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Abstract. The phase composition of VZhL14N-VI nickel superalloy was analyzed in a wide temperature range — from room temperature to 1600 °C
by means of CALPHAD (CALculation of PHAse Diagrams) calculations. In light of the findings, the authors devised potential heat treat-
ment modes for VZhL14N-VI superalloy. The impact of different heat treatment modes on the grain size, hardness, and electrical conductivity
of VZhL14N-VI superalloy samples produced by ceramic mold casting was investigated, as well as the effect on the alloy of high-temperature
annealing at 1070 — 1170 °C for 1 — 4 h. The alloy heat treatment resulted in a notable increase in grain size and a decrease in hardness. The influence
of artificial aging temperature after high-temperature annealing and quenching on the hardness and electrical conductivity of the alloy in the range
of 610 — 810 °C was studied. At 810 °C, the alloy exhibits the most pronounced aging effect, accompanied by a rapid increase in hardness, reaching
approximately 370 HV. In contrast to the observed changes in hardness, the electrical conductivity of the alloy exhibited minimal variation during
the aging process. The proposed heat treatment conditions diverge from those recommended by the OST 1 9012685 Russian standard for this alloy.
The developed heat treatment mode includes the alloy heat treatment at a temperature of 1170 + 10 °C for 4 h, followed by air cooling and aging
at a temperature of 810 + 10 °C for 10 — 14 h, followed by air cooling. The proposed heat treatment mode is expected to result in an increase in hard-
ness of VZhL14N-VI superalloy castings by 10 — 20 HV in comparison to the samples subjected to the standard heat treatment mode.
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AnHomayus. B paborte npoananu3upoBaH (a3oBbIil COCTAB HUKEIEBOTO xapomnpounoro cruaBa BXKJI14H-BUY B mipokom TeMiieparypHOM guara-
30HE — OT KOMHaTHOH Temnepatypsl 10 1600 °C ¢ nomouibio pacueros 1o nporpamme Thermo-Calc. Ha ocHOBaHMH MOJTyY€HHBIX JJaHHBIX aBTOPBI
pazpaboTanu BO3MOXKHBIE PEKUMBI TepMO0OpaboTKH sxapornpouroro criasa BXXJI114H-BU. MccnenoBano BiusHEE pa3InIHBIX PEKUMOB TEPMO-
00paboTKM Ha pa3Mep 3epHa, TBEPAOCTh M 3JIEKTPOIPOBOAHOCTL 00pasoB kaporpoynoro crutasa BXXJ114H-BU, noixydeHHBIX METOIOM JINTHS
B Kepamudeckne (hOpPMBI, a TaKKe BIUSHHE Ha CIUIAB BBICOKOTEMIleparypHoro omxmura mpu temmneparype 1070 — 1170 °C B Teuenue 1 —4 4.
Tepmuueckas 0O6paboTKa cruiaBa IpUBENa K 3aMETHOMY YBEIIMUYEHHIO pa3Mepa 3epeH U CHIKEHHUIO TBEPAOCTH. BblIo M3yueHO BIMSHHE TeMIle-
paTypbl HCKYCCTBEHHOTO CTApPEHHMS 1OCIIE BHICOKOTEMIIEPATYPHOTO OT)KHIA M 3aKaJIKH Ha TBEPAOCTh M AJIEKTPOIPOBOIHOCTh CIUIABA B THAIla30HEe
temreparyp 610 — 810 °C. ITpu Temneparype 810 °C cruiaB nposiBiseT Hanbosee BeIpaKeHHBIN 3P (EKT cTapeHHs, COPOBOKAAIOIINIICS OBICTPBIM
MOBBINICHUEM TBEPOCTH, JOCTHTAOIMM pubiu3utensro 370 HV. B omniune oT TBepAOCTH, AIEKTPOIIPOBOIHOCTD CIIIaBa B MPOIIECCE CTAPCHUS
M3MEHsIaCh He3HauuTeabHO. [Ipenaraemblil pexxum TepMuueckoil 00paboTkH oTIMYaeTcst oT pekoMennoBanHoro cranaaprom OCT 1 90126-85
[utst oToro cruiaBa. OH BKiItoyaeT oTxkur mpu Temneparype 1170 = 10 °C B Tedenue 4 4 ¢ MOCISAYIOMIM OXJIKICHUEM Ha BO3AYXE U CTAPEHUEM
npu temneparype 810 + 10 °C B teuenue 10— 14 u ¢ nocienyomuM oxJaxaeHHeM Ha Bosnyxe. [IpeuioxxenHas TepMooOpaboTKa 1103BOJIAET
MOBBICUTH TBEPAOCTh OTIHBOK U3 ciutaBa BXKJI14H-BU na 10 — 20 HV mo cpaBHeHHU 0 ¢ 00pa3iamu, IOIBEPTHYTHIME TEPMOOOPAOOTKE MO CTaH-
JAPTHOMY PEKHMY.

Kawouesvle cnosa: nukenesblii sxaponpounsbiii cruias BJXKJ114H-BU, nuthe 1o BBITIaBISIEMBIM MOZICIISIM, TEPMHUYECKast 00paboTKa, OTIIMBKH
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IMocranosnenns [IpaButenscrsa Ne 218 1o commamenuio o mpexocrapieHuy cyocuaun Ne 075-11-2022-023 ot 06.04.2022 . «Co3aHue TeXHOIO-
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molybdenum, and niobium. A key feature of these alloys
is their substantial y' phase content (a face-centered cubic

- INTRODUCTION

Currently, a wide range of nickel-based heat-resistant
cast superalloys have been developed and successfully
applied for the production of heat-resistant structural com-
ponents in aircraft engines [1; 2]. In Russian aircraft engi-
neering, VZhL14N-VI alloy (OST 1 90126-85; base —
Ni; up to 0.08 % C'; up to 20.0 % Cr; up to 5.0 % Mo;
up to 1.5%Al; up to 2.9%Ti; up to 2.8 % Nb;
up to 10 % Fe) is widely used for large-scale structural
castings, particularly in combustion chamber compo-
nents. This alloy primarily contains chromium and iron as
major alloying elements and has no direct foreign equiva-
lents. The closest in composition are Inconel 718 (ASTM
Ni B670) and Inconel 718Plus (UNS NO07818) alloys.
These belong to the second generation of superalloys,
characterized by a high chromium content, often with
cobalt, as well as refractory elements such as tungsten,

! Here and throughout the text, unless otherwise stated, element
contents are given in wt. %.

ordered Ni,(Al, Ti) phase) [1; 3; 4]. The primary require-
ment for combustion chamber structural components,
which operate at moderate temperatures of 500 — 900 °C
and pressures up to 45 atm, is high strength combined with
good ductility across the entire temperature range [5]. This
is achieved through the complex alloying of the Fe—Ni
alloy with solid-solution strengthening and carbide-form-
ing elements. Chromium is a component of the Ni-based
solid solution, contributing to its strengthening, while also
being involved in carbide formation. This significantly
enhances the oxidation resistance of the Ni—Fe alloy
at operating temperatures [4 —6]. Aluminum and tita-
nium promote the formation of the y' phase and strengthen
the alloy during heat treatment. Molybdenum, tungsten,
and niobium are added as carbide-forming elements
responsible for the formation of fine-dispersed carbides,
which enhance the alloy’s high-temperature strength.
They also strengthen the solid solution, while niobium,
in addition, participates in the formation of strengthening
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precipitates in the nickel-based solid solution slightly
reducing the processability of the alloy by impairing
the weldability and machinability of castings [7; 8].
The addition of iron reduces the overall cost of the alloy
due to the lower cost of iron compared to nickel, replacing
part of the nickel content. At a moderate iron content, as in
VZhL14N-VI alloy, its long-term strength at the operating
temperatures of combustion chamber components remains
at an acceptable level.

The operational properties of VZhL14N-VI alloy
castings are strongly influenced by the quantity of alloy-
ing elements, the carbide and strengthening phases they
form, and their distribution within the alloy structure.
While the impact of individual alloying elements and
structural components on the operational properties
of VZhL14N-VI alloy has been well studied [1 - 5],
the effect of structure and phase composition forma-
tion conditions on the mechanical properties of cas-
tings remains insufficiently explored. This often results
in deviations of the alloy’s properties from expected
values [9; 10]. It is crucial to consider both the formation
of'the as-cast structure and the structure obtained after heat
treatment [1; 10; 11]. The operational properties of cast
components are determined by the combination of grain
size and metal structure. The hardening of VZhL14N-VI-
type alloys is primarily governed by the formation of vy’
strengthening precipitates within the y matrix phase.
These precipitates exhibit greater thermal stability com-
pared to y” (a body-centered tetragonal ordered Ni;Nb
phase), which forms in other heat-resistant nickel alloys.
Additionally, the hardening of the alloy is influenced by
the precipitation of § (orthorhombic Ni;Nb), n (hexa-
gonal Ni,Ti), and o (hexagonal CrFeMoNi, CrMoNi,
(Cr, Mo),Ni) phases, along with carbide phases such
as MeC, Me,,C, and Me,C (Me.C, is rarely observed).
These phases have a face-centered cubic lattice and limit
grain growth in the alloy [11 — 14]. By adjusting the heat
treatment modes to control the formation of these phases,
the mechanical properties of cast components can be
modified within a relatively broad range.

This study examines the effect of heat treatment modes
on the macro- and microstructure, phase composition,
and hardness of VZhL14N-VI alloy samples produced
by ceramic mold casting to determine their influence on
alloy hardening.

]l MATERIALS AND METHODS

The test samples were cut from cast plates measu-
ring 100x100%10 mm. The castings were produced using
ceramic mold casting technology. Fused quartz of vari-
ous fractions, manufactured by DINUR (Pervouralsk,
Russia), was used as the filler for the slurry and stucco
coating. To prepare the refractory slurry, Ultracast One+
and Ultracast Prime binders (Technopark LLC, Moscow,
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Russia) were used. Pre-alloyed VZhL14N-VI, produced
by VIAM (Moscow, Russia), was used as the charge
material. The melting and pouring of the alloy were per-
formed in a vacuum induction melting and casting unit
(VAKETO, Moscow, Russia) using a mullite-corundum-
zirconium crucible manufactured by ELEMET (Elekt-
rogorsk, Russia). From the obtained castings, samples
measuring 4x9x56 mm were cut. The alloy samples were
subjected to heat treatment in a muffle furnace in air
at temperatures of 1070, 1120, and 1170 °C. The duration
of high-temperature treatment ranged from 1 to 4 h, with
I h increments. The samples were quenched by air blow
cooling. For aging, samples quenched after 4 h of high-
temperature soaking were used. The aging process was
studied under three heat treatment modes, involving
soaking at 610, 700, and 810 + 10 °C for 2 to 14 h.

The microstructure of the alloy was examined using
a TESCAN VEGA 3 SBH scanning electron microscope
(SEM) equipped with an Oxford energy-dispersive micro-
analysis system and a Carl Zeiss Axio Observer DIm
optical microscope. To reveal the grain structure, metal-
lographic samples were etched using Marble’s reagent
(20 g Cu,SO,, 100 mL hydrochloric acid, 100 mL etha-
nol) [15]. To examine the microstructure, an acid mixture
(30 mL nitric acid, 0.5 mL hydrochloric acid, 70 mL acetic
acid) was also used for etching [16]. The phases present in
the microstructure were identified using energy-dispersive
X-ray spectroscopy (EDS), based on literature data con-
cerning possible compounds in heat-resistant nickel-based
alloys [14; 17] and phase composition calculations.

The electrical conductivity of the alloys was mea-
sured using a non-contact eddy current conductometer
VE-27NC3 (SIGMA, Russia), with a measurement range
of 0.5-2.5 MS/m.

Vickers hardness (HV 10) was determined using
a NEMESIS 9001 universal hardness tester (INNOVA-
TEST) under a 10 kgf load, with a loading time of 12 s.

The equilibrium phase composition of VZhL14N-VI
alloy in the temperature range of 20 to 1600 °C was cal-
culated using the Thermo-Calc software with the TCS Ni-
based Superalloys Database (TCNIS).

[ RESULTS AND DISCUSSION

To achieve a more precise phase identification,
the phase composition of the VZhL14N-VI alloy was
calculated in the temperature range of 20 to 1600 °C
using Thermo-Calc software. The results of the equilib-
rium phase composition calculation, based on the average
composition of VZhL14N-VI alloy in accordance with
OST 1 9012685, are presented in Fig. 1.

It can be observed that from the equilibrium solidus
temperature (approximately 1280 °C) down to 1050 °C,
the alloy is almost single-phase, consisting primarily
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Fig. 1. Calculated phase composition of VZhL14N-VI superalloy
(average composition) at temperatures from 20 to 1600 °C:
1-L; 2~ 0(Cr,Mo),Ni; 3 - Ni,Fe; 4 —y; 5 — P(NiCrMo); 6 — Ni,Nb;
7—Cr,,Cq; 8—7'5 9= Ni,Cr; 10 - Ni,Fe; 17 — (Cr); 12— (Nb,Ti)C

Puc. 1. PacuetHslii (ha3oBblii cocTas cruaBa BXXJ114H-BU
(cpennuii cocraB) npu temreparypax ot 20 1o 1600 °C:
1-L; 2 —-0(Cr,Mo),Ni; 3 —Ni,Fe; 4 —y; 5 — P(NiCrMo); 6 — Ni,Nb;

7= Cr,,Cq; 8—7'; 9= Ni,Cr; 10 - NijFe; 17 - (Cr); 12— (Nb,Ti)C
of the y phase. Below 1050 °C, the main strengthe-
ning phase for this alloy, y’, begins to precipitate [18].
At approximately 980 °C, the ¢ phase starts to form,
which is commonly observed in heat-resistant nickel-
based alloys containing iron and typically appears as
irregularly shaped globules. With a further decrease in
temperature, the volume fractions of y' and ¢ phases gra-
dually increase. At approximately 850 °C, carbide inclu-
sions of Me,,C, start to appear in the structure, where Me
is primarily chromium, along with iron and molybdenum.

Intensity

At 600 °C, the equilibrium content of y' and o phases
reaches its maximum. When the temperature drops below
600 °C, unwanted particles with a chromium-based solid
solution lattice begin to appear in the equilibrium struc-
ture. Below 500 °C, the ¢ phase completely disappears,
and other undesirable phases emerge in the structure.
Additionally, the equilibrium volume fractions of y and '
phases decrease significantly below 400 °C. Thus, within
the operating temperature range of combustion chamber
cast components in aircraft gas turbine engines made from
VZhL14N-VI alloy (750 — 950 °C) [19], the equilibrium
phase composition consists of the y phase, with dispersed
v" and o phase particles, where the y' phase predominates.
Additionally, a small number of carbide particles are
present in the structure, primarily Me,,C, carbides, with
occasional occurrences of MeC carbides.

The as-cast structure of VZhL14N-VI alloy, pro-
duced by ceramic mold casting, is shown in Fig. 2, a.
The microstructure consists of a nickel-based solid
solution matrix (y phase) with finely dispersed carbide
precipitates containing niobium, titanium, and a sig-
nificant amount of molybdenum, in addition to carbon
(Fig. 2, b). According to the calculated phase composi-
tion of the alloy (Fig. 1), these carbides begin to precipi-
tate directly from the liquid phase. During heat treatment
at temperatures below 850 °C, they are expected to trans-
form into Me,,C-type carbides.

Fig. 3 presents the microstructure of VZhL14N-VI
alloy after heat treatment following the mode specified
in OST 1 90126-85 for this alloy. The treatment includes
annealing at 1120 + 10 °C for 3 h, followed by air cool-
ing, and aging at 700 + 10 °C for 16 h, with subsequent
air cooling.

As seen in Fig. 3, a, heat treatment led to a reduction
in dendritic segregation of elements, although complete
chemical homogenization was not achieved. Despite ther-

Scan distance, pm
b

Fig. 2. Microstructure of VZhL14N-VI superalloy obtained by ceramic mold casting (@) and element distribution profile based on EDS results (b)

Puc. 2. Muxpoctpykrypa cmtasa B)KJ114H-BU, nomy4eHHOro ITUThEM B 000I0YKOBYI0 KepaMHUUECKYI0 hopMy (a),
1 npoduIIb pacnpeseseH s HIEMEHTOB 110 Pe3yIbTaTaM MHKPOPEHTIeHOCIIeKTPaibHOro ananusa (b)
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Fig. 3. Microstructure of VZhL14N-VI superalloy after heat treatment including annealing at 1120 + 10 °C for 3 h followed by air cooling
and aging at 700 + 10 °C for 16 h followed by air cooling (a) and element distribution profile based on EDS results (b)

Puc. 3. Muxpoctpykrypa crutasa BXJ114H-BH nocie repmuueckoit 00pabOTKH 110 PEKUMY, BKIIOUAIOLIEMY OTXKUT
npu Temneparype 1120 + 10 °C B Teuenue 3 4 ¢ MOCIEAYIONINM OXJIKISHHEM Ha BO3AyXe u cTapeHueM mpu temmeparype 700 + 10 °C
B TeyeHUe 16 4 ¢ MOCIIeNYIOMUM OXJIMKACHUEM Ha BO3IyXe (@), ¥ IPOQHIb pacIpe/IeICHHS JIEMEHTOB 10 Pe3yJIbTaTaM
MHUKPOPEHTIeHOCIIEKTpaibHOro aHamu3a (b)

modynamic calculations predicting that niobium and tita-
nium carbides should dissolve during high-temperature
annealing and be replaced by ultrafine chromium-based
Me,,C, carbide precipitates during aging, niobium and
titanium carbides were still observed in the alloy struc-
ture after heat treatment. Additionally, some carbide par-
ticles exhibited increased nitrogen content, which most
likely inhibits their dissolution.

It is well known that, according to the Hall-Petch
effect, the grain size of polycrystalline nickel-based alloy
castings significantly affects their mechanical proper-
ties [20]. The influence of various high-temperature heat
treatment modes on grain size was studied. Fig. 4, a shows
the grain structure of samples solidified under identical
cooling conditions in the as-cast state and after heat treat-

a

2

Number of grains, 1/cm

ment. Grain coarsening occurs during annealing. Fig. 4, b
illustrates the effect of high-temperature heat treatment
duration on the grain density on the polished sample
surface. During 4 h of annealing, the number of grains
per 1 cm? in the metallographic section decreased by
approximately 2.6 times, regardless of the annealing tem-
perature. Thus, high-temperature annealing significantly
increases the grain size of the alloy, which is a negative
factor that reduces the mechanical properties of cast
components. Therefore, excessive annealing time is
undesirable. Changing the annealing temperature within
the studied range (1070 — 1170 °C) had virtually no effect
on the grain size of the alloy (Fig. 4, b).

Fig. 5 presents the effect of heat treatment on
the hardness and electrical conductivity of VZhL14N-VI

50
—e— 1070 °C
—=— 1120 °C
401 —— 1170 °C
)
30
20
D
10 1 1 1
1 1 2 3 4
Time, h

Fig. 4. Grain structure of VZhL14N-VI superalloy in as-cast condition and after high-temperature heat-treatment at 1170 °C for 4 h with following
air cooling (a) and dependence of the number of grains per 1 cm? in the metallographic section on temperature and time of annealing (b)

Puc. 4. Makpoctpykrypa ciuiaa BXXJI14H-BU B nutom coctosiHMM 1 TIOCIIE BBICOKOTEMIIepaTypHoro orxura pu 1170 °C
B TeueHue 4 4 ¢ MOCIEAYIOIUM OXJIAKIEHHEM Ha BO3/yXe () U 3aBUCHMOCTh KOJIMYECTBA 3epeH Ha | cM? moBepxHocTH nutuda
OT TeMIepaTypbl U BpeMeHH oTXura (b)
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Fig. 5. Influence of temperature and time of holding during high-temperature annealing on hardness (a)
and electrical conductivity (b) of VZhL14N-VI superalloy

Puc. 5. Biusinue TemiiepaTypbl 1 BpeMEHH BBIICP)KKH B IIPOLIECCE BHICOKOTEMIIEPATYPHOTO OTKUra Ha TBEPAOCTD (&)
1 3nekTpornpoBoaHocTs (b) cruaBa BXKJ114H-BU

alloy samples. The temperature of high-temperature
annealing within the examined range had a negligible
effect on hardness (Fig. 5, a) after quenching. During
high-temperature annealing, the hardness of the alloy
rapidly decreased from 336 to ~280 HV for all tempe-
ratures used. The influence of high-temperature annea-
ling on the electrical conductivity of the alloy was even
smaller (Fig. 5, b). It can be assumed that the electri-
cal conductivity of the alloy remains unchanged during
annealing. However, it should be noted that the electrical
conductivity measurement method used in this study is
relatively crude. Given the small variations in measured
electrical conductivity values observed for VZhL14N-VI
alloy, the measurement error is relatively high. It is pos-
sible that more precise measurement techniques could
detect changes in electrical conductivity.

The temperature and duration of artificial aging had
a much stronger effect on alloy hardness than the annea-
ling temperature prior to quenching (Fig. 6). The most sig-
nificant increase in hardness was observed at the maximum
aging temperature of 810 °C. At this temperature, the hard-
ness of the alloy reached its near-maximum value of approx-
imately 370 HV within just 2 h of aging. Lower aging
temperatures did not result in such significant hardening.
The lowest hardness values were observed at 610 °C, where
the hardness of the alloy continued to increase throughout
the aging process, indicating incomplete decomposition
of the supersaturated solid solution. It is evident that this
temperature is insufficient for achieving maximum strength
through artificial aging. An intermediate hardness level was
obtained after aging at 700 °C. The maximum hardening
effect, achieved at 810 °C, was practically independent
of the annealing temperature before quenching (Fig. 6, d),
showing consistent results.

The degree of supersaturated y-phase decomposition
can be indirectly assessed based on changes in electri-
cal conductivity [19]. For the VZhL14N-VI alloy, a weak
dependence of electrical conductivity on aging tempera-

ture and duration was observed (Fig. 7). However, while
the electrical conductivity of samples aged at 610 and
700 °C was nearly identical, at 810 °C, a significant dif-
ference exceeding the measurement uncertainty interval
was detected. The electrical conductivity of samples aged
at 810 °C was higher than that of samples aged at 610 and
700 °C. This suggests that at 810 °C, y phase decomposi-
tion occurs at a higher rate. At the same time, the electri-
cal conductivity of alloys subjected to high-temperature
annealing for solid solution treatment at different tem-
peratures varies insignificantly during aging (Fig. 7, d).

Thus, the highest hardening effect was achieved in
VZhL14N-VI alloy samples that were annealed at 1170 °C
for 4 h and then artificially aged at 810 °C for 10 — 14 h.
The proposed heat treatment mode differs slightly from
the current standard specified in OST 1 90126-85 and
results in a small hardness increase of 10—20 HV in
VZhL14N-VI alloy. This mode may be of interest for heat
treatment of cast components operating at temperatures
above 800 °C.

[ ConcLusions

The as-cast grain structure of VZhL14N-VI alloy
primarily consists of a y phase solid solution with
(NDb, Ti, Mo)C carbide inclusions.

During heat treatment, which includes high-tempe-
rature solution annealing followed by artificial aging,
anoticeable reduction in coring of alloying elements within
the y phase solid solution is observed. However, the mor-
phology of niobium and molybdenum carbides, identified
through X-ray microanalysis, remains unchanged.

Thermodynamic calculations have shown that aging
at temperatures below 600 °C may lead to the formation
of undesirable phases in the alloy structure, while aging
above 850 °C results in a reduction in the volume fraction
of hardening y' and o particles and inhibits the precipita-
tion of Me,,C-type carbides.
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It has been established that the highest hardening effect
is observed in alloys aged at 810 °C, ensuring the most
complete decomposition of the supersaturated y phase
solid solution. At the same time, within the studied range
0of 1070 — 1170 °C, the solution annealing temperature has
a significantly smaller effect on the hardening of the alloy
compared to the aging temperature. The maximum hard-
ness during aging is reached within 4 — 6 h and remains
practically unchanged up to 10 — 14 h.
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