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Ni-based superalloys are widely used in critical components of aircraft engines and turbines and
also in the petrochemical industry, for applications in highly corrosive environments. These alloys
have as main characteristics their superior mechanical, corrosion and oxidation resistance at high
temperatures, as well as creep resistance. The chemical composition associated with carrying out heat
treatments directly influences the phases formed (such as the ordered cubic phase y’-Ni,(ALTi) in the
fce y-Ni matrix), and depending on the alloying elements and fraction, there is the possibility of an
increase in mechanical strength. There is a certain gap in the literature regarding the study of ternary
superalloys based on Ni-Nb, and the influence of the third alloying element on the microstructure and
microhardness. In this context, the objective of the study is to characterize pseudo-eutectic alloys of
the Ni-15Nb-xM and Ni-20Nb-xM systems (xM = 2Al, 4Ti, 15Fe and 15Cr, wt.%) and investigate the
influence of alloy elements and solution heat treating on their microstructure and properties through
X-Ray Diffraction, Optical Microscopy, Scanning Electron Microscopy and Vickers Microhardness.
Microhardness and microstructures were significantly influenced by the addition of alloying elements.
The addition of Cr had a significant effect on the hardness of the cast samples. All alloys showed
microhardness and microstructural changes after solution heat treatment.
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1. Introduction

Nickel-base superalloys are an important class of
high-temperature construction materials with remarkable
combination of mechanical and chemical properties
and have been widely used in structural components of
turbine engines for propulsion and power generation'-.
The microstructure of Ni-base superalloys consists of
an austenitic matrix phase y and a variety of secondary
phases such as gamma prime (y’) fce ordered Ni (Al Ti);
gamma double prime (y”) bet ordered Ni,Nb, delta (5)
orthorhombic Ni,Nb, eta (1) hexagonal ordered Ni,Ti and
other intermetallic compounds and carbides. The control of
these secondary phases, grain size and morphology promote
the necessary properties for the application at elevated
temperatures. Topologically Close-Packed phases (TCP)
¢ (FeCr, FeCrMo, CrCo), u ((Fe, Co, Nb).(Mo, W, Ni),)
and Laves (Fe Nb; Fe Ti) are detrimental to the mechanical
properties of superalloys. The phases ¢ and Laves are most
often observed in iron-nickel superalloys®.

It has been found that the major intermetallic precipitates
in face-centered-cubic (FCC) IN718 matrix are mostly: (i) the
body-centered tetragonal (BCT) structured (D0, ,) y”’-Ni,Nb
phase, (ii) the ordered cubic (L1,) y’-Ni,(ALTi) and (iii) the
orthorhombic structured (D0a) 8-Ni,Nb. The precipitation
of vy’ and y”* phases reveal that the volume fraction and the
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sequence of precipitation of these two phases are controlled
by the relative concentration of Al, Ti and Nb of the alloy.
The precipitation of y”” and y’ phase usually takes place at
relatively low temperatures (600 - 900 °C)*¢. The equilibrium
4 phase, however, precipitates directly from the y matrix at
temperatures above 900 °C. At temperatures below 900 °C,
the metastable y”’ phase transforms to a stable & phase over
long-term exposure. The coherent y” is the primary phase
for precipitation strengthening. Hence, the transformation
of y”” — & may reduce the strength of IN718°7. However,
a moderate fraction of & phase can improve the impact
toughness®. Besides, the precipitation of & phase at grain
boundaries can inhibit the grain boundary sliding and thereby
improves creep resistance at high temperatures’. It has also
been proven that the presence of 6 phase during hot working
can avoid the undesirable grain coarsening'’.

Ni-Nb superalloys have attracted attention due to their
outstanding high strength at temperatures close to their melting
points due to the stability of the microstructure''. In nickel
superalloys, niobium is normally used in concentrations
between 3 and 6.3 wt.% and most of the studied alloys with
emphasis on microstructure and properties consist of commercial
Ni-based superalloys such as Inconel 625 and 718'*!4,
New alloys under study with higher Nb concentrations have
shown superior properties. Pseudo-ternary eutectic y-y’-6 alloys,
based on the system Ni-Nb-Al, possesses high temperature
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properties compared to the commercial Y-y’ Ni-based alloys. This
new class of alloys contains a large volume fraction of primary
intermetallic 5-Ni,Nb and precipitates of y’-Ni,(AlTi) as a
strengthening phase. Due to the formation of the pseudo-binary
y-0 eutectic microstructure during solidification this class of
alloy has high phase stability!'>'8.

The development of y-y’-5 alloys depend on a deep
understanding of microstructural evolution under extreme
conditions and, consequently, of its influence on mechanical,
chemical and physical properties'®. In this way, our group
studied in Afonso et al. the effects of Nb variation in the
microstructure and corrosion behavior of binary Ni-xNb
alloys (x =10, 15, 20, 30, 40, 45, 52 and 57 wt %) and this
work and samples were used as a reference for this research.

Given the above, the main objective of the study is to
characterize pseudo-eutectic alloys of the Ni-15Nb-xM and
Ni-20Nb-xM systems (xM = 2Al, 4Ti, 15Fe, 15Cr, wt.%)
and investigate the influence of alloy elements also solution
heat treating on their microstructure and properties.

2. Experimental Procedure

Initially, the Ni-Nb-M ternary alloys system (M =Al, Ti,
Cr, Fe) were idealized to avoid the formation of TCP phases,
especially Laves. The data available in the literature provided the
limits for defining the chemical compositions. Thermodynamic
simulations via Thermocalc also helped in the determination
of TCP phase-free alloys. The compositions were based in
the Ni-Nb hypoeutectic El field (E1 = 22.5 wt.% Nb)".
Samples were arc melted under argon atmosphere using
non-consumable tungsten electrodes. Elements used were
99.9 wt.% electrolytic Ni, Ni-65Nb master alloy (CBMM)),
and high purity Cr, Fe, Ti and Al, and for the compositional
balance, the calculus were based on a final ingot of 100g, thus
the electrolytic Ni were added to reduce the percentage of Nb
(as an example, for the Ni-20Nb-15Cr alloy, 15 g of Cr were
melted with 30,77 g of Ni-65Nb - totaling 20 g of Nb - and
54,23¢g of Ni). The ingots were melted at least eight times
to achieve high chemical homogeneity. The experimental
approach that will be carried out in this project will follow
the evaluated compositions shown in Table 1.

As-cast samples were submitted to heat treating to
put second phases into solution, including those which
are hardening phases, and so exhibit coherence with the
matrix. The solution treating temperature was carried out
in a Carbolite furnace, model CTF 16/50 at 1150 °C during
1 hour with subsequent water quenching. The purpose of
quenching after solution treating is to preserve, at room
temperature, the solid solution initially aimed, which was
stable at high temperatures, and become a supersaturated
solid solution after the rapid cooling.

Table 1. Nominal compositions (weight%) of Ni-xNb-M alloys
(M =AlL Ti, Cr, Fe).

Alloy Composition (wt.%)
1 Ni-xNb-15Fe (x = 15, 20%)
2 Ni-xNb-15Cr (x = 15, 20%)
3 Ni-xNb-2Al (x = 15, 20%)
4 Ni-xNb-4Ti (x = 15, 20%)
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X-ray diffraction (XRD) was performed using a Rigaku
diffractometer, model Geigerflex ME210GF2, to confirm
the formation of expected phases, using 20 range from 15°
to 90° at 2°/min (Bragg-Brentano reflection geometry with
Cu-K, radiation; A = 1.5418 A). The XRD patterns were
compared with crystallographic JCPDS and ICDD data, to
index all the phases present in the alloys'2°.

Samples were cross-sectionally cut and subsequently
sanded with 240, 360, 400, 600 and 1200 mesh sandpaper.
After that, samples were polished using 6 um and 1 pm
diamond suspensions and 0.3 um alumina (ALO,) suspensions.
Finally, chemical etching was applied with Kalling’s reagent
(2 g CuCl, + 40 ml HCI + 80 ml ethanol).

Metallographic characterization was carried out through
optical microscopy Zeiss model Observer Z1m with
AxioCamMR3 processing system. Then, characterization was
completed using scanning electron microscopy (SEM) in a
field emission gun - FEG microscope (Philips XL30) in SE and
BSE modes, coupled to the Energy Dispersive Spectroscopy
(EDS) detector, with Oxford Link Tentafet X-ray detector
for chemical composition semiquantitative determination.
Mechanical characterization was done through Vickers
microhardness (HV), with 15 indentations in each sample in
order to provide an acceptable statistical value, using a Struers
Duramin-40 applying 0.5 kgf for 15 s following ASTM-E384.

3. Results and Discussion

The results of the tests described in the section above
will be presented below, and then a discussion will be
presented about the results found in this work and in the
literature on the subject.

3.1. Microstructure characterization

3.1.1. X-ray diffraction (XRD)

Figures 1 and 2 show the XRD diffractograms of the alloys
studied. In the as-cast condition the X-ray diffractograms
indicate the presence of y-(fcc), y”’-Ni,Nb and 6-Ni,Nb in all
Ni-20Nb-xM samples; y-(fcc) and 6-Ni,Nb in the Ni-15Nb-
15Fe, Ni-15Nb-15Cr and Ni-15Nb-4Ti and only y-(fcc)
in the Ni-15Nb-2Al. The XRD technique has a detection
limit around 5% in volume?!, that is, for sufficiently low
volumetric fractions and nanoscale size of precipitate, no
peaks are detected in the diffractogram, even if the phase
is formed in the microstructure. In this way, the conclusion
is insufficient for the y’-Ni,(Al,Ti) and n-Ni,Ti since these
phases are usually in a low volume fraction or an a nanometric
scale for Ni-Nb-Al and Ni-Nb-Ti alloys, as reported in the
literature?>*. The precipitation of y’-Ni, (AL Ti) occurs after
aging and this phase will be analyzed in future works. The
TCP phases o-(FeCr) and p-(Ni-Nb,) were not identified
in the X-ray diffractograms.

After solution heat treating modifications in the X-ray
diffractograms were identified. There was a formation of a
peak in 20 = 34,1° but it is not possible to affirm the presence
of Laves since there is an overlap with other 3-Ni,Nb peaks.
Further advanced characterization is also needed to confirm
this phase. According to Tin et al.'® due the very high stability
of the primary intermetallic 6-Ni,Nb, additional TCP phases
are unlikely to form within this class of alloy. Takeyama et al.!”
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Figure 1. X-ray diffraction (XRD) diffractograms of a) As-Cast Nil5Nb-xM and b) Solution HT Ni-15Nb-xM.
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Figure 2. X-ray diffraction (XRD) diffractograms of a) As-Cast Ni-20Nb-xM and b) Solution HT Ni-20Nb-xM.

investigated the ternary Ni-xNb-Fe phase equilibria and
affirmed that there is no 3-Ni,Nb + y-Ni fcc + C14 Laves
(e) three-phase coexisting region and it was observed a
new intermetallic phase with ordered hexagonal structure
(hP24 with stacking sequence of abcbcb) at compositions
around Ni-22Nb-20Fe.

3.1.2. Optical (OM) and scanning electron microscopy (SEM)

A sequence of optical micrographs of Ni-20Nb-xM and
Ni-15Nb-xM respectively are indicated in Figure 3 and Figure 4.
As in the XRD analysis, in the optical microscope, there is
a limitation regarding identifying phases with nanometric
sizes since the device’s resolution is approximately 400 nm.
Therefore, for all the alloys in the as-cast condition it can be
noted the typical dendritic microstructure of solidification.
This hypoeutectic microstructure of the alloys displayed
a pro-eutectic Ni-fcc phase and a (Ni + Ni,Nb) eutectic
structure. X-ray diffractograms show a higher intensity
of 8-Ni,Nb than y”-Ni,Nb, therefore it was expected to
observe a greater volume of this phase by means of OM and
SEM. Literature also confirms that such phase in this type
of pseudo-eutectic alloy is 5-Ni,Nb, since this is the stable
phase formed in equilibrium solidification and y”-Ni,Nb is
metastable. Further investigations using EBSD and TEM
techniques are essential to confirm the presence of metastable
y”-Ni,Nb, since rapid solidification in the copper ingot mold
may have formed non-equilibrium phases, as observed before
by Afonso et al.”>.

Samples with higher Nb concentration showed a higher
volume fraction of 3-Ni,Nb. Even though 3-Ni,Nb was not
identified by means of XRD in the as-cast Ni-15Nb-Al, a
secondary phase was identified in the microstructure in very
small quantities by OM. This phase is believed to be 3-Ni,Nb
due to very similar characteristics to other Ni-15Nb alloys.
Fe and Cr addition also increased the volume fraction of
primary 8-Ni,Nb compared to other additions. The lowest Ni-fcc
volume fraction was identified in the alloy Ni-20Nb-15Cr.

Samples Ni-15Nb-xM in the as-cast condition presented
8-Ni,Nb with irregular morphology without presence of
needle-shape precipitates (as indicated by black arrows
in Figure 3). In the case of as-cast Ni-20Nb-xM samples,
needle-shape 6-Ni,Nb intermetallic (as indicated by yellow
arrows in Figure 4) were identified only with Fe addition.
It should also be mentioned that the & and y” phases present great
chemical similarity (both Ni,Nb), and can be easily confused
when using EDS and simple characterization techniques.
The y” phase, as already mentioned, has an ordered BCT
structure, it is considered a metastable phase, and coherently
formed from the Nb supersaturation of the y matrix'®. While
the o phase is an intermetallic that can be precipitated from
the matrix like the y”, or even before the y phase during
the solidification of the Ni-Nb-M alloys, as shown through
thermodynamic calculations by Xie et al.>, presenting then
distinct morphologies. This suggests that further advanced
characterization is necessary to verify nature and crystalline
structure associated with each of these morphologies.
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Figure 3. Optical micrographs obtained for as-cast and solution HT Ni-15Nb-xM, (xM = 2Al, 4Ti, 15Fe, 15Cr, wt.%).
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The addition of Fe and Cr modified the morphologies of
the phases found in the binary hypoeutectic Ni-Nb alloys. The
addition of Fe to binary Ni-Nb alloys promotes the formation
of metastable y”-Ni,Nb at relatively low temperatures™. Very
small fractions of Ti(C,N) were identified in all samples with
Ti addition, also presented in other commercial Ti alloyed
Ni-base alloys. In the Ni-Nb-Ti alloys.

Microstructural changes were observed after solution heat
treating. Volumetric fraction of primary 8-Ni,Nb was reduced in
the alloys in the Ni-15Nb-xM and an unexpected acicular phase
was formed in the Ni-15Nb-15Cr (indicated by the blue arrow).

Chemical composition of both the alloys systems was
analyzed using semi-quantitative EDS analysis. Bearing in
mind that SEM/EDS is a semi-quantitative technique, and
therefore a small variation is expected, the results obtained
indicate that the alloys then have the designed chemical
composition. The SEM micrographs of as cast Ni-15Nb-xM
alloys are shown in Figure 5, where it is possible to notice
different contrasts. The darker phase is the one rich in Ni,
i.e. the y matrix, and the phase shown as bright white is the
one rich in Nb (the intermetallic Ni,Nb). In addition, through
the EDS analysis, it was possible to identify the presence

15%Cr
& . vt

of segregation in the as cast samples, which is also shown
in Tables 2 to 5. The presence of segregated regions on the
as cast samples can be related to the rapid cooling under
copper molding arc melting and lack of energy during the
alloy solidification leading to the non-homogeneity of the
microstructure. However, for the Ni-20Nb-xM samples,
the segregation zones were not significant. The influence of
alloy elements, in this case Nb could effectively decrease the
solidus temperature of the alloys, affecting the solidification
conditions. In the work of Xinxu?’, was reported the segregation
of Ni, Al, Co, Cr and W in nickel-based superalloy.

Table 6, 7, 8 and 9 show the composition of each alloying
element for the Ni-20Nb-xM system. Cr presented a limited
solubility in the Ni,Nb phase with high segregation to y-Ni
matrix. Cr additions tend to decrease solubility of Nb in the
y-Ni matrix?. Micrographs of as-cast Ni-20Nb-xM obtained
by SEM in backscattered (BSE) mode are shown in Figure 6.
It is possible to identify the needle-shape 6-Ni,Nb in the
Ni-20Nb-15Fe, high volume fraction of eutectic structure
in the Ni-20Nb-15Cr, the dendritic microstructure in the
Ni-20Nb-2Al with low magnification and the possible
presence of Nb-Ti(C,N) in the Ni-20Nb-4Ti.
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Figure 5. Micrographs obtained by SEM in backscattered (BSE) mode of (a) Ni-15Nb-15Fe, (b) Ni-15Nb-15Cr, (c) Ni-15Nb-2Al and
(d) Ni-15Nb-4Ti in as-cast conditions.

201kx

Table 2. EDS semi-quantitative analysis of specific phases/regions in the microstructure of Ni-15Nb-15Fe as cast alloy.

Composition (wt.%)

Phase Ni Nb Fe
v (Ni fec) 747+ 1.9 5.6+0.8 19.7+0.6
Segregated 729+22 11.8+0.4 153+0.4
Ni,Nb 69.8+£0.5 21.3+0.6 8.9+0.3

Table 3. EDS semi-quantitative analysis of specific phases/regions in the microstructure of Ni-15Nb-15Cr as cast alloy.

Composition (wt.%)

Ph
ase Ni Nb Cr
v (Ni fee) 752+ 1.9 7303 175404
Segregated 724+1.0 104+ 0.4 17203

Table 4. EDS semi-quantitative analysis of specific phases/regions in the microstructure of Ni-15Nb-2Al as cast alloy.

Composition (wt.%)

Phase

Ni Nb Al
v (Ni fee) 87.8£2.1 10.1+0.4 2.1+0.1
Segregated 544+1.8 452+0.8 0.4+0.01

Table 5. EDS semi-quantitative analysis of specific phases/regions in the microstructure of Ni-15Nb-4Ti as cast alloy.

Composition (wt.%)
Ni Nb Ti
v (Ni fee) 87.0+2.1 93+0.3 3.7+04
Segregated 82.0+2.0 13.0+£0.3 5.0+0.1

Phase
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Table 6. EDS semi-quantitative analysis of specific phases/regions in the microstructure of Ni-20Nb-15Fe alloy.

Composition (wt.%)

Phase -
Ni Nb Fe
Ni,Nb 64.5+0.5 27.3+0.7 82+0.1
v (Ni fee) 67.6+0.5 15.9+0.4 16.5+0.4

Table 7. EDS semi-quantitative analysis of specific phases/regions in the microstructure of Ni-20Nb-15Cr alloy.

Composition (wt.%)

Phase Ni Nb Cr
Ni,Nb 63.5+0.5 31.7+04 4.8+04
¥ (Ni fee) 55.1+1.7 11.0+0.1 33.9+0.7
eutectic 492 +0.4 21.4+0.7 294+0.8

Table 8. EDS semi-quantitative analysis of specific phases/regions in the microstructure of Ni-20Nb-2Al alloy.

Composition (wt.%)

Ph
ase Ni Nb Al

Ni.Nb 678405 314208 0.8+ 001

v (Ni fec) 799+ 1.0 17704 25401

Table 9. EDS semi-quantitative analysis of specific phases/regions in the microstructure of Ni-20Nb-4Ti alloy.

Composition (wt.%)

Phase

Ni Nb Ti
Ni.Nb 69.7+0.5 26.3+0.7 4.0+0.1
v (Ni fec) 81.6+1.9 14.5+0.1 38+0.1

!
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Figure 6. Micrographs obtained by SEM in backscattered (BSE) mode of (a) Ni-20Nb-15Fe, (b) Ni-20Nb-15Cr, (c) Ni-20Nb-2Al and
(d) Ni-20Nb-4Ti in as-cast conditions.
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Due to the similarity in principal properties, nickel
and iron or nickel and chromium form a substitutional
solid solution when mixed together. The Fe-Ni and Cr-Ni
binary-phase diagrams, which principally represents the
possible phase formation in steels alloyed with nickel,
indicates the stabilization of the austenitic (fcc) phase in
Ni-alloyed steel towards lower temperatures®®. Hence,
it is possible to explain the presence of Cr and Fe inside the
phases reported in Table 7 (Ni,Nb and y-Ni).

3.2. Vickers microhardness

Figure 7 shows Vickers microhardness values of
hypoeutectic binary Ni-Nb alloys were strongly altered by the
addition of alloying elements. The lowest hardness among the
samples, 200HV, was found in the alloy Ni-15Nb'® and the
highest hardness, 577HV, was obtained in the Ni-20Nb-15Cr
alloy. The difference in microhardness after solution heat
treating was lower in the samples with 20%Nb due to the
lower volume fraction of y (Ni-FCC) and greater stability
of the intermetallic 6-Ni,Nb phase.

It can be observed that for Ni-15Nb-2Al the high value of
Vickers microhardness of 456 HV cannot just be attributed to
a certain fraction of 6-Ni,Nb intermetallic phase, as shown in
the XRD diffractogram in Figure 1, but probably might have
asignificant contribution of a fraction of nanoscale y’-Ni, Al
precipitates. But to confirm that a further investigation through
TEM is ongoing in order to characterize these possible
precipitates in nanoscale and even in a very small fraction.
After solution HT (at T, = 1150 °C) for the Ni-15Nb-2Al
alloy, the y’-Ni, Al precipitates might have been dissolved, but
instead of dissolution of 6-Ni,Nb intermetallic phase, there
was the growth of this phase fraction, clearly detected in the
XRD diffractograms (Figure 1b) for Ni-15Nb-2Al alloy. Even
in this way, there was a reduction of Vickers microhardness
from 456 HV (as-cast) to 296 HV (after solution HT).
A similar behavior happened for Ni-15Nb-4Ti with a
reduction of Vickers microhardness from 386 HV (as-cast)
to 311 HV (after solution HT), but in this case there was
probably the formation of y’-Ni,Ti precipitates instead of
y’-Ni,Al phase. And it can be seen that 2wt%Al addition
(y’-Ni,Al phase) showed a greater hardenability (456 HV)
than 4wt%Ti addition (y*-Ni,Ti phase) for Ni-15Nb-xM in
as-cast condition.

For the solution heat treatment condition of the alloys,
both for the Ni-15Nb-xM and Ni-20Nb-xM systems
indicated a decrease in the microhardness. In more detail,
the solubilized Ni-15Nb-xM system alloys containing 2wt%
of Al dropped 35%; containing 4wt% of Ti dropped 19%);
containing 15wt% of Cr dropped 39% and for 15wt% of
Fe dropped 29%. The same tendency was found for the
alloys of the Ni-20Nb-xM system. However, the decrease
was smoother, since for the alloy containing 2wt% of Al
the microhardness dropped by 7%; for the alloy containing
15wt% of Cr, it dropped by 20%; for the alloy containing
15wt% of Fe it dropped by 25%. Unlike the others, the alloy
containing 4wt% of Ti did not show a significant change in
microhardness after solution treatment, remaining practically
unchanged. This significant decrease in microhardness can
be related to the amount of primary 6-Ni,Nb, once it was
reduced after solution treatment.

Comparing now in Figure 7a the Ni-15Nb-15Cr and
Ni-15Nb-15Fe alloys, it can be realized that both formed the
same phases: y-Ni matrix, y”’-Ni,Nb and 6-Ni,Nb intermetallic
precipitates, in as-cast (457 and 321 HV) and solution HT
conditions (277 and 227 HV), respectively. It can be seen that
Craddition had showed a greater hardenability in substitutional
solid solution at y-Ni matrix and also in Ni,Nb intermetallic
phases (as confirmed in EDS analysis in Tables 6 and 7),
occupying the positions of Ni due to the similarity between
these two elements, previously described in topic 3.1.2. Another
possible factor is the fraction of eutectic microconstituent formed
due to addition of 15%Cr and 15%Fe, that could be resulted
differentiated and influencing the hardness of each alloy as a
whole. After solution HT at 1150 °C, there might dissolved
fraction of y”-Ni,Nb phase, decreasing microhardness of
both Ni-15Nb-15Cr and Ni-15Nb-15Fe alloys and confirming
that 6-Ni,Nb intermetallic phase is much more stable at high
temperature (than y”-Ni,Nb phase), because XRD peaks of
8-Ni Nb intermetallic phase (Figure 1a and 2b) were maintained
after solution HT, and those peaks are more evident in XRD
diffractogram for Ni-15Nb-15Cr alloy (Figure 1b).

Regarding microhardness values for Ni-20Nb-xM alloys
in Figure 7b, and comparing in to groups the Ni-20Nb-2Al
and Ni-20Nb-4Ti alloys as y’-Ni (Al Ti) forming alloys,
with Ni-20Nb-15Cr and Ni-20Nb-15Fe alloys without
formation of y’-Ni,(Al, Ti) phase. It can be confirmed
that 2%Al and 4%Ti additions in Ni-20Nb-xM alloys in
as-cast condition (Figure 2a) showed a lower capacity
of dissolution of y’-Ni, (AL, Ti) intermetallic phase after
solution HT decreasing slightly microhardness values, from
443 to 411 HV and 333 to 331 HV for Ni-20Nb-2Al and
Ni-20Nb-4Ti alloys, respectively. On the other hand, for
Ni-20Nb-15Cr and Ni-20Nb-15Fe alloys, there was a more
significant reduction of Vickers microhardness after solution
HT decreasing it from 577 to 460 HV and 463 to 348 HV
for Ni-20Nb-15Cr and Ni-20Nb-15Fe alloys, respectively.

u Ni-15Nb-M - Vickers Microhardness (HV, )
600

500 456

400
n 296

457
384
311 321
S 300 277
2 227
200
100
0
2A1 2Al(8) 4Ti  4Ti(S) 15Cr 15Cr(S) 15Fe 15Fe(S)

n Ni-20Nb-M - Vickers Microhardness (HV ;)
500

700
577
260 463
F T

2 400 333 331 348
Z 300
200
100
0

600
2Al  2AI(S) 4Ti 4Ti(S) 15Cr 15Cr(S) 15Fe 15Fe(S)

Figure 7. Vickers microhardness values HV ; of (a) Ni-15Nb-xM and (b)
Ni-20Nb-xM alloys in as-cast and solution treated conditions, named (S).



8 Ottani et al.

That can be explained by the reduction of fraction of
intermetallic precipitates of y”’-Ni,Nb and 6-Ni,Nb phases
after solution HT as indicated by the gray arrows in XRD
(Figure 2a and 2b) of Ni-20Nb-15Fe and Ni-20Nb-15Cr
alloys, in peaks 20 = 19,5°, 20 = 40° and also 26 around
50°, 75° and 80°, where it is possible to observe a decrease
in the intensity of the peaks after solution HT.

Finally, comparing the Ni-15Nb-xM system with the
Ni-20Nb-xM system, it is possible to notice two general
trends: 1) the as cast alloys containing Al or Ti as third
element, presented higher microhardness values in the
Ni-15Nb-xM system, which can be explained by the
lower addition of Nb, thus allowing the formation of the
v’-Ni3(Al,Ti) phase to be preferential; and ii) the alloys
containing Cr or Fe showed higher hardness values in the
Ni-20Nb-xM system (both for the cast alloys and for the
solubilized alloys), possibly due to the greater addition
of Nb, which tends to increase the precipitation of the
v”’(Ni3ND) and 3-Ni3Nb intermetallics. Also, the higher
fraction of eutectic microconstituent formed and higher
fraction of 3-Ni,Nb intermetallic precipitates formed in
Ni-20Nb-15Cr alloy resulted in higher hardness when
compared with Ni-20Nb-15Fe alloy. That fact can be
confirmed in the XRD diffractograms in Figure 2a with
peaks intensity in as-cast and solution HT conditions.
Another factor is the possible formation of Laves phase
(Cr,Nb type) for Ni-20Nb-15Cr alloy (as-cast and solution
HT conditions) and for Ni-20Nb-15Fe alloy (Fe,Nb type) after
solution HT, which is indicated in the XRD diffractograms.
But, in order to confirm the distribution of such phases in
the microstructure, a deeper TEM investigation in nanoscale
together with STEM-EDS elemental mapping analysis is
going to be needed in order to map Laves phase in a more
accurate way.

4. Conclusions

Fabrication and previous microstructural and microhardness
characterization in the as cast and solubilized condition
were carried out for the alloys of the Ni-15Nb-xM and
Ni-20Nb-xM system, with xM being the third added element
(2Al, 4Ti, 15Cr and 15Fe, wt%). From the results presented,
it was possible to conclude that:

e  All Ni-15Nb-xM and Ni-20Nb-xM ternary alloys
systems (M = 2Al, 4Ti, 15Cr and 15Fe, wt.%)
pseudo-eutectic alloys showed microhardness and
microstructural changes after solution heat treatment
except for Ni-20Nb-4Ti, where after solution heat
treatment there was no significative difference in
the microstructure value;

e  The evaluated microstructure and microhardness were
significantly influenced by the addition of alloying
elements. Comparing the as-cast samples to heat
treatment between Ni-15Nb-xM and Ni-20Nb-xM
systems. Also, the addition of Cr had a significant
effect on the hardness of the as-cast samples;

e  Thealloying elements that most contributed to increase
the microhardness of the as-cast Ni-15Nb-xM alloy
were Cr and Al; and in the as-cast Ni-20Nb-xM
the addition of Cr provided the highest hardness
among all samples;

Materials Research

e  After solution HT, hardness of Ni-15Nb-xM was
significantly decreased in all samples, mostly in the
Ni-15Nb-2Al and Ni-15Nb-15Cr. In the Ni-20Nb-xM
samples, solution HT had a much less significant
effect on hardness, especially for the Ni-20Nb-2Al
and Ni-20Nb-4Ti.
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