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In the last two decades, the interest towards Nb-MASC, (i.e. niobium-Metal And Silicide Com-
posite) alloys has grown significantly because of their promising mechanical properties. Their
tolerance to high temperatures drove much research aimed at the production of components oper-
ating in severe environments, in particular, blades of turbines for land and aircraft applications.
However, the manufacture of Nb-MASC alloys still encounters multiple challenges, primarily
stemming from the chemical reactivity of liquid niobium and the frequent non-homogeneity of
the solid cast. To overcome such complications, this work proposed the employment of induc-
tion melting in the cold crucible furnace. It was demonstrated that a binary Nb-18Si compound
could be alloyed with excellent homogeneity using a single melt under vacuum atmosphere. On
the other hand, a six-component Nb-16Si-22Ti-4Cr-3Al-2Hf compound required multiple melt-
ing steps of the same sample and argon atmosphere to obtain satisfactory homogeneity of the
cast. In general terms, this work demonstrates the induction cold crucible furnace to be an
energy-efficient solution for the manufacture of highly homogeneous samples on a laboratory
scale and a valuable alternative to the alloying strategies employed until now.

Introduction.

The growing level of CO2 and NOx emissions from the fields of aviation and energy
production is prompting stricter global regulations and a urgent need to reduce the
carbon footprint associated with fossil fuel combustion. Reduction of fuel consumption
is one of the obligatory steps on the way to the technological improvement of the turbines
used for aircraft and land applications.

The efficiency of turbines is influenced by two main factors: their weight and max-
imum operating temperatures. Consequently, there is a growing demand for the devel-
opment of advanced materials that are not only lighter and mechanically stronger but
also capable of maintaining structural integrity and performance under high-temperature
conditions. Achieving these goals necessitates the exploration of novel materials and
manufacturing techniques that can optimize both thermal and mechanical properties,
ensuring greater fuel efficiency and reduced environmental impact in high-performance
turbine applications [1].

As blades are typically the limiting components of gas turbines because are con-
stantly stressed by vibrations and extreme temperatures, their current production is
realized with Ni-based (i.e. nickel-based) superalloys. These stand out mostly for their
excellent creep behaviour and corrosion resistance but are limited by their high mass
density (8.15 – 8.35 g/cm3) and maximum operating temperature of 1150◦C. At the ac-
tual state, superalloys reached their technological limits and cannot withstand a further
temperature increase.

The need for materials with superior mechanical properties is spurring intense re-
search in the field of refractory metals. Above all, the best candidates to replace the Ni-
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based superalloys are the so-called Nb-MASC (Metal And Silicide Composites), which
have the potential to enhance the efficiency of the turbines with a tolerable operating
temperatures of 1350◦C, low density, in the range of 6.6 – 7.2 g/cm3, and mechanical
properties comparable to the ones of superalloys [2–4]. Complementary properties like
oxidation resistance and creep behaviour are enhanced with a minor addition of other
elements like aluminium (Al), titanium (Ti), chromium (Cr) and hafnium (Hf) [5].

1. State of the art and investigation approach.

Despite this set of promising advantages, a controlled manufacturing of the Nb-MASC
alloys is technically challenging: their melting point over 1750◦C and their chemical react-
ivity make the employment of ceramic or graphite-based crucibles practically impossible.
In addition, Nb-MASC alloys suffer from strong inhomogeneities due to the presence
of multiple elemental components with highly dissimilar physical properties [6]. This
naturally compromises the quality of the solidified cast, considering that the chemical
concentration of the individual elements should not overcome 5% of their nominal value
according to the ASTM quality standards for Nb alloys [7].

To solve such technical limitations, former works investigated the use of different
manufacturing methods, including vapour deposition [6], powder metallurgy [2, 8, 9],
ingot casting plus thermomechanical processing [6, 8] and arc melting [3, 9]. Jéhanno et

al. [8] employed a powder metallurgical processing route combined with ingot casting to
manufacture a Nb-24Ti-20Si-5Cr-3Hf-2Al alloy. The variation of its chemical composition
is reported in Table 1, where the deviation of the individual elements is normalized with
respect of their target in the form cnormalized = (experimental value – target)/target: as
Hf and Al perfectly reach their concentration, Nb, Ti and Si miss their target values
with reasonable tolerance, (i.e. –2.21% to +0.85%), while the concentration of Cr is
significantly above its target, (i.e. +7.2%). Drawin et al. [2, 9] manufactured several
samples of the Nb-25Ti-8Hf-2Al-2Cr-16Si alloy alternatively by powder metallurgy (hot
extrusion), ingot casting and arc melting. The normalized deviation from the targeted
chemical composition reported in Table 1 evidences a homogeneous concentration for Nb,
tolerable deviation for Ti from its target, but marked variations for Hf, Cr, Al and Si,
with values between –6.25% and 10%. Bewley et al. [6] and Gang et al. [3] obtained
homogenous casts without gross segregation through the hybrid combination of several
technologies, (i.e. vapour deposition, ingot casting and arc melting) and a minimum of
five remelting steps for the same sample. The alloying route of the samples started from
buttons of the pre-alloyed Nb-MASC compound manufactured by arc melting.

Alternatively to the cited methods, this work proposed uniquely the employment
of the induction cold crucible furnace (ICCF): the generation of strong electromagnetic
(EM) forces inside the charge results in the semilevitation effect, a partial detachment of
the melt from the crucible’s wall which minimizes their mutual contact. At the same time,
the cooling of the crucible generates a solid fraction inside the melt (the so-called “skull”)

Table 1. Variation of the chemical composition of formerly-manufactured Nb-MASC alloys (in
%). All values are normalized to their target composition.

Nb Ti Si Hf Cr Al

Jéhanno et al. [8] +0.85 –2.21 –1.15 0 +7.20 0
Drawin et al. [2, 9] +0.43 +1.6 –6.25 –5 +10 –5
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which, beside the semilevitation, avoids the formation of impurities inside the liquid
charge and protects the crucible from any chemical aggressiveness. Furthermore, the
liquid material benefits of intense stirring, fundamental for the mixing of multicomponent
alloys.

With the ICCF, the main objective of this work is to achieve a more simple man-
ufacturing route in comparison to the ones already tested. Contemporary, the study
was aimed to select the suitable EM inputs and to design the TH conditions neces-
sary to realize a reproducible induction melting process for Nb-MASC alloys, potentially
based uniquely on the employment of the ICCF. Finally, the homogeneity of the targeted
Nb-MASC alloy was aimed to be maximized with the minimum number of remelting steps
for the same charge.

The manufacturing process was investigated for two compounds: the binary, eutectic
Nb-18Si, and the six-component Nb-16Si-22Ti-4Cr-3Al-2Hf, from now on, referred to
as the “full Nb-MASC compound”. Both of them were provided by the Institut für
Werkstoffkunde. Because of their multicomponent nature, the manufacture of the latter
was constrained by the accomplishment of a highly-homogeneous alloy for the former.

The design of the induction melting process developed in this work was based on
three main steps: as first, the analytical estimation of the suitable melting conditions;
the second step consisted in the experimental tests, and the final one was the chemical
analysis of the solidified alloy, aimed to measure the chemical composition and the in-
ternal homogeneity of its elements. The reproducibility of the melting process and the
optimization of the alloying were investigated with a multivariable approach, based on
the variation of the following parameters:

• The total volume of the charged compound, with the goal to maintain stable
hydrodynamic (HD) and thermal (TH) conditions during the melting process, especially
during the semilevitation of the melt. With this purpose, the investigation was carried
out for two volumes of the charge, 100 cm3 and 130 cm3, selected by the authors in former
works on the basis of a computational optimization.

• Dimensions and alloying conditions of the elements charged in the ICCF and
employed for the melting. At the beginning of the work, it was proposed to employ
solid pellets of the individual elements with different dimensions and equivalent diameter
between 5 and 10mm, the most easily available on the market. Alternative options would
have been pre-alloyed buttons, or even pre-alloyed cylindrical blocks of the compound
with different diameters.

• Electrical inputs of the induction melting process, like frequency and supplied
power, aimed at maximizing both the chemical homogeneity in the charge and the effi-
ciency of the melting.

• Effect of the melting atmosphere on the charge.

• Number of melts necessary to homogenize the charge and the effect of the EM
forces on the final concentration of all elemental components.

To quantify the quality of the alloy, the chemical concentration of each elemental
component was measured at four points inside the manufactured sample after cutting it
along its diameter with the erosion machine, as shown below in Fig. 4: three points were
located along the vertical axis, while the last one was placed near the surface of contact
between the melt and the cold crucible. Exact locations of the measurement points are
reported in Table 2. Besides the individual concentration of all elements, normalized
variations from their target values were averaged and compared with the former works
by Drawin et al. [2, 9], Gang et al. [3], Bewlay et al. [6] and Jéhanno et al. [8].
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Table 2. Coordinates of the points for the chemical concentration measurement. The origin of
the reference system is located at the bottom of the sample, along its vertical symmetry axis.

Measurement point (MP)

MP1 MP2 MP3 MP4

X [mm] 0 19 0 0
Y [mm] 32 32 2 73

Fig. 1. Experimental setup employed for the induction melting in the ICCF: (1) two-
colour pyrometer, (2) monitoring computer, (3) protective glass, (4) protective chamber and (5)
induction cold crucible furnace with the corresponding inductor and the charge.

2. Design of the induction melting setup for Nb-MASC alloys.

The melting setup used for the study was a laboratory-scale induction cold crucible
furnace with internal volume of 282 cm3. The setup, visible in Fig. 1, is installed at the
Institute of Electrotechnology of the Leibniz University Hannover, inside a protective
chamber, where either vacuum atmosphere (approximately 6·10−5 bar) or argon could be
injected at a pressure of 0.3 bar. Electric power was supplied by an EMA-TEC converter
with the maximum power of 300kW. To measure the temperature at the surface of the
melt, a two-colour pyrometer was installed above the chamber. The operating frequency
for the induction melting process was chosen on the base of the equation [10]

fopt ≥
m2

d2wpσwpπµ0

, (1)

where dwp (m) is the diameter of the charged material, σwp (S/m) its electrical conduct-
ivity and µ0 = 4π · 10−7 H/m is the vacuum magnetic permeability (since no magnetic
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materials are involved). The dimensionless coefficient m = dwp/δ depends on the EM
penetration depth δ (m) and quantifies the quality of the EM coupling between the
charged workpiece and the EM field. As reported by Nacke et al. [11], Kudryash [12] and
Bernier [13], the maximum amount of the power density induced inside the workpiece
is ensured for ratios dwp/δ=2.5-5. The presence of multiple elements with dissimilar
properties makes an optimal design of the melting process more complex, as they are not
characterized by uniform conditions. To find a compromise between all charged materi-
als, the study accounted for some assumptions: the electrical conductivity of the charge
was considered for the full Nb-MASC compound, with the value of σel=3.267MS/m
reported by Samsonov [14]. For the melting of pellets, the average equivalent diameter
of dwp =7.5mm was taken. Assuming the ratio dwp/δ=5, Eq. (1) returns the optimal
frequency of fopt =10.97kHz. This was set at the generator to perform the melting pro-
cess. It must be cited that other studies report the value of σel=1.39MS/m [15–17],
which still results in the EM coupling of dwp/δ=3.25 at the same frequency.

The melting power supplied by the generator was calculated using the formula

Pgen =
Pwp

ηel
(2)

prior to the numerical computation of the crucible’s efficiency, respectively, for the volume
of 100 cm3, equal to ηel=0.288, and the 130 cm3 volume, ηel = 0.30. The amount of
power induced within the charge to reach its melting temperature is calculated from

Pwp =
∆θwp

Rth

, (3)

with ∆θwp = θm,wp−θ0 corresponding to the temperature difference between the melting
point of the charge θm,wp and its initial temperature θ0 =20◦C, and Rth=0.12K/W
being the thermal resistance of the cold crucible already calculated in former works by
Turewicz [18] and Vogt [19]. This accounts for the thermal losses by conduction between
the solid fraction of the charge and the crucible’s bottom, and includes an estimation of
the thermal losses by radiation from the free surface of the melt.

2.1. Melting and alloying of Nb-18Si in vacuum atmosphere. The melting process
for the binary compound was carried out starting from solid pellets of the two elemental
components. In the frame of a simplification of the melting route, the use of pre-alloyed
materials was not considered in this phase of the work, and the process was performed
under the vacuum atmosphere of approximately 10−5 bar. Pellets were displaced on the
horizontal layers inside the cold crucible, alternated along the axial direction, to promote
their mixing during the alloying phase. To start, a total volume of 100 cm3 was chosen for
the compound, corresponding to 35.5% of the total volume of the crucible. To maintain
control on the melting process and the resulting semilevitation of the liquid material, the
power supplied by the generator was progressively increased every 90 seconds in equal
steps of 5 kW each, also necessary to avoid rapid thermal stress to the cold crucible. The
melting point of the binary alloy is reported at θm,wp=1916◦C [6], and Eq. (2) returns
the supplied power of Pgen=55.4 kW.

Experiments proved a good predictability of the process, with the melt completely
liquid at 50 kW, as multiple pellets started to melt already at 40 kW, very probably sil-
icon. Once stable TH and HD conditions were achieved, the measured temperature on
the melt surface was 2040◦C. In Fig. 2 the charging and the melting processes of the
binary alloy are shown, together with the cast obtained after the solidification inside the
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Fig. 2. Induction melting process and experimental result for the binary alloy Nb-18Si.

cold crucible. The picture on the right evidences of the deformation of the free surface of
the charge due to the pinching effect and the semilevitation melting by the EM forces. As
for the most relevant results, it was observed that the meniscus maintained a stable de-
formation during the melting process. Chemical analysis performed at the measurement
points inside the manufactured alloy reported average concentrations of 83.7 at.% for
Nb and 17.4 at.% for Si, corresponding to normalized deviations of respectively +2.1%
and –3.3% from the targeted composition. Both values indicate excellent homogeneity
of the alloy manufactured with a single melt, as it fully complies with the ASTM quality
standards.

2.2. Melting and alloying 100 cm3 of full Nb-MASC in vacuum atmosphere. One
of the major limits in the manufacture of the full Nb-MASC compound employed in this
work was the very low amount of information about its thermodynamic properties. For
compounds with similar chemical compositions, the literature reports the melting point
of 1840◦C [14]. It turns that the estimated power to be supplied for the melting process
amounts to Pgen = 51kW, with Pwp = 15.3kW induced in the workpiece.

On the basis of the previous experiment, a first melting and alloying process for
the full Nb-MASC compound was carried out in the following conditions: all elemental
components were charged in the crucible in the form of solid pellets, displaced with the
criteria of increasing mass density – from low-density materials at the bottom of the
crucible to the high-density ones at the top. With the help of the EM forces and the
strong turbulence of the melt flow such strategy was expected to enhance the mixing
between all components. Again, the process took place in vacuum atmosphere and the
supplied power was progressively increased in steps of 5 kW each.

During the experiments, the generation of the liquid fraction occurred between 45
and 50 kW, at the measured temperature of 1835◦C, confirming the melting point re-
ported in the literature and the good predictability of the analytical calculation for the
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Fig. 3. Experimental result of the induction melting and alloying process for the full Nb-

MASC compound with 100 cm3 volume: internal view of a cut solidified cast.

supplied power. Aside the good predictability of the melting effects, other factors influ-
enced the alloying process which could not be considered before: as visible in Fig. 3, the
manufactured alloy evidenced of incomplete mixing with a major fraction of Ti, corres-
ponding to 70 at.%, concentrated in the upper volume of the solid cast (light-grey zone
in the figure). Only the remaining 30 at.% was distributed in the lower part. Unmelted
pellets of Nb were still present, denoting an incomplete dissolution and alloying with the
compound. The formation of the Nb-silicide matrix was visible in a minor portion of the
alloy (dark grey in the figure), where though Hf mixed with tolerable homogeneity. A
crucial issue with the formation of the alloy is concerned with the evaporation of the low-
melting components, Al and Cr. Chemical analysis reported evaporation effects equal to
73 at.% for Al and to 92.5 at.% for Cr. Such effect can be explained by the employment
of vacuum atmosphere for the melting process and can be analytically proved by the
Clausius–Clapeyron equation:

TB =

(

1

T0

−
R ln (P/P0)

∆Hvap

)

−1

. (4)

The boiling point TB can be expressed as a function of the absolute pressure, where T0 [K]
is the boiling pressure of a medium at the atmospheric pressure P0 [Pa], R=8.134J/(K·mol)
is the universal gas constant and ∆Hvap [J/mol] is the heat of vaporization of the liquid.
At the absolute pressure of 6·10−5 bar used in the experiment the boiling point of Al
corresponds to 1287.3◦C and the one of Cr is 1467.1◦C. Both are much lower than the
temperature at which the melting process occurs. Finally, minor instabilities of the melt
meniscus were observable during the melting process caused by the action of the EM
forces.

2.3. Melting and alloying 130 cm3 of full Nb-MASC in argon atmosphere. To
solve the issues encountered in the previous experiments, the melting conditions for the
full compound were modified in the following way:

• The volume of the charge was scaled up to 130 cm3 to reduce the deformation of
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the melt and contemporary increase the manufactured amount of material (corresponding
now to 46% of the crucible’s volume).

• Argon gas was injected into the protective chamber with the main aim to increase
the operating pressure up to 0.3 bar and contemporary avoid oxidation. According to
Eq. (4), at the corresponding pressure the boiling points of Al and Cr are, respectively,
2230.2◦C and 2437.4◦C, much higher than the melting temperature at which the process
is conducted. No risk of evaporation was expected that time.

• The melting process for the same charge was proposed to be conducted twice, after
being turned upside down inside the crucible, to promote the transport of the elements
and enhance their homogenization inside the melt.

• As the unmelted pellets of Nb represented a crucial issue for the quality of the
manufactured alloy, at this step, different electrical conditions necessary to achieve their
complete melting were tested.

Under the frequency of 10.9 kHz, maximum power supplied by the generator was
increased to Pgen =75kW. This corresponded to the value necessary to reach the melting
point of niobium, (i.e. 2477◦C [6]) on the basis of Eq. (3) and Eq. (2). Furthermore,
the melting process was carried on for additional 5 minutes after the achievement of the
liquid phase to promote supplementary stirring inside the melt.

As seen in Fig. 4, the homogeneity of the alloy improved significantly in comparison
to the former experiments: the melt showed a stable meniscus and no evaporation of any

Fig. 4. Induction melting process and experimental result for the full Nb-MASC compound

with 130 cm3 compound. The internal view of the cut solidified cast is visible in the bottom-right
picture.
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Table 3. Variation of the normalized chemical composition of the full Nb-MASC alloy man-
ufactured in this work (in %). All values are averaged between the measuring points and are
normalized to their target.

Nb Ti Si Hf Cr Al

Nb-18Si compound +2.1 –3.3
Full Nb-MASC compound –3.4 +1.6 +4.1 –17.7 +3 +34.8

element was reported. Chemical concentrations of its elemental components have been
published in former works by the authors [20, 21] and count a maximum variation of
2.2 at.% of the targeted value in the case of Nb. The average values of the normalized
deviations are listed in Table 3: with a deviation lower than 5% from their nominal
composition, Nb, Ti, Si and Cr still satisfy the ASTM homogeneity standards. On
the contrary, Hf and Al show much higher deviations of respectively –17.7% and 34.8%
outside the tolerance of the accounted regulations.

Conclusion.

Induction melting in the cold crucible furnace was tested to manufacture Nb-MASC
compounds and contemporary to solve the technical complexities related to their alloying.

Through the variation of the melting conditions, the melting process in ICCF was
optimized for compounds made of up to six elements, for the maximum volume of the
charge corresponding to 130 cm3. For the two tested compounds, Nb-18Si and Nb-16Si-
22Ti-4Cr-3Al-2Hf, suitable alloying conditions were found in the charging of solid pellets
of the individual elements, placed in targeted locations inside the crucible. Melting of the
binary Nb-18Si was successful in vacuum atmosphere, and a single melting was sufficient
to guarantee high homogeneity of the sample, above the industrial quality standards. On
the other hand, the alloying route of the full Nb-MASC alloy required a more complex
strategy, as protecting atmosphere in Ar gas was crucial to avoid the evaporation of the
elements with the lowest melting temperature, (i.e. Al and Cr). In addition, chemical
homogeneity was promoted with the double melting of the same sample and longer
melting times, up to 17 minutes for each charge (excluding the additional solidification
time of 30 minutes inside the crucible). The chemical concentration of the full Nb-MASC
alloy was affected by minor non-homogeneities of two elements, (i.e. Al and Hf), which
sets its homogeneity below the industrial quality standards. On the basis of the results
obtained in this work, such issues are expected to be solved in future researches through
the application of higher melting power and additional melting steps of the same charge
in the ICCF.

Aside such minor non-homogeneities in the full Nb-MASC compound, this study
demonstrates how its melting process in ICCF is fully controllable and reproducible.
The employment of a unique technology and the characterization of the suitable alloying
conditions supported by analytical calculations provide significant improvements for the
multi-technology manufacturing strategies tested until now.

This opens the process up to the potential scalability to industrial-scale ICCFs and
its application in aviation for the production of blades for energy-efficient turbines. Fu-
ture advances of this research aim at the implementation of directional solidification for
complex Nb-MASC compounds to be performed in the cold crucible furnace after the
phases of melting and alloying. This would guarantee the production of blades character-
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ized by mechanical properties comparable to the ones made with Ni-based superalloys.
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[8] P. Jéhanno, M.Heilmaier, H.Kestler, M.Böning, A.Venskutonis,
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