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The thermodynamic properties of Ta metal under high pressure are studied by molecular dynamics simulation. For
dislocation-free Ta crystal, all the thermodynamic properties considered are in good agreement with the results from exper-
iments or higher level calculations. If dislocations are included in the Ta crystal, it is found that as the dislocation density
increases, the hydrostatic pressure at the phase transition point of bcc—hcp and hcp—fcc decreases, while the Hugoniot
temperature increases. Meanwhile, the impact pressure at the elastic—plastic transition point is found to depend on the crys-
tallographic orientation of the pressure. As the dislocation density increases, the pressure of the elastic—plastic transition
point decreases rapidly at the initial stage, then gradually decreases with the increase of the dislocation density.
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1. Introduction

The phase transition of Ta metal under high pressure is a

t.11=12) Ty is a bece structure under

hot research topic at presen
the standard condition, but the phase transition of the crys-
tal under high pressure and high temperature is very complex,
thus it has been extensively studied. Hsiung and Lassila found
that Ta transformed from the bcc structure to the hep struc-
ture by the impact test of 45 GPa.['3!%] The studies of Brown
and Shaner!">! showed that Ta melted under the impact pres-
sure of around 300 GPa. However, other impact experiments
showed that the bcc structure of Ta remained stable when the
shock pressure reached 500 GPa.[!6-2!l In the theoretical as-
pects, Ravelo er al. found an elastic—plastic transformation
of the Ta crystal in the pressure range of 40 GPa-55 GPa
by molecular dynamics simulation, and the phase transformed
from bcc structure to hep structure under the hydrostatic pres-
sure of 463 GPa.!*?! Burakovsky et al. found that the structure
of fcc was more stable than that of bcc when the hydrostatic
pressure was higher than 150 GPa by the density functional
theory (DFT) method.[?3! On the other hand, the DAC static
pressure experiment showed that the bcc structure of Ta re-
mained stable up to 174 GPa. Although the physical proper-
ties of Ta under high temperature and high pressure have been
extensively investigated, as far as we know, no one has studied
the effects of dislocations on the thermodynamic properties of
metals under high pressure. However, the dislocations play a
major role in the phase transformation and mechanical prop-
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erties of metals. Therefore, this article aims to explore the
effects of dislocations on the physical properties of Ta metals
under high pressure by the molecular dynamics method.

2. Theory and method

A variety of atomic interaction potentials have been pro-

[24-321 and the embedded atom poten-

posed for metal Ta,
tial proposed by Ravelo and Germann is used in the present
work.[??l Under zero pressure, the metal Ta has a bcc struc-
ture, and the theoretical lattice constant, cohesive E.po, the
elastic constants C}1, Cj2, and Caq are 3.304 A, —8.1 eV/atom,
263 GPa, 161 GPa, and 82 GPa, respectively. When we cal-
culate the elastic constants, the X, Y, and Z axes of the com-
putational unit cell are taken along (100), (010), (001) crys-
tallographic directions, respectively. The unit cell has the size
of 132.16 A x132.16 A x132.16 A and contains 1.28 x 10°
atoms. The periodic boundary condition is applied to the com-
putational unit cell along the X, Y, and Z directions. In order
to study the effect of dislocations on physical properties of the
material, computational unit cells containing different disloca-
tion densities are built. The dislocation formed in this work is
a common 1/2(110) {112} edge dislocation in bcc crystals.

3. Results and discussions
3.1. Physical characteristics under hydrostatic pressure

In this work, the physical properties of Ta bcc struc-
ture under high hydrostatic pressure are first calculated.
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The sound velocity was obtained by the Voigt—Reuss—Hill
approximation. 33! The bulk modulus B and the shear modu-
lus G of a cubic crystal can be obtained based on the following

formula
6= Ove0n, "
2
B_ Cn+ C12, @)
3
where
GV:C]]*C152+3C447 3)
Gr — 5(C11 —C12)Ca4 @

" 4C4+3(Cr —Cr2)’

In the above formulas, Cji, Ci2, and Cyq are the elastic con-
stants of Ta crystal with bcc structure. The longitudinal sound
velocity C, and the bulk sound velocity Cg can be calculated

B+4G/3
o =BG, 5)
p
/B
Cr=,/—=. 6
B o (6)

The calculated results of elastic constants, sound velocity, and

as

enthalpy of Ta with bce, fcc, and hep structures are shown
in Figs. 1(a), 1(b), and 1(c), respectively, as a function of
the hydrostatic pressure. As can be seen from Figs. 1(a) and
1(b), under zero pressure, the elastic constants C;1, Ci2, Ca4,
bulk modulus B, and shear modulus G are 263 GPa, 161 GPa,
82 GPa, 195 GPa, and 68 GPa, respectively, which agree well
with the experimental values.!>!**! From Fig. 1(a) it is found
that shear modulus G, the elastic constants C;;, and Cj; in-
crease with the increase of the hydrostatic pressure, while bulk
modulus B and elastic constant C44 increase initially and then
decrease at the pressure over 350 GPa. As the pressure contin-
ues to increase, B, Ci1, and Cy, show a discontinuous change
around the pressure of 450 GPa, which indicates that the bcc
structure of Ta crystal remains stable up to the pressure of
450 GPa. For pressure than higher 450 GPa, the bcc struc-
ture of Ta crystal transforms into the hcp structure, as shown
below. The sound velocities Ci, and Cg of Ta crystal are also
calculated to be 4.13 km/s and 3.81 km/s at zero pressure and
increase with the increase of hydrostatic pressure. A discon-
tinuous variation of the sound velocities C;, and Cg are also
found around the pressure of 450 GPa, as shown in Fig. 1(b).
These results agree well with the ones from higher level calcu-
lations of Orlikowski et al.[>3) Tt also supports the conclusion
that a phase transformation from the bce structure of Ta to hep
structure occurs at the hydrostatic pressure of about 450 GPa.
Note that the discontinuous change seems to be observed in the
variation of C44 and G versus pressure, as shown in Fig. 1(a).

This may be due to the fact that the magnitude in discontinu-
ous change of Cy4 and G at the point of the phase transition is
vanishingly small compared with the corresponding C;1, Ci3,
B, C44, and G.
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Fig. 1. (color online) (a) The elastic constants, (b) sound velocity, and

(c) the enthalpy difference between fcc/hep and bec structure of Ta as a

function of the hydrostatic pressure.

Figure 1(c) shows the variation of enthalpy versus hy-
drostatic pressure under the condition of zero temperature for
Ta crystal with fcc and hep structures. The enthalpy values
are based on the bcc structure as a reference point. As seen
in the figure, at the pressure below 450 GPa, the enthalpy is
the smallest for bce structure, second for hcp structure, and
the largest for fcc structure. When the pressure is more than
450 GPa, the enthalpy of the Ta crystal with hcp structure be-
comes the smallest. When the hydrostatic pressure continues
to increase to 530 GPa, the fcc structure possesses the smallest
enthalpy, while the enthalpy of hcp structure is in the middle,
and the enthalpy of the bcc structure is the largest. This indi-
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cates that the crystal Ta with bcc structure is most stable below
450 GPa. When the pressure is higher than 450 GPa, the bcc
structure first transforms into hcp structure. This result is in
good agreement with the result by Ravelo et al.,??) which pre-
dicted that the crystal Ta with bcc structure transformed into
hep structure at the pressure of about 463 GPa. If the pressure
is further increased to more than 530 GPa, the hcp structure
will change to the fcc structure, as shown in Fig. 1(c).

0'2 T T T T T T T . . . . . .
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p = 4.67 x 10'> cm~2, the phase transition pressures of the gl
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tively. These values are far smaller than the ones of the phase
transition in the defect-free Ta crystal. It can also be seen
from Fig. 2 that the phase transition pressures of bcc—fcc and

beec—rhep of Ta crystal decrease with the increase of the dislo-
cation density.

3.2. Physical characteristics under impact pressure

Figure 3 illustrates the variation of the sound velocity
Us versus the particles velocity Up under the impact pressure
along different crystallographic directions of (100), (110},
and (111). As shown in Figs. 3(a)-3(c), for defect-free Ta
single crystal, all shock directions exhibit high Hugoniot

Fig. 3. (color online) The variation of sound velocity Us versus the
particle velocity Up under different impact pressures along the crystal-
lographic orientation of (a) (100), (b) (110), and (c) (111).
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than 60 GPa, the crystal is elastically deformed; when the im-
pact pressure is greater than 60 GPa, the crystal is plastically
deformed. For the crystallographic orientations of (110) and
(111), this discontinuity occurs at 85 GPa and 55 GPa, respec-
tively, and the corresponding elastic strain limits are 20% and
12.3%, respectively. In the work of Ravelo et al.,*?! the Ta
crystal was found to undergo an elastic—plastic transition in the
40 GPa-55 GPa range with the corresponding elastic strain of
10%—-14%. Present numerical results are basically consistent
with the ones by Ravelo et al.!?*! and experiments.!!”]

We also calculate the shock pressure at the elastic—plastic
transition point as a function of the dislocation density, and the
results are shown in Fig. 4. The shock pressure is applied to
Ta crystal along (100), (110), and (111) crystallographic di-
rections. It is found that the pressure at the elastic—plastic tran-
sition point decreases rapidly with the increase of the disloca-
tion density when the density is smaller than 1 x 10'> cm~2,

and then gradually decreases. When the dislocation density
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Fig. 5. (color online) Atomic arrangement and stress distribution with atomic resolutions, where a Ta crystal including a 1/2(110) {112} edge
dislocation (the corresponding density p = 0.29 x 10'2 cm~2) is impacted under the pressure of 100 GPa at different moments of (a) = 0 ps,
(b) 1 =5 ps, (c) t =10 ps, and (d) # = 30 ps. The shock pressure is along the (110) crystallographic direction.

Stress/GPa

As an example, figure 5 shows the atomic arrange-
ment and stress distribution of a Ta crystal including a
1/2(110) {112} edge dislocation (the corresponding density
p = 0.29 x 10'? cm~2) with atomic resolutions. The crystal
is subjected to the pressure of 100 GPa at different moments
of 0 ps, 5 ps, 10 ps, and 30 ps. The shock pressure is applied
along the (110) crystallographic direction. In these panels, the
horizontal axis is along the (110) crystallographic direction to-
ward the right of the sheet, the vertical axis is along the (111)
crystallographic direction upward to the top of the sheet, and
the third axis is along the (112) crystallographic direction per-

p increases to about 9 x 10'2 cm™2, the shock pressure at the
elastic—plastic transition point decreases to 30 GPa, 37.5 GPa,
and 31 GPa along (100), (110), and (111) crystallographic

directions, respectively.
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Fig. 4. (color online) The variation of the shock pressure versus disloca-
tion density p at the elastic—plastic transition point along (100), (110),
and (111) crystallographic directions.

il |
|

Stress/GPa

60.0

pendicular to the plane of the sheet. As shown in Figs. 5(a)
and 5(b), the dislocations are located at the region with larger
stress gradient, i.e., the dislocation is near the central position
of the crystal in Fig. 5(a) and the upper right corner of the
crystal in Fig. 5(b). It can also be seen in Fig. 5(a) that a com-
pression stress area is formed in the upper part of the crystal
over the dislocation core and a tensile stress area is created in
the lower part of the crystal below the dislocation core. This is
a typical characteristic of stress distribution for an edge dislo-
cation in fcc metal. From the figure it can be seen that within

the initial 5 ps, the shock pressure forces the dislocation at the
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center of the crystal to move to the position of the upper right
corner of the crystal by slipping and climbing. Figures 5(c)
and 5(d) show that more and more regions of the larger stress
gradient are produced with continuous shocking on the crystal,
which indicates that more and more dislocations are generated,
thus the plastic deformation spreads to a wider region with the
elasped time. These dislocations produce stress fields and then
enhance the effect on the mechanical properties of the crystals.

Figure 6 shows the Hugoniot curve of the Ta crystals.
As can be seen from the figure, the calculated Hugoniot tem-
perature increases with the increase of the pressure for the
dislocation-free Ta crystal under the shock pressure along the
(100) direction. This is in line with the results by first prin-
ciple calculations*®! and molecular dynamics simulations. [*°]
As shown in Fig. 6, the upper curve is the Hugoniot curve
of the Ta crystal with larger dislocation density, the middle
curve is for the smaller concentration of dislocations, and the
lower curve is for dislocation-free Ta crystal. This indicates
that the Hugoniot temperature increases obviously with the in-
crease of the dislocation density in the Ta crystal. A similar
phenomenon is also found in these Ta crystals under the shock
pressure along (110) and (111) directions, and is not shown
here.
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Fig. 6. (color online) The curves of temperatures of Ta crystal along
the Hugoniot path, where the shock pressure is applied along the (100)
crystallographic direction.

4. Conclusion

In this paper, the physical properties of crystal Ta under
the hydrostatic and impact pressure, such as enthalpy, elastic
constants, sound velocity, and so on are calculated by molec-
ular dynamics. Under hydrostatic pressure, it is found that the
bece structure of defect-free Ta crystal is the most stable when
the pressure is smaller than 450 GPa. As the pressure further
increases, a phase transition takes place from the bcc struc-
ture of the defect-free Ta crystal to its hcp structure. When
the pressure continues to increase to 530 GPa, the hcp struc-
ture of the defect-free Ta crystal transforms into fcc struc-
ture. If dislocations of crystals are taken into account, the
pressure at the phase transition point will decrease with the
increase of the dislocation density. The impact pressure at the
elastic—plastic transition point depends on the crystallographic

directions along which the impact pressure is loaded. The im-
pact pressure of the defect-free Ta crystal at the elastic—plastic
transformation points along the (100), (110), and (111) direc-
tion is found to be 60 GPa, 85 GPa, and 55 GPa, respectively.
As the dislocation density p increases, the impact pressure at
the elastic—plastic transition point decreases, while the Hugo-
niot temperature is found to increase.
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