See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/354683788
HoBi MaTepiann i TexHonorii B MeTanyprii Ta mawmnHobyayBaHHi Ne

Article in HoBi MaTepianu i TexHoorii B MawmHobyayBaHHi (MpaLi Mi>kHapoAHOT HayKOBO-TeXHI4YHOI KOHhepeHLii) - January 2021

DOI: 10.15588/1607-6885-2021-2-

CITATIONS READ
0 1

2 authors, including:

% Alexander Glotka

Zaporizhzhia Polytechnic National University

36 PUBLICATIONS 29 CITATIONS

SEE PROFILE

Some of the authors of this publication are also working on these related projects:

et A. Glotka View project

All content following this page was uploaded by Alexander Glotka on 18 September 2021.

The user has requested enhancement of the downloaded file.

ResearchGate


https://www.researchgate.net/publication/354683788_Novi_materiali_i_tehnologii_v_metalurgii_ta_masinobuduvanni_No?enrichId=rgreq-6cf67acaea973c65e829d72529baaae2-XXX&enrichSource=Y292ZXJQYWdlOzM1NDY4Mzc4ODtBUzoxMDY5NDc4MzM0OTc2MDAxQDE2MzE5OTQ5MTM5Nzk%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/354683788_Novi_materiali_i_tehnologii_v_metalurgii_ta_masinobuduvanni_No?enrichId=rgreq-6cf67acaea973c65e829d72529baaae2-XXX&enrichSource=Y292ZXJQYWdlOzM1NDY4Mzc4ODtBUzoxMDY5NDc4MzM0OTc2MDAxQDE2MzE5OTQ5MTM5Nzk%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/A-Glotka?enrichId=rgreq-6cf67acaea973c65e829d72529baaae2-XXX&enrichSource=Y292ZXJQYWdlOzM1NDY4Mzc4ODtBUzoxMDY5NDc4MzM0OTc2MDAxQDE2MzE5OTQ5MTM5Nzk%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-6cf67acaea973c65e829d72529baaae2-XXX&enrichSource=Y292ZXJQYWdlOzM1NDY4Mzc4ODtBUzoxMDY5NDc4MzM0OTc2MDAxQDE2MzE5OTQ5MTM5Nzk%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alexander-Glotka?enrichId=rgreq-6cf67acaea973c65e829d72529baaae2-XXX&enrichSource=Y292ZXJQYWdlOzM1NDY4Mzc4ODtBUzoxMDY5NDc4MzM0OTc2MDAxQDE2MzE5OTQ5MTM5Nzk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alexander-Glotka?enrichId=rgreq-6cf67acaea973c65e829d72529baaae2-XXX&enrichSource=Y292ZXJQYWdlOzM1NDY4Mzc4ODtBUzoxMDY5NDc4MzM0OTc2MDAxQDE2MzE5OTQ5MTM5Nzk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alexander-Glotka?enrichId=rgreq-6cf67acaea973c65e829d72529baaae2-XXX&enrichSource=Y292ZXJQYWdlOzM1NDY4Mzc4ODtBUzoxMDY5NDc4MzM0OTc2MDAxQDE2MzE5OTQ5MTM5Nzk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alexander-Glotka?enrichId=rgreq-6cf67acaea973c65e829d72529baaae2-XXX&enrichSource=Y292ZXJQYWdlOzM1NDY4Mzc4ODtBUzoxMDY5NDc4MzM0OTc2MDAxQDE2MzE5OTQ5MTM5Nzk%3D&el=1_x_10&_esc=publicationCoverPdf

CTPYKTYPOYTBOPEHHS. OIIIP PYMHYBAHHIO TA ®I3MKO-MEXAHIYHI BJJACTUBOCTI

UDC 669.245.018.044:620.193.53

Ph.D., Associate professor, Associate professor of the Department of Physical material
science of the National University “Zaporozhye Polytechnic”, Zaporizhzhia, Ukraine,
e-mail: glotka-alexander@ukr.net

Doctor of Technical Sciences, Professor, Head of the Department of Physical material
science of the National University “Zaporozhye Polytechnic”, Zaporizhzhia, Ukraine,
e-mail: olshan@zp.edu.ua

Glotka O. A.

Olshanetskii V. Yu.

PROPERTIES OF NICKEL-BASED SUPERALLOYS OF EQUIAXIAL
CRYSTALLIZATION

Purpose. The aim of the work is to obtain predictive regression models, with the help of which, it is possible to
adequately calculate the mechanical properties of nickel-based superalloys of equiaxial crystallization, without carry-
ing out preliminary experiments.

Research methods. To find regularities and calculate the latest CALPHAD method was chosen, and modeling of
thermodynamic processes of phase crystallization was performed.

Results. As a result of experimental data processing, the ratio of alloying elements Ky’ was proposed for the first
time, which can be used to assess the mechanical properties, taking into account the complex effect of the main alloy
components. The regularities of the influence of the composition on the properties of heat-resistant nickel alloys of
equiaxial crystallization are established. The analysis of the received dependences in comparison with practical results
is carried out. The relations well correlated with heat resistance, mismatch and strength of alloys are obtained.

Scientific novelty. It is shown that for multicomponent nickel systems it is possible with a high probability to pre-
dict a mismatch, which significantly affects the strength characteristics of alloys of this class. The regularities of the
influence of the chemical composition on the structure and properties of alloys are established. A promising and effec-
tive direction in solving the problem of predicting the main characteristics of heat-resistant materials based on nickel is
shown

Practical value. On the basis of an integrated approach for multicomponent heat-resistant nickel-based alloys,
new regression models have been obtained that make it possible to adequately predict the properties of the chemical
composition of the alloy, which made it possible to solve the problem of computational prediction of properties from the
chemical composition of the alloy. This allows not only to design new nickel-based alloys, but also to optimize the com-
position of existing brands.

Key words: nickel-based equiaxial crystallization superalloys, strength, mismatch (y/y"- mismatch), heat resistance.

Introduction

The development of new and optimization of
existing alloys for cast parts, namely, the most heavily
loaded, such as the working and nozzle blades of a gas
turbine engine, is a material science, design and
technological task that requires a comprehensive solution
[1-4]. For modern thermally stressed gas turbine engines,
the above-mentioned complex-profile parts are made from
multicomponent heat-resistant alloys based on nickel,
cobalt and iron by the methods of equiaxed, directional or
monocrystalline casting [5-9].

Recent developments have focused on the study of
blade materials with a low content of expensive elements for
aircraft engine building. One of the problems of this type of
materials is to increase their strength properties. To increase
the high-temperature strength, the alloys are alloyed with a
high chromium content. However, a high chromium content
can cause the appearance of topologically close-packed
phases of the i, o type in the casting structure during the
development process, which will lead to phase-structural
instability and embrittlement of parts [10-14].

Strengthening by the y'-phase ensures long-term
preservation of the high temperature performance of
alloys of this class in a wide temperature range, up to
1150 °C. Consequently, the most important role in the
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resistance to high-temperature creep superalloys nickel-
based equiaxial crystallization belongs to such structural-
phase characteristics as the period of the crystal lattices of
the y- and y'- phases and their dimensional mismatch & or
v/y'- mismatch [15-20].

The aim of the work is to obtain predictive
regression models, with the help of which, it is possible to
adequately calculate the mechanical properties of the
nickel-based superalloys, without carrying out pre-
liminary experiments.

Material and research technique

For experimental and theoretical studies of
temperature performance, a working sample of alloys was
formed, consisting of well-known industrial nickel-based
superalloys for equiaxed casting of domestic and foreign
production, the following brands: ZhS6U, ZhS6K,
VZhL12U, VZhLI2E, B1900, IN 100, MAR M200,
MAR M246, TRW NASA 6A, WAZ16, U500, U700,
ZhS3DK, ZhS3LS, VH4L, ChS88U, ChS104, RENE77,
IN939, IN738LC, CM681, RENE220, NFP1916,
ChS70S, CM939WELDABLE. The selection of alloys
was made from the standpoint of a variety of chemical
compositions (alloying systems), which, in terms of the
content of the main elements, cover a wide range of
alloying.
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The obtained values were processed in the Microsoft
Office software package in the EXCEL package using the
least squares method to obtain correlation dependences of
the  "parameter-property" type  with  obtaining
mathematical equations of regression models that
optimally describe these dependences and plotting trend
lines. The dependences have a sufficiently high
coefficient of determination R2>0.85 and are suitable for
determining the temperature characteristics of the nickel-
based superalloys.

Research results and discussion

Considering that the role in the high-temperature
creep resistance of heat-resistant nickel alloys belongs to
such a structural parameter as the dimensional mismatch &
(y/y'- mismatch), which depends on the alloying system,
the urgent task is to obtain an optimal regression model
for calculating this characteristic for based on the
chemical composition of alloys of the class nickel-based
superalloys equiaxed crystallization.

All components used for alloying nickel-based
superalloys can be conditionally divided into three
groups: dissolving mainly in the y-solid solution (Co, Cr,
Mo, W, Re), dissolving mainly in the-phase (Al, Ti, Ta,
Hf) and carbide-forming elements (Ti, Ta, Hf, Nb, V, W,
Mo, Cr).

On the other hand, many elements can be included
in the y'-phase: Al, Ti, Nb, Cr, Co, Mo, W, V, etc. But
their content in the y'-phase and the effect on its amount
in the structure are different. This effect is associated with
the ability of the elements to form stable intermetallic
phases of the Ni;Me type with nickel. Hence, it follows
that the misfit and mechanical properties of alloys are
influenced not only by the elements that belong to the
y'- forming, but also those that are classified as y- hard
mortar hardeners [21-24].

As a result of processing the experimental data and
the above reasoning, for the first time a relation was

Yy (Al+Ti+Nb+Ta+Hf) (
ca
> ,(Cr+W+Mo+Re+Co+Ru)

libration factor 5 was determined empirically) for
evaluating the mechanical properties, which takes into
account the complex effect of the main components of the
alloy. Since the dimensional mismatch of the lattice
parameters is associated with the degree of concentration
solid solution hardening of the y- and y'- phases, the effi-
ciency of precipitation hardening of the alloy, the creep
rate, and other properties, the Ky' ratio allows us to
associate these properties with multicomponent systems
[1-10].

It was found that the dimensional mismatch & has
parabolic dependences both at 20 and at 1000 (Fig. la, b)
with the relations:

6% =0,1001(K, )> —0,3257(K, ) +0,4789;

proposed K, =5

51000 — O, 0953([(}/)2 _ O, 3427(K7') + 0, 0325.

An increase in the Ky’ ratio leads to a decrease in the

misfit and the formation of an extremum at values of 1.5—
2, this is associated with a reduction in the number of
elements in the y-solid solution, which most strongly in-
crease the lattice period (Mo, W, Nb, Ta, etc.). At Ky’
values greater than 1.5-2, an increase in misfit is ob-
served, since the volume fraction of y'- forming elements
significantly increases and begins to prevail. The strength
value with an increase in the ratio Ky’ obeys a linear law
(o5 =146,34(K )+ 713,73 and has a tendency to a con-

stant increase (Fig. 1¢), since with an increase in the ratio,
the number of elements forming the hardening phase in-
creases.

Fig. 1. Correlation dependences of the properties of
equiaxed superalloy on the ratio Ky’ in their composition:
(a) — dependence of misfit (5*°) on the value of the ratio Ky';
(b) — dependence of misfit (5'°) on the value of the ratio Ky';
(c) — dependence of the short-term strength limit (o) on the
value of the ratio Ky’

It is shown that at a test temperature of 1000 °C, the
dependence of the limits of 100- and 1000-hour long-term
strength on the value of the misfit (Fig. 2a, b) is optimally

described by the obtained models:

Gl =65,185K., +56,683 (Fig. 3a);

Gioo. =57,689K., —26,58 (Fig. 2b).
These dependences show that with an increase in the K,
coefficient, the long-term strength of the alloys increases
in direct proportion, since the number of y'- forming ele-

ments increases, and, consequently, the volume of the-
phase in the alloy increases.
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o100!", MITa

G1000'%%, MITa

Fig. 2. Correlation dependences of the long-term strength of
equiaxed superalloys on the ratio Ky’ in their composition:
(a) — dependence of long-term strength (600", MPa) on the
value of the ratio Ky'; (b) — dependence of long-term strength
(010001000, MPa) on the value of the ratio Ky’

It was found that the proposed ratio Ky' has a close
correlation with the volume fraction of the y'- phase in
equiaxed nickel-based superalloys (Fig. 3). All these de-
pendences are linear with a positive slope and an error of
no more than +3.8 %. This behavior is explained by the
fact that with an increase in Ky’, the volumetric amount of
the main strengthening elements increases, which form
the y'- phase both at room temperature (Fig. 3a) and re-
sidual at elevated operating temperatures (Fig. 3a ), and
consequently the limits of short-term (Fig. 1¢) and long-
term strength (Fig. 3) of alloys increase.

To eliminate the influence of volumetric diffusion
processes at high temperatures, expensive heavy metals
such as tungsten, molybdenum, rhenium and ruthenium
are introduced into the composition of the nickel-based
superalloys, which significantly increased the density of
alloys, and, consequently, the weight of the finished
product. It is known that the density p is closely corre-
lated with the average atomic mass of the alloy Ac; there-
fore, the authors proposed a regression model obtained for
multicomponent alloying systems of equiaxed nickel-
based superalloys: p=0,16134, —1,0026 with an error

not exceeding +1% (Fig. 4).

In fig. 4 shows the dependence of the specific den-
sity on the average atomic mass of alloys, which has a
linear character, since an increase in the number of ele-
ments with a high atomic mass (refractory) will inevitably
increase the density of equiaxed alloys. This tendency
manifests itself as a consequence of the fact that elements
with a high atomic mass belong to elements with a high
melting point, which strengthen the y- solid solution and
do not have a noticeable effect on the intermetallic hard-

ISSN 1607-6885

ening of alloys. The obtained regression models make it
possible to predict the specific gravity, short-term and
long-term strength limit, misfit according to the obtained
ratio of Ky’ of alloying elements in alloys and can be used
both in the development of new equiaxed nickel-based
superalloys and in the improvement of known industrial
compositions within the graded composition.

4,,1000 o

Fig. 3. Correlation dependences of the volume of the ' — phase

in equ iaxed superalloys on the ratio of Ky’ in their composition

(a) — dependence of the volume of the a3si-phase at room tem-

perature (Vy'20, %) on the value of the ratio Ky'; (b) — depend-

ence of the volume of the y' — phase at 1000 °C (Vy'1000, %) on

the value of the ratio Ky’ (e — calculated values; ¢ — experimen-
tal values)

p. rfcm®

56 57 58 58 60 61 A

Fig. 4. Correlation dependence of the density of equiaxed super-
alloys on the atomic mass of the alloy. (e — calculated values;
¢ — experimental values)
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I'imorka O. A., Oubmanensknii B. FO. BiracTuBoCTi skapoMinHuX cIUIaBiB Ha OCHOBi HiKeJII0 PiBHOBiCHOL
KpUCcTAJLTi3amii

Memoro pobomu € ompumanHa NPOSHOHUX pecpecitinux Mooenel, 3a O0NOMO20I0 AKUX MONCHA AOeKBAMHO PO3-
paxyeamu MexaniyHi e1acmu8oCmi JHCapoOMIYHUX CHIAGI8 HA OCHOGI HIKell PIBHOGICHOI Kpucmanizayii 6e3 nposeoeHHs.
NnonepeoHix eKCnepuMeHmis.

Memoou docnioxcenns. /[na nowyky 3akonomiprocmetl 6yio ooparo natinogiuui memoo CALPHAD ma npose-
0€eHO MOOeT0B8AHHS MEPMOOUHAMIYHUX npoyecie paz060i Kpucmanizayii.

Ompumani pezynemamu. B pesyromami excnepumenmanbHoi 00pooKu danux enepuie 6yn0 3anponoHO8aAHO Cis-
BIOHOUIEHHSA N1e2y8abHUX elemenmis Ky, sike mooice Oymu GUKOPUCTNANO OISl OYIHKU MEXAHIYHUX 61aCMUBOCMel 3 ypa-
XYBAHHAM KOMNIEKCHOI Oii OCHOBHUX KOMNOHeHmie cniasy. Bcmarnoeneno 3akonomipnocmi 6naugy ckaady Ha 61acmiu-
80CMI HCAPOMIYHUX HIKENIe8UX CNIIABIE PIBHOBICHOI Kpucmanizayii.

Haykosa nosusna. Iloxasano, wo 01s 6a2amoKoMnOHEHMHUX HIKEIeBUX CUCTEM MOJICHA 3 BENUKOIO UMOBIPHICMIO
nepedbauumu He8iOn0GIOHICMb KPUCMALIYHUX TPAMOK, WO CYMMEBD SNIUBAE HA MIYHOCHI XAPAKMEPUCMUKU CNIABI8
yvoeco knacy. Iloxkazano nepcnexmugnuil ma epekmusHull HanPAMOK y GUPIUUEHH] NPOOIeMU NPOSHO3YE8ANHSA OCHOBHUX
XapaKmepucmuK HCapoMiyHux Mamepiaiie Ha OCHOBI HIKeo

Ilpakmuune 3navennsn. Ha ocnogi inmezpoeanozo nioxoody ona 6a2amoKOMHOHEHMHUX JHCAPOMIYHUX CNIAGI6 Ha
OCHOBI HIKel0 OMPUMAHI HOBI pecpeciiini MoOe, Wo 00380MAI0Mb A0eK8AMHO NPOSHO3Y8AMU GIACTMUBOCTI 34 XIMIU-
HUM CKIAOOM CHAABY, WO OAN0 3MO2Y BUPIUMU NPOOIEMY 0OUUCTIOBATILHO20 NPOSHO3YBAHHS GIACMUBOCNEU 3a XIMid-
HUM CKAA00M CHAABY.

Knrouosi cnoea: sicapomiyni cniasu pieHogicHoi Kpucmanizayii Ha OCHO8I HiKemo, MIYHICMb, HeGiON0GIOHOCHE
(y/y'- HesiOnosiOHicmb), MepMOCMIlIKICHb.

Iimorka A. A., Oubmanenxuii B. JO. CpoiicTBa Kaponpo4HbIX CIVIABOB HA OCHOBE HHMKEJIs PABHOOCHOI
KPHCTAJIH3ALMHI

Lenvio pabomul sgnsiemcs NOYUeHUe NPOCHOZHBIX PESPECCUOHHBIX MOOeel, C NOMOUbIO KOMOPBIX MOJICHO AOeK-
BAMHO PACCYUMANb MEXAHUYECKUE CBOUCMBA MHCAPONPOUHBIX CNIABO8 HA OCHOBE HUKENSI PABHOOCHOU KPUCMALTU3AYUU
0e3 nposedenus nPed8apumebHulX IKCHEPUMEHNOB.

Memoodwt uccnedosanus. /[na noucka zakoHomeprocmeil ovin uzopan Hosetwutli memoo CALPHAD u nposedero
MOoOenuposane mepmoOUHaAMUecKUx npoyeccos hazoeou KpUCMAaLIU3AYUU.

Ilonyuennvie pesynomamel. B pesyismame sxcnepumeHmanbHot 06pabomru 0aHHbIX @nepeable OblI0 Npeorodice-
HO coomHouwienue necupylowux snemenmos Ky, xomopoe mooicem 6bimb UCTIONbIOBAHO Ol OYEHKU MEXAHUYECKUX
CBOUICME C Y4emom KOMNIEKCHO20 0elUcmBUs OCHOBHbIX KOMHOHEHMOE CHIA6A. YCmaHo8nenbl 3aKOHOMEPHOCIU 6lUs-
HUSL COCMABA HA CEOUCMEA HCAPONPOUHBIX HUKENEBLIX CNIABOE PABGHOOCHOU KPUCMALTUSAYUL.

Hayunaa nogusna. Iloxasano, 4mo 0iisi MHO2OKOMNOHEHMHBIX HUKENEBbIX CUCMEM MOJICHO C OONbULOU 8EPOSMHO-
CMbIO NPEONONOAHCUMb HECOOMBEMCMEUE KPUCMALTUYECKUX PEUemOK CYWeCmMEeHHO 6lUsem Ha NPOYHOCHHbIE XaPaK-
mepucmuKky cniasos smozo kaacca. Iloxazano nepcnekmusnvii u 2Q@dekmusHulll Hanpasnenue 8 peuleHuu npooIemvl
NPOCHO3UPOBAHUSL OCHOBHBIX XAPAKMEPUCMUK HCAPONPOUHBIX MAMEPUANO8 HA OCHOBE HUKEISL.

Ilpakmuueckoe 3nauenue. Ha ocnose unmezpupoganno2o nooxooa Ojis MHO2OKOMNOHEHMHBIX IHCAPONPOUHBIX
CHIIAB06 HA OCHOBE HUKENS NOJIYYEHbl HOGble PecPeCcCUOHNbIe MOOEIU, NO3BONAIOUUE AOEK8AMHO NPOSHO3UPOBAMS CEOTi-
CMBa No XUMUYECKOMY COCMA8Y CHAA8A, YMO NO3GONUNO Peulums NpoOaeMy 6blYUCIUMENbHO20 NPOSHOZUPOGANUS
CBOUICMEB NO XUMUYECKOMY COCMABY CHAABA.

Knrouegvle cnosa: sicaponpounsie cniagbl pagHOOCHOU KPUCMALIUZAYUU HA OCHOBE HUKES, NPOYHOCHb, HEeCOOM-
semcmeus (y/y'- Hecoomseemcmeue, MepmMoCmMoUKoCHb.
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