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1. Background

Fig. 1.  RMEA showing excellent mechanical properties 

Refractory medium-entropy alloy (RMEA)

coatings offer considerably high strength at

elevated temperatures to rival superalloys and

are potentially useful for nuclear industries.

However, the insufficient hardness makes them

vulnerable to rapid wear failures under sliding

contact conditions. This study aims to provide an

important guideline for optimizing the mechanical

properties of RMEA coatings.

3. Composition

Fig. 3. (a) EDS elemental compositions and (b) XRD patterns of as-

deposited Nb33.3Ti33.3Zr33.4, Nb32.3Ti32.3Zr32.4Si3.0, Nb29.9Ti29.9Zr30Si10.2, 

Nb25.9Ti25.9Zr26Si22.2, Nb24.9Ti24.9Zr25Si25.2 (at.%) alloy coatings.

The NbTiZr coating possesses a BCC

structure; also, the broadening of diffraction

peaks is indicative of nanocrystallization

and even amorphization in the Nb-Ti-Zr-Si

coatings when the Si content is ≥3.0 at.%.

6. Conclusion

Composition-Structure-Property

Relationships: The variation of Si

content and the structural evolution

of RMEA coatings contribute to the

improvement of properties.

◆With increasing Si contents of

coatings, BCC phase transforms to

a nanocomposite structure

consisting of BCC nanocrystals

embedded in an amorphous phase.

◆ The amorphous coatings exhibit

the highest hardness and elastic

modulus, while the mixed

amorphous-crystalline coatings

rank the second, and the BCC

counterparts are the lowest. This is

attributed to the composition

variation of Si and the structural

evolution of RMEA coatings.

“Phase diagram+T0 curves”indicator for GFA: Systems with plunging T0 curves in phase

diagrams are promising candidates for easy MGs forming, while the GFRs are the composition

ranges between two T0 curves. The rationality of present indicator is verified by experimental

information, which is in satisfactory agreements with the T0-curve defined amorphous areas.

Fig. 6. Calculated T0 curves with stable phase diagrams of (a) Cu-Zr system, (b) Ni-Zr system, (c) Fe-Zr system, and (d) Cu-Hf system. Insert 

glass forming temperatures and crystallization temperatures information are taken from Ref

4. Structure

A nanocomposite structure consisting of BCC nanocrystals embedded in an amorphous

phase and a fully amorphous phase are observed in the Nb32.3Ti32.3Zr32.4Si3.0 and

Nb25.9Ti25.9Zr26Si22.2 (at.%) coatings, respectively.

With the increase of Si content, the phase relations of five samples are calculated. The

glass forming regions can be predicted from the T0 curve. Furthermore, Bcc phase is

favored to form due to the lowest Gibbs free energy among all the solution phases, while

amorphous phase is favored thermodynamically when the Si content is ≥ 7.0 at.%.
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Fig. 4. High-resolution (HR) TEM image and selected area electron diffraction (SAED) patterns of (a) Nb32.3Ti32.3Zr32.4Si3.0 (at.%) and (b)

Nb25.9Ti25.9Zr26Si22.2 (at.%) alloy coatings; (c) chemical compositions of the as-deposited coatings (at 25 ℃) within the quaternary phase

field of the Nb-Ti-Zr-Si system; (d) calculated T0 curve and (e) calculated Gibbs energy at 25 ℃ for amorphous (Am) phase and other

competing phases.
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5. Property

No obvious cracks can be observed from the SEM images of indentations. The hardness (H)

and elastic modulus (E) continuously increase with the addition of Si. The H and E values of the

Si-free Nb33.33Ti33.33Zr33.34 coating are 2.2GPa and 57.5GPa, while those values increase to

the maximum value of 5.3 GPa and 116.6 GPa for the Nb33.33Ti33.33Zr33.34Si25.2 coating.

Fig. 5. (a) SEM top view images of indents for the NbTiZr, NbTiZrSi3.0, NbTiZrSi10.2, NbTiZrSi22.2, and NbTiZrSi25.2 (at.%). (b) Variations of 

hardness and elastic modulus along with the increase of Si content in the coatings.

Five refractory medium-entropy alloy (RMEA) coatings,

Nb33.3Ti33.3Zr33.4 ,

Nb32.3Ti32.3Zr32.4Si3.0,

Nb29.9Ti29.9Zr30Si10.2,

Nb25.9Ti25.9Zr26Si22.2,

Nb24.9Ti24.9Zr25Si25.2 (at.%),

were deposited using a physical vapor deposition (PVD)

method. Microstructures and phase constitutions were

characterized by means of X-ray diffraction (XRD) and

transmission electron microscopy (TEM), while the

mechanical properties were determined using

nanoindentation. Using the CALPHAD approach, a

pseudo-isothermal section of Nb, Ti, Zr near-

equiatomic for the Nb-Ti-Zr-Si coatings was

constructed to analyze the phase relations covering a

wide compositional ranges (at 25 °C), the Gibbs free

energies of competing solution phases indicate the

glass formation range in RMEA coatings.

2. Methodology

Fig. 2. Flow diagram of the present work.


