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Abstract 

Elastic wave velocities of polycrystalline tantalum have been measured up to 13.6 GPa at room 

temperature using ultrasonic interferometry technique in a multi-anvil apparatus. The bulk and 

shear moduli, as well as their pressure derivatives are obtained using Eulerian 3rd order finite 

strain equations, yielding ���  = 193.9(29) GPa, ��  = 69.3(10) GPa, ����  = 3.18(5) and  ���  = 

0.88(1). The Steinberg-Guinan yield stress model is examined using the current shear modulus 

and its pressure derivative, where a slightly lower ��  = 0.0127 GPa-1 compared to previous 

studies is obtained. First-principles calculations on the elasticity of tantalum have also been 

performed up to 200 GPa. Anomalous softening of the elastic shear constant C44 and shear wave 

velocity VS is observed between 80 ~ 180 GPa, whereas the anisotropy shows a softening-

stiffening behavior with increasing pressure and reaches a minimum at around 150 GPa. Such 

anomalies might commonly originate from the nesting of Fermi surface for Group VB metals. 
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1. Introduction 

Tantalum (Ta), a Group VB (including V, Nb, Ta, etc.) transition metal, is of great interest not 

only in basic science but also in engineer applications. Tantalum and its alloys have been widely 

used in electronic industry, nuclear science and military applications because of its very high 

melting temperature, excellent ductility and good high-temperature mechanical properties. Its 

biocompatibility, high purity and the unique corrosion resistance properties, combine to make Ta 

an ideal material in the medical field.[1, 2] Tantalum crystallizes in a body-centered-cubic (bcc) 

structure at ambient conditions. Diamond anvil cell (DAC) experiments show that the bcc 

structure remains stable up to at least 174 GPa.[3] Ta is one of only few metals for which a very 

accurate quantum-based, many-body interatomic potential has been developed, as such it is 

regarded as an ideal prototype for demonstrating the successful applications of DFT calculations 

on the structural stability and mechanical properties of transition metals at extreme conditions.[4-

6]  

Recently, pressure-induced anomalies in the structural stability and elastic properties of the 

Group VB metals have drawn great attention. A second-order phase transition from the bcc 

structure to a rhombohedral phase was observed in vanadium at 63-69 GPa and room temperature 

by Ding et al.[7]  Possible explanations come from the theoretical predications of an electronic 

topological change on the Fermis surface that drives an anomalous softening in C44. Similar 

predictions have also been made on niobium and tantalum from theoretical calculations.[8-10] 

Experimentally, a pronounced slope change in the shear wave velocity (VS) of Nb was detected at 

~4.8 GPa by Zou et al. using ultrasonic methods.[11] Antonangeli et al. reported a decrease in the 

aggregate shear velocity in Ta at 50-90 GPa using inelastic X-ray scattering (IXS) techniques.[12] 

A yield strength softening in Ta was also detected at 52-84 GPa in a synchrotron DAC 

measurement by Jing et al.[13] The elasticity of bulk and shear moduli, as well as their 

pressure/temperature dependences are important for understanding of the stable structures and 

mechanical properties of solids under compression. The shear modulus is directly related to the 

yield strength using the Steinberg model.[14] The Vickers hardness (HV), the ductility or 

brittleness of a solid can also be correlated with the bulk and shear moduli.[15-17] Although a 

great amount of effort has been made to study the equation of state (EOS) of Ta using ultrasonic 

measurements,[18-20] static compression,[3, 21-24] shock wave experiments[4, 25-27] and 

theoretical calculations.[4, 6, 10, 28], discrepancies in the bulk modulus K0 and its pressure 

derivative K0’ cannot be resolved and need to be further investigated. In addition, most of these 

studies provide no information on the shear-related properties. A previous experimental study on 
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the acoustic velocities of Ta was conducted only up to 0.5 GPa.[20] Recently, the elastic 

constants C11 and C44 were measured up to 30 GPa using the impulsive stimulated light scatter 

(ISLS).[29] Direct measurements on the shear modulus (G) of Ta  at higher pressures are still 

needed. 

In this paper, we perform acoustic measurements on polycrystalline tantalum using ultrasonic 

interferometry techniques in a multi-anvil apparatus up to 13.6 GPa at room temperature. The 

elastic moduli and their pressure derivatives are precisely determined from fitting the measured 

velocity data to the third-order finite strain equations. Single crystal elastic constants of Ta at high 

pressures are also investigated by DFT calculations as complementary to the experimental results. 

2. Methods 

Polycrystalline Ta specimen (S4307) was hot-pressed at ~3 GPa, 1100 °C for 1.5 hours using a 

14/8 cell assembly with a gold capsule in a 2000-ton uniaxial split-cylinder apparatus (USCA-

2000) in the High-Pressure Laboratory at Stony Brook University. A commercial grade tantalum 

powder (Alfa, 99.99% purity) was used as starting material. Details about this experimental setup 

can be found in Ref.[30] The recovered sample was in cylindrical shape, with a diameter of 3.0 

mm. The bulk density was determined to be 16.68(2) g/cm3
 by the Archimedes’ immersion 

method, which is in complete agreement with the density from x-ray diffraction within mutual 

uncertainties.[21] The sample was prepared for acoustic measurements by polishing with 1 μm 

diamond paste to yield a final length of 0.821(1) mm. 

Acoustic measurements were conducted in a 1000-ton uniaxial split-cylinder apparatus (USCA-

1000) with a Walker-type multi-anvil module using ultrasonic interferometry up to ~13.6 GPa at 

room temperature. Details of the experimental setup and cell assembly design have been 

described elsewhere.[31, 32] The cross-sections of the MgO octahedral cell assembly is shown in 

Fig. 1.  Briefly, a dual mode LiNbO3 piezoelectric transducer (50 MHz for P wave and 30 MHz 

for S wave) was mounted on the back of the WC anvil to generate and receive the acoustic signals. 

A polycrystalline Al2O3 cylinder of 3.871(1) mm in length was served as both buffer rod and an 

internal pressure marker. A NaCl disk together with a Pb disk was inserted on the back of the 

specimen to provide a quasi-hydrostatic condition during compression. Gold foils of 2 μm thick 

were placed between the sample/buffer rod interface and buffer rod/WC anvil interface to 

enhance the mechanical coupling and to optimize the propagation of acoustic energy into the 

sample. The transfer function method[33] was used to acquire the acoustic signals in the entire 

frequency range (25 – 70 MHz) followed by a pulse-echo-overlap[34] analysis at monochromatic 
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frequencies to obtain the travel times with a resolution of  ~0.2 ns. The internal cell pressure was 

calibrated using the S wave travel times of alumina buffer rod with an uncertainty of ~0.16GPa. 

Details about the travel time pressure gauge can be found in Ref.[35]. 

 

Fig. 1 Schematic diagram of the cross-section of the cell assembly for acoustic measurements at 
high pressure and room temperature. 

 

The first principles calculations were performed using the CASTEP code[36] implemented in the 

Materials Studio software[37] based on the density functional theory (DFT).[38] Vanderbilt 

ultrasoft pseudopotentials[39] were adopted with a cut off energy of 1000 eV to describe the 

interaction between electrons and ions with the valence electrons configuration 5d36s2 . The 

electronic exchange correlation potential was treated within the generalized gradient 

approximation (GGA) parameterized by the Perdew-Burke-Ernzefhof (PBE) functional.[40] 

Integrations over the Brillouin zone were performed using 33 × 33 × 33 Monkhorst-Pack.[41] 

These parameters had been tested to be sufficient for convergence. During the calculations, the 

difference in total energy was minimized to 10-6 eV/atom, all forces on atoms were converged to 

less than 0.01 eV/Å, and the total stress tensor was reduced to the order of 0.02 GPa by using the 

finite basis-set corrections.[42] The elastic constants were calculated using the efficient stress-

strain method on the optimized structure at each pressure. 

3. Results and discussion 

After the high-pressure experiments, the sample length was identical to its initial length within 

mutual uncertainties, indicating that the sample underwent only elastic compression during the 
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experiments. Therefore, the lengths of sample (L) at high pressures can be reliably determined 

using Cook’s method:  

��� = 1 + 1 + ��
12����� � 11(2
�)� − 43(2
�)�
�� (1)

 

where ��   and ��  are the sample length and density at ambient conditions, �  is the thermal 

expansion coefficient, � is the Grüneisen parameter, 
 is the temperature, and TP and TS are travel 

times at high pressure for compressional (P) and shear (S) waves, respectively. The 

compressional (P) and shear wave (S) velocities were calculated using the equation �(� �� �) =
 !(" #$ %), where 
(� �� �) is the measured travel times for P or S wave. The density change of the 

sample at high pressures was subsequently derived from the length changes using the equation 

&'& = ( ))'*+
.  The bulk and shear moduli were determined using the derived densities and 

velocities by using � = � (��� − ,+ ���*  and � = ����, respectively. The experimental results are 

listed in Table I. The uncertainties in the velocities and elastic moduli are about 0.5% and 1.5%, 

respectively.  

Table I Experimental data for polycrystalline tantalum up to 13.6 GPa at room temperature. 

P 
(GPa) 

2-. 
(μs) 

2-/  
(μs) 

L  
(mm) 

0  
(g/cm3) 

1.  
(km/s) 

1/  
(km/s) 

2/  
(GPa) 

G  
(GPa) 

0.9 0.3907(2) 0.8033(2) 0.820(10) 16.76(8) 4.20(2) 2.04(1) 202.0(20) 69.8(7) 

2.0 0.3886(2) 0.7981(2) 0.818(10) 16.85(8) 4.21(2) 2.05(1) 204.4(20) 70.8(7) 

3.1 0.3868(2) 0.7946(2) 0.817(10) 16.94(8) 4.22(2) 2.06(1) 206.7(21) 71.6(7) 

3.9 0.3850(2) 0.7906(2) 0.816(10) 17.01(9) 4.24(2) 2.06(1) 208.8(21) 72.4(7) 

4.8 0.3838(2) 0.7851(2) 0.815(10) 17.08(9) 4.24(2) 2.07(1) 209.7(21) 73.5(7) 

5.6 0.3818(2) 0.7829(2) 0.813(10) 17.15(9) 4.26(2) 2.08(1) 212.6(21) 74.0(7) 

6.5 0.3804(2) 0.7800(2) 0.812(10) 17.22(9) 4.27(2) 2.08(1) 214.5(21) 74.7(7) 

7.2 0.3788(2) 0.7752(2) 0.811(10) 17.28(9) 4.28(2) 2.09(1) 216.2(22) 75.7(8) 

7.9 0.3770(2) 0.7735(2) 0.810(10) 17.34(9) 4.30(2) 2.10(1) 219.0(22) 76.1(8) 

8.6 0.3754(2) 0.7701(2) 0.810(10) 17.39(9) 4.31(2) 2.10(1) 221.1(22) 76.9(8) 

9.4 0.3740(2) 0.7674(2) 0.809(10) 17.46(9) 4.32(2) 2.11(1) 223.1(22) 77.5(8) 

9.9 0.3730(2) 0.7660(2) 0.808(10) 17.49(9) 4.33(2) 2.11(1) 224.6(22) 77.9(8) 

10.5 0.3718(2) 0.7643(2) 0.807(10) 17.54(9) 4.34(2) 2.11(1) 226.4(23) 78.3(8) 

11.0 0.3708(2) 0.7620(2) 0.807(10) 17.58(9) 4.35(2) 2.12(1) 227.8(23) 78.8(8) 

11.6 0.3698(2) 0.7615(2) 0.806(10) 17.62(9) 4.36(2) 2.12(1) 229.6(23) 79.0(8) 

11.9 0.3688(2) 0.7583(2) 0.806(10) 17.65(9) 4.37(2) 2.12(1) 230.7(23) 79.7(8) 

12.8 0.3662(2) 0.7552(2) 0.805(10) 17.72(9) 4.39(2) 2.13(1) 234.9(23) 80.5(8) 

13.2 0.3652(2) 0.7552(2) 0.804(10) 17.75(9) 4.40(2) 2.13(1) 236.9(24) 80.5(8) 
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13.6 0.3646(2) 0.7536(2) 0.804(10) 17.78(9) 4.41(2) 2.13(1) 237.7(24) 80.9(8) 

 

In order to compare the experimental data with our DFT calculation results, the isotropic average 

aggregate velocities and elastic moduli of polycrystalline Ta were calculated from the elastic 

constants on the basis of the Voigt-Reuss-Hill approximations,[44] using the following equations: 

�3 = �4 = 566 + 256�3 (2) 

�3 = 15 (566 − 56� + 35,,) (3) 

�4 = 5(566 − 56�)5,,3(566 − 56�) + 45,, (4) 

� = 12 (�3 + �4) (5) 

� = 12 (�3 + �4) (6) 

�� = 9� + 4 � 3⁄� ;6� (7) 

�� = =��>6� (8) 

The DFT calculation results are summarized in Table II and compared with experimental data in 

Fig. 2. At ambient conditions, the VP0 and VS0 from current experiments show excellent agreement 

with previous ultrasonic measurements on single crystal Ta. Within our experimental pressure 

ranges, both P and S wave velocities increase with increasing pressure. A linear fitting of the 

experimental data was used to derive the average velocity derivatives with respect to pressure, 

yielding dVP/dP = 0.017 km/s/GPa and dVS/dP = 0.007km/s/GPa. However, at higher pressures, 

both P and S wave velocities from the theoretical calculations exhibit non-linear behavior. 

Calculated VP are consistent with experimental results at pressure above ~6 GPa, while calculated 

VS are underestimated about 10% compared to the experimental values. This underestimation of 

VS may originate from the underestimation of the elastic constants.  

Table II DFT calculation results on the unite cell volumes, elastic constants as well as the derived 
elastic moduli and elastic wave velocities of tantalum at pressures up to 20 GPa and 0 K.  

P 

(GPa) 
V 

(Å3/atom) 
C11  

(GPa) 
C44  

(GPa) 
C12 

(GPa) 
C' 

(GPa) 
K 

(GPa) 
G 

(GPa) 
VP  

(km/s) 
VS 

(km/s) 
0 19.0278 263.6 51.4 160.0 51.8 194.5 51.6 4.1 1.8 
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1 18.9307 269.0 52.3 163.4 52.8 198.6 52.5 4.1 1.8 

2 18.8367 276.5 53.1 169.1 53.7 204.9 53.3 4.2 1.8 

3 18.7449 279.2 53.8 170.2 54.5 206.6 54.1 4.2 1.8 

4 18.6554 283.7 54.4 173.1 55.3 209.9 54.8 4.2 1.8 

5 18.5678 288.5 55.0 176.4 56.0 213.8 55.4 4.2 1.9 

6 18.4811 292.2 55.5 178.6 56.8 216.5 56.0 4.2 1.9 

7 18.3985 298.6 56.0 183.6 57.5 221.9 56.6 4.3 1.9 

8 18.3165 303.3 56.4 186.9 58.2 225.7 57.1 4.3 1.9 

9 18.2363 308.0 56.8 190.3 58.9 229.5 57.6 4.3 1.9 

10 18.1577 312.6 57.2 193.6 59.5 233.3 58.1 4.3 1.9 

11 18.0808 317.1 57.5 196.9 60.1 237.0 58.6 4.4 1.9 

12 18.0054 321.6 57.8 200.2 60.7 240.7 59.0 4.4 1.9 

13 17.9304 326.0 58.1 203.5 61.3 244.3 59.4 4.4 1.9 

14 17.8587 330.4 58.4 206.8 61.8 248.0 59.8 4.4 1.9 

16 17.7170 338.9 58.9 213.3 62.8 255.2 60.5 4.4 1.9 

18 17.5807 347.5 59.5 219.8 63.8 262.4 61.2 4.5 1.9 

20 17.4491 355.8 59.9 226.3 64.8 269.5 61.8 4.5 1.9 

 

 

Fig. 2 P and S wave velocities of tantalum as a function of pressure. The red solid circles are the 
data measured under quasi-hydrostatic conditions and 300K. The blue open circles are the data 
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from current DFT calculations. The results of Katahara et al.[20] and Featherston et al.[19] are 
denoted by open triangles. 

Fig. 3 compares the volume change as a function of pressure in current study with the previous 

static compression data.[3, 22] It is shown that our result is in excellent agreement with previous 

X-ray diffraction study by Dewaele et al.[22] at pressure below 20 GPa, which used helium as the 

pressure transmitting medium. We thus infer that the specimen in our experiment may have been 

under a quasi-hydrostatic environment. Discrepancies between the current results and those from 

Cynn et al.[3] may attribute to the limited constraint on volumes data at low pressures. We plot 

the bulk and shear modulus of Ta as a function of pressure in Fig. 4(a) and Fig. 4(b). The results 

of the bulk modulus of Ta between DFT calculations and ultrasonic experiments agree within 3% 

at current applied pressure range. However, the shear modulus is significantly underestimated by 

~25% in DFT calculations, which also increases non-linearly with pressure as VS does. 

 To obtain the adiabatic bulk and shear moduli and their pressure derivatives at ambient 

conditions, the velocity and density data are fitted to the finite strain equations as follows:[45] 

���� = (1 − 2@)A�(�6 + ��@) (9) 

���� = (1 − 2@)A�(C6 + C�@) (10) 

��� = �6 − 43 C6 (11) 

�� = C6 (12)   

���� = 5�6 − ��3��� − 4�(�,!)�
3 (13) 

��� = 5C6 − C�3��� (14) 

where the Eulerian strain @ = 6� F1 − ( &&'*�/+H. The experimental data below 4 GPa are excluded 

from the fitting due to the inadequate mechanical coupling between the buffer rod, gold foil and 

specimen. A least-squares fitting yields ��� = 193.9(29) GPa, �� = 69.3(1.0) GPa, ����  = 3.18(5) 

and  ���  = 0.88(1). The adiabatic bulk modulus ���  from ultrasonic measurements can be 

converted to the isothermal �!� using the equation ��� =  �!�(1 + ��
), where � is the thermal 

expansion coefficient, � is the Grüneisen parameter, and 
 is the 300K. For tantalum, with � =1.95 × 10KA�K6 and �� = 1.639,[46] we obtained �!� = 192.1(29) GPa. For comparison, the 
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volume data from DFT calculations are fitted to the third-order Eulerian finite strain equation of 

state (often referred to as the Birch-Murnaghan equation of state): 

� = 32 �!� L=��� >M+ − =��� >A+N × O1 + 34 (�!�� − 4) L=��� >�+ − 1NP (15) 

A least-squares fitting yields �!� = 194.8(1) GPa and �!�� =3.93(1). We summarized the elastic 

properties of polycrystalline Ta obtained from this and other previous studies in Table III. Note 

that the current ��� agrees well with earlier ultrasonic measurements ��� = 192 to 196 GPa.[18-

20] and the �!� derived  from current DFT calculations are consistent with previous DAC 

experimental results. The reported pressure derivative of bulk modulus ���  (small difference 

between ����  and �!��  is ignored here), on the other hand, varies across a wide range of 3.07 to 4.3. 

While this is in part attributed to the well-known trade-off between �� and ���, the result of the 

third-order Birch-Murnaghan EOS fit also strongly depends on the accuracy of pressure 

determination, as well as the unit cell volume at ambient conditions (see Ref.[22] as an example). 

Using the current finite strain approach, we also obtain the shear modulus �� = 69.3(1.0) GPa 

which agrees well with previous ultrasonic studies at room conditions.[18, 19]. Note that the 

pressure derivative of shear modulus obtained in the present study ���  = 0.88(1) is determined in a 

pressure range that has been extended by about 27-fold of previous acoustic measurements (~0.5 

GPa).  
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Fig. 3 Volume change of tantalum as a function of pressure. The circles represent the present 
work (solid: experiment, open: DFT calculations); whereas, open triangles represent previous 
static compression results from Ref.[3] and Ref.[22]. 

 

Fig. 4 (a) Bulk modulus and (b) shear modulus of tantalum as a function of pressure.  The red 
solid circles denote data from current ultrasonic measurements. The blue open circles are data 
from DFT calculations. Open triangles represent results from previous studies.[19, 20] Open 
squares represent results derived from the SG model.[14, 47] 
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Table III Elastic moduli and their pressure derivatives of tantalum. 

Ref. KS0 KS0' KT0 KT0' G0 G0' Remarks 
This study 193.9(29) 3.18(5) 192.1 69.3(10) 0.88(1) Ultrasonic 

194.8(1)a 3.93(1)a 51.6 DFT 
Ref.[18] 196.1 69.1 Ultrasonic 
Ref.[19] 191.9 68.1 Ultrasonic 
Ref.[20] 196 3.79 (3) 194.15 3.83 68.8 0.99 Ultrasonic 
Ref.[3] 194.7(48)a 3.4(1)a DAC 

Ref.[22] 198b 3.07b DAC 

194* 3.25b  

194* 3.55  

Ref.[48] 195.24 3.72b Shock-wave 

Ref.[4] 203 4.3a DFT 

Ref.[10] 211 3.67 DFT 
a Fitting to the 3rd order Birch-Murnaghan EOS b Fitting to the Vinet EOS. *Values in bold are 
fixed during the fitting. 

 

The shear modulus can be related to the yield strength with predications of theoretical models 

such as the Steinberg-Guinan (SG) model.[14, 47], which has been used commonly to predict 

flow strength of solids at high pressures. The SG model assumes a linear relationship between the 

yield stress of a metal and its average shear modulus G in the form: 

Q = Q�RST�U�(�, 
)�� (16) 

where Q� is a constant, R is a bounded function of plastic strain T� and �(�, 
) is assumed as: 

�(�, 
) =  �� L1 + ���
V6+ +  �!��� (
 − 300)N (17) 

where �� = 6W'
XW'X� , V = 3'3 . If the ambient-pressure experimental shear modulus and its pressure 

derivative are applied to Eq.(5.6), we obtain �� = 0.0127 GPa-1, which is close to the given �� = 

0.0145 GPa-1 in the SG model for Ta.[14] The corresponding shear modulus derived from the SG 

model is compared with the experimental data over the current experimental pressure range in Fig. 

4(b). The substantial agreement indicates an adequate averaging of G using Eq. (5.6), though the 
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G calculated from previous FP-LMTO method shows a faster increase than does the SG model at 

pressure above 6 Mbar.[4] 

To explore the aforementioned discrepancies in elastic wave velocities and elastic moduli 

between experimental and theoretical results, we compare the lattice parameter a, atomic volume 

V0 and elastic constants 5YZ of Ta with previous studies in Table IV. It is worth noting that there is 

an overestimation of ~5.5 % for the equilibrium volume of Ta compared to the experimental 

values. The elastic constants of C11, C12 and C’(5� = [\\K[\]� )  at ambient pressure and 0 K are in 

good agreement with previous ultrasonic measurements[18-20] on single crystals, however C44 is 

significantly underestimated about 37%.  The difficulty of reproducing experimental elastic shear 

constants can also be found in the theoretical calculations of other Group VB transition metals V 

and Nb, though different potentials have been applied.[10] Even though the absolute values of the 

equilibrium volume deviate from the experimental ones, the good consistency of the normalized 

volume variation with pressure, as shown in Fig. 3, indicates an adequate prediction of the 

compression behavior of tantalum. According to the Born stability criteria for cubic system:[49] 566 + 256�  > 0, 5,,  > 0, 566 − 56� > 0, the bcc phase of Ta is mechanically stable throughout 

the pressure range of our DFT calculations.  

Fig. 5 shows the elastic constants of Ta as a function of pressure from current DFT calculations 

up to 200 GPa in comparison with previous ISLS, ultrasonic and  theoretical studies.[6, 20, 29] 

C11 and C12 are  well consistent among different methods, while disagreements exist in the elastic 

shear constants C44 and C’. As shown in the inset of Fig. 5, a pronounced softening of C44 and C’ 

is observed at pressures between 80 and 180 GPa. Such softening of the trigonal and tetragonal 

shear moduli has also been reported in vanadium and niobium at about 80 GPa and 50 GPa, 

respectively.[7, 10, 50] The pressure range for C44 softening is still under debate. As shown in 

Koči et al. [10], it occurs at pressures between 150 and 250 GPa, while Gülseren et al. reported a 

narrower range of 100 – 150 GPa.[6] No softening of elastic constants was reported in the recent 

DFT calculations by Gu et al.[51]. The anisotropy ratio � = [__[` = �[__[\\K[\] is commonly used to 

quantify the elastic anisotropy of cubic crystals.[52] The elastic anisotropy is important for 

understanding mechanics of the phase transition and dislocation dynamics in material science.[53] 

At zero pressure, the anisotropy ratio A of Ta from current DFT calculations is 0.99. Though, the 

underestimation of C44 in DFT calculations results in a lower anisotropy ratio than those from 

previous ultrasonic measurements on single crystal Ta (A = 1.56-1.58) from literature,[18-20] its 

relative change as a function of pressure should still be reliable. As shown in Fig. 6, the 
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anisotropy ratio of Ta decreases with increasing pressure, and then increases with increasing 

pressure at about 150 GPa, which is due to the faster slope change of C before the C44 softening. 

This softening-stiffening behavior of elastic anisotropy of Ta has also been reported in previous 

theoretical investigations by Gülseren et al [6]. However, the calculations by Gu et al.[51] show 

the anisotropy ratio of Ta increases with increasing pressure at pressures less than 100 GPa. 

Further investigation is needed to clarify the pressure effects on the anisotropy ratio of Ta.  

With the anomalous softening in the elastic shear constants from DFT calculations, as well as the 

continuous increase in density, the behavior of sound wave velocities of Ta is further investigated 

up to 200 GPa. The P and S wave velocities of Ta determined from the DFT calculations are 

plotted as a function of pressure in Fig. 7(a). In addition, the S wave velocities are plotted as a 

function of density and compared with previous studies in Fig. 7(b). At around 80 GPa, we 

observe a distinct softening of VS, which is fully recovered at about 180 GPa. Similar behavior 

can also be seen in VP over this pressure range, even though the magnitude is much smaller. As 

shown in Fig. (b), these observations are generally consistent with previous inelastic x-ray 

scattering (IXS) studies and the theoretical calculations therein.[12] Discrepancies in the pressure 

range might attribute to the sample stress environment (no pressure medium), the accuracy of 

pressure scale, as well as the different computational method. Many efforts have been made to 

study the mechanism for the elastic constants softening in Group VB transition metals. Previous 

theoretical studies have concluded that the softening of C44 of V and Nb is primarily due to the 

Fermi surface nesting. The underestimation of the C44 relative to the results from previous 

experimental studies on single crystal Ta[18-20] might be attributed to the electronic topological 

transition (ETT). By analyzing the cross sections of the Fermi surfaces of V and Nb in the central a100b and a110b planes, the hole-pocket-shaped second band around the Γ point shrinks with 

pressure, indicating movement of this point towards the Fermi level, and the ‘jungle-gym’ (JG) 

hole tube of the third band becomes narrower and finally terminates at the d100e directions. The 

nesting vector q that related to the elastic constant C44  decreases with pressure.[8] [10] Indeed, 

the valence electronic configuration and the topology of the electronic band near the Fermi level 

of Ta are very similar to those of V and Nb in the same group. The pressure-induced anomalies in 

shear elastic properties of Ta might originate from the same mechanism. However, we note that 

such effect is more prominent in V than that in Ta and the corresponding pressure range are also 

different, thus further investigations are still needed. 
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Table IV The equilibrium lattice parameter, unit-cell volume and elastic constants of Ta 

Ref. 
a  

(Å) 

V0 

(Å3/atom) 

C11 

(GPa) 

C44 

(GPa) 

C12 

(GPa) 

C’ 

(GPa) 
Remarks 

This study 3.364 19.0278 263.6 51.4 160.0 51.8 CASTEP-GGAa 

        

Ref.[6] 3.326 18.39 244.1 66.3 159.8 42.1 LAPWc-GGA 

        

Ref.[10] 3.309 18.11 265.0 74.0 159.0 53.0 VASPb-GGA 

Ref.[51] 3.322 18.33 315.0 65.0 140.0 87.5 VASP-GGA 

Ref.[18] 
 

266.7 82.5 160.8 53.0 Ultrasonic 

Ref.[19] 3.306 18.0634 260.9 81.8 157.4 51.7 Ultrasonic 

Ref.[20] 3.303 18.0169 266.0 82.5 161.0 52.5 Ultrasonic 

        

        

        

Ref.[29] 
 

280.7 66.2 
 

ISLS 

Ref.[22] 3.304 18.033 
   

DAC 

 aGGA: Generalized gradient approximation bVASP: the Vienna ab initio simulation package 
cLAPW: the full potential linearized augmented plane wave method; P = -0.76 GPa 
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Fig. 5 Elastic constants of Ta as a function of pressure in comparison with previous studies. 
Circle: C11 Square: C12 Up-pointing triangle: C44 Down-pointing triangle: C’ The inset shows the 
zoom-in side view of the elastic shear constants C’ and C44 of Ta. 
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Fig. 6 The anisotropy ratio of Ta as a function of pressure. Solid circles are current DFT results. 
Black squares and blue triangles are data from previous studies by Gülseren et al [6] and Gu et 
al.[51], respectively. 

 

Fig. 7(a) Calculated sound wave velocities of Ta as a function of pressure. (b) S wave velocities 
of Ta as a function of density and compared with previous studies by Antonangeli et al.[12]  
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4. Conclusions 

In conclusion, the elasticity of polycrystalline bcc Ta is investigated from the ultrasonic 

measurements and the DFT calculations. The compressional and shear wave velocities of sintered 

polycrystalline tantalum have been measured up to 13.6 GPa at room temperature using ultrasonic 

interferometry technique within a multi-anvil apparatus. The bulk and shear moduli, as well as 

their pressure derivatives are determined using 3rd order Eulerian finite strain equations, yielding ��� = 193.9(29) GPa, �� = 69.3(10) GPa, ����  = 3.18(5) and  ���  = 0.88(1). In addition, the shear 

modulus and its pressure derivative obtained in current study are used to exam the Steinberg-

Guinan yield stress model, where a slightly lower �� = 0.0127 GPa-1 is obtained. Single crystal 

elastic constants, the anisotropy ratio and their changes as a function of pressure have been 

studied by DFT calculations up to 200 GPa. The polycrystalline elastic properties and elastic 

wave velocities of Ta derived based on the Voigt-Reuss-Hill average are generally consistent 

with the experimental results. The bcc phase of Ta remain stable in the entire range of pressure up 

to 200 GPa, with pronounced softening in the elastic shear constant C44 and shear wave velocity 

VS at about 80 GPa and stiffening after 180 GPa; the same qualitative behavior is also observed in 

C11 and VP with much smaller magnitude. Such anomalies might due to the Fermi surface nesting 

upon compression, which is commonly for Group VB metals. 
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