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Abstract

The formation of an hcp (Omega) phase was observed in recovered
monocrystalline tantalum with orientations [001], [110], [111], and [123] subjected to laser
driven shock compression at an energy around 650 J, generating a shock amplitude of about 70
GPa and duration of ~ 3.7 ns with an associated temperature of ~900 K. The substructures
generated by the laser pulse were mainly characterized by transmission +electron microscopy. A
VISAR experiment was used to predict the pressure decay profile in the metal and the
corresponding value in the observation plane. It is proposed that the shear stresses generated in
by the uniaxial strain state of shock compression play an important role in the transformation.



1. Introduction

Phase transitions are of utmost importance in the properties of materials. For instance, a
displacive phase transformation (martensite) is responsible for the extraordinary range of
strengths and toughness of steel, making it the most versatile and important structural material.
The discovery of new phase transitions is not currently a common event and often requires a mix
of experimentation, predictive computations, and luck. High energy pulsed lasers are enabling
an expanding pressure and temperature regime and the exploration of extreme conditions.

Tantalum is an important metal and is being used globally as a model for the body
centered cubic structure, receiving considerable attention. There is an ongoing experimental
controversy on a possible high-pressure, high-temperature polymorphism in tantalum.
Burakovsky et al. [1] conducted ab initio calculations (quantum molecular dynamics (QMD)
simulations) that predicted the existence of an Omega (hcp) phase in the high pressure-
temperature regime of monocrystalline Ta (above ~70 GPa). Using a density functional theory
(DFT)-based model and generalized pseudopotential theory (MGPT) multi-ion interatomic
potentials, Haskins et al. [2] found a size effect for the hexagonal phase. Shang et al. [3]
systematically calculated phase transition pressures for 76 elemental solids including pure
tantalum, mentioning a bcc-hep transition at 67.5/285 GPa by using the projector-augmented

wave method within the generalized gradient approximation.

Experimentally, Hsiung and Lassila [4-6] observed twins and Omega phase formed in
pure Ta and Ta-W alloy. The bcc-to-hcp phase transition occurred in Ta-10W alloy at about 30
GPa and in polycrystalline Ta at 45 GPa with a 1.8 us duration. They proposed a mechanism,
indicating that shock pressure leads to shear-based transformation in tantalum from the bcc to the
Omega phase. In sound velocity measurements of tantalum under shock compression, Hu et
al. [7] mentioned that the kink at ~60 GPa in the observed longitudinal sound velocity may have
been caused by a shock-induced phase transformation.  Thus, the possible existence of the
Omega phase has been discussed extensively in the literature and there is a considerable degree

of uncertainty.

The objective of this report is to describe observations of a solid-solid phase

transformation in monocrystalline tantalum with different orientations ([001], [110], [111], and



[123]) shock compressed at very short durations (~ 3ns) and high strain rate (~10%/s) in a uniaxial

strain state.
2. Experimental Techniques

Pure monocrystalline Ta with four orientations, [001], [110], [111], and [123], was
obtained from MarkeTech Intl, Inc. in cylindrical shape with dimensions of 3 mm diameter and 3
mm height. The interstitial impurities (ppm in weight) measured by Evan Analytical Group
(EAG) in Ta are 0:<10, N:<10, H:7.6 and C:<10. The laser recovery experiments were
performed at the Laboratory for Laser Energetics, University of Rochester (Omega Facility). The
experimental set-up had previously been tested for recovery of FCC metals [8-13] and is
described in detail elsewhere [14]. The cylindrical tantalum monocrystal targets were placed
behind a tantalum washer inside a stainless steel recovery container. The samples were backed
up by a Ta momentum trap to minimize reflected tensile pulses. The inside of this container was
filled with silica aerogel, which acted as a deceleration medium for the tantalum specimens after
they had undergone compression loading (Figure 1(a)).

VISAR (velocity interferometer system for any reflector) experiments of the drive were
performed. The VISAR experiments were conducted on Al-LiF drive calibration samples and
provided interface velocity data that allowed pressure versus time of the loading to be deduced,
which became the input to the subsequent computer simulations. Based on the VISAR
experiment and 1-D LASNEX simulations, the pressure decay profile in this experiment with
different energy inputs can be established with considerable certainty. For a nominal input
energy of 600 J, the predicted decay is shown in Fig. 1(b).

The shocked targets were examined using a scanning electron microscope (Phillips XL30
ESEM) and transmission electron microscope (Tecnai F20, operated at 200 kV). Transmission
electron microscopy (TEM) foils were mainly prepared by focused ion beam (FIB; Hitachi NB-
5000 FIB-SEM) techniques due to difficulties in electropolishing in the following three
orientations: [110], [111], and [123]. The samples prepared for FIB were cut into half and
mounted into epoxy. The cross-sections were mechanically polished using Al,O3 paste down to
0.05 um and coated with a thin layer of Ir for the FIB milling procedure. The FIB samples were
perpendicular to the shock propagation direction (and parallel to the surface of the Ta specimens)
and had a thickness of 50-100 nm. There are two benefits from this cutting procedure and
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orientation: (1) the cut samples have a known orientation; (2) from VISAR and computational
results, the pressure can be calculated as a function of distance and can be established accurately
at the foil plane. The pressure decay is assumed independent of orientation. Therefore, for the
[110] monocrystalline Ta sample subjected to a 625 J laser-induced shock pulse, the pressure at a
distance 200 pum below the crater (crater depth is about 166 pm) is about 71 GPa. DIFFRACT™

was used to simulate the diffraction patterns taken from TEM images.

3. Results and Discussion
3.1. TEM Diffraction Pattern Simulation

The TEM diffraction patterns for substructures were simulated by the software
DIFFRACT. The lattice parameter for bcc Ta is 0.33 nm. For the twin structures in the bcc Ta
matrix, the lattice parameters are the same. The crystallographic relations between the twin
structure and matrix are listed in Table 1 (the “plane” indicates the twin plane while the
“direction” indicates the relation between the twin structure and matrix).

In simulating the diffraction patterns of the Omega phase, the structure identified by
Hsiung and Lassila [4—6] was used. It is a pseudo-hexagonal structure and the lattice parameters
are listed in Table 2. The locations of the atoms are (0, 0, 0), (0.6853, 0.3146, 0.5), and (0.3146,
0.6853, 0.5), considering that the lattice dimensions are unit. Similar to the twin structure, the
relations between Omega phase and bcc matrix are listed in Table 3. In the simulation, the
triclinic crystal definition was used.

Using foil normal = [110] and zone axis = [131] as an example, the extra diffraction spots

in the diffraction pattern are shown in Fig. 2. It is clear that the twin plane is (?11), as it is the

mirror line between the two pairs of matrix and twin spots, 101and 101, as shown in Fig. 2(a).
Fig. 2(b) is the simulated diffraction pattern with the Omega phase substructure spots (hollow
circles) in the same matrix and orientation. It is clear that the distribution of extra spots is
different from the one for twinning. Therefore, the shock-induced substructure can be identified
by the electron diffraction pattern. Similar results for foil normal = [123] and zone axis as [101]
are shown in Figs. 2(a). The differences are clear and the Omega phase can be easily identified.

The size of the hollow circle represents the intensity.

3.2. BCC to HCP Phase Transformation



The mechanism of phase transformation for bcc to hcp in tantalum was proposed by
Hsiung and Lassila [4,5]. The substructures were observed in our experiment after a pulse with a
duration of ~3.7 ns, 1/50the of the one used by Hsiung and Lassila [4, 5]. Fig. 3 shows the TEM
dark field micrographs for three different orientations: [110] 625 J Ta at ~200 pum below the
bottom of the crater; [111] 661 J monocrystalline Ta at 245 um below the bottom of the crater
and [123] 633 J Ta at 200 pum below the bottom of the crater. From the LASNEX simulation
results, the corresponding pressure at this position is ~71 GPa. The circles in the inserted
diffraction patterns indicate the spots used for dark field images. From the simulation software,
DIFFRACT, the matrix diffraction pattern can be identified and indicated that zone <131> for
[110], zone <113> for [111] and zone <011> for [123] monocrystalline tantalum.

Comparing the morphology of the phase and the diffraction patterns with the results by
Hsiung and Lassila [4, 5], it can be concluded that substructure is the Omega phase. The plate
shape of the o phase suggests that the interface energy plays an important role; there seems to be
a process of minimized energy at specific orientations, a common phenomenon in phase
boundaries. The Omega domains have a lateral dimension of ~0.2-0.4 um (Fig. 3(a, b)). These
plates are shorter and blockier in [123] monocrystalline Ta (Fig. 3(c)). Hsiung and Lassila [14-16]
also observed the formation of zigzag-shape Omega phase that they suggested was due to the
coalescence of Omega blocks of the same variant. In this study, the irregular shapes resulting,
apparently, from the coalescence of different blocks, are observed as well. The volume fraction
of Omega phase in these three orientations also can be calculated from TEM images and is
shown in Figure 3. The highest volume fraction occurs for shock compression along the [110]
orientation.

EBSD and pole figure experimental results from Florando et al. [15] indicate that
twinning in [110] and [123] oriented monocrystals is relatively easier to occur. In this research,
the volume fraction of Omega phase is also higher in [110] and [123] orientations as shown in
Fig. 4.

Some of the inconsistencies between quasi-static and dynamic observations can be
attributed to a deviation from a purely hydrostatic stress in shock compression. The shear
(deviatoric) component of stress is significant, and, since the Alpha to Omega transformation
requires a shuffle, it is very probable that the shear component of stress contributes to the

transformation. Shear stresses have been found to have a significant effect on reactions and



phase transitions. This was first recognized by Bridgman [16] and later, by Teller [17].
Enikopian [18] systematically investigated the effect in polymers and Chen et al. [19] showed
that the threshold pressure for the exothermic reaction between Ti and Si powders was
significantly decreased by the superposition of shear stresses. In shock compression, the shear
component is very significant. In tantalum, one has the following ratio between shear stress (zmax )
and pressure (p):

Tmax _ 3(C,-Cp)

max

p  2C,+Cy

where C1; =260.9 GPa and C;, =165.2 GPa [3] are elastic stiffness for Ta. The ratio is 0.49,
using zero pressures values. As plastic deformation and/or shear transformation take place, this

value is relaxed.
4. Summary and Conclusions

1. The current results corroborate the discovery of the Omega phase transformation by
Hsiung and Lassila [4], observed in explosively accelerated flyer plate impact
experiments (t, ~ 1.8 ps). We report the observation of an Omega (hexagonal) phase
in body centered tantalum compressed by shock waves to a pressure of 70 GPa with a
attendant temperature of ~1000 K for a duration of 3.7 ns. This is a factor of 500 lower
time scale than the previous report by Hsiung and Lassila [4,5]. The nanosecond scale
duration in our experiments was accomplished by high energy laser pulses (~650 J)

converging on a region with approximately 1 mm diameter on the sample surface.

2. The transformation was observed in recovery specimens from laser-shock experiments
for the three orientations [110], [111], and [123].
3. The Omega phase was observed at a peak pressure ~70 GPa. From the current results

and Hsiung and Lassila’s [4-6] experiments, it can be concluded that the
experimentally obtained phase transformation pressure is ~43-68 GPa. This is higher

than the twinning threshold stress.

4. The Omega phase has the same blocky structure in the three shock compression
orientations. The interface with the matrix is composed of planar regions of preferred

orientation. The orientation relationship between the Omega and BCC matrix is:



(111),,//(0001),,
[110],, //[1000],
[011],, //[0100],
[101], //[1100],
[011],//[0010],
[012], //[0012],
[311], //[001 1],

5. The threshold pressure for the Omega transformation observed in the current laser
shock experiments (~70 GPa) is significantly higher than the one quoted by Hsiung
[4,5] (30 GPa for polycrystalline Ta and 45 GPa for Ta-10W alloy). Two possible
reasons for the difference are: (a) the much lower pulse duration in laser shock vs.
flyer-plate shock. (b) Hsiung and Lassila [4,5] observed the transformation in

polycrystalline Ta.
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Tables:

Table 1: Parameter relations for twin structure used in DIFFRACT software.

Plane Direction
(211),1(217), L11] /[111]
(211), /(211 p11] ML 11]
(211), /(21 1) [11] ML11]
(211),,/11(211), [111] /p1T]
112),/1(L12) [111] MRTT]
(112),1(112) [i1, ML11]
(112), 11(112), R11] /[111]
(112),/11(112), [111] /[111]

(121), /1 (122), [111] /[111]
(T21),//(121), p11] ML 11]
(121),//(121) [1 ML11]
121), /1@21), [111] /p11]

Table 2: Parameters for pseudo hexagonal structure of Omega phase in Ta.

a b C o B Y

0.467 nm 0.467 nm 2.86 nm 90° 90° 120°

Table 3: Parameters relation for Omega phase used in DIFFRACT software.

Plane Direction
(111), //(001), [LT0] //[100],
(112), /1(001), [011] //[010],
(112), //(001), [L01] /110,

(011), /(111), [pT1] /[110]
(200), //(021), [012], /[L12],
(011), #1(011), [311] /[111],
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Figure 1: (a) Assembly used to shock compress the Ta monocrystals; notice momentum trap; (b)
calculated pressure (using 1-D LASNEX and normalization parameter) as a function of depth for
laser shock energy of 600 J.
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Figure 2: Simulated diffraction pattern with (a) twin spots (hollow circles and subscript t) and (b)
Omega phase spots (hollow circles). Foil normal [110] and zone axis [131].
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Figure 3: Dark-field TEM images showing ® phase (bright areas) in (a) [110] monocrystalline Ta
driven energy of 625 J (foil at 200 um below the crater, corresponding to pressure of ~ 71 GPa);
(b) [111] monocrystalline Ta driven energy of 661 J (foil at 245 um below the crater,
corresponding to pressure of ~ 71 GPa); (c) [123] monocrystalline Ta driven energy of 633 J
(foil at 200 um below the crater, corresponding to pressure of ~ 72 GPa). The enlightened spots
are circled in inserted diffraction patterns.
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Figure 4: Volume fraction of HCP phase in [110], [111] and [123] monocrystal orientation at
energy of ~70 GPa. The [110] has the highest Omega phase density.
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