipPHICTE MMOSICHIOETHCA iCTOTHOIO BigMiHHiCTIO Xa-
PaKTepy MiKPOCTPYKTYPHU CTOIIB, OfepKaHUX 3a PiBHUMM T€XHOJIOTiU-
HuMU pexkumamu (puc. 4). Tak, MiKpocTpyKTypa 3pasKiB micyis rapsayo-
ro mMITaMOyBaHHSA € OZHOPiZHOIO Ta BiIHOCHO AMCIIEPCHOIO i3 cepemHim
poamipom 3epeH y 5—15 MmkM. 3BepTae Ha cebe yBary HasgBHIiCTb IIOMIT-
HOI aHiB0TpOIIil MaTepidAsy B rapAdeIITaMIIOBAHUX 3pasdKax, 10 IIPOAB-
JAEThCA Y XapaKTePHIN IJd IIOPOIMKOBUX TapadYelITaMIOBAHUX MaTe-
piamxiB i Bigsmaueniii, 3oKpema, B poborax [26, 27] BUTATHYTOCTi 3epeH-
HOI CTPYKTYPHU CTONY B HANIPAMKY, IePIEeHINKYIAPHOMY A0 HAIPAMKY
IpUKJIAJaHHA 3yCHJLIA ITaMiryBaHHA (puc. 4, a). B mporeci Bigmamy
MIPUHIINIIOBUX 3MiH V MiKPOCTPYKTYpPi rapsaueriTaMIoOBaHIX 3PpasKiB (y
MMOPiBHAHHI i3 Buximmmm ctanoMm) He BimbyBaeThcsa (puc. 3), 10 y3Tro-
IKYETBCSA 3 HJAaHUMHU PEHTreHo(das3oBOi aHAIi3MW; OSHAK IIiCJA Biamairy
B:ke 3a 1000°C Mmopdoorisg CTPYKTYPHU CTOIY 3MIiHIOETHCS i cTae 3HAU-
HOIO Mipoio piBHOBicHOIO (puc. 4, 0). 3 TiABUIIIeHHAM TeMIIepaTypu Bij-
naxy mo 1100°C gerto 30iabITIyeTHCA BMICT i po3Mip BKJIIOUEHB 0ijoi
dasu (puc. 4, 8). 3 tanux peHTreHO(MA30BOI aHATIIZW MOMKHA IPUITYCTH-
TH, IO BiOyBCcA Imepeposmonia ¢as, i mi 0imi BKIOUeHHS — KapOif
MeC. 3a 1200°C mpomoB:Kye BimOyBaTHCs mepepos3momin ¢as: AK Pos-
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Puc. 3. Banexuicts TBepmoctu HM 3a MeiiepoM CTOIIB, OfepPKaHUX rapAdnuM
MITaMIIyBaHHAM (@) i AyroBuM neperoiieHuam (0), Big TeMIiepaTypu Bigmaiy.

Fig. 3. Dependence of Meyer hardness HM of alloys produced by hot forging
(a) and arc remelting (6) on annealing temperature.
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Mip, Tak i KiTbKicTb BKJIIOUEHDb Kapbimy MeC melro aMeHITYIOThCA (puc.
4, 2), B Toil yac AK KinmbKicTh (asm i3 I'lIK-cTpyKTypoio (AcHO-cipoi
dasum) — 306LTBITYETHCA.

Ha Bigminy BiJi IOPOMIKOBUX rapsaYyellTaMIOBaHWX CTOIIiB, MiKpo-
CTPYKTypa TOILJIEHUX 3pasKiB Bil3HAUYAETHCA HASIBHICTIO IIOMIiTHOI Ki-
JBKOCTH 3€PeH CBiTJIOl (pady 3 XapaKTepHOI AeHAPUTHOI MOPQOJIOri-
€10, a TaKOXX 3HAYHO TEeMHIINUX IJIAHOK, XapaKTePHUX IJA TBEPAOTrO
posunny (puc. 4, d). Bignman 3a 1000°C npuBoAUTE 10 3MEHIIIEHHSI BMicC-
Ty OeHIPUTHOI CKJIAJOBOI CTPYKTYPHU Ta IIIABUINEHHA KiJIbKOCTH 3epeH
piBHOBicHOI KoH(Dirypartii (puc. 4, ), a 3i 30iIbIIIeHHAM TeMIIEpaTypu
Bigmaay mo 1100 ta 1200°C B cTpyKTypi cTonmy 3’ABJISAETHCA 3HAUHA Ki-

Puc. 4. MikpocTpyKTypa 3pasKiB CTOIiB, Ogeps:KaHUX TrapAYdM IITaMIIyBaH-
HaM (a—2) Ta nyrosuM meperornienuam (0—ixc): 6e3 Bignany (a, 0) Ta micasa Bif-
naiy 3a 1000°C (6, e), 1100°C (8, €) Ta 1200°C (2, ).

Fig. 4. The microstructure of alloy samples obtained by hot forging (a—2) and
arc remelting (0—uc): without annealing (a, d) and after annealing at 1000°C
(6, e), 1100°C (8, €) and 1200°C (2, ).
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Puc. 5. CEM-300pakeHHA MiKPOCTPYKTYPH IIOPOIITKOBUX TapsauelITaMIOBAHO-
ro (a) Ta omep:KAHOTO AYTOBUM IEepPeTOoIIeHHAM (0) CTOIiB IIicaa Bimmany sa
1000°C.

Fig. 5. SEM image of the microstructure of hot-forged powder alloy (a) and
alloy obtained by arc remelting (6) after annealing at 1000°C.

JBbKiCTh HOCTATHBO KPYIHUX 3€PeH Yy BUTJIALL IJIO0yJ poaMipom y 15—
25 MM (puc. 4, €, x).

IcToTHA BigMiHHICTL XapaKTepy MiKPOCTPYKTYPHU rapsdeInTaMIIoBa-
HUX ¥ oJlep;KaHUX NYTOBUM IIEPETOILIEHHAM CTOIIiB HAOYHO iJIOCTPY-
€ThCA TAKOK JaHUMU eJIeKTPOHHOI MiKpockomii (puc. 5), Ha AKUX HaBe-
meno CEM-3zo0OpaskeHHS CTPYKTYPU 3Pas3KiB, ofep:KaHUX 34 PisSHUMU
TexXHOoJIOTiuHMMH MeTomamMu Ta Bimmasenmx 3a 1000°C. Hasezeni 3o-
OpasKeHHSA YMOJKJIUBJIOIOTH 3POOMTH BUCHOBOK, IO CTPYKTypa raps-
YeMITAMIIOBAHUX CTOIIiB MOMIiTHO OiJIBII JUCIIepCHA 1 OHOPigHA y ITOpi-
BHAHHI 3i CTOIIOM, OIEP:KAHUM AYTOBUM II€PETOIJIEHHAM.

PospaxyHKOBI 3HAUeHHS I'PaHUILl ILIMHHOCTH 000X BUXiJHUX CTOIIiB
(6e3 TepMmiuHOro 0OpPOOJIEHHS), OJEPIKAHUX 34 PiBHUMU TEeXHOJOTiUHI-
MU cxeMaMu, BimmoBizarors (3riguo i3 TeiibopoBoio sajexuicTio (2))
3HaUeHHAM o5 0au3bko 3,0 I'lla. Bigman 3akKOHOMiIpHO HPUBOAUTH 0
3MEeHIIIeHHS I'PAHUII] IJIMHHOCTHU CTOIIB, HIPUUOMY, AKIITO IJIS BUXITHUX
3paskis (6e3 Bimmaay) Ta 3paskis, Bigmamenux 3a 1000°C, cepenui sua-
YeHHS Os AJIA CTOIIiB 3a 000Ma TEeXHOJIOTiAMHN BUT'OTOBJIEHHS BiApisH:a-
I0ThCS BKpall He3HAuHO, TO Imicida Bigmaay 3a 1100 ta 1200°C ixHi 3ua-
YeHHA AJIS rapAYeIITaMIOBAHUX 3Pa3KiB 3MEHIIYIOTHCA OiJIbIIOI0 Mi-
poio y OpiBHAHHI 31 cTomamMu, oflep:KaHUMU AYTOBUM II€PEeTOIJIeHHIM
(puc. 6, a).

Bennunna MmakpoTBepaocTu 3a POKBeJIJIOM [IJIsI BUXiAHUX CTOIIB 060X
TEeXHOJIOTiH BUTOTOBJIEHHA CKJanae 01u3srko 62 HRC Tta, aHAJIOTIUYHO IO
TPaHUII IIJIUHHOCTHU, 3MEHIIIYETHCA i3 MiABUINEHHAM TEeMIIepaTypH Bif-
nany. OgHak, Ha BiAMiHy BiZ os, TBepIicTh BiAlaJeHNX rapaueITaMIIo-
BaHUX 3pasKiB [eIo IepeBUIIy€e TBEPIiCTh IIEePeTOIIeHUX 3pas3KiB Iid
Bcix Temmepatyp Bigmasy (puc. 6, 6). Heo6xigHo TaKosK BigsHauuTH m0-
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Puc. 6. 3anexHicTs rpanuili mianHHOCTH (@), TBepAocTH (6) Ta ILJIACTUYHOCTHU
(8) cToIIiB, OlepPKAHUX rapAYNM MITaMOyBaHHAM (I, m) i IYyrOBUM IIepeTOIJIeH-
HaMm (2, m), Bix Temneparypu Bigmauy.

Fig. 6. Dependence of yield strength (a), hardness (6) and plasticity (8) of al-
loys obtained by hot forging (I, m) and arc remelting (2, m) on annealing tem-
perature.

CTATHBO XOPOIIY TEILJIOCTINKiCTh OJep:KaHOro CTOITY: BHACJIIJOK HaAB-
HOCTH B CTPYKTYPi cTony Kap0OiniBs Turany Ta Xpomy, TBEpAiCTh OCTaH-
HBOT'O 3AJIUIIAETHCS Ha JOCTATHLO BUCOKOMY piBHI y 47—-50 HRC HaBiThH
micaa Bigmaay 3a 1200°C.

Ha Bigminy Big xapaKTepHCTHK TBEPAOCTH Ta I'PAHUI HNJINHHOCTH,
MJIACTUYHICTH CTOMIB, Oflep:KaHNX 34 PIBHUMHU TEXHOJIOTIUHUMU PEXKU-
MaMU, BiJlsHAUaeThbCA BKpail He3HAYHOIO 3aJIeXKHICTIO BijJl TeMIepaTypu
Bigmamy (puc. 6, 8). Tak, 3HaueHHS ILJIACTUYHOCTHU Oa, PO3PAXOBaHi 3a
3aJIe:KHIicTIO (3) 3 BUKOPHCTAHHAM JTaHUX KPUBUX iHAEHTYBaHHA (pUC.
7), OJA BUXiTHUX TrapAYelITaMIIOBaHUX i BiAmajJeHWX CTOIIiB Ta Biama-
JIEHUX CTOMiB, OJeP:KAHUX AYTOBUM IIEPETOILIEHHSIM, 3HAXOAATHLCA B
mismasoni 0,72—-0,78. B Toil sKe 4ac IIaCTUYHICTb BUXiJHOI'O TOILIIEHOI'O
cTomy icToTHO HmKUa: 0,= 0,625, 110 imrocTpaTUBHO BimoOpasKkaeThCs
KPUBOIO 5 HaA pUcC. 7, 6 Ta Y3TOAKYEThCA i3 JTAaHNMU PEHTI'€HOTPAMU IIe-
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Puc.7. Tunosi gisrpamMu iHAeHTyBaHHSA IJA 3PasKiB, oJepKaHUX rapsaduyuM
IMITaMOYBaHHAM IIOPOIITKOBUX 3aTOTOBOK (&) i IyroBUM IIepeTomeHHAM (6).

Fig. 7. The typical indentation diagrams for samples obtained by hot forging
of powder preforms (a) and arc remelting (6).

PEeTOILIEHOTO CTONY, SKi BKa3yl0Th Ha CUJILHE CIIOTBOPEHHA KPUCTAJiU-
HOI I'paTHUIIi ocTaHHLOTO (puc. 2, 0).

4. BUCHOBKH

1. 3 BUKOPHCTAHHAM JBOX TeXHOJOTIUHNX METOLiB, — IIOPOIIKOBOI Me-
Tajyprii, o BKJIIOUAJM oIllepallii mpecyBaHHA 3aroToBOK, rapAdYoro
MITaMOYBAaHHA IX i HACTYIIHOIO BigmajllOBaHHS, Ta AyTrOBOIO IIE€PETOII-
JIEHHSA 3 HACTYIIHUM BigOaJI0BaHHAM, — 3 BUXiJHOI CyMIiIIli 3 HOPOIIIKiB
depoTuTaHy, BUCOKOBYTJIEIIEBOTO (DePOXPOMY Ta HiKJIIO OJepP:KaHO BU-
COKOeHTpomIiiHni KepmeT Ha ocHOBi cuctemu Ti—Cr—Fe—Ni—C.

2. 3a pesyJbTaTaM! PEHTI€HOCTPYKTYPHOI aHaJIi3W BCTAHOBJIEHO, IO
(pa3oBUIl CKJIAJ CTOIIY BKJIIOUYAE ABAa HEBIOPAIKOBAHI TBEPAl PO3UMHU 3
I'TIK- (mepeBaskmo) it OLIK-cTpyKTypamMm Ta KapOigui dasm: KyOiuHy
MeC (nns rapademmraMioBaHuX 3paskiB) i Me:Cs (mna 3paskis, omep-
JKaHUX TYTOBUM IIEPETOIJIEHHIM).

3. IloxazaHo icTOTHY BiZMiHHIiCTHL XapaKkTepy MiKPOCTPYKTYPHU CTOIIiB,
oIep:;KaHMX 3a PisHMMH TexHoJoriunmMu cxemamu. CTpykTypa raps-
YeIMITAMIIOBAHUX CTOIIiB MOMIiTHO OiJIBIN AUCIIepcHAa ¥ OOHOPimHA Y IOopi-
BHSAHHI 3i CTOIIOM, OZIEP;KaHUM AYTOBUM II€PETOILJIEHHIM.

4. Ominka MexaHiYHNX XapaKTePUCTUK CTOIIiB, IPOBeJeHa 3 BUKOPUC-
TaHHAM METOAU iHIeHTyBaHHA, ITOKa3aJa, II0 CepeIHi 3HaueHHs TBep-
moctu 3a MeliepoM BUXiTHMX CTOMiB, OJeP:KaHUX 3a 000Ma TEeXHOJIOTiU-
HUMH CXeMaMN, He3HAUYHO BiJpi3HAIOTHCA Ta 3HAXOAATLCA Ha PiBHI
8,95-9,0I'Tla, 1o BigmoBifae sHaUeHHAM TPAHUIl IIJIUNHHOCTHU Gs (3Tif-
HO i3 TefitbopoBoio 3ajyesxHicTIO) 6au3bK0 3,0 I'Tla. Bigmas i migBunien-
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HA #IoT0 TeMIlepaTypu IPU3BOAUTH A0 3aKOHOMIPHOTO 3MEHIIIeHHA 3Ha-
YeHb TBEPAOCTU Ta Gs CTOIIiB.

5. BeaununHa TBepmocTu 3a POKBeJJIOM AJId BUXiJHUX CTOIIIB 000X TeX-
HOJIOTiMI BHTI'OTOBJIEHHA cKJanae 0au3bKo 62 HRC Ta, aHajJoriuHO OO
IpaHuIli INIMHHOCTH, 3MEHINYETHCSA i3 MiABUINEHHAM TeMIIepaTypHu Bim-
naJuay. TBepAicTh BigmaJeHNX rapsayelnITaMIOBaHNX 3Pa3KiB JeIIo mepe-
BUII[Y€ TBEPAICTD IIEPETOILJIEHNX 3Pa3KiB /1A BCixX TeMmIepaTyp Bigmasy.
BigszmaueHO BHCOKY TEIJIOCTIHKIiCTh OIEPIKAHOTO CTOIy: TBEPHiCThb
OCTAHHBLOTO 3AJIUINAETLCS Ha AOCTATHBO BUCOKOMY piBHi (47—-50 HRC)
HaBiThH micasd Bigmamy 3a 1200°C.
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The hardness of the bulky or covered materials is typically obtained through
indentation techniques. Due to the complexity of the influence of the micro-
or nanohardness of the coating and the substrate on the measuring of the
composite hardness, various mathematical and geometrical models based on
the area law-of-mixtures’ advance are founded. The present study offers
mathematical and geometrical modelling of the coefficient of the area law-of-
mixtures’ for conical indentation. The project imprints are considered as
disks and the coefficients o,  of the area law of mixtures become ratios of
circle surfaces. The hardness of the composite and the substrate is expressed
as a function of the imprint projected dimensions and the applied load. Final-
ly, the film contribution is determined from the proposed modelling of the
area law-of-mixtures’ model.

Key words: hardness, non-destructive testing, hardness test, microindenta-
tion, modelling.

TBepaicTh 06’eMHIX MaTepPiAdiB a00 iIXHiX MOKPUTTIB 3a3BUUAll BU3HAUAETHCA
3a JOIIOMOTOIO0 TeXHIiKM iHgeHTyBaHHA. Uepes CKIAAHUN BIJIUB MiKpo- abo Ha-
HOTBEPJOCTH IIOKPUTTSA Ta MiAKJAAUHKU Ha MiIPAHHS TBEPAOCTUA KOMIIOSUTY
BUKOPHUCTOBYIOThCA PidHiI MaTeMaTHUYHi Ta reOMeTPUYHI MOJei, 3aCHOBaHiI Ha
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YIOCKOHAJEeHOMY IIPaBUJIi cyMimieii. ¥ maHiii poOOTi 3aIIpOIIOHOBAHO MaTeMa-
THUYHE Ta TeOMeTPUYHE MOJeI0BaHHA KoedillieHTa npaBuja cymimiei 1aa Ko-
HiuHOTrO iHAeHTYBaHHA. IIpoeKii BigOUTKiB BBaKaroThcA AUCKAMU, a Koedi-
LIieHTH O, [ IpaBuUJa cyMimiei fOpiBHIOIOTH BigHOIEHHIO o] Kiji. TeepaicTs
KOMIO3UTY Ta IMiAKJaAUHKMN BUPAKAETHCA AK (PYHKIIiA pPO3MipiB IIPOEKIiH
BiOMTKIB i IpHUKJIaJeHOT0 HaBAHTAMKEHHA. BHECOK Bij IIiBKM BU3HAUAETHCA
MOJIeJIIOBAHHSAM B paMKAaX IIpaBuJja CyMiIliei.

Karouosi cioBa: TBepicTh, HePYHHIBHUM KOHTPOJIb, BUIIPOOYBAHHS Ha TBEP-
IicTh, MiKDPOiHJIEHTYBaHHS, MOJEJIIOBAHHS.

(Received 3 January, 2023; in final version, 15 February, 2023)

1.INTRODUCTION

The indentation test is a great way to characterize a number of me-
chanical properties of materials at the micro/nanoscale. It has been
identified as one of the key features of the estimation of mechanical
properties, and it has been used successfully to determine the thin film
hardness coated material.

In materials science, hardness is a measure of the resistance to local-
ized plastic deformation induced by the mechanical indentation; there
are three categories of mechanical hardness measurements: scratch,
indentation, and rebound. The indentation hardness value was deter-
mined by dividing the value of the applied force of indentation with the
contact imprint surface [1-19]. In general, the microhardness or na-
nohardness and elastic modulus of an elastic—plastic material can be
evaluated from the force—displacement curve [1-3].

Owing to equipment limitations such as the tip of the penetrator
shape, it is difficult to achieve significant experimental results in the
depth value [4]. Thus, to get the real film hardness by the technique of
micro- or nanoindentation, it is necessary to establishing geometrical
and mathematical modelling.

Since the efficient data of the geometric form of indenter is the key
of indentation, we have chosen to use an indenter of a conical geomet-
ric form to penetrate coated materials, where we used the area law-of-
mixtures models to determine the coating hardness as function of the
imprint depth, the composite hardness H. and of the substrate hard-
ness Hs.

We have considered the projected imprints of the substrate and the
composite as disks of the radius r", r respectively, and the coefficient a
of the area law-of-mixtures as ratio of circle surface.

Finally, geometrical and mathematical modellings have been used to
establish the expression of the coating micro- or nanohardness of the
coated material, wherever discussions and comparisons of figures and
formulas were presented.


https://en.wikipedia.org/wiki/Materials_science
https://en.wikipedia.org/wiki/Plastic_deformation
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2. COMPOSITE HARDNESS OF MONOLAYER COATED MATERIAL

To avoid the complexity of the influence of the micro- or nanohardness
of the coating and substrate on the measured composite hardness, nu-
merous mathematical models based on the area law-of-mixtures ad-
vance [14—24] have been developed and established to separate the mi-
crohardness or nanohardness of film from the substrate [5, 6, 23, 24].
The area law-of-mixtures models presuppose the validity of a linear
law of mixtures to express the measured composite hardness H., as a
function of the film hardness H:, and of the substrate hardness H..
In one form, all models express the composite hardness of monolay-
er-coated material according to the following area law-of-mixtures:
H =oH,+BH,o0+B=1. (1)
Jonsson and Hogmark models (Fig. 1) is one of the most model; it
gives the composite microhardness H., in function of the substrate mi-
crohardness Hs, the coating microhardness H:, the surface of the thin
film S:, the substrate surface S and the total the imprint surface S. as
follows [4—6, 7T—19]:
chin-i-iHs. (2)
S S

c c

< >

Fig. 1. Semi-load-supporting areas of monolayer composite in Jonsson and
Hogmark model [7].
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From Figure 1, the composite surface gets the following expression:
S, =d*/2,d=(d, +d,)/2. (3)
Then, the substrate surface becomes as
S, =(d /2 -2X). (4)
Subsequently, the surface of the coating becomes

S,=8,-8,=d"/2-(d/V2-2X). (5)

3. MATHEMATICAL CONCEPTS OF THE RIGHT CIRCULAR CONE

The right circular cone is a three-dimensional geometric form; it has a
flat round face on one side and a pointy end on the other side. It has a line
that touches its apex point in a perpendicular of the centre of its round
base. Moreover, its apex lies just over its base centre. Its conical surface
is a ruled surface formed by fixing one end of a line segment at the cone
vertex and sweeping the other around its circular base perimeter.

In a Cartesian co-ordinate system, the right cone of a round base of
the height H and the radius R, oriented along the Z-axis, with a vertex
pointing down and a base positioned at Z = H (Fig. 2), can be described
as by the following equation:

X +y* —(R/HYZ* =0, (6)

Fig. 2. Right cone in Cartesian co-ordinates.
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where x2 + y?=r?; then, the characteristic equation of the right con be-
comes

r* —(R/H)YZ*=0. (7)

4. HARDNESS OF CONICAL INDENTATION

4.1. Massive Material Hardness

The hardness values were defined as the ratio of the applied force to

the resulting indentation area. According to the conical form of the

indenter, the hardness can be given by the following expression [1-19]:

H =F/S. (8)

The indentation of a right cone of a circular base of diameter D and

height H into the tested surface makes an imprint of conical forms. Its

projection is a disk area (Fig. 3) of a radius r and a surface S[20]:

S =nr’. 9)

The hardness Hco, as function of the applied force F and the surface

Substrate

Fig. 3. Principle of penetration of the right cone.
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of the resulting imprint gets the following equation:

H

Con

=F /nr?. (10)

Since tgb =r/h = R/H — r = R/H, the hardness becomes, according of
the load F, the cone dimension (H, R), and the imprint depth A:
2
= 2r (11)
m(hR)

4.2. Composite Hardness Modelling

Whereas, there are always complexities of the measurement of the
coating micro- or nanohardness of covered surfaces, and it is indispen-
sable to generate a model for the coupled thin coating—substrate behav-
iour under penetration.

According to the area law-of-mixtures approach, the composite
hardness of a monolayer coating (substrate + film) takes the following
additive law[17, 29, 30]:

H, =oH, +(1-o)H,. (12)

The coefficient o can be written as ratio of the projected surfaces of
the resulting imprints as the following [21]:

«=5,/8,. (13)

The indentation of a sufficiently hard indenter of a right cone shape
into a composite material of a coating thickness e results a cone im-
print shape of a circular base of radius r and height A. Its projection
presents the composite imprint (Fig. 4). Then, the projection of the
composite imprint gets a disk form of a surface:

S, =nr’. (14)
So, the composite hardness can be expressed by the following equation:
H =F/nr’. (15)

From Figures 4 and 5, the projected surface of the substrate imprint
gets the following expression:

S, = n(r')? =n(r — Ar)*. (16)

The projected surface of the film imprint takes the following formula:
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Fig. 4. Cross-section of load-supporting areas of film and substrate.

F

2R

Right cone

e

Substrate

Fig. 5. Section scheme of the cone indentation on a coated solid.

S, =8, -8, =n(r’—(r—Ar)y. (17)

So, substituting Egs. (14) and (17) into Eq. (13), one can obtain the
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coefficient a of the law of the surfaces’ mixture:

2
a:i:%’”_(ﬂj , (18)
S, r r
From Figure 5, we can write:
Ah H h H h
By replacing Eq. (18) into Eq. (19), the area coefficient o becomes
2
o= 24h _ (A—hj R (20)
h h
where the film deformation is considered as Ak = Ce, and the area frac-
tion o gets
2
o= Ce _ (gj . (21)
h h

The constant C can be expressed in relation to the apical semi-angle 6
of the indenter. It is equivalent to cos?0 for a plastic film and to
(1 —sinB) for cracked film [28].

In case of a coated material of a plastic film, the coefficient o gets
the following formula:

2
a:%COSQG— £ cos?0| = cos?0 &—Ecosze . (22)
h h h h

But, if cracks develop in the film, the coefficient o is defined as follows:

o 2e(1 — sin 0) _[e(l—sine)j . 23)

h h

From Eq. (12), the film hardness H: becomes the function of the
composite hardness H., the substrate hardness Hs, and the coefficient
o as follows:

H,={H,-(1-a0)H]}/o. (24)

5. DISCUSSION AND COMPARISON TO KNOWN FIGURES AND
FORMULAS

In accordance with the above geometrical and mathematical modelling
of the coefficient o, the following cases can be noted.
1. In the first case, the indenter does not penetrate the film of the coat-
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ed material; in this course, the area fraction o was discussed in the
states of plastically deformed film, when cracks develop into the film.
Plastically deformed film. In this situation, we consider two types of
indenters’ tip. The first is very sharp cone, where the apical semi-angle
0 is small (cos?0 ~ 1), and consequently, the area fraction o becomes as

2e e )
Q_T_[ZJ . (25)

Then, the replacing of Eq. (25) into Eq. (24) gives the film hardness H;
as the function of the composite hardness H., the substrate hardness
H, the film thickness e, and the depth £ as the following:

H, —(1—2e+(6) ]Hs
h \h
H, = . (26)

f 26_(6)2
h h

The second is cone of blunt tip; the apical semi-angle 0 is approxi-
mately right (cos20 ~ 0), and the area fraction o becomes as

o=2ecos’0/h. 27)

Then, the film hardness H: becomes the function of the composite
hardness H., the substrate hardness H, the film thickness e, the apical
semi-angle of the indenter 6, and the depth A:

2
H, - (1 _ 2ecos’d CZS esz
H, - ~ : (28)
2ecos“ 0/ h

Cracks develop in the film. For a very sharp cone, the apical semi-angle
0 of the indenter is approximately null (sin6 ~ 0), and

2e e)
Q—T—(Ej . (29)

Then, the film hardness H: gets the following formula:

2
Hc—[1—2e+(ej JHS
no\h
H

L= . (30)

26_[ej2
h h
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But, for the case of a blunt cone (1 -sin0)?~0, the coefficient a be-
comes

o = 2e(l—sin0) / k. (31)

Then, the film hardness can be written as follows:

T [1 _ 2e(1 —hsin e)JH

c S

He = 2e(1—sin®) / h ' (32)

2. In the second case, the film of the coated material penetrated by the
indenter (Fig. 6), the film deformation is known; it gets Ah=e. In the
course of this assumption, the area fraction becomes as the following:

(x=2%—(%). (33)

Then, the film hardness H: becomes the function of the composite
hardness H., the substrate hardness H,, the film thickness e, and the
depth £ as the following:

2e e 2
H -|1-—+|—| |H,
h h
H, = .

(34)

2R

Right cone

Substrate

Fig. 6. The scheme of the right cone penetration.
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2R

Right cone

Film

Substrate

Fig. 7. The scheme of the film indentation.

3. In the third case, when there is not an effect of the substrate on the
coated material and the cone penetrate only the thin film (Fig. 7), the
film deformation A# is equivalent to the depth A, then, the area frac-
tion gets the following formula:

2
h h

Then, the area law-of-mixtures approach can be simplified as follow:

H, =H,. (36)

6. CONCLUSION

This work presents geometrical and mathematical modelling aimed at
separating the contribution of the substrate to the hardness of solid
surface monolayer when the indenter is a cone; it is established the ar-
ea law-of-mixtures expressions of monolayer covered materials.

The indentation of a solid monolayer coating by a non-deformable
conical tip grants the simple expression of the area law-of-mixtures
model and permits to find a relationship between the nano- or micro-
hardness film H¢, the composite hardness H., the substrate hardness
H, the film thickness e, and sizes of the resulting conical imprint r, A.
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The monolayer indentation by a sharp conical penetrator (R << H)
products a coefficient expression o for breaking film equal to that of
the plastic film, which makes to conclude the decreasing of the area
imprint and the phenomena occurring during and after the tests
(cracking, deformation, etc.).

Similar to the Jonsson and Hogmark model, this study shows that
the microhardness of the thin film of solid monolayer can be deter-
mined through the measurements of the composite hardness H., the
substrate hardness Hs, the imprint sizes r, &, the film thickness e.

Finally, we think that the characterization of the bulky and coated
material hardness by the indentation of a conical tip shape has the the-
oretical and experimental importance in field of the contact mechanic
and the mechanical characterization of the solid materials, which will
carry to extend the areas of the application of the indentation and
scratch tests by an indenter of the con tip form.

The authors gratefully acknowledge the supports from the general
directorate of Scientific Research and Technological Development
(DGRSDT).
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