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CHARACTERIZATION OF SOME RHENIUM INCONEL
SUPERALLOYS MADE IN A VACUUM INDUCTION
FURNACE AND CAST IN ARGON ATMOSPHERE
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The paper presents some particularities of the manufacturing in the vacuum
induction furnace and the argon atmosphere of three Ni — base Inconel - like
superalloys. As a novelty, besides the typical alloying elements, the alloys contain
rhenium between 1 and 3%. By means of optical and scanning electron
microscopy/energy-dispersive X-ray spectrometry (SEM-EDS), the compositional and
microstructural differences after casting were analyzed. The alloy that contains the
smallest amount of Re, but also Mo, has a structure that reveals a lesser dendritic
segregation, creating favorable premises for subsequent processing and also a high
refractoriness.
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1. Introduction

Nickel-based superalloys (Inconel) are very complex, widely used for parts
working at high temperatures. Specifically, they are used in the manufacture of
commercial and military aircraft gas turbines, power generators or marine
propulsion technology. Superalloys also have important applications in the oil and
gas industry, space vehicles, submarines, nuclear reactors, military electric motors,
chemical processing vessels, and heat exchanger tubes [1]. Several generations of
superalloys have been developed, each generation tending to have higher high
temperature strength [2]. The latest generations of Ni base superalloys contain
rhenium (Re), a refractory alloying element which improves the high temperature
mechanical properties [3].

The alloying elements present in the chemical composition of the three
Inconel superalloys developed for experimentation - Al, Nb, Mo, Ti, Co, Ta, W, Re
- were chosen in such a way as to ensure the necessary technological characteristics,
primarily related to a good machinability, but also to improve the working
characteristics at high temperatures.

Thus, molybdenum is added to improve the corrosion and high temperature
resistance of Inconel alloys. Titanium and niobium are added to improve
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mechanical properties by precipitation of phases that enhance the dispersion
hardening mechanism and aluminum is added in order to improve thermal stability
and corrosion resistance. Aluminum also has a favorable effect in the alloy making
process, being one of the best deoxidizers and degasifiers [4, 5]. The rhenium
addition in the chemical composition will increase the stability at high
temperatures, rhenium itself being a refractory element. Moreover, rhenium
determines the improvement of creep resistance, a very important characteristic for
mechanical parts that work at high temperatures [6]. Rhenium also confers a
sustainable corrosion resistance of Inconel alloys in chemically aggressive
environments that frequently change their basic character to acid and vice versa,
depending on the chemical reactions specific to the engine functioning that take
place with fast kinetics at high temperatures [7]. An important structural
characteristic of rhenium is that in small quantities and in the presence of nickel it
does not form compounds, it is distributed by substitution in nickel-based solid
solutions [8, 9]. In larger quantities, it would be found in intermetallic compounds
with hardening phases role. However, this role will be ensured by other alloying
elements intentionally chosen for this purpose.

2. Materials and experimental methods

This research studied three types of nickel-based superalloys containing 1%,
2% and 3 wt% rhenium. The choice of the rhenium amount of was judiciously
established. Rhenium is an expensive and scarce element, so the quantity must be
chosen economically. Secondly, the structural effect that small amounts of rhenium
plays in Inconel alloys, when it is only found dissolved in the solid solution, was
taken into account.

The alloys were made in a vacuum induction furnace with a controlled
atmosphere of the Five CELES type (model ALU 600). By using this type of
furnace, the aim was to eliminate possible contamination and oxidation of the
metallic melt, casting in structural and batch composition homogeneity conditions,
as well as directional solidification of the alloys.

Two already known Ni — base superalloys with Re (2 wt% and 3 wt%) [10]
and one superalloy with Re of a new composition, with 1 wt% Re, were made. The
refractoriness characteristics improve with the increase of Re content, being directly
related to the alloy melting temperature. The presence of Al increases the high
temperature oxidation resistance. The percentages of Cr and Mo were increased and
the percentages of W and Ta were decreased. The compositions of these superalloys
are shown in Table 1.

Table 1

Chemical composition of the Inconel alloys (wt%o)
Alloy Ni Cr Co Al Ta Mo Fe o Re Ti Nb o
) | @ 1o oo | o) | @) [ [V | | o) | @) |
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Alloy1 | 6304 | 692 [ 987 [520 |658 |058 |- 4,34 196 | 149 |- 0,02
(S1)
Alloy2 | 60,06 | 647 | 961 |827 |627 |056 |- 4,31 298 | 145 |- 0,02
(82)
Alloy3 | 64,28 | 1262 [ 589 [543 [338 |271 [ 176 | 1,28 102 [ 079 | 076 | 003
(83)

The composition of the Ni — base superalloys was chosen taking into
account the influence of each alloying element on the physical-mechanical
properties, especially on the corrosion resistance at high temperatures.

The new Ni — based alloys manufacturing in an argon atmosphere allowed
the melt to be protected during their melting in a copper crucible. The as-cast rods
were of 20 mm in diameter. The materials used for the alloy manufacturing were
preheated to 250 °C.

The obtained samples were prepared for the metallographic examination
and for the hardness tests, as follows: a cylindrical portion, called a sample, of
approximately 5 mm height was cut from each ingot. A Struers preparation line was
used; the samples were embedded in resin, polished and etched with Marble reagent
to highlight the structure; then they were examined using an Olympus type
metallographic microscope (BX 51 M), equipped with the possibility of
investigations in bright or dark field and magnifications up to 1000x.

The purpose of these investigations was to determine the hardness values
after processing and casting and to observe the structure obtained directly after
casting, with all the effects induced by the specific transformations that take place
during processing in the vacuum induction furnace, argon atmosphere and cooling
directed.

3. Results

3.1. Alloys hardness after casting
The hardness values of the Inconel superalloys after casting, measured with
the Innovatest Falcon 500 automatic hardness tester, are presented in Table 2.

Table 2
Hardness values of the Inconel superalloys after casting

Alloy Hardness (HV2) Average Hardness (HV2)

428
398
S1 436 428
426
451
454
454
S2 443 445
441
433
S3 417 416
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419
426
412
405

One may see that the hardnesses for sample 1 fall between 328 and 451 HV2
with an average value of 428 HV2, sample 2 records values between 433 and 454
HV2 with an average value of 445 HV2 and sample 3 shows hardness values
between 405 and 417 HV2, the average value being 416 HV?2.

A first observation is related to the increase of the alloying degree;
consequently, the mechanical resistance performance represented by the hardness
value also increases. Obviously, these data cannot be considered as a final
conclusion; only the final heat treatments will decide the mechanical performances.

A second observation refers to the fact that the set of hardness values
recorded for each sample demonstrate quite close numbers to each other, suggesting
a fairly high homogeneity from a chemical and structural point of view. This
represents a very important positive argument for the new technique of making and
casting Inconel alloys. However, the information will be properly verified with
specific methods of structural and compositional characterization.

3.2. Metallographic analysis of the samples obtained by vacuum induction
furnacemaking in cold crucible and casting in argon atmosphere.

3.2.1. Structural analysis by optical microscopy
Figs. 3, 4 and 5 show the analyzed optical microscopy images of the three
samples.

a) b)
Fig. 3. Optical micrographs of sample S1, Marble reagent, a) M = 100x; b) M = 500x;
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a) b)
Fig. 4. Optical micrographs of sample S2, Marble reagent, a) M = 100x; b) M = 500x;

The purpose of these investigations was to observe the structure obtained
directly after casting, with all the effects induced by the phenomena that take place
during the making in the vacuum induction furnace, casting in argon atmosphere
and directional cooling.

The microstructures were analyzed both at low magnification (M = 100x)
to have an overview of the structure, and also at higher magnification to observe
certain important structural details.

Next, the microscopic analysis for samples S1 and S2 will be performed in
parallel, the samples having many similarities. They have in common the fact that
in their chemical composition the proportion of high melting point elements (Re,
W, Ta) progressively increases. The result consist in obtaining structures with high
chemical and structural inhomogeneity, represented by the massive appearance of
dendritic formations. Their density and development increases from sample S1 to
S2, together with the proportional increase of the mentioned elements, proving that
the degree of undercooling AT specific to the manufacturing process was very high.

If in sample S1 the dendrites of the y solid solution are finer, with the main
dendrite axis being shorter, in sample S2 the dendrites are very well outlined, even
coarse. Their orientation is done in well-defined directions, retracing the
elimination direction of the thermal flow during cooling.

The image at higher magnification (b) captures, especially in the case of
sample S1, the existence of some porosities (dark areas) in the dendrites boundaries,
as a result of the capillarity effect that appeared in the solidification second stage
when the liquid phase has lost its fluidity and was no longer able to fill the
interdendritic space.

Besides these structural details, fine and bright particles with regular
geometry can be observed at the grain boundaries in both samples (S1 and S2) that
can be ascribed to primary carbides. One may see also thicker, brown areas, which
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represent secondary phases solid state precipitates. Their nature cannot be precisely
established.

a) b)
Fig. 5. Optical micrographs of sample S3, Marble reagent, a) M = 100x; b) M = 500x;

Sample S3, with the newly proposed, more economical chemical
composition, brings a more distinctive structure after solidification. The degree of
homogeneity is higher, without excluding the dendritic formations, which are more
clearly visible at higher magnifications. A finer grain is observed compared to the
other investigated samples.

Correlating these data with the chemical composition of the alloy one can
conclude that the higher homogeneity is the consequence of the decrease in
quantities of high melting point elements (Re, W, Ta), which caused the degree of
undercooling AT to be lower. As for the fine - grained structure, this can be
attributed to the presence of Mo, an element known for having such an influence
[11].

3.2.2. Structural and compositional analysis by scanning electron microscopy
(SEM) associated with energy dispersive X-ray spectrometry (EDS)

More thorough informations on the structure and local chemical
composition of the samples can be obtained by scanning electron microscopy
associated with energy dispersive X-ray spectrometry (EDS).

Fig. 6 shows the electron micrographs of sample S1.
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Fig.6. Scanning electron microscopy (SEM) images of sample S1; a) Secondary electrons image M=3000Xx;
b) Backscattered electrons image with the specification of the area where the EDS compositional analysis
was performed
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Fig.7. EDS energy dispersive X-ray analysis of sample S1 for the microarea analyzed in Fig. 6 b.

Table 3
Local chemical composition in the selected area from sample S1

Chemical element | Wt % | At %
Al 740 | 15.71
Ti 193 | 231
Cr 6.68 | 7.36
Co 8.75 | 8.51
Ni 64.14 | 62.61
Ta 7.72 | 2.45
W 228 | 0.71
Re 111 | 0.34

Some additional information is brought by Fig. 6. The rise in the alloying
degree and the percentages of high melting point components lead to an
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increasingly marked dendritic aspect. This is easier to observe in electron
micrographs than in optical ones, both in the secondary electron image (a) of sample
S1, as well as in backscattered electrons image (b).

But the structural detail that brings novelty to the images is the dotted
regions clustered in the interdendritic spaces of the y solid solution. These areas are
well delineated in both the secondary electron image and the backscattered electron
image. According to the specific morphology, irregularly punctiform, the
mentioned formations fall into the category of eutectic-type mechanical mixtures.
It is difficult to establish the nature of the phases that form the eutectic, since
multicomponent alloys (such as Inconel) should be studied by mathematical
modelling on multicomponent diagrams. The only somewhat correct information
can be obtained from consulting the binary (of 2 components grouped alternatively)
or ternary equilibrium diagrams of the alloy systems that include the studied alloy.
The Ni-Cr binary equilibrium diagram shows that at the temperature of 1345 °C an
eutectic E (ynit+Per) is formed. But during the cooling it undergoes transformations,
the existing diagram in the specialized literature being drawn as a rule only up to
500 °C. Other researchers [7, 12] mention a binary eutectic E (y+ v'), with a
formation temperature of around 1300 °C, present in Inconel 718 and Inconel 625
alloys.

Following the chemical analysis in the selected area diffraction of the y solid
solution interdendritic space (Fig. 7, Table 3), one can see that a lower amount of
rhenium is found compared to its average composition in the S1 alloy. Thus one
may see that rhenium segregates intradendritically. The observation is in agreement
with other researchers statements [13]: rhenium is concentrated in the dendrites
axes and less in the interdendritic spaces [8].

Fig. 8 shows structural and compositional information of sample S2.

(@) (b)
Fig.8. Scanning electron microscopy (SEM) images of sample S2; a) Secondary electrons image
M=3000x ; b) Backscattered electrons image with the specification of the area where the EDS
compositional analysis was performed
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Fig. 9. EDS energy dispersive X-ray analysis of sample S2 for the microarea analyzed in Fig. 8

Table 4
Local chemical composition in the selected area from sample S2

Chemical element | Wt % | At %
Al 571 | 12.62
Ti 1.33 | 1.65
Cr 7.20 | 8.27
Fe 0.60 | 0.64
Co 9.93 | 10.06
Ni 61.12 | 62.14
Ta 6.88 | 2.27
W 4.64 151
Re 259 | 0.83

The vy solid solution dendritic structure is clearly seen, both in secondary
electron images (a) and in backscattered electron images (b). Likewise, the eutectic
dotted areas are more extended and grouped towards the grain boundaries, when
compared to the previous sample S1.

A structural detail that brings novelty is the presence of the continuous dark
formations, distributed at the grain boundaries. According to the morphology, there
seem to be phases that are also part of the eutectic composition. They are distributed
according to a winding path, following the grain boundaries which themselves have
a lacy appearance because it fringes dendritic areas. According to references [4, 5,
7, 8, 14] this morphology is specific to Laves phases, undesirable because they
induce fragility.

Another structural aspect found in the microstructures (both a and b) is
represented by the fine dispersion that is concentrated towards the boundaries of
the v solid solution dendrites. These formations belong to the y' phase [6, 7, 14].
The chemical analysis of the microarea located in the axial zone of a y solid solution
dendrite (Table 6) highlights, among other things, an important amount of rhenium,
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which confirms previous research results [8, 9] stating that this element tends to
concentrate in the intradendritic zone.
The latest electron microscopy information concerns sample S3 (Fig. 10).

Selected Area 1

(a) (b)
Fig.10. Scanning electron microscopy (SEM) images of sample S3; a) Secondary electrons
image M=3000x; b) Backscattered electrons image with the specification of the area where the
EDS compositional analysis was performed.
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Fig. 11. EDS energy dispersive X-ray analysis of sample S3 for the microarea analyzed in Fig.
10 b.
Table 5
Local chemical composition in the selected area from sample S3
Chemical element | Wt % | At %

Al 0.87 | 2.09
Ti 141 | 191
Cr 1447 | 18.15
Fe 212 | 2.47

Co 6.09 | 6.74
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Ni 48.68 | 54.10
Ta 8.08 | 291
W 211 | 0.75
Re 0.84 | 0.29
Nb 6.53 | 4.58
Mo 8.81 | 5.99

The dendritic aspect of the S3 sample narrows as the amount of high melting
point elements in the chemical composition of the alloy decreases. It still persists,
as one may see in the optical micrographs, being clearer in the secondary electron
image (Fig. 10 a).

At the same time, the eutectic zones shrink significantly. These areas are
concentrated at the y solid solution grain boundaries (where the grains appear more
homogeneous). In those microregions, some bright, filiform and quite contorted
formations can be identified. Taking into account the previous observations,
embrittlement-inducing Laves phases are recognized in this morphology [8, 12].

Other special shapes that can be identified in the image of secondary
electrons are those with increased brightness, distributed at the grain boundaries.
They can be more clearly seen in backscattered electron images where their regular,
polyhedral morphology, specific to primary carbides, also identified in other
micrographs, can be observed.

4. Conclusions

Alloying with 1% Re will increase the Ni — based alloy high temperature
mechanical resistance, Re itself being a refractory element. The novelty consists in
the fact that Re, as an alloying element being present in small amounts (1-3%) does
not form intermetallic compounds which would unnecessarily consume the
available amount of Re needed to ensure a high refractoriness. As foreign atoms in
the host lattice, this chemical element is part of a substitutional solid solution, the
Ni - based alloy matrix. One may also observe that Re is found in a lesser content
inter-dendritically, as against the nominal concentration in all the three studied
samples.

The addition of Mo partially compensates for the low concentration of Re,
of only 1% in the economical composition alloy, in terms of refractoriness. In
addition, it has a positive influence on the grain size refinement, thus ensuring
superior mechanical characteristics. The alloying elements being part of the
chemical composition of the studied Ni — based alloys (Ta, W, Re) are high melting
point elements, which raise the melting temperature of the alloy. Under these
conditions, the degree of undercooling AT specific to the process becomes higher.
The implications on the diffusion phenomena are negative: they are hindered and
the structure begins to show an inhomogeneous feature. Following the structural
analysis carried out by optical microscopy and scanning electron microscopy, one
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may see that all samples have a higher (alloys 1 and 2) or a lower degree (alloy 3)
of structural inhomogeneity resulting from solidification. Lower Re, W and Ta
contents result in a slightly lower melting point, therefore in a lower degree of
undercooling AT and also exhibits a lower structural inhomogeneity.

As a general conclusion, the newly created alloy containing 1% Re, presents
a reduced chemical inhomogeneity, which will make the further homogenizing
annealing to exhibit better results.
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