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ABSTRACT 
The ductile/brittle (ionic/covalent) behavior of Rh3Nb of L12 structure with the addition of Hf is studied 

by means of the first-principles calculations based on the density functional theory with generalized gradient 

approximation.  Using optimization method, the ground state properties such as lattice parameters and bulk 

modulus are calculated.  The lattice constant(a), elastic constants(C11,C12,C44), Shear modulus(G), Young’s 

modulus(E), Cauchy pressure(C12-C44), Pugh criterion(G/B), Poisson’s ratio(ν) and Hardness(Hv) are reported and 

the results are agree with the available data. The ductility of the compounds is predicted based on Cauchy pressure, 

Pugh criteria and Poisson’s ratio, verified with the respective electron density plots. The total density of states 

histograms are plotted and compared. 
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1. INTRODUCTION 

In the past decades, Nickel- base alloys are important materials for various applications, such as high 

temperature structural materials for the rocket- and jet- engine parts, for furnace construction and for gas turbine 

engines.  However, their applications in vanes of modern aero engines and turbine blades are limited due to low 

melting point. It is necessary to develop new materials with higher temperature capabilities.   Yamabe-Mitarai and 

co-workers proposed a new class of refractory superalloys based on platinum group metals.  Among the platinum 

group metals, rhodium base alloys possess additional advantages for high-temperature structural applications. This 

motivates for present study on the Rh- based intermetallic compounds.  In this study, we present the effect of Hf 

ternary addition on Rh3Nb and we have performed first principle calculations to investigate the structural, elastic 

and mechanical properties. We predict our results with ductile/brittle nature of the alloy combinations.   

2. COMPUTATIONAL DETAILS  

All the calculations used here are carried out by means of full potential linearized augmented plane wave 

(Fp-lapw) method implemented in the wien2k code.  The generalized gradient approximation (GGA) in the form 

of perdew et al. (pbe) is used for calculating exchange and correlation energy.  In order to achieve convergence, 

we expand the basis function up to rmt x kmax =7, lmax = 10 and gmax = 12. The total energies and charges are 

converged below 10-4 ev and 10-3ev respectively.  The k-point mesh of the brillouin zone is performed using 

monkhorst -pack scheme with 14x14x14 for parent rh3nb and 10x10x10 for supercells. 

3. RESULTS AND DISCUSSION 

The optimized lattice parameter for Rh3HfxNb1-x (x = 0, 0.25, 0.75, 1) compounds are reported in Table1.  

The calculated lattice constant and bulk modulus for Rh3Nb correlate very well with the available data.  The 

calculated elastic constants (C11, C12 and C44), Shear modulus (G), Young’s modulus (E), Cauchy pressure (C12-

C44), G/B ratio, Poisson’s ratio (ν) and Hardness (Hv) for Rh3HfxNb1-x (x =0, 0.25, 0.75, 1) combinations are 

presented in Table1. 

The ductility of the compounds could be analyzed based on Cauchy pressure (C12-C44), G/B ratio and 

Poisson’s ratio (ν).  If Cauchy pressure is positive, the material is metallic non- directional bonding (ductile). If 

Cauchy pressure is negative, the material is nonmetallic with directional bonding (brittle). From Table1, one can 

observe that the Rh3HfxNb1-x(x= 0.75, 1) combinations having positive Cauchy pressure; resulting in metallic 

bonding (ductility) in it.  As suggested by Pugh, if G/B<0.57 a material behaves in a ductile manner.  From Table1, 

it can be seen that for Rh3HfxNb1-x(x= 0.75, 1) compounds the calculated value of G/B is less than 0.57 reveals that 

they show the ductile nature.  If Poisson’s ratio (ν) is less than 0.26, the material is brittle, otherwise it is ductile.  

The Rh3HfxNb1-x(x= 0.75, 1) compounds having ν greater than 0.26 also reveals that these compounds are in ductile 

(ionic) nature. According to the above three criteria, the Rh3HfxNb1-x(x= 0, 0.25) compounds are in brittle (covalent) 

nature. 

Shear modulus and Bulk modulus can measure the hardness of a compound. The Young’s modulus 

provides a measure of the stiffness of a solid, and the material is stiffer for the larger value of Young’s modulus.  

From the Table1, one can note the value of B, G, E and C44 for Rh3HfxNb1-x(x=0, 0.25, 0.75, 1) compounds follows 

the decreasing order.Based on charge density plots also one can study the covalent nature of the materials. From 

Fig.1(a) & 1(b), one can observe that the charge locate between Rh-Nb, Rh-Nb-Hf atoms, suggesting strong 
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covalent bonds between them and hence the material is in brittle nature. Similarly from Fig.1(c) & (d), the absence 

of such charge density contours reveals that the material is in ductile nature. 

We have also plotted the DOS histograms (Fig.2 (a-d)) for Rh3HfxNb1-x(x= 0, 0.25, 0.75, 1) combinations.  

In Fig.2(a-b), one can notice a pseudogap [16] in Rh3HfxNb1-x(x= 0, 0.25)  compounds and in Fig.2(c-d) there is no 

noticeable pseudogap in Rh3HfxNb1-x(x= 0.75, 1)  compounds .  The pseudogap can directly reflect the strength of 

covalent bonding.  In Fig.2(a) EF is lying on the pseudogap and in Fig.2(b) the pseudogap is near the Fermi level 

implies that the presence of covalent bonding (brittle) in Rh3HfxNb1-x(x= 0, 0.25) compounds.  The absence of 

pseudogap implies that the ionic bonding (ductile) in Rh3HfxNb1-x(x= 0.75, 1) compounds. 

 

Table1: Calculated ground state and elastic properties of Rh3HfxNb1-x (x = 0, 0.25, 0.75, 1) compounds. 

Parameter Rh3Nb Rh3Hf.25Nb.75 Rh3Hf.75Nb.25 Rh3Hf 

Lattice Constant 

(a.u.) 

Present study 

aexp.=7.2887 

acal. =7.3668 
aaexp.=7.289 

acal .=7.242 
baexp.=7.2886 

acal .=7.3623 

aopt .= 7.4038 

 

 

aopt .= 7.4396 

 

 

aopt .=7.4641 
aaexp=7.389 

acal =7.346 
baexp=7.3906 

acal =7.4643 

 

C11(GPa) 475.4 378.19 362.89 287.49 

C12(GPa) 169.58 157.51 152.07 191.14 

C44(GPa) 456.58 179.14 139.59 108.20 

C
12

-C
44

 (GPa) -287 -21.63 12.45 82.94 

B (GPa) 274.51 

at 0.027 

257.08 

at -3.1 

236.54 

at -1.5 

218.34 

at -0.2 

G (GPa) 294.81 147.49 124.75 78.21 

E (GPa) 651.28 371.46 318.29 209.59 

G/B 1.07 0.57 0.53 0.36 

ν 0.10 0.26 0.28 0.34 

Hv (GPa) 77.87 23.58 18.24 8.34 

 
 

Fig.1.Charge density plot of (a) Rh3Nb (b) Rh3Hf0.25Nb0.75 (c) Rh3Hf0.75Nb0.25 (d) Rh3Hf. 

 
Fig.2.Total density of states (a) Rh3Nb (b) Rh3Hf0.25Nb0.75 (c) Rh3Hf0.75Nb0.25 (d) Rh3Hf 

 

 

4. CONCLUSION 
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We conclude that the Rh3HfxNb1-x(x= 0, 0.25) compounds are brittle (covalent nature) having negative 

Cauchy pressure, lower values of G/B ratio, Poisson’s ratio and higher values of Shear modulus, Young’s modulus 

and Hardness and the Rh3HfxNb1-x(x= 0.75, 1) compounds are ductile (ionic nature) having positive Cauchy 

pressure, higher values of G/B ratio, Poisson’s ratio and lower values of Shear modulus, Young’s modulus and 

Hardness. 
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