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Abstract. In this work Ni-xNb (x = 10, 15, 20, 30, 40, 45, 52 and 57 wt%NDb) alloys were rapidly solidified through arc-
melting in order to compare equilibrium phases and metastable phases formed in quenched condition. The
characterization was realized in order to confirm phases formed and the mechanical property was evaluated using
Vickers microhardness.
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1. INTRODUCTION

Ni-based alloys can be used in several advanced applications, such as aerospace industry, land-based turbine disks,
nuclear power plants, and petrochemical engineering (Donachie, 2002). A great variety of Ni-Cr-Fe-based superalloys
were developed, among them a widely used is the Inconel 718 as a precipitation-strengthened alloy with alloying additions
of Mo, Nb, Ti, and Al (Davis, 2000). On the other hand, Ni-Nb binary and multicomponent alloys can be classified as
bulk metallic glasses (BMG), starting with the best binary glass former alloy Nis;Nbsg (at%) with 2 mm glassy diameter
cylinder diameter (Inoue, 2011), up to 5 mm for NiseZr19Ti1:NbeSizSn, (at%). In particular, Ni-based BMG show excellent
mechanical properties (e.g., high strength and good ductility), high thermal stability and excellent corrosion resistance
(Afonso, 2012). Additionally, ferromagnetic Fe-, Co-, and Ni-based multicomponent amorphizable alloys can reach
glassy state in micrometric powder (size range of a few microns up to 500 um) when submitted to rapid solidification
processing routes such as gas atomization using nitrogen or argon inert gases (Inoue, 1988),(Afonso, 2007), copper mold
casting in millimeters range pieces (Afonso, 2012) laser cladding coatings of hundreds of microns thick (Gargarella,
2014) and ribbons obtained by melt-spinning (May, 2004) imposing cooling rates from 103 to 10° K/s. Usually crystalline
Ni-based alloys tends to form Ni-fcc matrix and metastable y”” NizNb intermetallic phase body centered tetragonal (bct),
or orthorhombic & precipitates of NisNb, and undesirable Cr.Nb Laves phase, while equilibrium phases formed for binary
Nis2Nbss (at%) relies on orthorhombic §-NisNb and p-NisNby intermetallic phases (Donachie, 2002). In literature, there
is a lack of studies of intermetallic phase’s formation in rapidly solidified Ni-Nb binary systems, regarding metastable
phases and the existence of a metastable coupled binary phase diagram. One these had been the undercooled eutectics in
Ni-Nb melts, by electromagnetic levitation technique, in order to study the microstructures formed for the two eutectics
of these system, under certain undercooling conditions (Leonhardt, 1999). Most of the alloys studied relies on commercial
Ni-Cr-based superalloys such as Inconel 625 and 718 among others with Nb contents up to 5.5 wt% and bulk metallic
glasses with high contents of Nb around 30 to 40 at. % (Special Metals, 2013), but usually in ternary systems and
multicomponent alloys. In this way, the aim of this work is to obtain and to characterize rapidly solidified Ni-xNb (x =
10, 15, 20, 30, 40, 45, 52 and 57 wt. %) alloys through arc-melting in order to compare equilibrium phases and metastable
phases formed in quenched condition.
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2. EXPERIMENTAL PROCEDURE

The samples of Ni-xNb (x = 10, 15, 20, 30, 40, 45, 52 and 57 wt% Nb) were produced by arc-melting with argon
atmosphere, in the form of 18g ingots using pure elements Ni pieces 99.9% and Nb rods 99.95% purity. The chemical
compositions were chosen using equilibrium phase diagram as a reference, taking in count the phase’s formation. This
diagram is shown in Fig. 1, and colored lines represents the different compositions (Davis, 2000). Samples were cutted
cross-sectionally and characterized by scanning electron microscopy (SEM) with a FEI Inspect S50 coupled to X-ray
energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) was performed using a Siemens D5005 diffractometer
and Cu-K, radiation in order to confirm the formation of equilibrium and non-equilibrium phases. The samples also were
subjected to Vickers microhardness (HV) measurements performed with a Shimadzu HMV-G 20ST equipment with
pyramid-shaped diamond indenter with a load of 300 g for 15 s with the aim of correlate these results with microstructure
and XRD patterns.
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Figure 1: Binary diagram showing colored lines for Ni-xNb alloys studied in this work:
x=10, 15, 20, 30, 40, 45, 52 and 57 (wt%Nb) alloys.

3. RESULTS AND DISCUSSION
3.1 X-ray Diffraction (XRD)

The XRD result shows that the equilibrium phases were formed for Ni-xNb (x = 10, 15 and 20 wt% Nb) with Ni-fcc
matrix and 5-NisNb intermetallic phase. XRD patterns of hypoeutectic Ni-Nb alloys did not confirmed the identification
of metastable NigNb phase as depicted in Fig. 2 (left). Further TEM (transmission electron microscopy) analysis is needed
in order to confirm this phase in the case of nanoscale precipitation. According to Quist and Wekken, the nucleation and
growth of this phase occurs under a critical temperature (500°C) and requires large concentration of excess vacancies,
produced either by rapid quenching or charged-particle radiation (Chen, 2006).

As observed in Fig. 2 (right), the equilibrium phases 8-NisNb and p-NisNb7 patterns were clearly identified in Ni-
40NDb, Ni-45Nb, Ni-52Nb and Ni-57Nb (wt. %) alloys with exception of Ni-30Nb where just 5-NisNb was detected.
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Figure 2: XRD patterns for arc-melting samples rapidly solidified alloys (left) Ni-10Nb, Ni-15Nb and Ni-20Nb (wt. %)
and (right) Ni-30Nb, Ni-40Nb, Ni-45Nb, Ni-52Nb and Ni-57Nb (wt. %) alloys.
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3.2 Scanning Electron Microscopy (SEM)

Figure 3. shows scanning electron microscopy (SEM) images in backscattered electrons (BSE) mode for arc-melted
Ni-10Nb Fig. 3 (a, d), Ni- 15Nb Fig. 3 (b, €) and Ni-20Nb Fig. 3 (c, f), rapidly solidified alloys showing dendritic growth,
with Nb content increased dendritic microstructure appears refined, although Ni-10Nb and Ni-15Nb does not exhibit
interdendritic precipitates, meanwhile in Ni-20Nb was observed an intermetallic precipitate 5-NisNb (clear phase) with
irregular morphology as shown in Fig. 3 (c, f). A needle-like shape precipitate is also formed, suggesting the presence of
another different phase, not identified in DRX pattern.
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Figure 3: SEM images in BSE mode for arc-melted (a, b) Ni-10Nb, (c, d) Ni-15Nb and
(e, f) Ni-20Nb (wt%) rapidly solidified alloys, in lower and higher magnifications.
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With an increase of Nb content, morphology starts to change drastically. As depicted in Fig. 4 (a) Ni-30Nb micrograph,
the morphology exhibits transitional growing from cellular to dendritic, with higher fraction of a clear phase identified as
3-NisNb growing in the depleted Ni-fcc matrix. In Fig. 4 (b) is observed Ni-40Nb a composition in which Ni-fcc was
already replaced for NisNb and appears to be higher fraction as a matrix with eutectic NisNb + NigNb; dispersed on it.
EDS analysis shows 50.73 wt. % of Nb, a result that is in agreement with binary Ni-Nb phase diagram. A similar behavior
was found in Ni-45Nb sample, as illustrated in Fig. 4 (c, d), but with a coarser eutectic and less fraction of NizNb as
matrix. Ni-30Nb, Ni-40Nb and Ni-45Nb morphologies are similar to NissNbssSne alloy copper mold-cast (Catto, 2017).
In Ni-52Nb sample the microstructure, the second eutectic in the system (51.9 wt. %), exhibits almost entirely the eutectic
phase as shown in Fig. 4 (e), besides another phase diamond-like shape appears dispersed on the eutectic matrix.

According to EDS analysis, this phase was identified as NigNbzand presents a 70.2%Nb (wt.%), which is a value quite
further from the eutectic composition indicating supersaturation of Nb, this can be explained due to the rapid solidification
that promotes the precipitation of this phase prior to eutectic, out of equilibrium conditions. The eutectic Nb percentage
was quantified in 49.4% (wt.%), and is left-displaced from eutectic value on the equilibrium diagram, this also occurred
because of rapid solidification rates which can alter solubility behavior as illustrated in Fig. 5. explained by metastable
extensions of liquidus lines (Leonhardt, 1999). It is important to pointed out that Ni-52Nb is an important glass former
(Minouei, 2017)(Koch, 1983), and it was observed sub-micrometric size for the eutectic. Sample with Ni-57%Nb presents
a NigNb7 matrix (clear phase) with even higher fraction of eutectic dispersed on it. EDS results shows 58.74% Nb content
in this phase, meanwhile eutectic composition was observed to have 49.06%Nb, a value also left-displaced from
equilibrium eutectic composition as observed in Ni-52%Nb sample.
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Figure 4: SEM images in BSE mode for arc-melted (a) Ni- 30Nb (b) Ni-40NDb, (c d) Ni-45Nb,
(e) Ni-52Nb and (f) Ni-57Nb (wt%) rapidly solidified alloys.
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Figure 5: Equilibrium diagram showing displacement of coupled eutectic composition due to high coolig rates during
rapid solidification by copper mold casting.

3.3 Hardness Vickers (HV), chemical composition, XRD and SEM correlation.

Table 1 summarized the results of Vickers microhardness test for arc-melting Ni-Nb rapidly solidified alloys. As
depicted in Fig. 5, it can be observed that there is a significant increasing of Vicker microhardness values with increment
in Nb addition, which is an expected behavior since Nb is one of the principal solid solution strengtheners in super alloys
(Davis, 2000). It must be pointed out that hardness value is significantly high in Ni-15%Nb alloy (193 + 2HV) in
comparison with commercial superalloy Inconel 625 (179 HV) which Nb content is about 3.15-4.15 wt.% (Special
Metals, 2013). Surprisingly, Ni-20Nb alloy (NigsNb14 in at.%) resulted in a Vicker microhardness value of 306 + 6, much
higher than that of commercial Ni-based superalloy Inconel 625, that hardness increasing can be attributed to combination
of phases formed according to XRD and SEM characaterization, indicating formation of hard NisNb (irregular
morphology) and NigNb (nanometric scale needle shaped) intemetallic phases dispersed in and surrounding the Ni-fcc
cellular matrix growth sizing around 15 um in diameter.

Besides increase of Nb content, strengthened occurs due to refinement of y (Ni-fcc) dendritic microstructure and
subsequent formation of 3-NizNb and p- NigNb7 intermetallic phases. On the other hand, XDR analysis for Ni-xNb (x =
30, 40, 45, 52 and 57 wt,%Nb) shows that Ni-fcc fraction decreases with the addition of Nb content and improves the
formation of eutectic NisNb + NisNby as depicted in Fig. 4. This can be verified in the XRD patterns showed previously
in Fig. 2 where peaks of Ni-fcc appears with lower intensity anytime according to the Nb percentage increment.

As presented in Table 1, Vickers microhardness results for 52%wt.Nb alloy (86334 HV) is higher than 57wt.%Nb
alloy (758+44 HV). This can be explained due to precipitation of an additional fractions of diamond-like NigNb;
intermetallic phase, which is richer in Nb, while this behavior was not observed in 57wt.%Nb alloy, only constituted by
lower fraction of eutectic matrix composed by NisNb+ NigNb7 intermetallic phases.

Table 1 — Values of Vickers microhardness measured for arc-melting Ni-NDb rapidly solidified alloys correlated with
SEM and chemical composition.

Alloy (wt. %) Alloy (at. %) Phases (SEM) Hardness Vickers (HV)
Ni-10Nb NigsNbg T Ni-fcc 179+8
Ni-15Nb NigoNbio T Ni-fcc + NisNb | 193 +2
Ni-20Nb NigaNb14 Ni-fcc + Ni3Nb + Ning 306 +6
Ni-30Nb NizgNba2 1 Ni-fcc + NisNb T 413 +22
Ni-40Nb NizoNDbso T NisNb + NigNb7 | 572 £42
Ni-45Nb NissNbg34 1 NisNb + NigNb7 T 682 + 40
Ni-52Nb NisoNDao 1 NisNb + NigNb; T 863 + 34
Ni-57Nb NissNbas 1 NisNb + NigNb7 T 758 £ 44

Inconel 625 Ni-Cr-Fe-Mo-Nb Ni-fcc + NbC + Cr23Cs 179 — 250
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Figure 5: SEM images in BSE mode for copper mold cast (a) Ni-10Nb, (b) Ni-15Nb and (c) Ni-20Nb (wt. %) rapidly
solidified alloys.

Vickers Hardness (HV 3)

4. CONCLUSIONS

Ni-Nb binary alloys in a wide range of chemical composition were studied (10, 15, 20, 30, 40, 45, 52 and 57%) since
the lack of evidence of crystalline microstructure in the literature. Refinement of y (Ni-fcc) dendritic microstructure was
improved with Nb addition in the Ni-xNb (x = 10, 15, 20 wt.% Nb) alloys together with the formation of higher fraction
of the 3-NisNb intermetallic phase. The presence of needle-like phase SEM image of 20 wt.% Nb suggests the presence
of an additional phase different from orthorhombic §-NisNb. According to Vickers microhardness measurements of arc-
melted Ni-Nb rapidly solidified alloys, showed that in general the higher the Nb content, the higher hardness values, with
the exception of 57%Nb, where the hardness dropped, due to the lower fraction of eutectic and the fact that does not
present diamond-like precipitated found in 52 wt. %Nb alloy. Interesting changes in microstructure were observed when
Nb content increasing, not registered in literature. Further observations must be perform in oreder to observe NigNb phase.
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