Comparison between High and Low Strain-Rate Deformation

of Tantalum
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To understand the constitutive behavior of tantalum, compression tests are performed over the range
of strain rates from 0.0001/s to 3000/s, and at temperatures from 296 to 1000 K. The flow stress is
seen to be representable as the sum of a thermal, an athermal, and a viscous drag component. At
high strain rates (3000/s), the thermal component is observed to be expressible in terms of the
temperature and the strain rate, whereas the athermal component is independent of these variables.
At lower strain rates, however, such a separation of the effects of the strain, strain rate, and temperature
on the flow stressis not easily achieved. At high enough temperatures, i.e., temperatures above which
the thermal component is essentially zero, viscous drag appears to have a significant effect on the

flow stress.

[. INTRODUCTION

THE mechanical properties of a material depend on its
internal microstructure, and changes in these mechanical
properties result from corresponding changes in the micro-
structure. In most material's, the microstructure continuously
changes during deformation, causing the stress required for
further deformation to change. This, in turn, results in work
hardening. The microstructure here refers to the grain size,
distribution of second-phase particles or precipitates, and
distribution and density of dislocations. One common micro-
structure parameter used is the dislocation density. With
dislocation density as the microstructural parameter, the
shear stress on a dlip plane can be written as

7= 7(p1T) (1

where p is the dislocation density, y is the shear strain rate
on that dip plane, and T is the temperature. The stress
required to overcome a given microstructure at O K, referred
to as the mechanical threshold stress, can also be used as a
microstructural parameter.? The microstructure can evolve
differently for.different loading conditions, that is, for differ-
ent values of y and T. This results in different flow stresses
at different y (or T) at a given strain. Strain is not a state
variable, and the variation of the stress with strain only has
meaning if the initial microstructure at 0 strain is known,
and thereisaconcurrent knowledge of microstructure evolu-
tion as a function of strain path. Previous researchers have
attempted to describe the flow stress of materials using the
concept of dislocation density as a microstructura
parameter.[*3-7

The resistance to deformation can be due to: (1) disloca
tions overcoming periodic lattice potentials; (2) dislocations
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interacting with other dislocations; (3) dislocations inter-
acting with solute atoms; (4) dislocations overcoming the
long-range elastic stress field caused by grain boundaries,
precipitates, dislocation forests, and other defects; and (5)
dislocations overcoming the viscous drag, in the course of
their motion. A moving dislocation encounters some or all
of these obstacles. Obstacles that can be overcome with
assistance from thermal energy are called thermal (short-
range) barriers. Obstacles that cannot be overcome by ther-
mal energy arecalled athermal (long-range) barriers. Viscous
drag may be present depending on the temperature and stress
conditions existing within the material. The total resistance
to deformation may then be considered as the sum of these;

T=T+ T+ 7y [2]

where 7, is the athermal resistance, 7* is the thermal resis-
tance, and 74 is the resistance due to viscous drag. The
athermal barriers depend on the microstructure of the mate-
rial, e.g., dislocation density, grain size, and precipitates.
A particular microstructure may or may not evolve with
deformation. For example, the dislocation density p evolves
with the deformation, the grain size may evolve with the
deformation (dynamic recrystallization), whereas precipi-
tates and solute atoms do not evolve with the deformation,
although they may rearrange their distribution through a
diffusion process. Thus, the athermal stress can be separated
into two components: that which evolves with deformation,
T, and that which remains constant with deformation,
Tapr 1€,

Ta = Tal(p) + Taz [3]

There is an inherent temperature dependence in the flow
stress, that of the temperature dependence of the shear modu-
lus w(T). The temperature dependence of w is given ad®

(m=D_,;__& [4]

Mo exp? — 1
where ¢, and ¢, areempirical constants. The preceding equa-
tion can be written as w(T)/ ug = f(T), where f(T) is the
right side of Eq. [4]. Thus, to obtain the temperature-depen-
dent part of the flow stress without taking into account
the shear modulus dependence on the temperature, 7/f(T)
instead of 7 should be considered.

VOLUME 31A, MARCH 2000—815



In order to obtain arelation between v, T, and 7*, arelation
between AG (the activation free energy for overcoming a
short-range barrier) and 7* is required. Kocks et al.[% sug-
gested an empirical relation between AG and 7*, represent-
ing a typical barrier encountered by a dislocation. They

suggest
™ Uo "1
A6 =Fo [1 - <;*#(T)> } B

where 0 < p=1and 1 = g = 2 Here, 7 is the shear
stress required to overcome the barrier at 0 K, and Fq isthe
free energy required to overcome the barrier when the
applied 7* is zero. The term y is related to AG as

Y= e (—ﬁ—?) (6

where y, = ppmbay, in which g, is the mobile dislocation
density, b is the magnitude of the Burgers vector, a is the
distance the dislocation moves while overcoming the obsta-
cle, and v is the attempt frequency. Putting Eq. [6] into [5]
and simplifying, we obtain

-~ T © \Vaqlp
o= 1—<k—T|n@> [7]

Fo Y

The total shear stress can be written as

~ T KT Uqqlp
T=Ty(p) + 7, + 7|1 — (— In E) + Taag  [8]
L Fo Y, |

In the preceding analysis, shear stress 7, shear strain v,
and shear strainrate y areused. It isassumed that the uniaxial
stress o, the uniaxia strain e, and the corresponding strain
rate e are also related to each other in a manner similar to

Eq. [8],

- KT, e\ 1"
o= 0a(p) + 0, + 0'*[1 — (F_In%)> ] + Oweg  [9]
0

Zurek et al.'% used similar types of equations to model
tungsten and tungsten alloys. Nemat-Nasser and 1saacs™¥
used this technique of splitting up the flow stress into a
thermal component and an athermal component in order to
model the constitutive behavior of tantalum at high strain
rates.

By definition, the thermal stress component, o*, depends

*|t isdifficult to experimentally perform rapid temperature-change tests.
During the process of heating the sample from one temperature to the other,
itispossiblethat somerecovery may occur. In the present set of experiments,
no such recovery was observed.

on ¢ and T, whereas the athermal stress component, o,
depends on the microstructure, which in turn depends on
the deformation (effective strain). Depending on the defor-
mation mechanisms, o, may also depend on the ¢ and the
T histories, and o* may aso depend on the microstructure.
Nemat-Nasser and Lil*? modeled the constitutive behavior
of copper at high strain rates, with o* not only depending
on g and T but al so depending on average disl ocation spacing
and hence on the average density of the didlocations, p.
These authors take p to be a function of strain, here ¢, for
a given deformation path; note that, for the general three-
dimensional case, ¢ is the effective strain, a monotonically
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Fig. 1—Schematic diagram depicting change of flow stress arising from
change of strain rate at different strain values.

increasing quantity. Also, Follansbee and Kocks explored
the dependence of o* on the strain path. These dependences
can be verified by strain-rate-change and temperature-
change experiments. In order to check the dependence of
o* on p(g), strain-rate-change tests can be carried out at
various strains. During a sudden change in the strain rate
or thetemperature, the microstructure of the material remains
essentially unchanged.* Because o, depends only on the
microstructure, it should not change with a sudden change
in either ¢ or T. On the other hand, the part that would
certainly change is o*. In other words, the change in o due
toachangein g, at agiven strain, is due to a change in o™,
provided that the viscous drag can be neglected, which is
discussed later in Section I V. Figure 1isaschematic diagram
depicting achange of the strain rate at different strain values.
The change in the stress is due to a change,. Ag*, in the
thermal component. Thus, by only changing ¢ at different
e values, Ag* as afunction of p(e), and hence a function
of &, can be obtained. In order to check the dependence of
0, 0n ¢ and T, either strain-rate-change tests or temperature-
change tests need to be carried out. Figure 2 shows two
types of responses: (a) the case when the microstructure of
the material does not evolve differently at different strain
rates, and (b) the case when the mi crostructure of the material
evolves differently at different strain rates. In case (a), if
the strain rate is changed at point P from g, to ¢,, the flow
stress will jump to the value at point Q and follow the flow
stress of the sample deformed from the start at &,. On the
other hand, in case (b), if the strain rate is changed at point
P, the flow stress jumpsto point Q’, beyond which the work-
hardening rate is different from the work-hardening rate for
the test at &,. Thus, by performing strain-rate-change tests
and temperature-change tests, the dependence of o, on &
and T can be determined. Likewise, the dependence of o*
on ¢ (through the dependence of p on &) can be determined.

Cottrell and Stoked*®! used temperature-change tests to
determine the effect of the microstructural evolution on the
temperature sensitivity of the flow stress. From experiments
carried out on aluminum, they concluded that Ao is propor-
tional to o, where Ao isthe changein the flow stress caused
by a sudden change in the temperature, at a constant strain
rate. For the case of iron, Ao isindependent of the strain.[*4l
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Fig. 2—Schematic diagram depicting change of strain-rate tests for (a)
material whose microstructure does not evolve differently at different strain
rates and (b) material whose microstructure evolves differently at different
strain rates.

Klepaczko™® and Klepaczko and Chiem*® carried out
strain-rate-change tests on fcc metals in order to determine
the effect of the deformation history on the strain-rate sensi-
tivity of the flow stress, aswell as on strain hardening. Hoge
and Mukherjeel'” carried out experiments on tantalum over
arange of strain rates and temperatures and concluded that
the rate-controlling mechanism associated with the yield
stress is the Peierls mechanism. Meyers et al.['8 and Chen
et al.'¥ noted a parallel shift of the true stress-strain curve
with a change in the strain rate. Steinberg and Lund?
formulated a congtitutive model separating the yield stress
into athermal and thermal components, with the work hard-
ening term being a part of the athermal term. Instantaneous
strain-rate-change tests also resulted in the same flow stress
aswould haveresulted if the material were deformed only at
the second strain rate. These results suggest that the internal
microstructure of the considered material did not depend on
the strain rate. Gray and Vecchio®! studied the effect of
shock loading on Ta and Ta-10%W alloy (pressures of 7
and 20 GPa). They observed no enhanced shock hardening
as compared to quasi-static or dynamic deformations, sug-
gesting that microstructural evolution does not depend on
the loading conditions. Lopatin et al.[?? compared the higher
strain rate vs lower strain rate response in tantalum, and
carried out experiments to determine whether properties of
tantalum depend on the deformation path. Strain-rate-change
testswere carried out from higher strain ratesto lower strain
rates, and a strain-rate path dependence was observed. It
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was suggested that different dislocation microstructures are
produced during different strain-rate loading histories. Thus,
there are conflicting experimental data regarding the strain-
path dependence of work hardening.

The objective of the present research isto experimentally
determine the validity of separating the uniaxial flow stress
oonly into athermal component o* and an athermal compo-
nent o, heglecting viscousdrag for the case of commercially
pure tantalum. In the simplest of cases, o* only depends on
the applied € and T, and o, only depends on p(e), and hence
¢ (for a given deformation path). Apart from this, does o*
also depend on the strain path? Does o, depend on the
history of deformation (applied € and T)? If so, then in what
range are these conditions valid? Is there a drag effect on
the motion of didocations? These are the questions this
article attempts to answer.

[I. EXPERIMENTAL PROCEDURE

Commercialy pure tantalum, obtained in the form of disks
from the U.S. Army Ardec, was used in the present study.
The material was originally in the form of 41-mm-diameter
bars. These were cold upset forged to 19-mm-high barrels
and annealed. These were high-energy-rate formed to aliner
roughly 5-mm thick and were then annealed. The tantalum
had a grain size of about 85 um. There was no observable
difference in the grain size between the two orthogonal
directions of the disk. The major impurities present were
C~ 10 ppm, O ~ 60 ppm, N =~ 10 ppm, Si ~ 10 ppm,
and Nb ~ 60 ppm.

Compression tests were carried out on Ta at strain rates
ranging from 10~%/s to 3000/s and temperatures ranging
from 296 to 1000 K. Strain rates of 10™%/s to 1/s were
achieved in ahydraulic Instron machine, whereas strain rates
of 300/s and higher were achieved using a Hopkinson bar.
I sothermal compression tests at 3000/s and 296 K were also
carried out. High-temperature deformation tests at low strain
rates were carried out using a radiant furnace, with argon
flowing through the furnace to prevent excess oxidation of
the sample surface. Aluminapush rodswere used asameans
of compressing samplesin the furnace. The strain was mea
sured by usingtheLVDT (Linear Variable Differential Trans-
former) signal and subtracting out the displacement of the
load train setup.

Strain rates of 300/s and higher were achieved using a
split Hopkinson pressure bar with a momentum trap.[23-28]
Inorder to carry out high-temperature tests using the Hopkin-
son bar, the apparatus was modified, such that minimal
heating of the incident and transmission bars took place; for
more details, see Nemat-Nasser and Isaacs.[*! In order to
better understand the microstructural evolution of Ta, strain-
rate-change tests as well as temperature-change tests were
performed.

I11. RESULTS
A. High Strain-Rate Results

During adiabatic deformation at a constant strain rate, it
is assumed that the change in the flow stress is due to (1)
change in the strain (used as an independent variable) and
(2) change in the temperature; i.e.,
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Jo Jo
dU—£d8+ﬁdT [10]
do  do  dodT
de  ds 9T ds (11

From the adiabatic stress-strain curves, do/de can be
obtained, but actually dg/oe is the isothermal work harden-
ing rate, i.e., the work hardening rate devoid of any tempera-
ture rise during deformation. In order to obtain dofde, both
d01dT and dT/de need to be determined. In order to calculate
dT/de, it is assumed that within experimental error al the
work of deformation is converted to heat.[*'?1 The heat
generated results in a temperature rise of the material. If
ode isthe work done on the material in the strain increment
of de, and dT is the corresponding rise in temperature, then

ode = AC,dT [12]
ar _ o
&G, [13]

Here, A isthe density of the material, and C, is specific heat
at constant volume. Putting Eq. [13] in Eq. [11], we obtain

do _do  Jo T
9 de T ™ Vi (14
Integration of Eq. [14] with respect to ¢ gives

g Jdo
E\,ﬁ (8, T) de [15]

Oiso = Oadbt —

By knowing the variation of o with T, (90/dT), as a
function of &, the preceding integral can be calculated. If
do/dT is afunction only of T and not of ¢, the calculation
becomes simple.

There is an experimental technique for determining the
isothermal flow stress at various temperatures, developed
by Nemat-Nasser et al.[?8 In this technique, the deformation
is carried out in steps. A sample is deformed to a strain,
say, 0.1, and then unloaded, and its temperature is brought
back to the original loading temperature. The sample isthen
reloaded at the original temperature, again to asimilar strain
increment (0.1 in this case), at the same strain rate. This
step is repeated until the desired total strain is attained.
The reload flow stresses represent stresses at the origina
temperature of loading. These points can then be connected
in a smooth manner to obtain an isothermal stress-strain
curve. ldedlly, atrue isothermal stress will be obtained only
if the true strain increments approach zero. However, this
isnot possible, and finite strain increments need to be consid-
ered, from which only about four or five isothermal stress
points can be obtained. These results can then be augmented
by overlapping with additional incremental tests. The advan-
tage of this experimental method isthat the isothermal stress
can be obtained without having to know the temperature-
sensitivity of the stress (do/9T). It isuseful to obtain isother-
mal flow stress curves for high strain-rate tests, because the
effect of an increase of the temperature during deformation
on the flow stress can be eliminated. The work hardening
rate obtained using an isothermal flow stressis only due to
the evolution of the microstructure during deformation, and
not due to adeformation-induced change in the temperature.
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Fig. 3—(a) Flow stress curves for Ta deformed at 3000/s; (b) flow stress
for Ta as a function of temperature at different strains; and (c) o*/f(T) as
a function of temperature for different strain values.

Figure 3(a) shows stress-strain curves for Ta tested at
3000/s at various indicated initial temperatures.* In order

*The temperatures mentioned in the diagram are the initial temperatures.
The sample temperature increases due to the adiabatic nature of the tests.

to caculate the isothermal stress, the variation of o with T
as afunction of ¢ must be established. Figure 3(b) is a plot
of theflow stress asafunction of the temperature at different
strains. The flow stress decreases with an increase in the
temperature up to a point where the flow stress becomes
nearly independent of the temperature. It is assumed that
when o becomes independent of T, it represents the athermal
stress component, o,. Thisvalue (g;) can be subtracted from
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S

the overall stress ¢ to obtain the thermal component of the
stress, o*. Asseenin Figure 3(c), the o* valuesfor different
strains approximately fall on the same curve, indicating that
in this strain-rate and temperature range, do/dT does not
depend on &. Using Eq. [15], the corresponding isothermal
stress as a function of the strain can be obtained. In Figure
4(a) is shown the calculated isothermal flow stress as well
as the incremental strain tests performed to simulate the
isothermal testing conditions. The calculated isothermal flow
stress curve does pass through the reload yield stress points
obtained from theincremental strain tests. Figure 4(b) shows
the calculated isothermal flow stress for higher-temperature
deformations. Also shown in Figure 4(b) is the flow stress
curve for Ta deformed at 1000 K and 0.0L/s. It is assumed
here that this curve (1000 K-0.01/s) represents the athermal
flow stress in Ta. At this strain rate of 3000/s, the resulting
isothermal stress-strain curves are parallel to each other; i.e.,
they are only shifted along the stress axis.

In order to verify the temperature dependence of the
microstructural evolution at astrain rate of 3000/s, tempera-
ture-change tests were carried out. One sample was tested
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Fig. 6—Flow stress curves at 296 K at different strain rates.

at 296 K and 3000/s up to astrain of 0.2, unloaded, and then
reloaded at 820 K and 3000/s. Thereloading temperature was
820 K and not 800 K, because that was the temperature
reached after a strain of 0.22, from an initial temperature of
800 K, due to adiabatic heating. As seen in Figure 5, the
reload stress matched the flow stress of the sample continu-
ously loaded at an initial temperature of 800 K and at a
strain rate of 3000/s. This implies that in this temperature
and strain-rate range, the strain term (actually, the dislocation
density term) is decoupled from the strain rate and the tem-
perature term. The flow stress can be separated into an
athermal stress and a thermal stress such that the athermal
stress is independent of the strain rate and the temperature,
whereas the thermal stressisindependent of the deformation
history. The macroscopic stress can thus be written as

o(,e,T) = ox(e) + o*(e,T) [16]

B. Room-Temperature Deformation at Different Strain
Rates

Results of compression tests carried out on Ta at different
strain rates (0.0001/s to 3000/s) are shown in Figure 6. It
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was noted that the deformation at a strain rate of 1/s was
essentially adiabatic. The adiabatic flow stress obtained was
converted to an isothermal flow stress by the procedure
mentioned previously. Also shown in Figure 6 isthe isother-
mal flow stress for Ta deformed at strain rates of 500/s and
3000/s. Although flow stresses above a strain rate of 0.1/s
may be considered parallel to each other, the flow stresses
below a strain rate of 0.1/s certainly are not. The work
hardening rate appearstoincrease asthe strain rate decreases.
This suggeststhat the microstructure may be evolving differ-
ently at lower strain rates as compared to higher strain rates.
At the point of instantaneous change in the strain rate, the
microstructure of the material remains unchanged. Because
o, depends only on the microstructure, it does not change
with instantaneous changes in ¢ or T, and the only part
that changes is o*. Let Aoing = 030005 — Oooous DE the
instantaneous stress change, and let Ao = 030005 — 00,0015 D€
the stress difference at a given strain, for sasmples deformed
separately. Then, Ao = Ao;g impliesthat o, doesnot change
with the strain-rate history. On the other hand, if Ao is
different from Ag;.g, then o, does change with the strain-
rate history. If Ao = Aoy, then o* does not change with e,
where Aoy, is the difference in the yield stress at 3000/s and
0.00Vs. Thus, in order to verify whether o, depends on the
strain-rate history, a strain-rate-change test was carried out
at room temperature. One sample was deformed at 296 K
and 3000/s up to a strain of 0.2, unloaded, and reloaded at
296 K and 0.001/s. Figure 7 shows this experimental result.
The reload flow stress is lower than the flow stress of the
sample continuously loaded at 0.001/s—296 K. This suggests
that in this temperature regime, o, does change with . This
change of the athermal stress with the strain-rate history
suggests that at this temperature the microstructural evolu-
tion depends on the history of the applied strain rate.
InFigure6, itisseenthat at lower strain rates, asthe strain
rate decreases, the work hardening rate increases. There is
a striking difference in the work hardening rate for samples
deformed at 0.1/s as compared to those deformed at 0.0001/
s. This difference can be either due to the change in o, with
deformation or due to the change in ¢* with deformation.
One way to determine thisisto carry out a change-of-strain-
rate test from 0.1/s to 0.0001/s at different strain values.
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Sinceachangein ¢ at constant & only changes o*, a change
in ¢ at different values of & will determine how Ao* varies
with e. Figure 8 is a plot of the result of this experiment.
Tantalum samples were loaded at 0.1/s and 296 K up to
various strain levels (yield strain, 0.065, 0.146, 0.245, and
0.34). Each of these samples was then reloaded at 0.0001/
sand 296 K. Also shown in Figure 8 is tantalum deformed
from the start at 0.0001/s. For each of the strain values, the
reload stress does not match the flow stress of the sample
deformed from the start at 0.0001/s. The difference in the
reload stress between 0.1/s and 0.0001/s represents the cor-
responding differencein o*. A plot of this stress difference
(Aof.us-0000vs) 8 a function of e, is shown in Figure 9.
Within experimental error, Ac* does not depend on &, which
confirms the view that ¢* does not depend on the extent
of deformation.

V. DISCUSSION

The temperature sensitivity of the flow stress at 3000/s
is independent of the strain. At this high strain rate, the
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isothermal flow stresses at different temperatures are similar
and are only shifted parallel to each other. The flow stress
is assumed to be a sum of two parts: one part o*, being a
function of only the strain rate and temperature, € and T, and
theother part, o, being afunction of only the microstructure,
here approximately represented by strain, e. Although plastic
strain cannot be astate variable, hereit isused as an indepen-
dent variable. At lower strain rates (0.1/s to 0.0001/s), on
the other hand, the work hardening rate varies with ¢ and
T. Thus, unlike at high strain rates, at lower strain rates, the
flow stress cannot be separated into a strain-dependent term
and a strain-rate/temperature-dependent term. Thus, either
o* has a ¢ dependence or o, has a &, T-history dependence.
The strain-rate-change tests, as shown in Figure 8, help to
clarify this. A plot of Ag* as a function of & (Figure 9)
suggeststhat Ao*, and hence o*, does not depend on €. This
suggeststhat the differencein thework hardening behavior is
due to the difference in the long-range barriers rather than
a change in the short-range barriers to be overcome by
dislocations. In other words, the short-range barriers are not
affected by the evolving microstructure.

Figure 10 is a plot of o/f(T) vs T at a 0.05 strain and
different strain rates. As observed in this figure, for each of
the strain rates, a limiting temperature exists above which
o/f(T) no longer depends on the temperature. In the case
where the flow stress can be separated into ¢*, o,, and
Ourag: the flow stress will decrease with increasing tempera-
ture, until a critical temperature T, is reached, above which
o* = 0. Beyond T, at a given strain rate, the flow stress
remains constant. From Eq. [9], the critical temperature is
obtained from

" \Vgqlp
[1—<k—T°|n@) } =0 [17]
FO &€
which yields
_ Fo.
=5 In & [18]

As & increases, the temperature at which o* vanishes, T,
increases.
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Fig. 11—Change of strain rate from 10~%/s to 3000/s, deformed at 800 K.

Tablel. List of All the Strain-Rate-Change Tests and
Temperature-Change Tests Carried Out on Tantalum

Reload Stress
Initial Condition Changed Condition Matched? Figure
296 K, 3000/s 800 K, 3000/s yes 5
296 K, 3000/s 296 K, 0.00V/s no 7
800 K, 0.00V/s 800 K, 3000/s yes 11

Asis seenin Figure 10, there exists a clear differencein
the plateau stresses (the level at which stress is constant
with temperature) at different strain rates, at a strain of 0.05.
In order to verify whether this differencein the plateau stress
level is due to the evolution of the microstructure, strain-
rate-change tests were carried out at these higher tempera-
tures. One sample was deformed at a strain rate of 107%/s
and an initial temperature of 800 K, up to a strain of 0.22.
This was then unloaded and reloaded at 3000/s at 830 K
(original temperature was 800 K, but reached 830 K at 0.23
strain, due to adiabatic heating). This experimental result is
shown in Figure 11. The reloaded stress matched the stress
of the sample loaded directly at 3000/s and 800 K. From
this, it can be concluded that the difference in the stresses
at different strain rates at 800 K is not due to the difference
in the athermal stresses. Such a matching up of the flow
stress in a strain-rate-change test can only be attributed to
a microstructure-independent type of stress component. If
the difference in the flat portion of the o/f(T)—T curves at
different strain rates were due to microstructural evolution,
then on reloading, the stress would not reach that of the
previous curve. The stress would have started off from its
unloaded value and steadily climbed to the stress level origi-
nally attained at 3000/s. A summary of al the strain-rate-
changetests and temperature-changetestsisgivenin Tablel.

Thus, during high strain rates and during low strain rates—
high temperatures, microstructural evolution appears to be
independent of ¢ and T. It is only at low strain rates and
room to intermediate temperatures that the dependence of
the microstructural evolution on ¢ and T is observed.

The stress level appears to change with g, even at high
temperatures where o* = 0 (Figure 10). In order to further
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Fig. 122—Flow stress at 0.05 strain at 900 K as a function of strain rate.
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Fig. 13— Schematic representation of a dislocation moving through along-
range stress field in a crystal. The temperature is high enough such that
the short-range barriers are “invisible.”

investigate this strain-rate dependence at high temperatures,
compression tests were carried out at 900 K at strain rates
ranging from 300/sto 6000/s. Theflow stressat a0.05 strain
is plotted against the strain rate in Figure 12. The flow stress
increases with the strain rate up to 2300/s, after which the
flow stress becomes independent of the strain rate. The data
point shown by an arrow has a strain rate of 0.001/s and is
plotted here for comparison with the high strain-rate data.

One possible reason for the linear increase of the flow stress
with the strain rate is the presence of viscous drag on the
motion of dislocations. At the high temperature of 900 K,
o* = 0, asis seen in Figure 10. Thus, didocations gliding

inacrystal are not resisted by short-range barriers. The only
shear resistance they have to overcome is that due to long-

range barriers, o,, and a drag stress associated with either
phonon vibrations or solute atom drag. Figure 13 schemati-

cally shows adislocation moving in along-range stress field
7, a a high temperature such that 7* = 0; 7 is used for
the resolved shear stress. In addition to ., this dislocation
experiences a viscous drag force proportional to its velocity:
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_ By
b

where 74 is the drag shear stress; b is the magnitude of the
Burgers vector; v is the dislocation velocity; and B is the
damping coefficient, which increases.with an increase in
temperature.®d The shear strain rate, v, is

Y = prbV [20]

where p,,, is the mobile dislocation density. From Egs. [19]
and [20], the drag shear stress can be related to the shear
strain rate as

7d

[19]

_ By

prb?
For polycrystals, the macroscopic stress, oy, is related to
the shear stress, 74, as oy = M1y, where M is the average
Taylor factor. The macroscopic strain rate ¢ may be related
approximately to the shear strain rate, y, as e = y/M.*0
Equation [21] can now be written for the corresponding
macroscopic quantities such that the drag flow stress, oy,
is linearly related to the axia strain rate, . Thus, in the
temperature regime where o* = 0, the total stress can be
written as

[21]

7d

L mB:
Prb?

For bce metals, M ~ 2.75.34 In the present set of experi-
ments at 900 K, o does linearly increase with e up to ¢ <
2000/s, suggesting that viscous drag could be the mechanism
in this regime. In order to estimate the drag stress at 900 K
and 2000/s, it is assumed that B = 1074 N m?? and b =
3 X 107 m. The estimated value of oy will depend on the
value of py, If it is assumed that p,, = 10*%?, then oy =
170 MPa; and if p, = 10*/m?, then oy = 17 MPa. The
corresponding dislocation velocity, v, can be estimated from
the strain rate using

[22]

o= 0,

V=— [23]

At & = 2000/s, if p, = 10*/m?, then v = 195 m/s; and if
pm = 10Y%/m2, then v = 19.5 m/s. The average velocity of
the didlocations during drag starts from about 0.01 C, where
C isthe longitudinal wave speed.?® For tantalum, C = 4000
m/s. Thus, the average didocation velocity should be around
40 m/s. The preceding estimates imply that viscous drag may
be of significance if the mobile dislocation density (at 0.05
strain) is in the range of 10'%m? to 10'%/m?. At a strain rate
of 0.00l/s, oy =~ 1075 MPa. Thus, the data point shown by
the arrow in Figure 12 represents the athermal stress only.
Asthestrainrateincreases, the stressdueto drag also increases
(e < 2300/s). An increase in the drag stress with strain rate
occurs because of a corresponding increase in the average
dislocation velocity. When the drag stress no longer increases
with increasing strain rate (¢ > 2300/s), the implication is
that the average dislocation velocity remains essentially con-
stant with increasing strain rate. The increase in the strain
rate is then accommodated by an increase in the density of
the mobile dislocations. Regazzoni et al.3% have described
the drag mechanism, but have considered this only when the
shear stress exceeds or isin transition to exceed the mechani-
cal threshold stress. In the present high-temperature case, the
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velocity of the didocations is no longer controlled by ther-
mally activated processes and the only other obstacles to be
overcome are long-range barriers. Thus, although the stress
does not reach the mechanical threshold stress, it is likely
that the dislocation experiencesviscousdrag, dueto thesimple
fact that the short-range barriers are no longer present.

V. CONCLUSIONS

1. In the high strain-rate regime, the macroscopic stress
can be written as the sum of a nonthermally activated
deformation-dependent term and a thermally activated
deformation-independent term. Temperature-change tests
verify the validity of this assumption.

2. Atlower strain rates (0.1/sto 0.0001/s) and high tempera-
tures (>400 K), the macroscopic stress cannot simply
be separated into a strain-dependent term and a strain-
rate—temperature-dependent term.

3. Temperature-change tests carried out at low strain rates
and high temperatures suggest that microstructural evolu-
tion does depend on the applied strain rate and tempera-
ture. At all the strain rates and temperatures investigated,
the thermal stress component, hence, the short-range bar-
riers, do not change with deformation and the evolution
of the microstructure.

4. At high temperatures, the viscous drag mechanism makes
an important contribution to the flow stress. The flow
stress increases roughly linearly with the strain rate, up
to acertain strain rate, beyond which it remains constant.

Thus, the flow stress can be written as
o(e,e,T) = ou(e;H(e,T)) + 0*(e,T) + O'drag(SaT) [24]

where H( ) represents the history dependence of the vari-
ables. The thermally activated component is dominant at
low temperatures. The viscous drag component isimportant
at high temperatures and high strain rates, in particular, when
the thermally activated part vanishes.
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