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Abstract: The big advantage of refractory high entropy alloys (RHEAs) is their strength at high
temperatures, but their big disadvantage is their brittleness at room temperature, which prevents
their machining. There is a great need to classify the alloys in terms of brittle-ductile (B-D) properties,
with easily obtainable ductility indices (DIs) ready to help design these refractory alloys. Usually,
the DIs are checked by representing them as a function of fraction strain, ¢. The critical values of DI
and ¢ divide the DI—e area into four squares. In the case of a successful DI, the points representing
the alloys are located in the two diagonal opposite squares, well separating the alloys with (B-D)
properties. However, due to the scatter of the data, the B-D separation is not perfect, and it is difficult
to establish the critical value of DI. In this paper, we solve this problem by replacing the fracture
strain parameter with new DIs that scale with the old DIs. These new DlIs are based on the force
constant and amplitude of thermal vibration around the Debye temperature. All of them are easily
available and can be calculated from tabulated data.
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1. Introduction

The enlarged compositional freedom afforded by the extended solid solution structure
of refractory high-entropy alloys (RHEAs), based on the nine early transition elements,
Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W), opens up the possibility for the design of alloys for
different applications. However, casting the RHEAs for high strength at high temperature
applications reveals again the age-old problem of metallurgy, namely, the higher the
strength, the lower the ductility and malleability [1,2].

The strength—ductility trade-off is represented as a hyperboloid function relation-
ship [3] of the two parameters: the higher the strength, the lower the ductility. After stress,
the ductility can be characterized by the following measurable parameters: elongation at
break (e (%)), reduction in cross-sectional area at break, energy absorbed up to break, and
strain hardening exponent (n) determined from the true stress—strain diagram. Elongation
to fracture seems to be the easiest to apply in practice, but since the majority of the samples
in the literature have been tested for compression rather than tension, it is better to discuss
the fracture strain to characterize the degree of deformation until fracture. This, however,
is very contingent in terms of its extent, so it is only a qualitative characteristic, and it was
necessary to find its quantitative substitute in this work.

Predicting the ductility or brittle behavior before stress can be conducted with the duc-
tility index based on the existing and newly invented criteria. These criteria are connected
to the strengthening mechanism of the RHEAs. When looking for ductile behavior, one has
to avoid the strengthening mechanisms, which are as follows:
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Grain refinement: Smaller grains mean more grain boundary, that is, more disconti-
nuities in the path of dislocations, that is, less ductility. The increase in strength can be
expressed by the Hall-Petch relation [4], which expresses the increase in yield stress (oy)
due to the decrease in grain size (d):

k

where 0, is the yield stress for large grains and k is a constant.

Strain hardening, which happens during the plastic deformation when the continuous
increase in dislocation densities (p) causes the increase in stress (oy) necessary to move the
dislocations. This mechanism [5] is described by:

G-b
O'y:Uo‘FT\/ﬁ )

where G is the shear modulus, b is the Burger’s vector, and o, is the yield stress for the
sample state before plastic deformation.

Solid solution strengthening [6] originates from the interaction of the dislocations with
the stress field of the solute atoms, which increases together with the increasing atomic size
difference (8R), and depends on the nature of the solute atom: the small interstitials (B, C,
and N) produce tensile stress, whereas the large substitutional solutes produce compressive
stress around them.

Precipitation hardening stems from the interaction of the stress field of dislocation
with the large elastic distortion around the coherent precipitate particles. This elastic
distortion is missing around incoherently precipitated particles, and will not contribute to
the hardening (it is just a neutral inclusion).

Dispersion hardening happens when fine precipitate particles (a second phase such as
oxides, borides, carbides, nitrides) extend all over the sample, and the increase in the yield
stress originates [7] from the stress necessary to move a dislocation of length ¢ (equal to the
mean spacing between the particles) pinned at both ends with Burger’s vectors of b, in a
matrix with shear modulus G:

G-b

Phase transformation strengthening happens when the phase born in transformation
has lower symmetry then the original matrix, like the hardening caused by austenite—
martensite transformation in ball bearing steels, or FCC-BCC and FCC-B2 transformation
in FCC Cantor HEAs alloyed with Al [8].

Based on this strengthening mechanism, one can make predictions concerning the
strength of the alloy, but no clear predictive correlations have yet been established between
the increase in strength and decrease in ductility for a particular alloy composition. For
example, we cannot handle the strength—-ductility trade-off in the case of the best refractory
alloys with the highest yield stress and brittle at room temperature, presenting a ductile
elongation as law as 4% [9]. It is annoying that when we are in the midst of such great
discoveries in nuclear physics and space exploration, we cannot reconcile an everyday
phenomenon such as tensile strength with the formability of the sample, so the millennia-
old task remains of how to make the material tough while preserving the great tensile
strength. At the moment, we can only make suggestions about the presence or absence of
ductility. For example, how to transform the so called Senkov alloys, NbTaMoW (yield
stress, YS = 1000 MPa) and MoWNbTaV (YS = 1250 MPa), with a law elongation strain
(<5%) into a more malleable alloy at room temperature, thus preserving the excellent tensile
stress values [10].
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2. Review of the Most Relevant Ductility Criteria

The Pugh criterion [11] is based on the model that the yield stress (a measure of the
resistance to plastic deformation) scales with the shear modulus, whereas the fracture stress
scales with the bulk modulus. A ductile behavior is expected when the ratio of shear and
bulk moduli is G/B < 0.575, above this value, brittle behavior is predicted. This prediction
is based on two elastic moduli, however, this is not always possible. For example, the
elastic moduli (E,G,B) of the elements Zn and Zr did not differ too much, although they
behaved differently in a visible way under stress or bending.

The Pettifor criterion [12] is based on the Cauchy pressure: C” = Cyp — Cyq4. The
positive value of C” corresponds to the isotropic metallic bond, which characterizes an
intrinsically ductile material. Materials with negative Cauchy pressure possess, at least
partially, direction (covalent) bonding and are intrinsically brittle.

The Rice and Thomson criterion [13] is where the model predicts an approximate
condition for sharp cleavage cracks (i.e., brittle behavior):

Gb/vs>7.5-10 4)

where s is the surface energy, G is the shear modulus, and b is the Burgers vector.

It is worth mentioning that for iron, the Gb/ys~7.5-8. This value is at the limit of
ductile behavior. This means that the ductile-to-brittle transition temperature of iron is not
much below room temperature [14].

The Rice criterion [15] is the plasticity resulting from the competition between disloca-
tion emissions and cleavage fracture propagation. This competition can be expressed [16,17]
as a ratio of the critical stress intensities responsible for the dislocation emission (K1e) and
cleavage (Klc), respectively:

D =Kle/Klc 5)

The parameter D can be used as ductility meters. Intrinsically ductile behavior is
expected when the stress intensity necessary for dislocation emission is smaller than the
cleavage stress D < 1. The ratio of critical stresses can only be obtained by ab initio
calculations. For example, when conducting density-functional theory simulations [18] to
investigate the competition between cleavage decohesion and dislocation emissions from
the crack tip, it turned out that the dislocation plasticity was found to be unfavorable for
five representant compositions of refractory RHEAs: HINbTiZr, MoNbTaVW, MoNDbTaV,
MoNDbTiV, and NbTiVZr, which are all brittle at room temperature.

Theoretically, it is important that the ratio of critical stress intensities can be re-
placed [19] by the surface energy (Yqurf) of cleavage and the energy of the unstable stacking
fault, yys, [19]:

D = ysurf/yusf (6)

The higher the ratio vt/ vust, the higher the fracture deformation, ¢p, (the ductility is
improved).

The VEC~4.2 criterion: Qi and Chrzan [20] proposed that the intrinsic ductility of
a bec refractory alloy could be estimated based on VEC. They showed that Mo- and
W-based alloys could become intrinsically ductile if their average valence electron numbers
were decreased by alloying. Moreover, Sheikh et al. [21] demonstrated a ductility around
VEC = 4.2, proposing the idea of metastability engineering. Changing the composition of
the alloy, the brittleness increased as the VEC value increased from 4 to 6 [21]. Exploiting the
transformation induced plasticity (TRIP), the ductilization of BCC-RHEAs was obtained
by alloying, reducing the VEC to 4.2 [22,23].

Local lattice distortion (LLD) criterion: Theoretical calculations [24] revealed that the
local lattice distortion of the refractory HEAs was much more significant than that of the
3d HEAs.
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Recently, a ductility index was presented [25] based on the ab initio calculation of the
ratio of the average local lattice displacement and vector norm of the lattice displacement
of local lattice distortions (LLDs). A ratio smaller then 0.3 is ductile, and that larger than
0.3 indicates brittle behavior.

We have to keep in mind that all predictions concerning the ductility behavior refers
to single-phase alloys Usually, all of these ductility meters are checked by representing
them as a function of fraction strain, (¢). The check is valid if the points of the alloys
are sorted in two opposing quadrants only separated by the critical values of the DI
under investigation and taking, rather arbitrarily, (¢) = 10% for the brittle-ductile limit.
The problem is with the set of data containing samples prepared with different methods,
different phase compositions, and (¢) measured with different accuracies. The scope of
this work was to find a proper way for sorting the alloys into brittle and ductile quadrants.
This scope was realized by introducing new DI parameters that scale linearly with the old
ones. First, we represented the elemental metal data and decided the critical values of the
parameters at the borderline of B-D behavior. Then, we checked the alloys available in
different published datasets.

To sum up, each ductility criterion defines a ductility index with a characteristic critical
value separating the ductile and brittle behavior. Two classes of the ductility indices were
used in the application of the ductility criteria. In the phenomenological class, we used
those based on the tabulated data of constituent elements of the alloys (Pugh, Pettifor, and
Rice and Thomson). The LLD (local lattice distortion) and D parameter (D = vgurf/ Vust)
belong to the theoretical ductility meters only obtainable by ab initio calculations. The
scope of the present work is twofold. First, to renew the existent phenomenological criteria
by introducing new parameters that are available from tabulated data. Second, the new
DI parameter will be not checked with the fraction strain (¢) parameter with uncertain
numerical value, but with an old DI parameter with which it can be scaled (i.e., it has a
linear relationship).

3. Results

In the following four paragraphs, we present how to classify the alloys of a dataset
into ranges B-D with the “old” DI parameters discussed in the introduction. The following
nine figures are based on the dataset (about 50 RHEAs) collected by Hu et al. [19].

3.1. Application of Fracture Strain as Ductility Index

At first, it seemed that the most obvious ductility index is the deformation until frac-
ture, expressed as a percentage of the original size. The values of the fracture deformation,
¢, obtained from compression measurements, are very contingent and can differ by as
much as 50-100%, especially if the faces of the square column-shaped sample are not
plan—parallel. Furthermore, our ductility criteria are valid for single phase homogenous
alloys. The single-phase structure of the samples with ¢ data published in the literature was
not documented carefully, which is why we were looking for other decision-maker ductility
meters. Considering the fracture strain as just a qualitative parameter only, we defined,
rather arbitrarily, the ductile behavior as ¢ > 10% and brittle for ¢ < 10%. Furthermore, we
defined a derivative of this ductility meter, the effective fracture energy FE as the product
of yield stress and fracture strain:

FE = oy™e (7)

In Figure 1, we present the fracture energy as a function of fracture strain for a set of
50 refractory HEAs with a BCC structure. The data were collected by Hu et al. [19], together
with the D = g/ vusf calculated parameters.
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Figure 1. Fracture energy versus fracture strain. Two opposite quadrants separately contain the

brittle and ductile alloys, B and D. The other two quarters are empty if the critical values are chosen
correctly. . = 10% and E. = 200 M]J/ mS.

3.2. Application of Reduced Valence Electron Counts Parameter, R-VEC

It is known that a number of physical properties depend monotonously from the total
valence electron counts (VEC). Furthermore, we demonstrated in a recent paper [26] that
a correlation exists with the number of unpaired d electrons. To emphasize the role of
unpaired d electrons, here, we introduced the so called “reduced VEC”:

R-VEC = (VEC — 2)/45 8)

valid for the RHEAs only. This expression gives the relative number of d electrons, starting
from Ti with 2 d electrons (VEC = 4) and ending at VEC = 6.5, where the maximum occurs
for those properties that show strong VEC dependence (hardness, cohesion energy, elastic
moduli, see [26]).

In Figure 2 the fracture strain as a function of R-VEC is presented. Accepting 10%
fracture strain as the limit of B-D behavior the critical value for R-VEC will be 0.72.
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Figure 2. Fracture strain ¢ as a function of reduced VEC. The critical values are ¢. = 10%, R-VEC. = 0.72,
and VEC. =5.4.
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3.3. Application of Poisson Ratio and Its Derivative, Parameter D* of Christensen

If there are no available ductility meters, then we have to create one. The most
promising parameter looks like to be the D* parameter of Christensen because out of the
four elastic parameters (B, E, G, and v), the Poisson ratio, v, is the most sensitive to the
brittleness of deformations. Having already determined the average moduli values for

the given alloy, Gaye and Baye, with the rule of mixture (ROM), the Poisson ratio can be
calculated with Formula (9):

3B —2G
YT 6B +2G ©)
The rather limited interval of variation of the v parameter (between 0.2 and 0.5) was
overcome by Christensen [27], defining a ductility index parameter, D*, as:

2

In practice, D* varies between 0.25 and 1 while v varies between 0.2 and 0.5. D* =1
corresponds to perfect ductility and D = 0 to total brittleness. The critical value for the In
general, Poisson ratio v > 0.28 and D* > 043 means ductile. Representing the fracture strain
as a function of D* (see Figure 3), the critical value for D* = 0.562. It should be mentioned
that Formula (9) is valid for isotropic alloys only.
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Figure 3. Fracture strain c as a function of modified Poisson ratio parameter D*. The critical values
are ¢c = 10% and D¢.* = 0.562.

3.4. Application of Modified Rice Ratio, the Parameter D, (See Equation (6)) as Ductility Index

First, we report on a very important observation. The D parameter of Rice obtainable
by theoretical calculations only, scales with the phenomenological obtainable D* parameter
( see Figure 4). This observation makes it possible to obtain the D parameter of an alloy
through the role of mixture calculations based on the tabulated D values of the constituent
elements. Representing in Figure 5 the fracture strain as a function of D parameter helps
determining the critical value for D = 2.62.
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Figure 5. Fracture strain ¢ as a function of the D parameter. The critical values are e. = 10% and
D, =2.51.

3.5. Application of Cauchy Pressure and Pugh Ratio as Ductility Meters

According to the Senkov and Miracle calculations, the Cauchy pressure C” = C1; — Cyy
can also be expressed in terms of the elastic moduli (see Equation (6) in Ref. [28]):

B

3 T3A2119A+3

Cr — (C125c44> _ (1 _f(A)G)

The critical value of Cauchy pressure, C” = 0, determines the critical values of the
Pugh ratio, G/B, as

(G/B)er = 1/1(A). (12)

This critical value of the Pugh ratio varies between 0.568 for A = 2 and 0.3 for an
infinite value of A.
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The critical term is the Zener anisotropy [29], defined as:
A =2C4/(Ci1 — Cop) (13)

For isotropic polycrystalline materials, A = 1 signals perfect disorder in grain orienta-
tion. This is difficult to realize experimentally because casting produces inherent thermal
cooling anisotropy. However, the largest effect on elastic anisotropy is produced by the
metastable structure around VEC = 4.2 when the material is at the limit of BCC and HCP
phase formation, which means that C' (C' = (C1; — C13)/2) becomes zero, and anisotropy
A has a singular point presenting a large value of the order of ten.

This singular point was around VEC = 4.1-4.2, both for elemental metals and alloys
(see Figure 6). It turns out that for the elements at the beginnings of rows 3d—4d and 5d
(VEC around 4), the anisotropy presented a large, singular point, and the critical G/B value
was minimal, at 0.30. For VECs out of the singularity region, the C’ values differed from
zero, and the critical G/B value achieved their normal values between 0.57 and 0.3. It
should be mentioned that because of this VEC dependence of Zener anisotropy, it cannot be
defined as a unique anisotropy factor (f(A)) for a set of samples with different VEC values.
We recommend choosing, rather arbitrarily, the interval 0.26-0.28 for the minimal values of
the Poisson ratio for the BCC-RHEAs. The corresponding interval or the critical value for
G/B is 0.568-0.515, and for the anisotropy factor f(A), the interval is 1.76-1.941.

160

140 4
120
o 100 ] C=-318+76VEC
~ J
O 804
? 77 VvEC=4.1forC'=0
o 604
\I_I/ 4
O 404
20 .
Till
4 Hf [
04
-20

LN DU DL DL L L I DL B DL I B B |
36 38 40 42 44 46 48 50 52 54 56 58 60 62
VEC
Figure 6. Valence electron counts dependent of the C’ component of the shear modulus for refractory
metals and their alloys. Linear correlation was found between the valence electron counts and the C’

component of shear modulus for refractory metals and alloys. For alloys the data from [18,30] and
for pure metals the tabulated data have been used.

The expression of Cauchy pressure as a function of Pugh ratio and anisotropy factor
serves as a new ductility index, Parameter PSM (Pettifor-Senkov—Miracle):

P=1-f(A)F (14)
where P > 0 means ductile, and P < 0 means brittle.
The anisotropy factor, f(A), was determined as follows:

i. From the tabulated data, we collected the G and B values of the alloying elements;

ii. ~ With the rule of mixture, we calculated the average values for the given composition,
Gave and Bave;

iii. With Formula (15), we calculated the critical value of G/B by selecting the critical
value v, of the Poisson ratio.
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Usually, v. = 0.28 and (G/B)c; = 0.515. The anisotropy factor will be the inverse of
(G/B)cy, f(A) =1.939.

With this, the P parameter of Equation (14) can be calculated for the dataset and can
be represented as a function of accepted ductility indices (fracture strain, LLD, and D
parameters).

The important values of these parameters are collected in Table 1.

Table 1. The critical values for the PSM parameters: Poisson ratio.

v D* (G/B)cr f(A) A
0.2 0.25 0.75 1.33 0.8

0.25 0.36 0.6 1.66 1
0.28 0.43 0.515 1.9417 3.35
0.31 0.5039 0.435 2.298 6.94
0.33 0.5625 0.375 2.66 14.4
0.5 1 0.3 3.33 inf.

Although we have tried different DI pairs for the PSM parameter (fracture strain in
Figure 7a, reduced VEC in Figure 7b. and parameter D in Figure 8), the strong dependence

of Cauchy pressure from the Zener anisotropy makes it less applicable for the delimitation
of B-D regions.

0.00

Cauchy pressure , with f(A) = 2.68

-0.05

0.20
] © [ ]
] © ]
N
I 0154 -
[ ] [ < u [ ]
- ] " = " . n
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L | 8 an " L]
B ttl - n u
rittle 005 Brittle
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(') 10 2'0 3'0 4'0 5'0 0.50 0.55 0.60 0.65 0.70 075 0.80
Fracture strain (%) R-VEC
(a) (b)

Figure 7. Delimitation of the B-D regions using Cauchy pressure parameter P =1 — 2.66* (G/B) versus
(a) fracture strain and (b) R-VEC.

Unfortunately, the application of the oldest Pugh criterion also does not give better
results (see Figure 9) in terms of classification according to B-D properties because the Pugh
ratio is also dependent on anisotropy factor A, which can vary arbitrarily from sample
to sample. Applying the Voigt—-Reuss-Hill (VRH) approximation [31], we obtained the
following expressions for the shear and bulk moduli as a function of the Cy1, C13, and Cyy
elastic constants and Zener anisotropy A (see Equation (13)):

G — 3Cu(A2+12A42)
5A(2A+6)

(16)
B=2+Cpp



Crystals 2024, 14, 838 10 of 19

0.20
© m
© "
AN
M 0.5+ .
< ]
= . "
= n ‘. "
2 0.10 - L n
o g " EE u
= l' ] m
)
] m = .
O 0.05 - i m
a .
- Ductile
= | ]
O
T 0.00 =
O g

Brittle r
-0.05 T T "~ T *~ T "~ T "~ T * T " 1

2.0 22 24 26 28 3.0 3.2 3.4 3.6
D

Figure 8. Cauchy pressure C” =PSM =1 — 2.66 G/B as a function of the D parameter. Again, we
obtained the critical value D, = 2.5.
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Figure 9. Delimitation of B-D regions using Cauchy pressure, P =1 — 2.66*G/B), and the Pugh ratio
versus D parameter.

It is worth noting that while applying the Pugh criterion there are problems due to
the singularities of the anisotropy around the value of VEC = 4.2, until then, this does not
affect the application of the Rice and Thomson criterion.

Changing the pairs of ductility indices, no improvement in the delimitation of B-D
regions could be detected. The only advantage of these figures is that it makes clear the
constancy of critical values, irrespective of the chosen pair. However, it seems necessary to
search for new DlIs to improve the classification of alloys in the D-B range.
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250

3.6. Possible New Physical Parameters for New Ductility Indexes

Parameter k (renewed Pugh criterion)

In order to renew the existing ductility meters with new parameters, we had to
demonstrate that the new parameters scaled with the old ones and were eventually easier
to access through tabulated values. We considered the following new parameters: the force
constant, k, the amplitude of thermal vibration, u, the melting temperature, and the surface
energy, Ys.

The force constant, k, can be calculated from the tabulated atomic mass, A, and Debye
temperature (Op[K]) data as follows [32]:

kg

2
k:() A0 =286-107°- A0} (17)

h

The unit of k is N/m (J/m?). In order to obtain the elastic moduli unit, we have to
divide it with a length parameter, which we arbitrarily selected as the amplitude of thermal
oscillations at the Debye temperature. This selection was motivated by the fact that it varies
in the opposite sense with the force constant, so the larger the force constant, the smaller
the thermal amplitude.

The mean square amplitude at T = 0 is given in the textbook [33] as:

<w?>=92. L —43686-10% L 0
<u>=[BES H

where A and 0p are the tabulated atomic mass and Debye temperature, respectively.
Finally, the new DI parameter, k/<u>, has the same unit, N/ m?, as the elastic moduli:

k  286-107°A6%

<u> 436.86
A0p

=0.137 - A2 . 63/? (19)

In Figures 10 and 11, we demonstrate that both the force constant and the ratio k/<u>
can be scaled with the shear modulus, so can consequently replace it in the Pugh criterion.
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Figure 10. Scaling of the shear moduli with the force constant for elemental metals (a) and alloys (b).
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Figure 11. Scaling of the shear moduli with the ratio of the force constant and thermal amplitude for

elemental metals.

The shear moduli was scaled with both (a) the force constant, G = k/5, and with (b) the
ratio of k/u, G = (1/64)k/u + 28. Furthermore, we had to find the appropriate substitute
for the bulk modulus, which is the second term of the Pugh ratio. We remind the reader of
the work by Wacke et al. [33], who showed that the bulk moduli scaled with the density
of cohesion energy. Here we will use the scaling relationship between the bulk moduli
and melting temperature (see Figure 12), because Kaptay [34] have demonstrated a strong
linear correlation between the cohesion energy and melting temperature. Therefore, we
found the new Pugh ratio as the ratio of k/u and melting point T,.

400
B=-34 + Tm/Vm

3004
o R2=0.79
5 .
0 500

100 -

0 T T T T T T T T T T 1

: — —
0 50 100 150 200 250 300 350 400 45
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Figure 12. Scaling of the bulk modulus with the ratio of melting point and molar volume.
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The dimensionless expression for the new Pugh (NP) ductility index, NP, will be:

k Vm

NP= ———
< u > RTy,,

(20)
where k/u stands for G and RT,, /Vy, stands for B.

Using the tabulated molar volume in cm?/mole, the melting temperature in K, and
the amplitude in A, we can extract a numerical factor:

k  V, 10*

pP= -
<u>T, 831

obtaining the reduced new Pugh (RNP) index as:

kK Vv,
RNP = — 21
<u>Ty 1)

In practice, we have found that a better relationship can be obtained with the square
root of RNP as a function of the “old” Pugh ratio, G/B. The result is shown in Figure 13,
where the known brittle elemental metals are clearly delimitated from the ductile ones.
A similar good delimitation was obtained for the refractory alloys dataset collected by
Borg [35] and Gorsee [36,37].

0.48

06 G/B = 0.1*sqrt((k/uy*(Vm/Tm)) Brittle |, Brittle
.0 4 [ ]
R2 = 0.85 0.46 na ™
HE W o = . # g——
0.5 . ) ..R Ru Os 040 ] q.- ; .
e u |
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0.36 - -
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sart(RNP) Sqrt (RNP)
(@) (b)

Figure 13. Clear delimitation of D and B quadrants in G/B versus sqrt (RNP) representations for
(a) elemental metals and (b) for RHEAs.

3.7. Easy Access Surface Energy and Renewed Rice and Thomson Meter

Considering that all of the cohesion related properties were expected to scale with the
melting temperature, it was not out of the ordinary that the surface energy scaled with the
melting temperature (see Figure 14), even though the units of the two energy correlated
properties were not the same. An extremely simple numerical expression helps obtain the
surface energy by dividing the melting temperature in Kelvin with 1000, and the unit of 7,
will be J/ m?2. As we do not have the space here to enter into an extensive analysis of this
simple relationship, we just employed it to renew the Rice-Thomson expression. Instead of
G*b/Ysurf, we can apply the two dimensionless expression k/7s,,sor 2R*(k/ 1)/ 7ysu,f, Where 2R
is the near-neighbor distance, u is the thermal amplitude at the Debye temperature, and yq,¢
is the tabulated surface energy. The scaling of the new and old Rice and Thomson parameters
are presented in Figures 15 and 16. It turns out that the brittle elemental metals were those
with the highest melting point. The linear correlation was also preserved for the collection of
alloys, although none of them were really brittle, having a R-T parameter less than 10.



Crystals 2024, 14, 838

14 of 19

Yg =T,/1000

R?=0.87

0

T
500

T
1000

T T T T T
1500 2000 2500 3000 3500 4000
T, (K)

Figure 14. Surface energy of metals scaled with the melting temperature, similar to the cohesion energy.
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Figure 16. Assignment in B-D regions in the representation of old and new R-T parameters. The

alloys were taken from the [35] dataset.

Concerning the application of B-D criteria and the corresponding DIs, we observed
that the application of the Pugh criterion is complicated because of the anisotropy factor,
which showed a singularity around VEC = 4.2, whereas the Rice and Thomson parameter
was free of this problem.
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Finally, we present a calculation example of how to apply the old-new Pugh and the
old-new Rice and Thomson criteria based only on the tabulated data. First, we collected
the necessary tabulated data, as shown in Table 2:

Table 2. Collection of the tabulated data for the application of the Pugh and R-T criteria.

Metal A NN-Dist Op Tm Dens Vm Ysurf k v G B

g/mol A K K g/cm3  cm3/mol  J/m? J/m? GPa GPa
Al 27 433 933 2.7 10.00 1.143 145.0 0.35 26.10 78.10
Fe 55.85 2.48 478 1808 7.87 7.097 2.417 363.0 0.29 81.90 179.5
Ti 479 2.89 425 1943 4.51 10.62 1.989 246.0 0.32 43.40 88.60
Zr 91.22 3.17 296 2127 6.51 14.01 1.909 227.0 0.34 36.80 75.80
Hf 178.49 3.13 253 2500 13.31 13.41 2.193 325.0 0.26 55.80 109.0
v 50.94 2.62 399 2190 6.09 8.365 2.622 231.0 0.37 48.10 139.4
Nb 9291 3.3 277 2741 8.58 10.83 2.635 203.0 0.40 38.00 170.0
Ta 180.9 2.86 264 3269 16.68 10.85 2.902 359.0 0.334 70.00 193.0
Cr 51.99 291 589 2133 7.14 7.282 2.354 513.0 0.21 90.00 196.5
Mo 95.84 2.72 474 2890 10.28 9.323 2.907 613.0 0.29 118.0 285.0
W 183.8 2.74 384 3683 19.26 9.546 3.265 772 0.28 151 338

With the composition of the alloy, we can calculate the average value of each character-
istic with the rule of mixture (ROM). At present, the ROM means a concentration weighted
average of a given, X, characteristic, Xxaye = ZCi*x;. The average values are collected in
Table 3.

Table 3. Calculated characteristics for the alloys taken as examples.

Alloy RVEC D* G B k u Vm Tm  Yourt b
GPa GPa N/m A cm3 K ]/ m2 A

ave ave ave ave ave ave ave ave ave

TiZrHfNbMo 0.57778 0.5453 584 1455 3228 012 11.63 2440 2326 3.042

VNbTaMoW 0.75556  0.5808 85.02 125 435.6 0.109 9.782 2955 2.866 2.846

NbTaMoW  0.77778 0.5477 9425 2465 486.75 0.1006 10.13 3145 2927 2905

Finally, as shown in Table 4, we calculated the ductility indices for three alloys where
from 2 were at the border of the B-D properties. A perusal of Table 4 helped with the
selection of the most suitable DIs, comparing the calculated ones with the above enumerated
critical values. Furthermore, we can involve in the discussion above the applicability of the
DIs of ductility meters that are experimentally (fracture strain) or theoretically (local lattice
distortion, LLD, and the ratio of surface energy and unstable stacking energy, D) obtained.
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Table 4. Comparison of ductility indices for three refractory alloys.
Alloy Frac.strain ¢ D Gbly kly G/B sqrt(k/u*Vm/Tm)  k/u
% /10 /10 N/m?
DI DI DI DI DI DI
1. TiZrHfNbMo 10, 10.12 3.088 7.63 13.8779 0.401 0.35807 2690
2. VNbTaMoW 17,2,8.8 2.28 8.4415 15.19888 0.377 0.36372 4137
3. NBTaMoW 2,19,21 2.397 9.376 16.62852 0.382 0.39487 4838

Considering the criterion based on D, = 2.5, alloys 2 and 3 are brittle and alloy no.
1is ductile. Considering the fracture strain criterion, alloy no. 1 was just at the border of
the sB-D properties, but the brittleness of the other two alloy was confirmed. Both the old
and new R-T criterion had values in the transition zone, with no firm decision about the
B-D behavior. Both the old and new Pugh criterion predicted the ductile behavior for all
three alloys, which was not the case. At least the RNT parameter varied monotonously
with the brittleness of the samples while the G/B parameter varied up and down, and
unless the anisotropic effect is taken into account, the G/b parameter by itself is useless.
Surprisingly, when we took only half of the new Pugh index (i.e., only the k/u parameter),
we obtained a much more sensitive DI, where we achieved a 50% change in the parameter
in this transitional range in question. However, it cannot be considered a DI because it is
not dimensionless.

The brittle-ductile behavior of single phase RHEAs can be further improved by adding
elements from the fourth column of the periodic table (Ti, Zr, and Hf), facilitating the
formation of two-phase (HCP + BCC) alloys. The ratio of phases permit improvement and
control of the B-D nature of the alloy [38,39], which will be the subject of our next paper.

4. Conclusions

The survey of the most important ductility indices (DI) showed that no perfect B-D
distinction can be made when these Dis are represented as a function of fraction strain, .
Although ¢ is considered as the most direct DI, its value shows big variations as a function
of the preparation and testing details of the given composition. The standard deviation
of the ¢ data is significant and can reach 100%. Therefore, in the case of a large number of
samples, data pairs also end up in the “forbidden” quadrants. In order to facilitate the D-B
distinction, we recommend that the fraction strain, ¢, be used only for qualitative checks to
verify the correctness of the sorting. However, the sorting itself is conducted with DlIs set
in pairs, preferably so that the pairs consist of mutually scalable parameters.

In order to promote this way of classifying samples, a number of ductility indices have
been adopted or created from the existing mechanical characteristics:

i.  Based on the experimental tests, the fracture energy approximated by the product
of yield stress with fracture strain, FE = oys*e, scales with fracture strain can be
considered as a new ductility index, DI;

ii.  Based on valence electron counts (VEC), there were reduced valence electron counts,
which revealed the number of unpaired d electrons as RVEC = (VEC — 2)/4.5;

iii. Based on the Poisson ratio v, the new DI will be the parameter of Christensen:
D*=(3v/(1+v))%;

iv.  Based on Cauchy pressure, the Pettifor, Senkov, and Miracle (PSM) parameter =1 —
f(A)*G/B.

Furthermore, new DIs were introduced based on the thermal vibration characteristics

(force constant and thermal amplitude). Special pairs were introduced consisting of an old
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DI (Rice-Thomson parameter, Pugh ratio) and its new scalable version, which correlated
with each other:

i.  The parameters of Pugh’s ratio, G/B, were replaced by reduced new Pugh parameters:
RNP = (k/u)/(Tm/Vm), where the force constant, k, over the amplitude, u, scales
with G and the melting point, Tm, over the molar volume, Vm, scales with B.

ii.  The parameters of the Rice and Thomson ratio, Gb/7y, were replaced by k/vy, where
the two parameters showed linear correlation: Gb/vy = 0.053*(k /7).

When creating the parameters, we made sure that they had scalable partner parameters
and were dimensionless and accessible by simple calculations based on tabulated data.

The critical values of the old and newly introduced ductility indices were established
as follows:

Larger DI values than the critical one indicate a brittle property: (VEC)cr = 5.4,
(RVEQ)cr =7.2, (G/B)cr = 0.48~042 and its pair (sqrt RNP)cr = 4.8-4.2, (Gb/y)cr = 7.5-10
and its pair (k/y)cr = 140-180.

Larger DI values than the critical one indicate a ductile property: (e)cr = 10%,
(FE)cr = 200 MJ/m3, v depends on the anisotropy (v)cr = 0.28~0.33 and (D*)cr = 0.43~0.562,
(D)cr =2.41~2.5.

Aside from the new DI parameters, we emphasize the importance of some linear
scaling correlations that were found between a number of parameters:

I.  Surface energy, vs, scales with Tm (y = Tm/1000), where the unit of v is J/m? and
that of Tm is K.

II.  Surface energy scales with the parameter D.

III.  The Poisson ratio related D* parameter scales with the D parameter: D = —7.14 + 17*D*.

IV.  Due to these scaling correlations, the theoretically calculated D parameter can be
obtained phenomenologically as well as using the rule of mixture (ROM) calculations
based only on tabulated data. The ratio of surface energy to unstable stacking energy
is the D parameter, which is preferred by the community of theoretical physicists
working on the theory of the B-D property. Until now, D has only been available by ab
initio theoretical calculations. Its calculability by the ROM needs further explanation.
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