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Abstract

The thermomechanical behavior of pure polycrystalline tantalum has been characterized over a wide range of strain rates, using the recently
developed shear compression specimen [D. Rittel, S. Lee, G. Ravichandran, Experimental Mechanics 42 (2002) 58—64]. Dynamic experiments were
carried out using a split Hopkinson pressure bar, and the specimen’s temperature was monitored throughout the tests using an infrared radiometer.
The results of the mechanical tests confirm previous results on pure Ta. Specifically, in addition to its significant strain rate sensitivity, it was
observed that pure Ta exhibits very little strain hardening at high strain rates. The measured temperature rise in the specimen’s gauge was compared
to theoretical predictions which assume a total conversion of the mechanical energy into heat (8=1) [G.I. Taylor, H. Quinney, Proceedings of the
Royal Society of London, vol. A, 1934, pp. 307-326], and an excellent agreement was obtained. This result confirms the previous result of Kapoor
and Nemat-Nasser [R. Kapoor, S. Nemat-Nasser, Mech. Mater. 27 (1998) 1-12], while a different experimental approach was adopted here. The
assumption that =1 is found to be justified in this specific case by the lack of dynamic strain hardening of pure Ta. However, this assumption
should be limited to non-hardening materials, to reflect the fact that strain hardening implies that part of the mechanical energy is stored into the

material’s microstructure.
© 2006 Published by Elsevier B.V.
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1. Introduction

Tantalum (Ta) is a high-density refractory material, much like
tungsten (W), its neighbor in the periodic table. Tantalum is gen-
erally used after alloying with other elements, such as tungsten,
in order to improve its strength. The static and dynamic mechani-
cal properties of pure polycrystalline Ta have been characterized
by a number of authors such as Hoge and Mukherjee [4], Zerilli
and Armstrong [5], Lee et al. [6], Duprey and Clifton [7], Kothari
and Anand [8] and by Khan and Liang [9]. The literature reports
that, for both the quasi-static and dynamic regimes, Ta exhibits
a noticeable strain rate sensitivity together with a high ductility
to failure. While the strength of pure Ta remains modest, even at
large strain rates, its high density makes it an attractive material
for applications involving high strain rates at which a large duc-
tility to failure is required when strength requirements remain
modest.
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A key characteristic of the dynamic deformation of met-
als is that adiabatic (or nearly) conditions are met, for which
the fraction of mechanical energy that cannot be stored into
the microstructure (stored energy of cold work [10]), serves to
raise the temperature of the material. This thermomechanical
coupling effect has been known for long (e.g. Tresca on shear
bands [11]). The seminal contribution of Farren and Taylor [12]
and Taylor and Quinney [2] showed that the ratio of thermal
to mechanical energy (8) evolves with strain but can conve-
niently be assumed to be taken as 0.9. These measurements
were carried out at relatively moderate strain rates, so that one
can naturally extend this result to higher strain rates, such as
those reached using a split Hopkinson [13] pressure bar appa-
ratus. Measurements of this ratio are relatively scarce, as they
necessitate a synchronized measurement of the stress, strain and
temperature over a very short duration of time. The most pop-
ular temperature measurement device is the infrared detector
(e.g. [14]), which has been used as single element, linear array
and matrix array [15] to monitor transient temperature changes.
The temperature—stress—strain record can then be processed to
determine the ratio of the thermal to mechanical energy (subse-
quently referred to Siy) or the ratio of the thermal to mechanical
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power (Bgifr). The former was determined by Taylor and Quin-
ney [2], while the latter enters the coupled heat equation [16].
These factors have been systematically differentiated and char-
acterized by Rittel [17] for ductile polymers. Parallel work was
carried out by Mason et al. [18] for several alloys. All these
works reported that the B factors are in fact strain and strain
rate sensitive, a fact that implies a separate constitutive equation
while reflecting internal microstructural changes that take place
during the deformation process.

Concerning Ta, a significant contribution was published by
Kapoor and Nemat-Nasser [3], who investigated the thermo-
mechanical behavior of Ta—2.5% W at high strain rates using
an infrared detection system. A central point of this work con-
cerned the “reliability” of infrared systems in the sense that the
temperature is measured on the surface of the specimen where
convection may alter the accuracy of the result. Consequently,
these authors performed a series of careful interrupted experi-
ments, varying the initial temperature of the specimen and got to
the conclusion that for all practical purposes, one may assume
that Bjn; = 1 for metals and alloys. Such a conclusion, if it applies
to all metals, is a significant simplification of the analytical
and experimental aspects of the problem and is therefore quite
enticing.

Since a joint thermal-mechanical characterization of pure Ta
at high strain rates is still missing, the present work has the two
following goals: characterize the mechanical behavior of pure
polycrystalline Ta over a large range of strain rates and char-
acterize the extent of the thermomechanical coupling to define
limits of validity for the assumption that Bin =1.

The paper is organized as follows: the material, specimens
and experimental conditions are introduced in Section 2. Special
emphasis is put on the calibration of the infrared temperature
measurement system, especially on the influence of mechani-
cal strain on the surface emissivity of Ta. Section 3 presents
typical results on the mechanical properties of this material,
including characteristic temperature evolution profiles during
the test. Section 4 discusses the results for both the mechani-
cal and thermal aspects of this work, followed by concluding
remarks.

2. Experimental
2.1. Materials

Two pure polycrystalline Ta (composition given in Table 1)
were purchased as cylindrical, 1/4 in. diameter bars. One bar was
annealed (“annealed”) while the other bar did not undergo any
heat treatment after the extrusion process (“‘as-received”).

2.2. Specimens and data reduction

Two kinds of specimens were machined from the bars and
used throughout this study. The first kind consists of cylin-
ders, 6.33 mm diameter and length. The second kind of speci-
mens consists of shear compression cylindrical specimens (SCS
[1,19-23]). For the sake of brevity, it will only be mentioned
that this specimen allows a shear dominant type of deformation

Table 1
Composition of the Ta used in this study (weight percent)

Element Composition (ppm)
C <10

(0] <10

N <10

H <5

Nb 19

Fe <3

Ni <1

Si <10

Ti <1

W 6

Mo <2

Ta 99.99%

in its gauge section, and it can be used for both quasi-static
and dynamic tests using the same data reduction algorithm.
The following characteristic dimensions were used for the SCS:
6.33 mm diameter (D), 10 mm high, 1.05 mm gauge width and
2.05 mm gauge thickness (7). The exact dimensions of each spec-
imen were checked individually prior to testing.

Data reduction for the SCS specimens was carried out as
detailed in Dorogoy and Rittel [22,23]. This includes a detailed
finite element study of the specimen to determine the K coef-
ficients that relate the loads and displacements to equivalent
stresses and strains in the gauge section. While three K coeffi-
cients have been used in the past for the investigated materials,
it was found that a higher order polynomial approximation pro-
vides a better representation of the stresses and strains in the
gauge section [24], so that the following data reduction equa-
tions were used in this study:

—dy d—dy\*
K 1
T 4< p > 1)

d
ge = &y + K3

P
oe = Ki(1— KZ&:)E 2

where d is the vertical prescribed displacement of the gauge
section and P is the applied load. The terms ey and dy corre-
spond to the strain and displacement values at the yield point.
The K parameters were determined to be K1 =0.92, K> =0.15,
K3 =0.96 and K4 = —0.55, respectively [24]. The validity of Eqgs.
(1) and (2) can be finally assessed by comparing stress—strain
curves obtained for cylindrical and SCS specimens, as shown in
the sequel.

2.3. Mechanical and thermal experimental setups

Quasi-static compression tests (cylinders and SCS) were per-
formed on a standard servo-hydraulic testing machine (MTS
Model No. 11019). The machine compliance was taken into
account during data reduction. The dynamic compression exper-
iments were carried out on a 12.7 mm diameter Kolsky bar made
of C300 Maraging steel. Data were reduced according to the
well-known equations relating the stresses and strains to the
incident, reflected and transmitted strain signals. Wave disper-
sion was corrected too, according to the guidelines of Lifshitz
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and Leber [25] by means of a homemade software (“Twobar”
[26]). Finally, specimen equilibrium (usually assumed, but not
necessarily verified) was carefully verified in each test, by com-
paring the applied forces on each side of the specimen.

The infrared radiometric setup consists of a parabolic mirror
and a single element, liquid N> cooled HgCdTe detector and its
matching amplifier (Judson PA-100). Since a single detector was
used, the temperature of a small area can be measured. The size
of this area depends on the active area of the detector, which is
100 wm x 100 pm in this case. The imaging system (Newtonian)
comprises a concave mirror with a radius of curvature of 70 mm,
and a 45° reflecting mirror placed at the focus of the concave
mirror. The area magnification was set to approximately 1. The
overall setup is shown in Fig. 1.

In order to determine the temperature of the gauge section
from the infrared signal, a small K-type thermocouple was
tightly inserted at mid thickness of the gauge section of a dummy
SCS specimen. Calibration consisted of heating the specimen
in a separate furnace, inserting it rapidly between the bars and
simultaneously recording the signal from the thermocouple and
that of the infrared detector, as the specimen cooled down to
room temperature. The calibrations were repeated several times,
right before dynamic testing, to insure repeatability. Consider-

%, Detector

b

Parabolic
mirror

(Gauge
section

Holder

(b)

Fig. 1. (a) Experimental setup. (b) The SCS is initially positioned and centered
between the bars, by means of a special holder to. At the time of the test, the
holder is taken away and the gauge section faces the IR detector.

able care was exercised concerning accurate and repeatable spec-
imen positioning between the bars, as well as accurate focusing
of the IR system on the gauge section. A great advantage of the
SCS is that the part of the gauge that faces the IR system remains
relatively flat with very limited bulging during the deformation
process, thus limiting de-focusing of the system related to depth
of field considerations. However, it is well known that some
surface texture may develop during the deformation process,
which affects the optical characteristics of the investigated mate-
rial. This eventuality was also taken into account by Kapoor and
Nemat-Nasser [3]. Therefore, calibrations were performed using
undeformed specimens, and also a specimen that was strained by
0.4. Typical results of these calibrations are reported in the next
section.

3. Experimental results
3.1. Mechanical results

Typical stress—strain curves for quasi-statically deformed
annealed and as-received Ta samples are shown in Figs. 2 and 3,
respectively. Fig. 2 compares a cylindrical and an SCS specimen
that were tested at a similar strain rate. It can be noted that the
two specimen geometries yield results that compare quite well,
this validating the choice of coefficients used to reduce the SCS
data. One should also note that, for quasi-statically compressed
cylindrical specimens, reliable data are limited to strains that
do not exceed 0.15 as barreling gradually develops at higher
strains. Fig. 3 (comprising both cylinders and SCS) illustrates
first of all the high strain rate sensitivity of pure Ta, even in
the quasi-static regime. Finally, a comparison of the two figures
shows that the annealed grade has a significantly higher strain
hardening capacity than the as-received, and this result is quite
expected.

Typical dynamic stress—strain curves are shown in
Figs. 4 and 5 for the annealed and as-received Ta samples, respec-
tively. A comparison of these figures with Figs. 3 and 4 shows
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Fig. 2. Quasi-static stress—strain curves: annealed Ta and cylindrical and SCS
specimens.
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Fig. 3. Quasi-static stress—strain curves: as-received Ta and cylindrical and SCS
specimens.

that the dynamic flow stress Ta is far higher than the quasi-static,
irrespective of the initial condition. However, the material looses
its strain hardening capacity at the high rates and flows in what
appears to be a perfectly plastic mode, again irrespective of the
initial condition (the oscillations that appear on the graph are
characteristic of dynamic tests involving wave reflections in the
specimen [23]).

Finally, Fig. 6 illustrates the degree of strain rate sensitivity
of the two grades, in the form of a semi-logarithmic plot of
the flow stress at &;=0.1 as a function of the strain rate. The
range of investigated strain rates is quite large, as it reaches
¢ =17,000s~!. This figure confirms the high rate sensitivity
of Ta, irrespective of its initial condition. It can also be noted
that contrary to steel, for instance, the rate sensitivity is evident
all across the range of strain rates, rather than from a given strain
rate and thereon. It can also be noted, that from a practical point
of view, the two grades of pure Ta exhibit identical flow stresses
in the high strain rate regime.
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Fig. 4. Dynamic stress—strain curves: annealed Ta. Note the lack of strain hard-
ening.
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Fig. 5. Dynamic stress—strain curves: as-received Ta. Note the lack of strain
hardening.

3.2. IR system calibration

Calibration of the IR system is a crucial step to insure reliable
data. The basic procedure was detailed in Section 1. Practical
calibration steps included a series of five or more calibration
experiments carried out in a row, before each series of experi-
ments. The detector voltage—thermocouple temperature data of
each calibration experiment were all gathered into a single set
of data and regression analysis was then applied to determine a
best-fit equation. As mentioned, calibrations were performed on
an undeformed SCS and on a specimen that had been deformed
to & =0.4. Fig. 7 shows typical calibration curves. These curves
show that deformation does not have a pronounced effect on the
calibration curve, by ways of gauge surface alteration. It was
nevertheless decided to process all the thermal signals accord-
ing to the calibration obtained from the deformed specimen.
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Fig. 6. Semi-logarithmic plot of the flow stress at oy =0.1 as a function of the
strain rate. Tantalum is strain rate sensitive throughout the range of investigated
strain rates. The annealed and as-received grades have similar flow properties at
high strain rates.
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Fig.7. Typical calibration curves relating the temperature to IR signal. The solid
lines show the best fit for several sets of experiments carried out on undeformed

and deformed (e¢or =0.4) SCS specimens. The deformed calibration line was
used to process the thermal data.
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Fig. 8. Typical recordings of the temperature rise at intermediate (A) and high
(B) strain rates: as-received Ta. The dashed line indicates the theoretically pre-
dicted temperature rise corresponding to SBin = 1. Note the excellent agreement
between the experimental and theoretical results. The flattening out of the IR
signal in (B) is related to motion of the specimen and is an experimental artifact.

3.3. Thermal results

Typical plots of the temperature rise as a function of the plas-
tic strain are shown in (Fig. 8A and B), for the as-received Ta, at
two very different strain rates. On these curves, a theoretical esti-
mate of the temperature rise has been superimposed, based on
the assumption that Bj, = 1. One may note that the temperature
rise is insignificant for strain levels of up to 0.05. This obser-
vation may be related to the calibration (Fig. 7) which shows
a small sensitivity to small temperature changes around room
temperature. This figure shows that, on the average, the mea-
sured and calculated temperature rises are quite similar, even if
some small deviations are noticeable. The absolute precision of
the measurement (namely the calibration curve) cannot be accu-
rately estimated here, and these deviations may indeed be related
to the calibration curve, while there is a clear trend for the mea-
sured temperature rise to align with the calculated one. Fig. 8B
shows a thermal plateau that was observed in several experi-
ments. Considering the very small width of the sheared gauge
over which the detector is focused, it is reasonable to assume that
the small specimen motion during the deformation is likely to
bring colder parts into focus, thus causing the observed plateau
or even an apparent temperature decrease in some cases. This is
an experimental artifact so that the observed plateau is not a true
thermal effect. On an overall level, Fig. 8 reveals an excellent
agreement between the measured and the calculated temperature
rise, irrespective of the strain rate. In other words, one may con-
clude that for practical purposes, all of the mechanical energy
of pure Ta transforms into heat, almost from the onset of plastic
deformation.

4. Discussion

The thermomechanical behavior of pure Ta has been char-
acterized over a wide range of strain rates, using the shear
compression specimen. Two grades of material were used in
this study. Our results confirm the high strain rate sensitivity
of this material which is observable even in the quasi-static
regime. These results are in perfect agreement with previous
results on pure Ta. A very important feature of the high rate
flow of annealed Ta is that the material flows without noticeable
hardening. The observed lack of hardening is a direct indication
that this material cannot store internal energy through genera-
tion and rearrangement of defects, since this would necessarily
imply strain hardening. This point has a decisive impact on the
thermal evolution as discussed next.

Temperature monitoring can be considered as accurate, since
great care was exercised to insure optimal specimen position-
ing with respect to the detector and high accuracy, and mostly
repeatability of the infrared recording and data processing.
Inspite of the minor influence of the strain on the infrared signal,
it was decided to use the calibration obtained from a deformed
specimen for all the experiments, not to overlook the contribu-
tion of the deformation process. Here, the great advantage of the
planar gauge of the SCS should be emphasized for a measure-
ment in which focusing issues can induce significant errors in
the measurement.
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The thermal recordings of high rate experiments all point
out to the fact that the recorded temperature rise corresponds
to that which would be expected from a total transformation
of the mechanical energy into heat, i.e. Bj, =1, within exper-
imental error. These results are in agreement with those of
Kapoor and Nemat-Nasser [3] who characterized a slightly
alloyed Ta material. However, these authors got to this conclu-
sion through interrupted experiments and specimen reheating
while their direct recording pointed to what they view as erro-
neous results. One of their claims concerned the reliability of
IR monitoring when heat convection may obscure the result.
These authors made a careful assessment of the influence of the
strain on the recorded IR signal and their conclusions match
ours. Yet, while our results exactly match their conclusion, the
experiments carried out in this work bring to the conclusion that
on the average, fiy =1 indeed, but in a straightforward man-
ner, so that the thermal results presented here can be viewed as
reliable.

One last point to be discussed concerns the generality of the
assumption of Bj,;=1. One point to be noted is that Ta does
not exhibit significant strain hardening at high loading rates.
As mentioned, this means that mechanical energy cannot be
stored in the material, or in other words, all the mechanical
energy is dissipated as heat, from an energy balance. Otherwise
stated, this means that B = 1 for the specific case of Ta studied
here, or any other material with a similar lack of hardening.
At the risk of stating the obvious, extending this assumption
to all metals seems to overlook hardening issues which divert
a fraction of mechanical energy by storing it. It is therefore
concluded that for the specific case of Ta and similar ideally
plastic materials, one can safely assume that By = 1, thus greatly
simplifying the thermomechanical problem. For all the other
cases of strain hardening metals, this assumption is of an upper
bound character, in terms of temperature rise calculation.

5. Conclusions

e Pure polycrystalline Ta is a highly strain rate sensitive mate-
rial, whether annealed or as-received, in accord with previous
reports.

e Atlow strainrates, annealed Ta exhibits more prominent strain
hardening than in the as-received condition.

e Dynamic flow of Ta is characterized by a lack of strain hard-
ening, similar to ideally plastic flow.

e The assumption of a total thermomechanical conversion
(Bint=1) has been verified experimentally, in a straightfor-
ward manner, and shown to be totally justified for pure Ta.

e The assumption of a total thermomechanical conversion
(Bint = 1) cannot be generalized to materials that show strain
hardening at high strain rates, since this overlooks energy
storage at the microstructural level.
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