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Abstract—This paper presents the results of measurements of the strength properties of technically pure tan-
talum under shock wave loading. It has been found that a decrease in the grain size under severe plastic defor-
mation leads to an increase in the hardness of the material by approximately 25%, but the experimentally
measured values of the dynamic yield stress for the fine-grained material prove to be less than those of the ini-
tial coarse-grained specimens. This effect has been explained by a higher rate of stress relaxation in the fine-
grained material. The hardening of tantalum under shock wave loading at a pressure in the range 40—100 GPa
leads to a further increase in the rate of stress relaxation, a decrease in the dynamic yield stress, and the dis-
appearance of the difference between its values for the coarse-grained and fine-grained materials. The spall
strength of tantalum increases by approximately 5% with a decrease in the grain size and remains unchanged
after the shock wave loading. The maximum fracture stresses are observed in tantalum single crystals.
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1. INTRODUCTION

It is known that plastic deformation results in a
hardening of metals and alloys due to an accumulation
of deformation defects [1] and, in the case of severe
deformations, due to a decrease in grain size [2—4].
However, the data available in the literature on the
influence of these factors on the flow stress and
strength of materials under high strain rate loading [5—
8] are very scarce and contradictory. While the hard-
ness, yield stress, and tensile strength, which are mea-
sured under low strain rate loading, increase after
severe plastic deformation or shock wave loading of
the material, changes in the resistance to high strain
rate loading and fracture can be not observed or even
have the opposite sign. At the same time, the develop-
ment of models describing the high strain rate loading
and fracture and the construction of the correspond-
ing basic relationships, which are necessary for calcu-
lations of intensive pulsed loading, are impossible
without a clear understanding of the contributions
from different structural factors to these processes over
a wide range of loading durations. In order to fill this
gap, in the present work we have performed systematic
investigations of the behavior of tantalum with differ-
ent grain sizes and different degrees of imperfection
under shock wave loading.

Interest expressed by researchers in the spall
strength of tantalum is associated with its practical
application in constructions operating under intensive
pulsed loading (for example, under conditions of an
explosion and a high-velocity impact). Tantalum has a
body-centered cubic structure of the crystal lattice, a
density of 16.6 g/cm?, and a melting point of 3287 K
and exhibits a combination of high hardness with high
plasticity. The elastoplastic properties and spall frac-
ture of tantalum under shock wave loading have been
investigated in a rather large number of works [9—22],
which, however, have remained unclear the mecha-
nism of the influence of structural factors on these
processes. The dynamic elastic limit for tantalum,
according to different data, varies in the range from 1.5
to 4.5 GPa, and the spall strength lies in the range from
5 to 10 GPa. The metallographic analysis of tantalum
specimens after shock wave loading [21] has demon-
strated that, beginning with the shock compression
pressure in the range between 7 and 14 GPa, in the
material there appear twins whose volume fraction
increases with increasing pressure to 45 GPa. The
twinning of single crystals strongly depends on the
direction of shock loading with respect to the crystal-
lographic axes of tantalum [22]. The spall strength
slightly increases with a decrease in the grain size and
can substantially vary even within a single specimen.
In this case, the fracture nucleation occurs at grain
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Table 1. Hardness of tantalum in different structural states

Specimen type

Hardness, HRB

Initial coarse-grained (CQG)

Ultrafine-grained (UFG)

Single-crystal

Coarse-grained after the shock compression (~40 GPa)
Coarse-grained after the shock compression (~100 GPa)

Ultrafine-grained grained after the shock compression (~40 GPa)
Ultrafine-grained grained after the shock compression (~100 GPa)

76—79
103—104
68
103
97-99
104—105
103—105

boundaries; during the growth, the initial intergrain
microcracks transform into round pores [10, 11, 13],
which correlates with the high plasticity of the material.

2. MATERIALS AND EXPERIMENTAL
TECHNIQUE

The initial material (TVCh grade) contained 99.9%
tantalum and had an average grain size of approxi-
mately 50—60 um. In order to obtain an ultrafine-
grained structure, the coarse-grained tantalum speci-
mens were subjected to a repeated round forging in
different high-temperature regimes [3]. After severe
plastic deformation, the average grain size was reduced
to ~0.5—0.6 um; the grain structure after this treat-
ment was fairly homogeneous.

The degree of imperfection of the coarse-grained
and fine-grained materials was varied by means of the
shock wave loading. The electron microscopic analysis
revealed that the coarse-grained material subjected to
shock wave treatment undergoes intensive twinning,
so that the volume fraction of twins varied in the range
10—20% depending on the shock compression pres-
sure. Since the high strain rate loading in a shock wave
was accompanied by an increase in temperature, the
residual density of twins after the loading at a pressure
of 100 GPa due to the annealing appeared to be some-
what lower than that after shock wave treatment at a
pressure of 40—60 GPa. The electron microscopic
analysis of the fine-grained material subjected to
shock wave treatment revealed that the specimen con-
tained only a few twins with a thickness of 0.2—0.3 um.
The dislocation density in coarse-grained tantalum
after the shock wave loading increased from 0.5 x 10'°
to 2.0 x 10'° cm~2 with an increase in the shock com-
pression pressure to 100 GPa.

Table 1 presents the obtained data on the hardness
of all the types of tantalum specimens examined in the
present work. It should be noted that, after the prelim-
inary shock compression, the hardness increases only
in the initial coarse-grained specimens and remains
almost unchanged in the ultrafine-grained material.

The experiments were carried out using specimens
with thicknesses of ~0.5—0.6 and ~2.0 mm, which
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were cut from blanks by the electric spark method. The
transverse dimension of the specimens was varied in
the range 25—30 mm. The shock wave loading of the
specimens was performed by an impact with an alumi-
num plate having a thickness of 0.12 mm (for the spec-
imens with a thickness of 0.6 mm) or 0.4 mm. For this
ratio between the thicknesses of the specimen and the
impact plate, the profile of the compression pulse by
the time of its appearance on the free surface became
approximately triangular in shape, which decreased
the error in the determination of the spall strength of
the material [23]. The experiments carried out with
different thicknesses of the specimens made it possible
to change the rate of tensile strain of tantalum in the
unloading wave before the fracture by a factor of
approximately 5. Throwing of the impact plates with a
velocity of ~1250 + 50 m/s was performed using an
explosive device [24]. For this impact velocity, the
pressure of shock compression of the tantalum speci-
mens was equal to ~14 GPa, and the strain in the
direction of uniaxial compression was e, =1 — V/V; =
0.075. In our experiments, the free-surface velocity
profiles were recorded using a laser Doppler velocime-
ter VISAR [24, 25].

3. RESULTS OF MEASUREMENTS

The results of measurements of the free-surface
velocity profiles u(f) of the initial coarse-grained
(CG) and ultrafine-grained (UFG) tantalum speci-
mens are compared in Fig. 1.

The wave profiles demonstrate that an elastic pre-
cursor, a plastic shock wave, and a part of the subse-
quent rarefaction wave appear on the surface. The
time of increase in the parameters in the plastic shock
wave is determined by the viscosity of the material or
by the time of stress relaxation. For the chosen ratio
between thicknesses of the impact plate and the speci-
men, the loading conditions in the vicinity of the free
rear surface of the specimen correspond to the onset of
attenuation of the shock wave under the action of the
overtaking rarefaction wave, and the unloading imme-
diately follows the compression wave and decreases
the velocity of the particles of the material. After the
reflection of the compression pulse from the free sur-
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Fig. 1. Results of measurements of the free-surface velocity profiles of the initial coarse-grained (CG) and ultrafine-grained
(UFG) tantalum specimens. Numbers near the velocity profiles are the thicknesses of specimens (in millimeters).

face, the tensile stresses are generated inside the spec-
imen, which, in turn, initiates its fracture, i.e., a spall.
This is accompanied by the relaxation of tensile
stresses and the formation of a compression wave
(spall pulse), which comes to the surface of the speci-
men and causes the second increase of its velocity. A
further decay of oscillations of the velocity is related to
the reverberation of the spall pulse in the “spall plate”
detached from the specimen.

The compressive stress behind the front of the elas-
tic precursor, i.e., the dynamic elastic limit oyg;, is
calculated from the measured free-surface velocity
uygL according to the expression Gyl = PoCiléyeL/2-
The corresponding values of the yield stress are given

by the formula ¥ = (3/2)oue(l — cj/c)) =
2645 C/E', where G = (3/4)py(c; — ¢;) is the shear

modulus; E' = poc,2 is the modulus of elongation
(Young’s modulus); ¢; and ¢, are the longitudinal and
bulk velocities of sound, respectively; and p, is the
density of the material. In the processing of the wave
profiles containing small irregular oscillations and
other distortions, the free-surface velocity uygp is
determined by the extrapolation to the front of the
elastic precursor of the linear approximation of a part
of the wave profile behind the front of the precursor, as
is shown in Fig. 1.

The free-surface velocity decrement Aug, when the
free-surface velocity decreases from the maximum to
the value before the front of the spall pulse (Fig. 1), is
proportional to the fracture stress, i.e., the spall
strength of the material 6y, under the given loading
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conditions. In the linear (acoustic) approximation, we
can write

1
cysp = ipOCb(Aufs+8u)a

where du is the correction for distortion of the wave
profile due to the differences between the velocities of
the spall pulse front and the velocity of the plastic part
of the incident unloading wave before this front [23].
The thickness of the spall plate 4 is determined by the
period At of oscillations of the free-surface velocity
after the spall according to the expression 4 = c;At/2.

Table 2 presents the results of measurements of the
resistance to high strain rate loading and fracture of
tantalum specimens with different structures under
shock wave loading. The designations used in this table
are as follows: A, is the thickness of the specimen,
Himyp is the thickness of the impact plate, oy is the
dynamic elastic limit, Y'is the tensile stress behind the
front of the elastic precursor, o, is the spall strength,

hg, is the thickness of the spall plate; and V/ V, is the
rate of expansion of the material before the front of the
spall pulse.

4. FLOW STRESS OF TANTALUM

The performed measurements have demonstrated
a significant decay of the elastic precursors during the
propagation in both the initial coarse-grained and
ultrafine-grained tantalum materials. The elastic pre-
cursor decay is caused by the relaxation of deviator
stresses due to the development of plastic deformation
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Table 2. Results of measurements of the strength properties of tantalum under shock wave loading
Specimen no. |  Ag,,,, mm himp, mm | oygr, GPa Y, GPa Oy, GPa hg, mm | V/V,, 103571
Initial coarse-grained tantalum (CG)
20 1.97 0.4 2.12 1.02 6.7 0.21 3.1
21 0.64 0.11 3.24 1.56 8.1 0.08 13
Ultrafine-grained tantalum (UFG)
9 2.14 0.41 2.05 0.99 7.1 0.26 4.5
10 2.11 0.41 1.83 0.88 7.6 0.26 4.8
11 0.68 0.12 2.66 1.28 7.9 0.09 12
12 0.54 0.12 2.2 1.06 8.4 0.07 19
Tantalum CG after the shock compression 40 GPa
18 1.97 0.41 1.6 0.77 6.5 0.24 3.7
19 0.56 0.11 1.97 0.95 7.6 0.08 12
Tantalum UFG after the shock compression 40 GPa
22 1.97 0.41 1.7 0.82 7.5 0.25 4.7
23 0.59 0.11 2.0 0.96 7.9 0.09 14
Tantalum after the shock compression 100 GPa
25(CG) 1.92 0.41 1.5 0.72 6.9 0.29 3
24(UFGQG) 1.97 0.41 - 7.4 0.25 3.9
Tantalum CG after the shock compression at a velocity of 4.1 km/s
27 | 1.98 0.38 7.3 | 0.084 8.5
Single-crystal tantyalum
13 2.02 0.41 2.2 1.06 9.4 0.3 3.9
15 1.98 0.41 1.7 0.82 10.4 0.29 5
16 0.46 0.12 — 9.6 0.09 6

immediately behind the elastic wave and is related to

the plastic strain rate ¥ by the expression [26]

_ 4Gy
3¢

do
dh HEL

b

where # is the distance traversed by the elastic wave.
The data presented in Fig. 1 indicate that, in the
coarse-grained material, the dynamic elastic limit
oygr decreases from 3.24 GPa at a distance of
0.64 mm to 2.12 GPa at a distance of 1.98 mm. In the
ultrafine-grained tantalum, the value of Gy, varies in
the range from 2.66 GPa at a distance of 0.68 mm to
1.83 GPa at a distance of 2.11 mm. After the severe
plastic deformation, the hardness of tantalum
increases by approximately 25% (Table 1), whereas the
dynamic elastic limit 6, becomes even slightly lower
than that for the initial coarse-grained material. This
difference is particularly evident in the experiments on
the specimens with a thickness of ~0.65 mm.

The time of increase in the parameters in the plastic
shock wave for the ultrafine-grained specimens is
noticeably shorter. This indicates a higher rate of plas-
tic deformation and, probably, a lower characteristic
viscosity T/& of the material. A decrease in the viscos-
ity after the severe plastic deformation was previously
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observed for other metals [7]. The maximum com-
pressive strain rate in the shock wave ¢,

Ug may /2Us in accordance with the measured values of
the maximum acceleration of the free surface iy 1,y ,

which are equal to 26 (km/s) us~! for coarse-grained
tantalum and 47 (km/s) us~! for ultrafine-grained tan-
talum at a plastic shock wave velocity of 3.7 km/s, is
estimated to be 3.5 x 10° s~! for coarse-grained tanta-
lum and 6.4 x 10°s~! for ultrafine-grained tantalum.

Probably, the observed difference in the manifesta-
tions of the effects of comminution of the grain struc-
ture under conventional conditions of low strain rate
loading and high rate shock wave compression is
explained by different rates of stress relaxation in the
coarse-grained and ultrafine-grained tantalum mate-
rials and by different rates of the elastic precursor
decay, as is schematically shown in Fig. 2. At large dis-
tances, the stresses behind the elastic precursors
should approach the values corresponding to the
quasi-static yield stresses. In other words, the dynamic
elastic limit oy measured on specimens with a large
thickness should be higher for the ultrafine-grained
tantalum material as compared to that for the coarse-
grained tantalum material. However, if the character-
istic viscosity of the harder ultrafine-grained tantalum
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Fig. 2. Estimated difference in the rates of decay of the
elastic precursors in the coarse-grained (CG) and
ultrafine-grained (UFG) tantalum specimens. Vertical
lines indicate the thicknesses of the specimens in the per-
formed measurements.

material is lower than the viscosity of the coarse-
grained tantalum material, the elastic precursor decay
in the ultrafine-grained tantalum occurs more rapidly
than in the coarse-grained tantalum. As a result, for
the specimens with a small thickness, there can occur
a situation corresponding to the region between verti-
cal lines in Fig. 2, where the harder ultrafine-grained
tantalum demonstrates lower values of the dynamic
elastic limit than the coarse-grained material.

RAZORENOV et al.

Figure 3 presents the results of experiments with
specimens of the initial coarse-grained and ultrafine-
grained tantalum materials subjected to shock wave
loading at a shock compression pressure of 40 GPa. All
the results of measurements of the dynamic elastic
limit as a function of the thickness of the specimens
are summarized in Fig. 4.

The shock wave treatment leads both to a decrease
in the values of the dynamic elastic limit of the coarse-
grained and ultrafine-grained tantalum materials and
to a decrease in the difference between these values.
The rates of elastic precursor decay also decrease in
the studied range of specimen thicknesses. It should be
noted that the rates of compression in the plastic shock
wave after the shock wave treatment increase to (0.95—
1.10) x 107 s~! and differ only slightly for the two types
of material. An increase in the pressure of preliminary
shock compression to 100 GPa result in a dispersion of
the elastic precursor front without a substantial change
in the other measured characteristics.

5. SPALL STRENGTH OF TANTALUM

The measurements of the spall strength of tantalum
materials with different grain structures were supple-
mented by the experiments with single-crystal tanta-
lum. The orientation of tantalum single crystals with
respect to the directions of propagation of shock wave
loading was not determined. In similar experiments
performed earlier with molybdenum [27], it was found
that the influence of the orientation on the resistance
to spall fracture is not very significant. Figure 5 shows
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Fig. 3. Results of measurements of the free-surface velocity profiles of the initial coarse-grained (CG) and ultrafine-grained
(UFG) tantalum specimens preliminarily subjected to shock compression at a pressure of 40 GPa. Numbers near the velocity pro-
files are the thicknesses of specimens (in millimeters). The dashed line shows the free-surface velocity profile ug measured for the

coarse-grained tantalum specimen under a shock with a velocity of 4.1 km/s. The velocity profile is shifted by 1525 m/s (a multiple

of the VISAR constant) toward lower velocities.
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Fig. 4. Elastic precursor decay in tantalum specimens in
the initial coarse-grained (CG) and ultrafine-grained
(UFG) states and after shock wave loading at a shock com-
pression pressure of 40 GPa (CG-S and UFG-S, respec-
tively).

the free-surface velocity profiles obtained in the
experiments carried out for single-crystal tantalum
specimens. A direct comparison of the data presented
in Figs. 1, 3, and 5 has demonstrated that the tantalum
single crystals free from structural defects exhibit a sig-
nificantly higher resistance to spall fracture than poly-
crystalline tantalum. Furthermore, as judged from the
shape of the free-surface velocity profiles directly in
front of the spall pulse, the strength recourse of the
material in these experiments has not been completely
realized and, probably, higher values of the spall
strength could be observed at a higher peak pressure of
shock compression.

Taking into account that, according to the data
available in the literature, there is a dependence of the
resistance to spall fracture on the peak pressure in the
incident loading pulse, we additionally performed mea-
surements of the spall strength of the initial tantalum
specimen with a thickness of 1.98 mm under loading by
an impact with a 0.38-mm-thick aluminum plate at a
velocity of 4.1 km/s. For this impact velocity, the pres-
sure of shock compression of tantalum was equal to
~70 GPa against the pressure equal to ~14 GPa in the
main series of experiments. The free-surface velocity
profile measured in this case is presented in Fig. 3.

The high-rate fracture with a spall represents a
kinetic process of generation, growth, and coales-
cence of a great number of discontinuities [28], and
the observed values of the resistance to fracture are the
result of competition of the growth of tensile stresses in
the process of wave interactions and their relaxation
due to the emergence and growth of discontinuities in
the material. For this reason, the measured resistance
to fracture at the spall increases with an increase in the
strain rate.
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Fig. 5. Results of measurements of the free-surface velocity
profiles of the single-crystal tantalum specimens. Num-
bers near the velocity profiles are the thicknesses of speci-
mens (in millimeters).

The results of measurements of the spall strength of
tantalum are summarized in Table 2 and Fig. 6, where
they are represented as the dependence on the rate of
expansion of the material in the rarefaction wave,
which is defined as

U
- ’
Vy 2¢y
where u;, is the measured rate of decrease in the free-

surface velocity of the studied specimen in the unload-
ing part of the shock compression pulse. In [24, 27,
29], it was shown that the initial rate of increase in the
relative volume of discontinuities at the spall is equal
to the expansion rate thus calculated for the material
in the unloading wave, to within a constant factor of
~(2—4).

It can be seen from the presented results that a
decrease in the grain size leads to an increase in the
spall strength of tantalum by approximately 5%. The
effect is somewhat more pronounced at a longer dura-
tion of the shock compression pulse. This result is not
as obvious as one might expect, based on information
about the behavior of materials under normal condi-
tions. In polycrystalline tantalum, incipient cracks or
pores in the spall are formed at the grain boundaries.
For this reason, single crystals are characterized by a
higher resistance to spall fracture as compared to poly-
crystalline tantalum. Most likely, the decrease in the
size of grains under severe plastic deformation is also
accompanied by the reduction of inclusions and other
potential fracture sources concentrated at the grain
boundaries.

The preliminary treatment of tantalum under
shock compression almost did not affect the fracture
stresses at the spall or slightly decreased the spall
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strength o,. A nearly fivefold increase in the shock
compression pressure in the measurement of the spall
strength produced a similar effect. Probably, twins and
dislocations generated by a shock wave can make only
a small contribution to the fracture nucleation at least
in the studied range of stain rates. As regards the
reports on the increase in the spall strength with an
increase in the peak pressure in the incident loading
pulse, this effect most likely is apparent and stems
from the errors in the performance of the measure-
ments. A detailed discussion of this aspect of the prob-
lem can be found in [30].

Figure 7 presents the results obtained in this work
together with the results obtained from measurements
of the spall strength of tantalum by the French authors
Cug-Lelandias et al. [18] and Roy [31]. It can be seen
from this figure that, in the case where the spall is ini-
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tiated by a laser pulse, the spread of the data on the
spall strength at the same strain rate can reach 50%
and more. For a plane collision of the plates, when the
strain rate before the fracture varies in the range from
5x 10*to 5 x 10°s~!, such a strong spread of the mea-
sured spall strength is not observed even for tantalum
with different grain structures. It seems likely that the
instability of data on the spall strength appears when
the thickness of the spall becomes smaller than the
grain size. On the whole, our results are in good agree-
ment with the data obtained by other authors, and the
total dependence is reasonably extrapolated to the
value of the strength of tantalum under low strain rate
loading.

6. CONCLUSIONS

We have obtained new data on the strength proper-
ties of technically pure tantalum (TVCh grade) under
submicrosecond shock wave loading. The most inter-
esting and unexpected result is that a decrease in the
grain size from 60.0 to 0.5 pm under severe plastic
deformation, which leads to an increase in the hard-
ness of the material by approximately 25%, has the
opposite effect on the dynamic yield stress. This effect
has been explained by a higher rate of stress relaxation
in the fine-grained material. An accelerated relaxation
of stresses in the fine-grained material also manifests
itself in a higher rate of compression in a plastic shock
wave. Apparently, the grain boundaries under these
conditions are dislocation nucleation sites that ensure
higher strain rate loading of the fine-grained material.

The hardening of tantalum under shock wave load-
ing at a pressure in the range 40—100 GPa leads to an
increase in the rate of stress relaxation, a decrease in
the dynamic yield stress, and the disappearance of the
difference between its values for the coarse-grained
and fine-grained materials.

The spall strength of tantalum increases by approx-
imately 5% with a decrease in the grain size and
remains unchanged after the shock wave loading. A
fivefold-increase in the pressure of shock wave com-
pression preceding the spall also does not lead to a
noticeable change in the fracture stress. Apparently,
twins and dislocations generated by the shock wave
can make only a small contribution to the fracture
nucleation at least in the studied range of strain rates.
The measured values of the spall strength are in agree-
ment with the data available in the literature. The
maximum fracture stresses are observed in tantalum
single crystals.
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