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ABSTRACT

A refractory alloy, TaxoNbyoHf20Zr0Tiz, Was produced by vacuum arc-melting. The as-solidified
alloy had a dendritic structure, which was not affected by hot isostatic pressing (HIPing)
conducted at T = 1200 °C and P = 207 MPa for 3 hours. The alloy had a single-phase body-
centered cubic (BCC) structure with the lattice parameter a = 340.44 pm. The alloy density and
Vickers microhardness after HIPing were p = 9.94 g/cm® and H, = 3826 MPa. Room temperature
compression testing of HIPd samples revealed excellent ductility. The samples deformed
homogeneously without any evidence of cracking at least up to 50% compression strain.
Continuous strengthening followed yielding at 807 MPa. A simple model of solid-solution

strengthening is proposed to explain the behavior.

1 INTRODUCTION

Metallic alloys with superior mechanical and functional properties remain in high demand for the
aerospace industry. A recently proposed concept of multi-component high-entropy alloys opened
up interesting possibilities in the alloy developments. According to this concept, that was proved
experimentally on a number of compositions, high entropy of mixing can stabilize disordered
solid solution phases and prevent formation of intermetallic phases during solidification, which
may lead to alloys with high strength and good ductility. In order to achieve high entropy of
mixing, the alloy must have typically five or more major elements of roughly equi-molar
concentrations. Thus, while these alloys are compositionally complex, they are microstructurally
simple. [1,2]

Two refractory high entropy alloys, Ta;sNbasWasM0zs and TazgNb2gW20Mo20V2e Were reported
recently [3,4]. These alloys had a single-phase BCC structure and high Vickers hardness of 4.5
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GPa and 5.3 GPa, respectively, as well as they showed very high yield strength (op2) values in
the temperature range from room to 1600°C. For example, oy, of 405 MPa and 477 MPa at
1600°C were reported for the TazsNb2sWosMo2s and TazgNboWooMo20Voo alloys, respectively.
Unfortunately, these refractory alloys had high density (13.8 g/cm? for the four- and 12.4 g/cm?®
for the five-element alloy) and were practically brittle at room temperature. Moreover, presence
of V accelerated oxidation of the TayoNb2oW20M020V2o alloy at high temperatures [5]. In this
paper, we report results on development and characterization of a new refractory high entropy
alloy (HEA), TayoNbyoHT20Zr20Tiz. Replacement of heavier W, Mo and V with lighter Hf, Zr
and Ti has been found to considerably decrease the alloy density and improve room temperature

ductility.

2 EXPERIMENTAL PROCEDURES

The Ta-Nb-Hf-Zr-Ti alloy was prepared at the Air Force Research Laboratory by vacuum arc
melting of the equimolar mixtures of the corresponding elements. Titanium, zirconium and
hafnium were in the form of 3.175 mm diameter slugs with a purity of 99.98%, 99.95% and
99.9%, respectively. Niobium and tantalum were in the form of 1.0 and 2.0 mm wires, and their
purity was 99.95% and 99.9%, respectively. High vacuum of 2.1x10™* N/m? was achieved and
high purity titanium was used as a getter for residual gases in the arc melting chamber prior the
chamber was filled with the high purity argon of 5.1x10% N/m?. Arc melting of the alloy was
conducted on a water-cooled copper plate. To achieve homogeneous distribution of elements in
the alloy, it was re-melted three times, was flipped for each melt, and was in a liquid state for
about 5 minutes during each melting event. The prepared button was about 8 mm thick and had
shiny surfaces, indicating no oxidation during vacuum arc melting. The actual alloy composition
obtained with the use of inductively-coupled plasma-optical emission spectroscopy (ICP-OES),
is given in Table 1. The crystal structure was identified with the use of a Rigaku X-ray
diffractometer, Cu Koo radiation, and the 2@ range of 5° to 140°.

The density of the alloy was measured with an AccuPyc 1330 V1.03 pycnometer. The
pycnometer cell volume was 12.2284 cm®, the weight of the sample was ~10 g and was
measured with accuracy of £0.0001 g, and the volume of the samples was determined with the
accuracy of +0.0001 cm® by measurement of the free volume of the loaded cell using the helium

gas and ten purges. Vickers microhardness was measured on polished cross-section surfaces
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using a 136-degree Vickers diamond pyramid under 500 g load applied for 30 seconds. The
microstructure was analyzed with the use of a scanning electron microscope (SEM) equipped
with the backscatter electron (BSE) detector.

To close porosity presented in the as-solidified sample, it was hot isostatically pressed (HIPd).
Prior to HIPing, the sample was wrapped with a 0.1 mm thick Ta foil, placed in a low carbon
(1010) steel container with the wall thickness of 0.89 mm, and the container was vacuum sealed.
The container was then placed in the HIP chamber and HIPd under the following conditions:
heating at the constant rate of 10 °C/min to 1200 °C with a simultaneous increase in pressure to
207 MPa, holding at 1200°C / 207 MPa for 3 hours, cooling to room temperature at 20 °C/min
with simultaneous pressure release.

Cylindrical specimens for compression testing were electric-discharge machined from the HIPd
alloy. The specimen axis was perpendicular to the button surface, which was in contact with the
copper plate during arc melting. The sample surfaces were mechanically polished and the
compression faces of the samples were paralleled. The samples were 3.7 mm in diameter and ~
5.6 mm in height. Compression tests to a 50% height reduction were conducted at room
temperature and a constant ramp speed that corresponded to the initial strain rate of 0.001 s in a
computer-controlled Instron (Instron, Norwood, MA) mechanical testing machine outfitted with
silicon carbide dies. A thin Teflon foil was used between the compression faces and silicon
carbide dies to reduce friction. The deformation of the samples was video-recorded and an

optical setup was used to measure strain versus load.

3 RESULTS

3.1 Crystal Structure, Alloy Density and Microhardness

Figure 1 shows the X-ray diffraction pattern of the cast and HIP’d alloy. All seven major
diffraction peaks on this X-ray pattern have been identified to belong to a body centered cubic
(BCC) phase and the indexes of the crystal planes corresponding to the X-ray diffraction peaks
are shown in the figure. The lattice parameter of the BCC phase determined from this diffraction
pattern is a = 340.4 +£ 0.1 pm. An additional low-intensity diffraction peak presented in the X-ray
pattern at d = 357.8 pm indicates the presence of a minor secondary phase, which crystal

structure and composition were not identified.
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The density of the alloy in the solidified and HIP’d condition was determined to be p; =9.94 +
0.01 g/cm®. Vickers microhardness H, of the alloy was measured in sixteen randomly selected
locations and the average value is 3826 MPa. The scatter around the average microhardness

value was AH, = +80 MPa.

3.4  Compression Properties

The engineering stress, S, vs. engineering strain, e, and true stress, o, vs. true strain, g, curves of
the TayoNbyoHTf0Zr0Tizg alloy obtained during compression testing at different temperatures are
shown in Figure 2a and Figure 2b, respectively. The yield stress, oo 2, was 893+15 MPa. After
yielding, the alloy showed continuous strengthening and the rate of an increase in S with e was
almost constant, y = dS/de = 3360 MPa, while a parabolic-type strengthening, c =
G0.2(£,/0.002)>%%°, where g, is the true plastic strain, was observed for the true stress vs. true

strain behavior.

3.5  Microstructure

Figure 3 illustrates a non-homogeneous microstructure of the TayoNbogHT20Zr20Tiog alloy after
solidification and HIPing. The microstructure at the bottom side, which was in a contact with the
chill copper plate, consists of fine equiaxial dendritic grains. In accord to Z-contrast and EDS
analysis, the dendrites were enriched with heavy elements, Ta and Nb, while the interdendritic
regions were enriched with lighter elements, Zr and Ti. Hf was almost homogeneously
distributed in the alloy. Equiaxed grains at the top side of the solidified and HIPd alloy were less
segregated. The elements were more homogeneously distributed resulting in a less-pronounced Z
contrast.

Figure 4 shows SEM backscatter images of a radial cross-section of a specimen compressed by
50% at room temperature. A rather uniform deformation, with a very small sample barreling and
no evidence of strain localization, occurred (Figure 4a). Deformed grains that are elongated in
the radial direction and the dendrite alignment in the same direction are clearly seen (Figure 4b).
Higher magnification images reveal deformation twins and cracking along some grain

boundaries (Figure 4c).
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4 DISCUSSION

4.1 Crystal Structure and Alloy Density

The reported results indicate that, in spite of heavy alloying, the TaxNb,gHf20Zr20Tiyg alloy has a
single-phase BCC crystal structure, which remains stable after HIPing at 1200°C and furnace
cooling to room temperature. The absence of extra-peaks from element ordering suggests
random distribution of the elements in this BCC phase. It is necessary to point out that all five
elements in the alloy have the BCC crystal lattices just below their melting temperatures and no
intermetallic phases are present in binary systems of these elements [6]. The BCC structure of Ta
and Nb retains down to room temperature, and the lattice parameters for these elements,
determined at room temperature [7], are given in Table 2. The Ta-Nb binary system is a
continuous solid solution within the entire composition range. Three other elements, Hf, Zr and
Ti, also form continuous solid solutions with each other, but they exhibit polymorphic
transformations and have a hexagonal close packed (HCP) crystal structure at room temperature.
Reported BCC lattice parameters for these elements, ays = 361.5 pm, az = 360.9 pm and ar; =
330.65 pm were determined at temperatures 1743°C, 867°C and 882°C, respectively [Error!
Bookmark not defined.]. These values can however be extrapolated to room temperature by
using reported coefficients of thermal expansion (CTE) for BCC Hf (9x10° K™), Zr (9x10°® K™)
and Ti (10.9x10° K™) [8]. Thus calculated room temperature BCC lattice parameters for these
three elements are also given in Table 2.

Alloying of Hf, Zr and Ti with Ta and/or Nb is known to stabilize the high-temperature BCC
phase and may result in a mixture of the BCC and HCP solid solution phases (or even a single
BCC phase in the Ti alloys) at room temperature. Therefore, the presence of the single
disordered BCC phase in the quinternary alloy, which contains 40 at.% of the BCC-stabilized
elements, is expected. It is however not yet known if the BCC phase is thermodynamically stable
at room temperature or it is metastable and formation of the low temperature HCP phase is
kinetically restricted due to slow diffusivity of elements in the multicomponent alloys [1,2,9].
Additional study involving long-time annealing at temperatures below 600°C is required to
answer this question.

Using rule of mixtures (i.e. Vegard’s law [10]), one can calculate the “theoretical’ crystal lattice
parameter anx of the disordered BCC solid solution:
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amix = X €;a; (1)

Here c; is the atomic fraction of element i. The calculated (Calc) anmix IS given in Table 2. The
experimental (Exp) a value, determined from the X-ray diffraction pattern is also given in this
table. It can be seen that the calculated and experimental values of a are practically the same,
which indicates that the lattice parameter of the alloy follows rule of mixtures. This analysis
supports the X-ray results that the alloying elements are randomly distributed in the BCC phase.
The theoretical density, pmix, Of a disordered solid solution is given by Equation (2):
2CA
Prix = C.A
2

()

where A; and p; are the atomic weight and density of element i. The p; values of the alloying
elements taken from ref. [11] and the calculated pnix value of the alloy (9,89 g/cc) are given in
Table 3. It can be seen that the calculated density is about 0.50% smaller than the experimentally
determined density of the alloy (9.94 g/cc). This very small difference can be due to different
factors. First, the p values used for Hf, Zr and Ti belong to the HCP phase, while the density of
the BCC polymorph of these elements extrapolated to room temperature should be used. These
BCC polymorph densities can be estimated from the calculated lattice parameters given in Table
2 and are 13.15 g/cc, 6.59 g/cc and 4.52 g/cc for Hf, Zr, and Ti, respectively. It can be seen that
the density of BCC Zr and Ti are indeed slightly higher than the density of the respective HCP
phase. However, the estimated density of the BCC phase for Hf is slightly smaller than the
density of HCP phase. Using these estimated density values for BCC Hf, Zr, and Ti, the
corrected alloy density becomes 9.90 g/cc, which is still slightly below the experimentally
determined density. Secondly, experimental errors in determining the alloy composition can also
contribute to the difference. We may thus conclude that the alloy density follows the rule of
mixtures, which is also in agreement with the random (disordered) distribution of the alloying

elements in the BCC lattice of the alloy.
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4.2  Room Temperature Mechanical Properties

The room temperature yield stress and Vickers microhardness of the HIP d TaxoNbaoHT20Zr20Tizo
alloy are op, = 893 MPa and Hv = 3826 MPa, which gives the hardness to stress ratio ¢ =
Hv/oy, = 4.28. This is noticeably higher than the value ¢ = 3, which was predicted theoretically
and observed experimentally for non-strain hardening materials (e.g. after cold working) [12].
Taber [12, p. 175] has noticed that ¢ = 3 also holds for pure metals and commercial alloys,
regardless of the initial state of strain hardening, if the engineering stress Sg corresponding to the
engineering strain e ~ 8%, which is the average plastic strain for a Vickers indenter, is used
instead of oy ,. Using the engineering stress vs. engineering strain curve (see Figure 2a), Sg =
1270 MPa is obtained at e = 8%. This indeed gives the value ¢s = Hv/Sg = 3.0. One may
therefore conclude that the high hardness to yield stress ratio observed for the studied high-
entropy alloy is caused by its strain hardening during indentation.

The microhardness and the yield stress of the TayoNbaoHf20Zr20Tizg alloy do not follow the rule
of mixtures of the respective properties of the constituent elements. Indeed, Table 4 shows
typical H, [13] and oy, [14] values for pure elements at room temperature. Using rule of
mixtures, the ‘theoretical’ microhardness, (Hy)mix = Y. ¢;H,;, and yield stress, (0p.2)mix =

Zcicrol2i , of the alloy were calculated. These values (Calc) are given in Table 4, together with

the respective experimental (Exp) values. The calculated microhardness (1165 MPa) and yield
stress (op.2" = 226 MPa) of the alloy are much smaller than the respective experimental H, and
ov.2 values. The high microhardness and yield stress of the alloy are likely originated from solid
solution-like strengthening.

It is widely accepted that the solid solution strengthening of metallic solid solutions arises from
the elastic interactions between the local stress fields of solute atoms and those of dislocations
[15,16,171819,]. The magnitude of the interaction force between a moving dislocation and the
substitutional solid solutions, fy,, increases with an increase in both the atomic size misfit

parameter, &, and the modulus misfit parameter, Jg, of the solute and solvent atoms:

fn = Gb*5= Gb’[ & + S54]. (3)
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Here o = (1/G)dG/dc, 6, = (1/a)da/dc, G is the shear modulus of the alloy, b is the magnitude of
the Burgers vector, and gis a constant, which value depends on the type of the mobile
dislocation. Generally, g is 2-4 for the screw dislocations and > 16 for edge dislocations [15,17].
In a concentrated solid solution, the solute-induced stress increase, Ac, can be expressed as a

function of fy,, solute concentration, c, and dislocation line tension, E,, [16,20]:

Ao = Af, 4/3C2/3EL-1/3 (4)

Here A is a dimensionless material constant. Using an expression E, = Gb%/2 and combining

Equations (3) and (4), the following equation for Ac is obtained [21]:

Ac = A’Go*3cB (5)

where A’ is a material-dependent dimensionless constant, which is of the order of 0.1 [16].
Unfortunately, the mechanisms of solid solution strengthening were developed for conventional
solid solutions, in which the concentration of the matrix element (solvent) exceeds 60-70%, and
these mechanisms may not be applicable to high-entropy alloys, where all elements are at almost
the same atomic concentrations (< 20%) and multiple element interactions are expected.
Nevertheless, an attempt to estimate the effects of the atomic size (lattice) and shear modulus
distortions on the dislocation force, fy, in the HEA will be given below.

Each solute in the BCC crystal lattice has 8 nearest-neighbor atoms, thus forming a 9-atom
cluster. In the diluted alloys with no solute interactions, the neighbors are all solvent atoms and
the local lattice distortions near the solute are caused by the atomic size and modulus mismatches
between the solute and the solvent atoms. In the heavily alloyed multi-component alloy, on the
other hand, an i element can neighbor with different elements and the lattice distortion near this
element is now a function of the atomic size and modulus mismatches between this element and
all its nearest neighbors. The local environment around each element can roughly be estimated if
we assume that the local concentration is equal to the average concentration of the alloy. For
example, in the 5-element alloy with equimolar concentrations, an element i will have, in

average, 1.8 atoms of each of the other elements and 0.8 atoms of the same element. Then the
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lattice distortion o in the vicinity of an element i is estimated as an average of the atomic size

difference of this element with its neighbors:

5ai =§ch5aij (6)

Here c; is the atomic fraction of a j element in the alloy, 9 is the number of atoms in the i-
centered cluster in the BCC lattice, 8 is the number of atoms neighboring with the center atom i,
and &ij = 2(ri - r;)/(ri + 1;j) is the atomic size difference of elements i and j.

Similarly, the modulus distortion, &g, in the vicinity of an element i is estimated as
9
5Gi = gzcj5eij (7)

where dgij = 2(Gi - G)/(G; + Gj).

The atomic radii and shear moduli of the alloying elements are given in Table 5, while the
calculated & and &;j values are given in Table 6. Using these values and Equations (6) and (7),
the lattice- and modulus- distortions near each element in the TazoNbagHTf20Zr20Tizg solid solution
alloy were calculated and the results are given in Table 7.

The data in Table 6 shows that the pairs of Hf and Zr elements, as well as the pairs of Ta, Nb and
Ti elements, have very little atomic size difference, d;; < 0.008. On the other hand, the size
difference of Hf and Zr with three other elements is at least one order of magnitude higher (i =
0.08). The absolute values of the estimated lattice distortions near each element (see Table 7) are
of the same order (|&i| ~ 0.04-0.06). As it is expected, smaller elements, Ta, Nb and Ti, produce
local tension strains (i ~ -0.04), while larger elements, Hf and Zr, produce local compression
strains (0 ~ 0.05). To roughly estimate the contribution of the lattice distortion to f, and Ac, we
may consider the alloy as a pseudo-binary solid solution, with Ta, Nb and Ti as the solvents and
40at.% of Hf plus Zr as the solutes, which produce the lattice distortion &, ~ 0.09. By assigning
G =40 GPa, b =197 pm, =2, ignoring for now the modulus distortion contribution and using
Equations 3 and 5 one can estimate s ~ 2.8x10™° N and Ac, ~ 221 MPa. Here subscript ‘a’

indicates the lattice distortion contribution.
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The elastic modulus difference of the alloying elements has a wide spectrum of values, from Jgijj
= 0.10 for the Hf-Zr atom pair to 0.79 for Ta-Hf atom pair (Table 6). Pairing of Ta atoms with
other elements provides the strongest shear modulus effect (Jg;ij values are in the range from 0.44
for Ta-Ti to 0.79 for Ta-Hf), while Hf-Zr and Nb-Zr pairs resulted in smaller og;j values of 0.10
and 0.14, respectively. The calculated modulus distortions near a particular element in the BCC
lattice of the alloy, d&gi, also have the largest values of 6; = 0.57 near Ta atoms (Table 7).
Assuming that the modulus mismatch contributions to the interaction force fy,c and stress
increase A, is mainly due to Ta, these contributions are estimated to be fng ~ 8.8x10™° N and
Ao, ~ 647 MPa.

The estimated values for f, and g are of the same order of magnitude as those reported for
binary solid solutions [20]. This very rough analysis of the contributions of the atomic size and
modulus difference to the yield stress of the alloy predicts v = 602" + Aca + Ao = 1094
MPa, which is about 35% higher than the experimentally observed oy 2 = 807 MPa, which can be
considered as a good agreement. Indeed, the model does not take into account thermally
activated processes, which should ease the deformation processes and reduce the stress. The
good ductility of the alloy at room temperature is probably due to simultaneous dislocation and
twin activity, which effectively reduce stress localization along grain boundaries. It is apparent
that the grain boundaries are the weakest structural elements along which cracks eventually

develop after heavy deformation.

5 CONCLUSIONS

A refractory alloy, TaxoNbaoHTf20Zr20Tizo, produced by vacuum arc-melting, has a single-phase
body-centered cubic (BCC) structure with the lattice parameter a = 340.44 pm. No phase changes
occur after HIPing the alloy at 1200°C, 207 MPa for 3 hours. The alloy density and Vickers
microhardness after HIPing were p = 9.94 g/cm® and H, = 3826 MPa. The alloy has high
compression yield stress (op.2 = 892 MPa) and ductility (€ >50%). The alloy shows considerable
strengthening and homogeneous deformation. The high stress is explained by solid-solution

strengthening.

10
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TABLES

Table 1. Chemical composition of the TaNbHfZrTi alloy produced by vacuum arc melting.

Composition Ta Nb Hf Zr Ti
At. % 19.68 18.93 20.46 21.23 19.7
Wt. % 30.04 14.84 30.82 16.34 7.96

Table 2. The lattice parameter, a, of the BCC crystal structure of the pure metals and the studied
alloy at room temperature. For Hf, Zr and Ti, the parameter a was extrapolated from elevated

temperatures (see section 3.1 for details).

Metal Ta Nb Hf Zr Ti Alloy | Alloy
Calc Exp
a, pm 330.3 |330.1 |[3559 |358.2 |327.6 |340.9 340.4

Table 3. Density of pure metals and the studied TaNbHfZrTi alloy. Both calculated (Calc, using

Eq. 2) and experimental (Exp) values are shown for the alloy.

. Alloy | Alloy | Ap/p
Metal Ta Nb Hf Zr Ti Calc Exp | x100%
p,glem® | 16.65 | 857 | 1331 | 651 | 451 | 9.89 | 9.94 | 0.60

Table 4. Vickers microhardness, Hy, and yield stress, op ., values of pure metals and the
TaNbHTfZrTi alloy at room temperature. Both the calculated (Calc.) and experimental (Exp)

values are shown for the alloy.

11
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Metal Ta Nb Hf Zr Ti Alloy Alloy
Calc Exp

H,, MPa 873 1320 1760 903 970 1165 3826

o0, MPa 170 240 240 280 195 226 807

Table 5. Atomic radius, r = a/v/3, and shear modulus, G, of pure elements.

Element/Property Ta Nb Hf Zr Ti
r, pm 143.0 | 1429 | 1541 | 155.1 | 1418
G, MPa 69 38 30 33 44

Table 6. Relative atomic size difference, &;j (underlined numbers), and modulus difference, dgij

(bold numbers), of the alloying elements.

Element i\j

5\ B Ta Nb Hf Zr Ti
Ta 0.58 0.79 0.71 0.44
Nb 0.00 0.24 0.14 -0.15
Hf 0.07 0.08 -0.10 | -0.38
Zr 0.08 0.08 0.01 -0.29
Ti -0.01 | -0.01 | -0.08 | -0.09

Table 7. Calculated lattice distortion, &, and modulus distortion, &, (Equations 6 and 7) near

each element in the BCC lattice of the TaNbHfZrTi alloy.

Element Ta Nb Hf zr Ti
S -0.035 | -0.035 | 0.049 | 0.057 | -0.044
S 0.571 | -0.073 | -0.33L | -0.228 | 0.089
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Figure 1. X-ray diffraction pattern of the TaNbHfZrTi alloy. The indexed peaks belong to a BCC

crystal lattice with the lattice parameter a = 340.4 pm.
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Figure 2. (a) Engineering stress vs. engineering strain and (b) true stress vs. true strain

compression curves of the TayNbyoHTf0Zr0Tiy alloy at different temperatures.
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Figure 3. SEM backscatter electron images of a polished cross-section of the arc-melted and
HIP d TayoNbyoHf20Zr0Tiy alloy. (a) A low magnification image shows a non-homogeneous
dendritic and grain structure of the solidified alloy. (b) and (c) are higher magnification images

of the bottom and top sides of the alloy.
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Figure 4. SEM backscatter images of a radial cross-section of a specimen after 60% compression
at 23°C.
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