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The melting temperature, microstructure, and phase composition of cast eu-
tectic alloys with niobium carbide, in which the metal base represented by
nickel or nickel and cobalt, are studied by methods of physicochemical analy-
sis. The properties of the studied alloys are comparable with the correspond-
ing properties of the industrial eutectic composite based on cobalt with nio-
bium carbide. The melting point of the eutectic (solidus) of nickel-based al-
loys is above 1300°C and does not differ from the corresponding value for co-
balt serial alloy. The structure of alloys has slightly over-eutectic features
and is determined by the presence of primary undeveloped niobium carbide
dendrites in the eutectic of dispersed eutectic carbide crystals in an alloyed
metal base. In the phase composition of the studied alloys, along with a solid
solution of alloying elements in Nickel (y) and niobium carbide (NbC), there
are metastable phases enriched in chromium and rhenium. According to the
complex of structural properties, cast eutectic alloys of nickel with niobium
carbide are promising for use as an alternative to cobalt alloys of the XTH
series.

Key words: cobalt, nickel, niobium carbide, eutectic, melting point, struc-
ture, phase composition.
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MiKpPOCTPYKTYPY, (has3oBuii CKJIAL JUTHUX JIETOBAHUX €BTEeKTUUYHUX 3 KapOigom
Hiobiro cTomiB, B AKMX MeTaJieBa ocHOBa peacrasieHa Hikaem, abo Hixkaem i
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Kob6anpToMm HapiBHO. BiIacTuBoCTi HOCTiA:KeHNX CTOIIiB IOPiBHAHI 3 BimoBif-
HUMHU BJIACTUBOCTAMM IPOMIMCJIOBOTO €BTEKTUYHOTO KOMIIO3UTY Ha ocHOBi Ko-
6anbTy 3 Kapbigzom Hiobito. TemmepaTypa TOILIeHHA eBTeKTUKH (COJIiayC) CTO-
miB Ha ocHoBi Hikiio Bumia 3a 1300°C i He BimpisHseThcA Bim BiAmoBigHOTO
3HAYEHHA JJII KOOAJIbLTOBOTO cepiifinoro cromy. CTpYKTypa CTOMIIB Mae 03HAKU
3JIerKa 3aeBTEKTUYHOI i BUBHAUAETHCA MPUCYTHICTIO IIEPBUHHUX HEPO3BUHE-
HUX TeHApuTiB Kapoigy HiobGiro B eBTEKTHUIIL 3 AUCHEPCHUX €BTEKTUUYHUX KPU-
cTajiB Kapbiny B JeroBaHiil HiKJIeBil, a00 HiKeab-K00aJIbLTOBIil MeTaIeBil oc-
HOBi. B (hazoBoMy cKajai mocIiAKEeHUX CTOIIB HApiBHiI 3 TBePAUM PO3UYMHOM
JIeT'yBaJbHUX €JeMeHTiB B HiKJIi (y) i kap6ixy Hiobito (NbC) mpucyTHi MeTacTa-
0inbHI pasu, sbaraueHi Xpomom i Peniem. 3a KOMIJIEKCOM CTPYKTYPHUX BJia-
CTHUBOCTEH MOCJIiAKeHl JUTi eBTeKTUUYHI HiKJeBi 3 Kapbizom HiobGiro cromnu €
MEePCHeKTUBHUMMU [AJIs1 3aCTOCYBAaHHA B AKOCTiI aJbTEePHATUBU KOOAJIBTOBUM
cronam cepii XTH.

Karouosi cmoBa: Kobanwt, Hikenb, kap6inm Hiobito, eBTeKTHKAa, TeMIepaTypa
TOILJIEHHSI, CTPYKTYPAa, (Da30BUiA CKJIAS,.
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1.INTRODUCTION

Industrial cast eutectic cobalt-carbide alloys of XTH series [1, 2, 3] de-
veloped at G. V. Kurdyumov IMPh of the N.A.S.U. are natural compo-
sites, which use the advantage of structure formation of highly dis-
persed metal-carbide stable structure due to eutectic crystallization
reaction between solid solution based on metal and monocarbide of re-
fractory metal MeC [4, 5]. Alloys are used as wear-resistant and heat-
resistant to protect against wear of the contact surfaces of the blades
in turbines GTE and TVD [6—8]. For the purpose of economic expedien-
cy, it is important to replace the cobalt base of such alloys with much
cheaper nickel without losing the basic properties required of alloys
for this purpose. This requires structural studies of the properties of
eutectic alloys with niobium carbide, in which the metallic cobalt base
is replaced by nickel partially or completely, denoted as Ni (Ni+ Co)—
NbC. The parameters of structure formation primarily include the eu-
tectic melting point (solidus), microstructure and phase composition.

The advantage of using nickel is seen not only in economic feasibil-
ity and in the simplification of the use of nickel protective wear-
resistant and heat-resistant alloy on parts of gas turbine engines. It
also consists in the absence of polymorphic transformations in nickel-
based alloys; in the probable additional strengthening due to y'-phase;
in the same thermodynamic conditions of two-phase equilibrium of
nickel and cobalt with niobium carbide with a melting diagram of the
eutectic type[9, 10].
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The melting diagram of the quasi-binary cross section of Ni—NbC
(NbCO0.92) of the ternary system of Ni-Nb—C elements according to the
literature data is determined by the following eutectic crystallization
parameters: melting point of eutectic in the range from 1330 to
1350°C, the proportion of eutectic in the range from 6 to 12% wt. [11,
12]. According to [13], the eutectic crystallization reaction takes place
at a temperature of 1345°C and contains elements (at.%): from 4 to 7.2
Nb and from 3.2 to 6 C, nickel—the rest, and the cross section is devi-
ated from the equiatomic towards niobium (Fig. 1).

To give the eutectic nickel alloy the desired properties, doping simi-
lar to cobalt serial alloy is required [14]. Properly determined composi-
tion and content of alloying elements in eutectic alloys based on nickel
with niobium carbide and study of their melting point, structure and
phase composition is an important step in creating new industrial al-
loys to protect against wear of contact surfaces of gas turbine blades.

2. EXPERIMENTAL DETAILS

Samples for the study weighing 25—30 grams were made in an arc fur-
nace by the method of electric arc melting with a non-consumable
tungsten electrode in argon, on a copper water-cooled hearth. The crys-
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Fig. 1. Phase diagram of the Ni—-Nb—C system [13]: quasi-binary cross section
of Ni—-NbC (a), Ni-angle of the melting diagram of the ternary system of ele-
ments C—Ni—Nb (b).
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tallization rate of the melt is ~ 150°/s. The study of structural proper-
ties was performed on cast samples, as serial cobalt alloys XTH are
used in the cast state. The charge materials for the smelting of alloys
were: nickel grade (99.9%), cobalt K1 (99.35%), electrolytic chromi-
um ERC (99.5%), tungsten in HTP rods (99.95%), aluminium A-995
(99.95%), rhenium powder, niobium NBSH-00 (99.95%), spectrally
pure graphite. The chemical composition of the alloys, determined by
fluorescence X-ray spectral analysis on a VRA-30 spectrometer, coin-
cides with the nominal composition within an error of £0.5% . The
melting point was investigated by the method of high-temperature dif-
ferential thermal analysis (VDTA) in an atmosphere of ultra-high ar-
gon pressure thermal analyser VDTA-8M with a heating and cooling
rate of 80 °/min, or by the method of differential scanning calorimeter
(DSC) on the calorimeter ‘Netzsch DSC 404 F1 Pegasus’. Analysis of
the content of metal components in the phase components of alloys was
performed according to the data of energy-dispersive X-ray spectros-
copy, obtained on the equipment: JSM-7100F Schottky Field Emission
Scanning Electron Microscope (Jeol). Microstructural analysis (ISA)
was performed using an optical microscope ‘Neophot-32°.

3. RESULTS AND DISCUSSION

According to an experimental study, the melting point of the alloy of
the eutectic composition of the Ni—NbC system is defined as 1335°C,
and the composition of the alloy contains ~12% vol. (11% wt.) NbC.

heating 1385°
/’
1315°
cooling /
a b c

Fig. 2. Parameters of crystallization of the eutectic composition of the Ni—
NbC system: thermal curves of heating and cooling (a), nickel-carbide eutectic
colonies in the microstructure of the alloy (b), the shape of carbide crystals in
the structure of the eutectic colony of the alloy with etched metal phase (c).
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TABLE 1. Solubility of alloying elements in Nickel.

Blement Maximum solubility in Ni | Maximum solubility temperature
% mas. at.% and type of reaction, °C
Cr 46.97 50 1345 (eutectic)
w 39.9 17.5 1500 (eutectic)
Al 10.4 21 1385 (eutectic)
Re 40 17.4 1620 (peritectics)
Nb 20.83 13.5 1285 (eutectic)
C 0.71 3.4 1314 (eutectic)

The crystallization interval is ~ 20°C. Thermal curves of heating with
the melting temperature of the alloy (1335°C) and cooling with the
crystallization temperature (1315°C) are shown in Fig. 2, a. In the
structure of the eutectic alloy there are primary crystals of the embod-
iment phase—niobium monocarbide, which generates and conducts
crystallization (Fig. 2, b). Carbide crystals in the eutectic colony
(Ni+ NbC) with a thickness of ~1 um and a length of ~20 um have a
lamellar-rod shape (Fig. 2, ¢).

Alloying of nickel-carbide eutectic alloys is made for a number of
reasons, including to ensure the phase and structural stability of y-
solid solution at high temperatures by stabilizing and strengthening
elements such as Cr, W, Mo. Al and Ti are used to ensure the optimal
ratio of the total content of y'-forming elements [15]. Re, Cr, and W
take part in the strengthening of a nickel-based solid solution by slow-
ing down the mobility of grain boundaries. Rhenium most intensively
slows down the diffusion of atoms of alloy components[16].

In the studied in the work of nickel with niobium carbide alloys used
the same alloying complex as in the industrial cobalt alloy XTH based
on the eutectic Co+ NbC [17], alloying elements which serve in the fol-
lowing amount (% wt.): chromium (18-20), tungsten (9-10), alumini-
um (2—4), (possible introduction of molybdenum in the amount of up to
2%). When dissolved in cobalt and nickel, these elements reduce their
melting point. To prevent this, based on the analysis of modern heat-
resistant nickel alloys for casting blades GTE [18], the content of alloy-
ing elements in the studied alloys is further supplemented with rheni-
um, which increases the melting point of cobalt and nickel, according

TABLE 2. Chemical composition of the studied alloys.

Element| Cr | W | AL| Re [Mo| Nb | C Ni(Ni+Co)
% mas. 18-20 3-9.5 2-3 4.5-6 <2 15-155 1.8-2  rest
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to the phase equilibrium diagram.

By reducing the solubility in nickel, the elements that make up the
alloy are distributed in a number: Cr, Al, W, Re, Nb, C [19]. Analysis
of the maximum dissolution temperature (Table 1) tungsten and rhe-
nium may have a positive effect on the melting point of the studied al-
loys.

Taking into account the results of the analysis of the solubility of
alloying elements in nickel, the technological regulation of smelting
alloy ingots requires certain conditions when loading the charge and
the melt temperature >1700°C. The most optimal doping limits are
given in Table. 2.

The influence of nickel on the melting temperature of a serial cobalt
alloy without rhenium is represented by thermal heating and cooling
curves (VDTA method) for alloys, the alloying complex of elements of
which includes (% wt.): 20 Cr, 9.5 W, 2 Al, 15 Nb, 2 C (Fig. 3). The
metal base of the studied alloys is nickel, or nickel and cobalt in equal
proportions, or only cobalt. Melting of eutectic in a nickel-based alloy
(Fig. 3, a) begins at a temperature of 1300°C (solidus), crystallization
occurs at 1290°C, interval of melting—crystallization is 10°C, which
minimizes possible segregation. The obtained data of thermal analysis
prove a decrease in the alloying temperature of the alloy of the eutectic
composition in the Ni—-NbC system by 35°C.

The presence of in the metal base of alloy the nickel in equal propor-
tions with cobalt does not change the melting temperature (Fig. 3, b),
because these elements are completely mutually soluble. The melting
point of the base alloy based on cobalt exceeds the melting point of
nickel alloys, reaching 1320°C (Fig. 3, c). This is obviously due to the
higher melting point of cobalt (1494°C) than nickel (1453°C).

I
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| \ 4 1330°C
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1290° = 0 . : ‘ ; ;
/ 1290 1100 1200 1300 1400
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Fig. 3. Thermal curves of heating and cooling of alloys of the system of ele-
ments Ni (Ni+ Co)-NbC and alloy XTH: based on nickel (a), based on nickel
and cobalt equally (b), XTH based on cobalt (¢).
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Fig. 4. Thermal heating and cooling curves of an alloy based on nickel with
niobium carbide additionally doped with rhenium (DSC method).

However, despite the fact that the melting point of Ni (Ni+ Co) NbC
alloys is lower than the melting point of cobalt alloy by ~ 10-15°C, it
remains within the technological requirements for the melting point of
industrial wear-resistant and heat-resistant alloys (= 1300°C).

Figure 4 shows the heating and cooling curves of an alloy based on
nickel with niobium carbide, which further contains rhenium and the
content of alloying elements in which is (% wt.): 20 Cr, 9 W, 3 Al, 4.5
Re, 15 Nb, 2 C, Ni—the rest.

The solidus temperature of the alloy containing rhenium, and the
melting point of which is 1314°C, is preceded by the thermal effect of
solid-phase transformation, similar to that in the alloy XTH based on
cobalt [20]. Additional doping with rhenium raises the melting point of

Fig. 5. Typical structure of eutectic alloys with niobium carbide: nickel-based
alloy (a), cobalt-based alloy (b).
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Fig. 6. Phase components of eutectic alloy based on nickel with niobium car-
bide: microstructure (a), zones for determining the phase composition (b).

the nickel-based alloy to the level of serial cobalt—niobium carbide eu-
tectic composite XTH.

The structure formation of doped cast alloys of Ni (Ni+ Co)-NbC
begins with the crystallization of niobium carbide from liquid, and
ends with the crystallization of eutectic and this process looks like
P —> NbC — (y+ NbC). The shape and dispersion of the carbide phase
crystals depends on the composition of the alloy and the cooling rate
during crystallization. The studied alloys have a typical structure,
which is characteristic of slightly over-eutectic two-phase serial cobalt
alloys with niobium carbide. The structural components of alloys, both

TABLE 3. Phase composition of the alloy based on nickel without carbon.

Composition, % mas.
No. zone
Ni Cr w Nb | Al | Mo
700 9.03 74.13  9.85 0 0 6.99
701 17.18  66.86  9.11 0 0.32  6.54
702 70.15 19.69  3.36 1.75 2.93  2.12
703 70.54  19.53  3.54 1.69 2.64 2.06
704 2.06 1.43 2.99 93.52 0 0
705 1.78 1.35 3.34 93.52 0 0
Nominal 58 18 3 15 2 2

composition
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cobalt-based and nickel-based, are undeveloped niobium carbide den-
drites (dark phase) in eutectic (Fig. 5). A feature of the structure of
such natural composites is the dispersion of structural elements and its
stability up to temperatures close to the melting point.

The content of niobium carbide in nickel alloys ~15%, which is
commensurate with the corresponding value for the alloy XTH. The
high content of carbide in the form of dispersed structural components
in combination with heat-resistant metal base should provide suffi-
cient properties of hardness and wear resistance of nickel-based alloys
when used as protective materials for contact surfaces of gas turbine
blades at high temperatures.

Determination of the distribution of alloying elements in the phase
components of Ni (Ni+ Co)-NbC alloys was performed by the EMF
method. The results of the study of the phase composition of alloys
based on nickel, or nickel and cobalt were compared with the phase
composition of the base alloy XTH, smelted under identical conditions.

Element % mas. at.%
Al 0.71 2.17
Cr 5.03 7.9
Co 8.14 11.27
Ni 7.73 10.74
Nb 76.57 67.00
W 1.82 0.92
Total 100%
40 m Echantiion 10
a
Element % mas. at.%
Al 3.33 7.08
Cr 20.81 22.76
Co 35.53 34.33
Ni 34.61 33.35
Nb 2,13 1.36
w 3.59 1.12
Total 100%

Echantilion 10

40 um
b

Fig. 7. Content of metallic elements: in niobium carbide crystal (a), in eutectic
component of cobalt-nickel alloy (b).
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The phase composition of the alloy, which contains (% wt.): 18 Cr, 3
W, 2 Al, 2 Mo, 15 Nb, 2 C, Ni—the rest, is shown in Fig. 6 and in Table
3. According to the study, it is determined that the specified alloy is
two-phase, as well as the base cobalt alloy. The alloy phases are niobium
carbide and eutectic (Ni+ NbC).

Other carbide-forming elements present in the primary crystals of
niobium carbide present in the alloy structure (samples 704, 405) are
almost insoluble. The metal base of the eutectic component of the alloy is
a solid solution of chromium, tungsten, aluminium and molybdenum in
nickel (samples 702, 703). The chromium-based phase component (sam-
ples 700, 701) can be interpreted as a metastable carbide based on it.

The result of the study of the phase composition of the structural
components of the alloy, the metal base of which consists of nickel and
cobalt equally, and which contains the following elements (% wt.):
18.2Cr, 3 W, 2 Al, 15 Nb, 2 C are presented in Fig. 7.

The obtained results indicate that in the case of replacement of the
cobalt base of the alloy equally by nickel, the quantitative phase com-
position of the alloy does not change, it remains two-phase and is rep-
resented by primary crystals of niobium carbide in eutectic. The
amount of niobium in carbide is approaching 77% (spectre 1, Fig. 7,
a), and the eutectic consists of solid solution on base nickel-cobalt and
dispersed crystals of niobium carbide (spectre 2, Fig. 7, b).

%
‘s;:’ -~
Zone | Ni | or w Al Re | Cc | Nb
2 4245 18.8T 6.66  2.69  4.82  2.51  21.99
3 2161 47,2 19.65 0.6  6.35  3.05  1.49
4 1.37  1.23 489 013  0.36  7.09  84.93
5  55.68 24.66 6.63 3.63 6.35 196  1.09

Fig. 8. Structure and chemical composition of the phases of nickel-niobium
carbide alloy additionally doped with rhenium.
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With additional rhenium doping, the quantitative phase composi-
tion of the nickel alloy changes. In Figure 8 shows the phase composi-
tion of the alloy containing (% wt.): 18 Cr, 9.5 W, 3 Al, 6 Re, 15.5 Nb,
1.8 C, nickel—the rest. According to experimental data, this alloy is
not two-phase. Niobium carbide (grey phase, spectre 4) contains some
tungsten. The metal base of the alloy is a y-solid solution of alloying
elements in nickel (spectre 5) with dispersed particles of niobium car-
bide. Besides, the alloy contains additional phase components. One of
them is enriched with chromium (spectre 3) and is determined alloyed
by carbide based on it. The formation of this phase is explained by the
fact that when the alloy contains several carbide-forming elements (in
this alloy—Nb, Cr, W), then with sufficient carbon may be their car-
bides, and in the phase composition may be present phases not only
based on niobium-carbide, but and based on chromium and tungsten.

The increase in the number of phase components of the alloy can also
be explained by the fact that in a cast multicomponent eutectic alloy at
a high crystallization rate from a liquid, the solubility of the compo-
nents in the solid state does not correspond to phase equilibrium and
promotes the formation of metastable intermediate phases [21]. The
appearance of such phases can also be caused by segregation, which al-
loys with rhenium are prone to [22]. Thus, the results of the study
prove that the phase composition of a natural eutectic cast composite
based on nickel with niobium carbide, additionally alloyed with rheni-
um, is not two-phase.

4. CONCLUSION

The process of structure formation in alloyed eutectic composites Ni
(Ni+ Co)—-NDbC, which occurs under non-equilibrium conditions of ul-
trafast eutectic crystallization is determined by the following parame-
ters:

1. The melting point of the studied alloys with niobium carbide, in
which as a metal component contain nickel, or nickel and cobalt equal-
ly, is obtained as 1300°C. Additional doping with rhenium raises the
melting temperature to the level of alloy of cobalt with niobium car-
bide—the serial industrial eutectic composite XTH.

2. Alloys have a typical structure, which is characteristic of slightly
over-eutectic two-phase serial cobalt alloys with niobium carbide series
XTH. The main structural components are undeveloped NbC dendrites
in nickel-carbide eutectic (y + NbC).

3. The phase composition of the studied alloys contains a multicompo-
nent solid solution based on nickel and also doped niobium carbide.
With additional doping with rhenium, alloys change the phase compo-
sition, supplemented by met stable phases containing rhenium and
chromium.
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The data obtained on the structure formation of Ni (Ni+ Co)-NbC
alloys provide a basis to investigate their high-temperature physical
and mechanical properties, in particular heat-resistance and wear-
resistance to determine the feasibility of using as an alternative to co-
balt industrial alloys XTH.
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