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Abstract

This paper describes the possibility of welding (joining) the Mo substrate with NiAl intermetallic compound by the
method of self-propagating high-temperature synthesis (SHS) without melting the Mo substrate. It was found that an
intermediate layer is formed between the Mo substrate and the intermetallic welding, the main component of which is a
cellular rod-like pseudobinary NiAl-Mo eutectic consisting of branched Mo threads with a 200 nm thickness and a NiAl
matrix. The Mo dissolution in the Ni—Al melt, which resulted from the SHS reaction, was carried out by free transition of Mo
atoms from the substrate surface to the liquid phase with subsequent diffusion and convective transfer from the interface to the
melt volume. The Mo transfer to the melt volume proceeded relatively slowly, and during crystallization the hypoeutectic
composition near the Mo substrate (up to 14 at. % Mo) was formed, and therefore, in the transition region both pseudobinary
NiAl-Mo eutectic and nuclei of Mo-dendrites could be present.
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SHS, intermetallic compounds, NiAl, coating, mechanic activation treatment, pseudobinary NiAl-Mo eutectic
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Introduction
Due to the wunique combination of high
temperature  strength, heat resistance, thermal
conductivity and corrosion resistance, Ni—Al

intermetallic compounds are widely used in the
automotive industry, aerospace technology and power
engineering. These materials are also known for their
low plasticity and their tendency to brittle fracture,
therefore, alloying additives are introduced into their
composition to increase the strength properties [1-3].
High-melting metals W, Mo, and Ta are used for
alloying Ni—Al-based intermetallic alloys, both with
the aim of creating solid solutions and forming
secondary phases. Such alloys have limiting values of
plastic flow close to the materials traditionally used in
turbine blades. The refractory metal Mo proved well in
the form of an alloying additive that increases the
temperature stability of multicomponent Ni-based
superalloys [4]. At the same time, not only plasticity
significantly increases, but also the crack resistance of
the material improves [5]. At high temperatures (but

not in an oxidizing atmosphere), the strength of
molybdenum exceeds the strength of most other
metals.

Nickel aluminides are characterized by low
ductility at room temperature and have a relatively low
transition temperature from brittle to ductile state,
about 200-400°C [6, 7]. At relatively low
temperatures NiAl has metal-like properties
comparable with ceramics, which remain brittle even
at temperatures around the melting point, and with

compounds such as MoSi,, which change from brittle
to plastic at about 1300 °C [8].

The use of reinforcing fibers from W, Mo and
Al,O3 in NiAl increases the plastic flow stress of NiAl
by transferring the effective load from the matrix to the
fibers [9]. Strong interfacial contact leads to
an increase in high-temperature strength, but reduces
low-temperature viscosity. It is also known that the
eutectic NiAl-Mo alloy is stable during long-term
annealing at 1400 °C, and the Mo fibers undergo
minimal changes [10].
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According to [11], Mo has a rather high solubility
in both Ni and Al (up to 20 at. %). In [12, 13], the
possibility of obtaining various intermetallic
compounds in the Al-Mo system as a result of
mechanical activation treatment of pure Al and Mo
metal powders followed by heat treatment at
400-700 °C was described.

The creation of intermetallic Ni—Al-based
coatings and welding on the surface of parts and
products made of refractory metals is of great interest
[14-16]. This task can be accomplished in the process
of self-propagating high-temperature synthesis (SHS)
from reaction mixtures of powders of metals Ni and Al
[17]. Producing such materials by the SHS method has
an advantage over traditional metallurgical
technologies due to the use of the energy of a chemical
reaction. The creation of coatings and surfacing on the
basis of the NiAl intermetallic compound on the
surface of molybdenum products in the SHS process is
of great practical interest. It was shown that (NiAl) and
NiAl-Mo make it possible to form coatings by the
method of electro-spark alloying (ESA) [18].
NiAl-Mo-based alloys and coatings have high wear
resistance in friction units, slip friction resistance on
metal, with and without lubrication, and are used in the
engineering industry as self-adhesive materials for
friction clutches, machine elements, slip and abrasive
wear, and also in the aviation industry.

The analysis of the literature has shown a limited
amount of experimental work on the formation and
structure of the transition zone between nickel
aluminides and molybdenum substrates (products).
The application of the SHS method is quite convenient
and simple and allows a Ni—-Al melt to be created
during the highly exothermic chemical reaction, which
interacts with Mo in a short reaction time and the melt
crystallization. At the same time, the temperature of
the SHS reaction products is much lower than the Mo
melting point (7, = 2623 °C).

In this work, we studied the interaction of a Mo
substrate with a Ni—Al-based melt formed in the
course of SHS, with special attention paid to the
transition zone of intermetallic molybdenum.

Methods

For the experiments, Mo metal substrates (Alfa
Aesar, purity 99.95 wt. %) in the form of cylinders of
6.35 mm (diameter) x 6.35 mm (height) (Fig. la)
weighing 2.0 g and Ni powders. (Alfa Aesar, purity
99.9 wt.%, 3—7 microns) and Al (Alfa Aesar, purity
99.5 wt. %, <44 microns) were used.
To prepare the reaction mixture, Ni and Al powders
were mixed in a ratio (Ni+ Al)—50 x50 wt. %.
The reaction mixture of powders together with

molybdenum cylinders was subject to mechanical
activation (MA) treatment in a Fritsch Pulverizette-7
planetary mill. The MA treatment was carried out for
30 minutes (500 rpm, BPR = 15, 10 carbide balls with
a diameter of 10 mm) for 4 g of reaction powders and
5 pieces of Mo cylinders in one atmosphere of air.
Heat treatment (HT) of cylindrical substrates coated in
the Ar (1 atm) was carried out at a temperature of
(650 £ 20) °C for 10 minutes.

The SHS experiments were carried out on special
samples: Mo cylinders coated with an MA (Ni+Al)
coating were pressed at a pressure of P =3 Bar into a
powder mixture (Nit+Al)—50 x 50 wt. % in the form
of a tablet with a diameter of 20 mm and a height of
10 mm. The SHS experiments were carried out in air;
the initiation of combustion was carried out using an
electrically heated graphite tape.

The X-ray phase analysis was performed on
a DRON-3M diffractometer with CuK, radiation.
The study of transverse thin sections was carried out
on a Zeiss Ultra Plus ultra-high-resolution auto-
emission scanning electron microscope with INCA
350 Oxford Instruments X-ray microanalysis unit.

Experimental
Mechanical activation and heat treatment

To apply coatings, Mo substrates in the form of
cylinders were used. The appearance of the initial Mo
substrates and after MA is shown in Fig. la, b. As a
result of the MA treatment, a coating was formed on
the Mo surface of the substrates from a mixture of
reaction powders Ni and Al. The geometric
dimensions of the samples after MA increased, the
average coating thickness was 135 pm. The weight of
the samples increased on average by 73 mg (3.75 %).
The X-ray phase analysis of the processed MA
substrates showed that the formed coatings on the
surface of the substrates contained only the initial
metals Ni and Al, the formation of intermetallic
compounds in the coatings was not detected (Fig. 2a).

Fig. 1. The appearance of the samples:
a — the initial Mo substrate; 5 — Mo substrate after the MA;
¢ — Mo substrate after the HT
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Fig 2. Radiographs from the surface of cylindrical substrates
after MA (@) and after HT (b)

The study of the microstructure of the sample
surface after the MA showed that the coating did not
completely cover the substrate. It can be seen that the
surface of the substrates in the uncoated zones was
severely deformed as a result of the impact of the balls
during the MA. This is a consequence of the fact that,
as a result of the MA, not only the metal layer
hardened, but also its destruction with removal of
coating fragments occurred, thus leading to the
formation of in homogeneities and defects of the Mo
surface of the substrate.

The applied coatings have an uneven,
discontinuous, strongly developed relief layer with a
thickness of 20 to 200 pum, having a laminate structure
(Fig. 3), which is typical of powders subject to
mechanical activation treatment [19]. The deposited

coatings also contain a large number of Mo particles of
elongated shape with a size of up to 100 wm, which
were separated from the substrates during the MA
process. The energy dispersive analysis showed that Al
particles contain up to 10 at. % oxygen, which is
associated with the oxidation process in the process of
MA, as the process was carried out in an atmosphere
of air.

The conditions of heat treatment of samples with
coatings deposited during the MA process were chosen
taking into account the melting point of Al, at which
the interaction between the reaction components of the
coating occurs [20]. The heat treatment did not lead to
noticeable changes in the shape, mass, and size of the
samples (Fig. 1¢). The X-ray phase analysis from the
surface of heat-treated samples (Fig. 15) showed that
the NiAl intermetallic phase was formed in the

S~
Mo substrate
70um ' Electron Image 1
a)
Points Mo Ni Al (0]
1 97.9 0 2.1
2 96.0 1.7 2.3 0
3 94.9 3.2 1.9
4 96.1 1.5 2.4
5 92.2 2.4 5.4
6 96.6 32 0.2
7 0 19.0 72.1 8.9
8 5.6 84.2 10.2
9 34.8 59.1 6.1
b)

Fig. 3. SEM of the transition zone
of the coating on the samples after MA treatment (a)
and the results of energy-dispersive analysis (b), at. %
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Fig. 4. SEM of transition zone coatings
on the samples after HT

coating, and the metals Ni and Al were completely
absent, which indicated the completeness of the
chemical reaction (Ni+Al), (Fig. 2b). In the study of
the microstructure of cross sections of heat-treated
samples, partial exfoliation of the coating from the Mo
surface of the substrates was found (Fig. 4). Most
likely, this was due to a significant difference in the
coefficients of thermal expansion of the Mo substrate
and of the Ni-Al-based coating.

Mechanical Activation + SHS ¢

Mo substrates with a mechanically activated
(Ni+Al)-based coating were pressed into the reaction
mixture of Ni and Al powders (50/50 wt.) in the form
of a tablet with a diameter of 20 mm and a height of
10 mm at a pressing pressure of 3 tons. The resulting
sample was pressed from above with a 4.5 kg punch.
The SHS reaction was initiated with graphite tape in
air. The appearance of the burnt sample is shown in
Fig. 5a. To study the microstructure of the Mo/(Ni—Al)
transition zone, a transverse section of the sample was
fabricated (Fig. 5b).

During the SHS process, the Mo substrate did not
undergo any noticeable changes in shape and size.
The surfacing was a porous material based on the
NizAl and NiAl intermetallic phases, also containing
oxide inclusions. At a distance of about 1 mm from the
Mo substrate, there was about 4 at.% Mo.
The intermediate layer, which was previously
deposited on the Mo cylinder during mechanical
activation (MA), after the SHS reaction, formed
a denser non-porous layer than the main surfacing
(Fig. 6a). The intermediate layer (Fig. 6b) consisted of

non-stoichiometric composition of nickel aluminide
intermetallic grains elongated along the “substrate-
surfacing” grain surface. Between the intermetallic
grains there were aluminum oxide layers. Large Mo
particles in the intermediate layer did not undergo
changes in shape and size. Smaller Mo particles
changed noticeably due to Mo diffusion from the
surface of the particles into the intermetallic welding
(Fig. 7). Figure 7a shows the precipitation of Mo
precipitates between the NiAl grains. Recrystallized
Mo particles were found on the Mo surface of the
particles and inside the NiAl grains, as well as layers
of oxides (Fig. 7b).

Mo dissolution in the Ni—Al melt, which was
formed as a result of the SHS reaction, was carried out
by free transition of Mo atoms from the substrate
surface to the liquid phase with subsequent diffusion
and convective transfer from the interface to the melt
volume. It should be noted that the combustion
temperature during the SHS reaction in the Ni—Al
system was about 163 °C, which was much lower than
the melting point of molybdenum (77,,= 2623 °C). Mo
transfer to the volume of the melt proceeded relatively
slowly, and during crystallization hypoeutectic
composition near the Mo substrate (up to 14 at. % Mo)
was formed, the therefore, in the transition region both
pseudobinary NiAl-Mo eutectic and Mo-dendrite
nuclei may be present. The equilibrium temperature of
the pseudobinary system L«<>NiAl (B) +Mo(a) was
(1600 + 7) °C, the eutectic point was 10 at. % Mo, the
maximum solubility of Mo in the NiAl phase was less
than 4 at. %.

a)

Mo substrate

Fig. 5. The appearance of the sample after SHS (@)
and its cross section (b)
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Mo substrate
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5 77.4 22.6 10 52.1 479
c)

Fig. 6. SEM of transition zone of the coating on samples after SHS:
a — dense non-porous layer; b — intermediate layer; ¢ — the result of energy dispersive analysis, at. %

Mo precipitate e Mo precipitate
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a) b)

Fig. 7. SEM of transition zone of the coating on samples after SHS:
a — the precipitation of Mo between the NiAl grains; b — oxide layers

Conclusion References

1. Hashizume R., Yoshinari A., Kiyono T., Murata Y.,

The possibility of applying reactive Ni-Al-based Morinaga M. Development of Ni-based single crystal

coatings on the surface of Mo substrate using superalloys for power-generation gas turbines, in: Green
mechanical activation, and their use to create K.A. Pollock, T.M. Harada, H. Howson, T.E. Reed,
intermetallic coatings on the molybdenum surface in R.C. Schirra, J.J.,Walston S. (Eds.) Superalloys 2004, Minerals,
the course of SHS has been shown. Metals & Materials Soc, Champion, PA, 2004, pp. 53-62.

Advanced Materials & Technologies. Ne 1, 2019 53



AM&T

2. Gould J.E., Ritzert F.J., Loewenthal W.S.
Preliminary investigations of joining technologies for
attaching refractory metals to Ni-based superalloys, in:
M.S. ElGenk (Ed.), Space Technology and Applications
International Forum (STAIF 2006), Amer Inst Physics,
Albuquerque, NM, 2006, AIP Conference Proceedings,
vol. 813, 20 January 2006, pp. 757-765. doi:
10.1063/1.2169257

3. Lapin J., Marecek J., Kursa M. Effect of heat
treatments on the microstructure and mechanical properties
of directionally solidified multiphase intermetallic
Ni—Al-Cr-Ta—Mo—Zr alloy. Kov. Mater. Met. Mater. 2006,
vol. 44, issue 1, pp. 1-11.

4. Bowman R.R., Noebe R.D., Raj S.V., Locci LE.
Correlation of Deformation Mechanisms with the Tensile
and Compressive Behavior of NiAl and NiAl(Zr)
Intermetallic Alloys. Metall. Trans., 1992, vol. 23A,
pp. 1493-1508. https://doi.org/10.1007/BF02647332

5. Reuss S., Vehoff H. Temperature Dependence of
the Fracture Toughness of Single Phase and Two Phase
Intermetallics. Scripta Metall. Mater., 1990, vol. 24,
pp. 1021-1026. https://doi.org/10.1016/S0921-5093(01)
01452-6

6. CuiC.Y.,ChenY.X.,Guo J.T.,QiY.H.,, Ye H. Q.
Brittle-to-ductile transition in multiphase NiAl alloy. Mat.
Sci. Eng. A, 2002, 325(1-2), pp. 186-193. https://doi.org/
10.1016/S0921-5093(01)01452-6

7. Noebe R.D., Cullers C.L., Bowman R.R. The Effect
of Strain Rate and Temperature on the Tensile Properties of
NiAl. J. Mater. Res., 1992, vol. 7, issue 3, pp. 605-612.
https://doi.org/10.1557/JMR.1992.0605

8. Aikin R.M. On the Ductile-to-Brittle Transition
Temperature on MoSi2. Scripta Metall. Mater., 1992,
vol. 26, pp. 1025-1030. https://doi.org/10.1016/0956-
716X(92)90224-3

9. Bowman R.R. Influence  of  Interfacial
Characteristics on the Mechanical Properties of Continuous
Fiber Reinforced NiAl Composites. Materials Research
Society Spring Meeting, San Francisco, CA, 1992.
Cambridge University Press 978-1-107-40963-7 - Materials
Research Society Symposium Proceedings: Vol. 273:
Intermetallic Matrix Composites II. Editors: D. B. Miracle,
D.L. Anton and J. A. Graves, 1992, 145. https://doi.org/
10.1557/PROC-273-145

10. Walter J.L., Cline H.E. Stability of the
directionally solidified eutectics NiAl-Cr and NiAl-Mo.
Metallurgical Transactions. January 1973, vol. 4, issue 1,
pp- 33-38. doi.org/10.1007/BF02649602

11. Diagrammy sostoyaniya dvojnyh metallicheskih
sistem.  Cpravochnik  pod red.  akademika  RAN
N.P. Lyakisheva [Diagrams of binary metallic systems.

Handbook ed. by Academician of RAS N.P. Lyakishev].
1996. (Rus)

12. Enzo S., Frattini R., Canton P., Monagheddu M.,
Delogu F. Neutron diffraction study of mechanically alloyed
and in situ annealed Al75Mo25 powders. J. Appl. Phys.
2000, wvol. 87, issue 6, pp. 2753-2759. DOI:
10.1063/1.372251

13. Enzo S., Frattini R., Canton P., Mulas G., Rada-
elli P. Study of Al-Mo alloys synthetized by mechanical
treatment and annealed in-situ. NanoStructured Materials.
1999, wvol. 12, pp. 547-550. DOIL: 10.1016/S0965-
9773(99)00180-4

14. Sytschev A.E., Vrel D., Kolobov Yu.R., Kova-
lev D.Yu., Golosov E.V., Shchukin A.S., Vadchenko S.G.
Structural features and phase formation in the Ni—Al-W
system  during  Self-propagating  High-Temperature
Synthesis. Composites and Nanostructures. 2013, vol. 2,
pp. 51-58.

15. Sytschev A.E., Vadchenko S.G., Kamynina O.K.,
Sachkova N.V. Simultaneous Synthesis and Joining of a
Ni—Al-Based Layer to a Mo Foil by SHS.Int. Journal of
SHS. 2009, vol. 18, issue 3, pp. 213-216. doi: 10.3103/
S1061386209030133

16. Shchukin A.S., Sytschev A.E. Fine structure of
transition layer formed between NiAl melt and W substrate
during self-propagating high-temperature synthesis. Letters
on materials. 2017, vol. 7, issue 3, pp. 244-248. doi:
10.22226/2410-3535-2017-3-244-248

17. Merzhanov A.G., Borovinskaya L.P.
Samorasprostranyayushchijsya vysokotemperaturnyj sintez
[Self-propagating high-temperature synthesis]. Dokl. AN
SSSR. 1972, vol. 204, issue 2, pp. 366-369 (Rus)

18. Medneva A.V., Ri EH.H., Ri Hosen, Ramens-
kij 1.O., Himuhin S.N., Gostishchev V.V. Ehlektrodnye
materialy iz alyuminidov nikelya dlya ehlektroiskrovoj
obrabotki. EHlektronnoe nauchnoe izdanie ‘“Uchenye
zametki TOGU” [Electrode materials from nickel
aluminides for electric spark treatment. Electronic scientific
publication "TOGU Scientists notes "]. 2016, vol. 7, issue 4,
pp- 321-324. (Rus)

19. Rogachev A.S., Shkodich N.F., Vadchenko S.G.,
Baras F., Kovalev D.Yu., Rouvimov S., Nepapushev A.A.,
Mukasyan A.S. Influence of the high energy ball milling on
structure and reactivity of the Ni + Al powder mixture.
Journal of Alloys and Compounds. 2013, vol. 577, pp. 600-
605. doi:10.1016/j.jallcom.2013.06.114

20. Mukasyan A.S., White J.D.E., Kovalev D.Y.,
Kochetov N.A., Ponomarev V.I., Son S.F. Dynamics of
phase transformation during thermal explosion in the Al-Ni
system: Influence of mechanical activation. Physica B:
Condensed Matter. 2010, Vol. 405, No. 2, pp. 778-784.
doi:10.1016/j.physb.2009.10.001

54 Advanced Materials & Technologies. No. 1, 2019


https://www.researchgate.net/publication/331647553

