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STRUCTURAL CHANGES IN THE MELT OF A HEAT-RESISTANT NICKEL ALLOY
AS PHASE TRANSITION OF THE SECOND ORDER

0. B. Mil'der?, D. A. Tarasov?, A. G. Tyagunov?, V. S. Tsepelev?,
V. V. V'yukhin?, A. L. Levonyan?, O. V. Anoshina3®

Original article

Opu2uHaabHasi cmamos

!'Ural Federal University named after the first President of Russia B.N. Yeltsin (19 Mira Str., Yekaterinburg 620002, Russian
Federation)

ZNational Polytechnic University of Armenia (105 Teryan Str., Yerevan 0009, Armenia)

3 Russian State Professional Pedagogical University (11 Mashinostroitelei Str., Yekaterinburg 620012, Russian Federation)

&3 anoshina@inbox.ru

Abstract. Information about the behavior of melts of the high-temperature nickel alloys is the basis for creating new smelting technologies that
significantly increase the service properties of metal products, as well as solve a number of technological problems. The results of numerous studies
indicate structural changes occurring in various metal melts under the influence of temperature and time. For many years, there has been a scientific
discussion about the nature of these phenomena, and a common opinion was formulated on a number of issues. Structural changes in metallic liquids
are presented as a second-order phase transition, where a liquid of higher density is replaced by a liquid of lower density. These transformations
in the structures of liquid metals are called liquid-liquid transition (LLT). Studies of the structure-sensitive properties of melts of the heat-resistant
nickel alloys also reveal structural changes that irreversibly transform the melt into a microhomogeneous state. The research results presented in this
article confirmed that structural changes in melts of the high-temperature nickel alloys are also a second-order phase transition, as evidenced by the
breakage of atomic microgroups, uniform redistribution of alloying elements, and the formation of new clusters characterized by smaller sizes and
greater chemical homogeneity. Therefore, these changes can be characterized as LLT, while this does not contradict the previously substantiated quasi-
crystalline model of the microinhomogeneous state of liquid heat-resistant nickel alloys.
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AHHomayus. Vudopmarys 0 MOBEJCHUH PACIUIABOB JKAPOIPOYHBIX HHUKEJEBBIX CIIABOB SIBJISETCS OCHOBOM JUISl CO3AHMSI HOBBIX TEXHOJOTHH
IUTaBKH, TTO3BOJISIFOIIMX 3HAYUTEIIHHO ITOBBICHTH SKCINTyaTallMOHHbBIE CBOMCTBA METAJUIONPOLYKIINH, @ TAKXKE PEIIUTh PsIJ{ TEXHOJIOTMYECKHX 3a/1ad.
Pe3synbraThl MHOTOUNCIICHHBIX UCCIICA0BAHUM CBHCTEIBCTBYIOT O CTPYKTYPHBIX H3MEHEHUSX, IPOUCXOAAIINX B paciulaBax pa3iIMyHbIX METAJIOB
1071 BIIMSTHUEM TEMIIEpaTypsl U BpeMeH!. Ha npoTshkeHNN MHOTHX JIET BeJIeTCsl Hay4Hasl JUCKYCCHsI O IPUPOJIE ATUX SBICHHI, IO PAIY BOIPOCOB
chopmynupoBano oduiee MHeHHE. CTPYKTYypHbIC U3MEHEHMSI B METAUIMYECKHMX JKHIKOCTSX HPEICTABISIOTCS Kak (ha30BbIH MEPEeXoi BTOPOro
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pola, nNpu KOTOPOM KUJIAKOCTb OOJIBIIEH TUIOTHOCTH 3aMEHSETCS JKUJIKOCTBIO MEHBIIEH TUIOTHOCTH. DT NpEeBpalllCHUs B CTPYKTYypax KXKUIAKUX
METAJUIOB HAa3bIBAIOT IIEPEXOAOM KUIAKOCTh — KXKHUAKOCTH (LLT) I/ICCJ’IC}IOBaHI/Iﬂ CTPYKTYPHO-19YyBCTBUTCIIbHBIX CBOWCTB paciiaBoB KaponpOIHbIX
HHUKEJICBBIX CIUIABOB TAKKE BBIABJIAIOT CTPYKTYPHBIC U3MCHECHMU S, HeO6paTI/IMO TICPEBOJAIIMEC paCIlsiaB B MUKPOTOMOI'€HHOE COCTOSTHUEC. Pe3yanaTbI
HCCJ’IeHOBaHHﬁ, TIpEACTaBJICHHBIC B L[aHHOﬁ pa60Te, TIOATBEPANIIN, YTO CTPYKTYPHBIC U3MCHCHHUS B pACIlIaBax XXapOIIPOYHBIX HUKCIICBLIX CIIJIABOB
TAKKEC SABJIAIOTCA (1)330BBIM Iepexoa0oM BTOPOro pojaa. 06 sToM CBUACTECIILCTBYIOT PaspbIBbl aTOMHBIX MUKPOIPYIIIUPOBOK, PaBHOMEPHOE
nepepacipeejiCHue JICTUPYIOIINX SJIEMCHTOB U 06p330BaHI/Ie HOBBIX KJIACTCPOB, XaAPAKTCPU3YIOMIUXCA MCHBIIMMHU pasMepaMu U Oonbeit
XUMUYECKON OHOPOJAHOCTBIO. H03TOMy JAHHBIC U3MEHEHUS MOXKHO XapaKTEpHU30BaTh Kak LLT, 4YTO HE NPOTUBOPCUUT paHEC 000CHOBaHHOM
KBaSI/IKpI/ICTaHJ'II/I‘IeCKOi;I MOACIN MUKPOHCOAHOPOAHOTO COCTOSIHUSA JKUAKHX KAaPONPOIHBIX HUKCIICBBIX CIIJIaBOB.

Kaloyesvle c1086a: paciiiaB, HUKENIEBBIH CILIAB, CTPYKTypa, HEOOPATHMOE H3MEHEHHUE, (pa30BbIi IEPEXoz, TEMIIEPaTypa, OXHOPOIHOCTh
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- INTRODUCTION

An important aspect in enhancing the properties
of metal products rests in the preparation of the melts for
crystallization, contingent upon attaining an equilibrium
state within a broad temperature range. The existence
of a non-equilibrium melt, slightly above the liquidus
temperature, can be explained by the residual presence
of solid structures. This phenomenon is comprehended
through the lens of a quasicrystalline model portray-
ing a micro-inhomogeneous state, depicted as an array
of atomic microgroups (clusters) of varying sizes, coupled
with an irregular distribution of alloying elements. As the
temperature of the melt rises during heating, the struc-
tural transformations take place. Consequently, the melt
attains a state of equilibrium, characterized by micro-
homogeneity, sustained until the onset of crystallization.
This transformation yields advantageous casting struc-
tures and substantially enhances the material’s functional
properties. This thermal treatment of melt finds extensive
industrial utility and is denoted as thermal time treatment
(TTT) or high-temperature melt treatment (HTMT) [1].

Multi-component heat-resistant nickel compositions
are used in manufacturing the most critical components
of gas turbine engines designed to operate under high-
temperature and tensile stress conditions. The chemical
composition comprises up to 22 alloying elements: C, Cr,
Co, Mo, W, Al, Ti, Nb, B, Fe, Y, Zr, Ta, Re, Ru, V, Ce,
La, Mn, Mg, Hf, Si, and may also contain challenging-to-
remove impurities such as S, Si, P, and dissolved gases O,
N. However, at the metallurgical production stage, seve-
ral challenges emerge, including defects, low yield, and
complexities in utilizing waste materials. The application
of HTMT for heat-resistant nickel alloys has substantially
addressed these issues and notably improved the quality
of metal products [2].

The development of HTMT procedures for heat-
resistant nickel alloys is rooted in an in-depth exami-
nation of structural changes occurring in melts during
heating. A proposed quasicrystalline model delineates
a micro-inhomogeneous state for melts of heat-resistant
nickel alloys [1]: liquid heat-resistant nickel alloys com-

prise atomic microgroups exhibiting a stoichiometric
composition akin to the primary strengthening y’-phase
Ni,(Al, Ti). The act of heating or prolonged isothermal
holding of a metallic liquid facilitates the transformation
of melts into a homogeneous and microhomogeneous
state across an extensive temperature range. This trans-
formation is irreversible and persists until the initiation
of solid structure formation. For most investigated metal-
lic materials, such structural changes represent a second-
order phase transition, known as a liquid—liquid transi-
tion (LLT) [3; 4]. Post-restructuring, a stable metallic
liquid emerges, comprising homogeneous atomic micro-
groups characterized by smaller radii, altered interatomic
distances, or modified coordination numbers [3; 4].

Experimental evidence supports the structural modifi-
cations observed in the metal melts of heat-resistant nickel
alloys [3 — 5]. Given the ongoing debate surrounding the
mechanism underlying these changes in nickel-based
alloys, this study aims to ascertain whether the structural
alterations occurring during the heating of nickel compo-
sitions align with a second-order phase transition.

- EXPERIMENTAL

The heat-resistant nickel alloy ZhS6U was selected
as the test material due to its frequent industrial usage.
The melting composition is detailed in Table.

According to the Landau phenomenological theo-
ry [6], second-order phase transitions are characterized
by the continuity of state changes without any release or
absorption of latent energy.

Differential Thermal Analysis (DTA) stands as the pri-
mary method for detecting the presence of latent energy
release or absorption in a process. Fig. 1 displays DTA
curves acquired during the heating (/) and subsequent
cooling (2) of the ZhS6U alloy. These curve patterns are
typical for a majority of heat-resistant nickel alloy grades.

The arrows in the figures indicate the solidus tempera-
ture (Z) and liquidus temperature (¢, ). Within the tempera-
ture range of 1250 to 1350 °C, distinct thermal effects related
to both the melting (/) and subsequent crystallization (2)
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Melting chemical composition of ZhS6U heat-resistant nickel alloy sample, at. %

IInaBouHbI XUMHYECKHUIi cocTaB 00pa3La KapoNPOYHOro HUuKeaeBoro ciiasa KC6Y, % (ar.)

C Cr Co Mo \\% Al Ti Nb

B Fe Zr S Si Mn P Ni

0.18 | 9.0 | 9.8 1.5 | 103 | 54 | 2.6 1.0

0.025| 0.5 | 0.04 |0.015| 0.5 0.5 0.015| base.

of'the studied alloy were identified. Above the liquidus tem-
perature, the DTA curves exhibit a horizontal line, indica-
ting a complete absence of heat absorption or release over
an extended temperature range. The experimental findings
strongly suggest the absence of latent heat during the struc-
tural changes in the liquid heat-resistant alloy.

For this investigation, the electrical resistivity method
was chosen due to its high sensitivity in studying struc-
tural alterations in melts of heat-resistant nickel alloys [2].
Further details regarding this technique are available
in [7]. Polytherms p = f(¢) (Fig. 2) and isotherms p = f(1)
(Fig. 3) of the considered alloy were analyzed.

The curves p = f(¢) obtained during both heating and
subsequent cooling of the ZhS6U melt exhibit a char-
acteristic pattern observed in most liquid heat-resistant
nickel compositions [2; 5]. The heating polytherm reveals
a non-monotonic change in electrical resistivity, featur-
ing specific points denoted as ¢/, and 7,. Between these
points, an interval with an anomalous increase in electri-
cal resistivity is observed. Another characteristic of elec-
trical resistivity polytherms in heat-resistant nickel alloys
is the phenomenon of hysteresis, showcasing a discre-
pancy between the heating and cooling branches.

To discern the nature of structural alterations occurring
in the ZhS6U melt within the temperature range below
t,, measurements of electrical resistivity were conducted
during isothermal holding at temperatures of 1417, 1448,
and 1479 °C. The observed electrical resistance was
recorded at intervals of 300 s (5 min).

Based on the experimental findings, it was observed
that during the duration of isothermal exposures, the elect-
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Fig. 1. DTA curves of ZhS6U alloy:
I — during heating; 2 — during cooling
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rical resistivity consistently rose until reaching a peak
(Fig. 3), following which its sensitivity to time dimin-
ished. Moreover, higher holding temperatures resulted in
a shorter duration for the melt to reach its peak resistivity.

[ RESULTS AND DISCUSSION

The behavior of the p = f(¢) function and the position-
ing of points 7, and ¢, explanation through the quasi-
chemical model of the micro-inhomogeneous state
in heat-resistant nickel alloys [1]: upon immediate mel-
ting, the structure of the ZhS6U melt exhibits homoge-
neity but retains a micro-inhomogeneous nature. It com-
prises dynamic clusters of varying sizes and uneven
distribution of atoms from the alloy’s chemical composi-
tion. With rising temperatures, a transition occurs toward
a state of enhanced homogeneity and microhomogeneity,
characterized by more uniform sizes and compositions
of atomic associations. The cooling polytherms of samp-
les preheated to temperatures exceeding 7, exhibit linea-
rity, signifying that structural changes persist during cool-
ing across an extensive temperature range. This suggests
that the melt approaches a more equilibrium state before
the onset of solidification.

The Drude’s theory proposes an equation defining the
electrical conductivity of metals as follows

1 nezrm
— =0 = ,
p m

(1

where n is the concentration of all electrons per unit
volume (considered as the concentration of conduction
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Fig. 2. Electrical resistivity polytherms of ZhS6U alloy
during heating and cooling

Puc. 2. [ToauTepMbl yieIbHOTO SIEKTPOCONPOTHBIICHUS
nccnenyemoro criaBa JKCOVY mpu HarpeBe U OXJIaKACHAN
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electrons in contemporary models), while 7 is the ave-
rage free travel time.

In modern models, the equation retains its formal
structure; however, the interpretation of the included
parameters evolves [8]. Notably, the only parameter cor-
related with the nonlinear rise in electrical resistivity is
the average free travel time. This nonlinear increase in
electrical resistivity (equivalently, decrease in electrical
conductivity) is attributed to a heightened presence of
scattering centers.

The phenomenon of hysteresis in the physical prop-
erties of melts (Fig. 2), characterized by a discrepancy
between the forward and reverse branches, has been
extensively detailed by several researchers [9 — 12].
These studies emphasize the irreversibility of changes
occurring in the melt over a broad temperature range.

Analysis of the experimental data illustrated in Fig. 3
reveals that the time constant diminishes with escalating
temperatures during isothermal holding, indicating a rela-
tionship described by 0 = f(¢). Additionally, an empirical
regularity emerged:

(t— t,[.q)e = const, (2)

where ¢ is the temperature of isothermal holding, while

Lig is the liquidus point.

By formally approaching the time constant towards
zero, we can approximate the temperature at which
the vast majority of clusters undergo dissolution, signi-
fying the temperature ¢, corresponding to the transition
of the metallic liquid into a microhomogeneous state.

Consequently, structural transformations within
the metallic liquid transpire not only during the process
of heating to temperature ¢,, but also as a consequence
of prolonged time exposures. In essence, the decay
of clusters occurs not solely due to alterations in the sys-
tem’s thermodynamic parameters (polytherm) but also

when these parameters remain fixed (isotherm). This
observation underscores the continuum of the ongoing
process, a characteristic indicative of a second-order
phase transition, as previously noted.

Parallel results concerning relaxation during
extended exposures have been reported by other resear-
chers [13 — 15].

Given that the second-order LLT phase transition
exhibits both thermodynamic and structural characte-
ristics, the provided thermodynamic rationale allows us
to infer the mechanism of structural modifications in the
ZhS6U melt. Upon immediate melting, the melt assumes
a micro-inhomogeneous state, characterized by clusters
of varying sizes and an uneven distribution of chemical
elements. Subsequent heating and/or isothermal hold-
ing induce a second-order LLT phase transition within
the melt: the original structure of the metallic liquid is
replaced by a similar structure possessing a lower density.
This transition involves the breakdown of cluster forma-
tions, a uniform redistribution of atoms, and the forma-
tion of new clusters with smaller sizes. The rise in elec-
trical resistivity also indicates an increase in the number
of atomic microgroups. These structural changes are irre-
versible, as evidenced by the disparity between the cool-
ing polytherm and the heating polytherm. The resultant
structural state demonstrates stability and microhomoge-
neity, validated by the absence of extremities in the cool-
ing polytherm.

These observations align with the findings of authors
in [16], who also affirm that the stability of cluster sizes
in each phase region signifies a microhomogeneous state.

Moreover, the works by authors in [17 — 20] echo si-
milar conclusions. They further highlight a notable sharp
decrease in lattice parameter and coordination number
with increasing temperature, contributing significantly
to the observed increase in electrical resistivity.
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Fig. 3. Electrical resistivity isotherms of ZhS6U melt obtained at temperatures, °C: 1417 (a); 1448 (b); 1479 (c¢).
Arrows indicate the time of completion of structural changes in the melt

Puc. 3. 3oTepmbl yaenbHOTO 35eKTpoconpoTuieHus paciasa JKC6OY, noaydeHHsle pu temieparypax, °C: 1417 (a); 1448 (b); 1479 (c).
Crpenkamu yKka3aHo BpeMsl 3aBepLICHHs CTPYKTYPHBIX H3MEHEHHUI paciuiaBa
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- CONCLUSIONS

Investigations on the heat-resistant nickel alloy
ZhS6U reveal that when subjected to heating or isother-
mal holding, the alloy undergoes structural transforma-
tions, transitioning into a microhomogeneous state across
an extensive temperature range. The delineated bounda-
ries of these structural alterations on the electrical resis-
tivity polytherms of the melt are denoted as 7, and ¢, indi-
cating irreversible changes.

The experimentally derived time constant, describing
the process of structural modifications in the nickel-based
melt during fixed thermodynamic parameters (isothermal
holding), substantiates that these changes correspond
to a second-order LLT phase transition.

The presented thermodynamic evidence elucidates
the nature of structural changes in the melt of the heat-
resistant nickel alloy, indicating a thermal-temporal effect
referred to as the liquid-liquid transformation (LLT). Prior
to LLT, the melt comprises clusters of varying sizes and
configurations of atoms. During the LLT phase, atomic
microgroups disintegrate, leading to a uniform redistri-
bution of alloying elements, consequently forming new
clusters characterized by reduced sizes and enhanced
chemical homogeneity.

These findings align with the quasicrystalline theory
of the microinhomogeneous state of metallic liquids,
serving as an extension and not contradicting its prin-
ciples.
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