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Summary

The cyclic stress-strain response of recrystallized technically pure Ta was
investigated in the stress range well below the technical flow stress, for
temperatures between 173 K and 423 K, at loading rates between
0.042 MPa/s and 4.2 MPa/s with resulting plastic strains between <1x10"5 up
to 1x10"2. Cyclic hardening-softening curves were recorded in multiple step
tests. Cyclic stress strain curves exhibit straight portions associated with
microplastic, transition range and macroplastic deformation mechanisms.
The microstructure of the deformed specimens was characterized by SEM
and TEM techniques which revealed typical dislocation arrangements related
to plastic strain amplitudes and test temperatures. A mechanism of the
microstrain deformation of Ta is proposed.

Keywords

Ta, cyclic loading, low temperatures, low stresses, low strain rates, cyclic
stress-strain curves, microstrain, deformation mechanisms, dislocations,
SEM,TEM

1. Introduction

The bcc transition metals of the Va and Via group of the periodic system, e.g.
Nb, Ta, Mo, and W, are characterized by high melting points and high
strength at elevated temperatures. Due to their outstanding properties these
metals are used to fabricate components for high temperature service
conditions. The specific physical and chemical properties of some of these
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metals, in particular Ta, led to the use in the chemical industry, for medical
implants and electronic device fabrication involving service conditions at low
temperatures for which the mechanical properties have not been evaluated in
sufficient detail. Investigations of these properties under static and dynamic
loading in the range of low temperatures, low strain rates and low stresses
are therefore not only of scientific but also of increasing technical interest.
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Figure 1: Temperature dependence of the flow stress (plastic strain 1x10" ) of
recrystallized Ta, monotonic loading, total strain rate 2x10" Is; T« is the so-called knee

temperature (see text)

It is known that the deformation response of bcc metals in the low
temperature range strongly depends on temperature and strain. Below a
characteristic "knee" temperature (1), initially assumed to be near 0.2 of the
absolute melting temperature, the flow stress increases markedly with
decreasing temperature, as shown by the experimental data in Fig. 1.
Detailed studies have shown that the knee-temperature TKis specific for each
bcc metal and in addition dependent on the strain rate (2,3). The deformation
mechanisms of bcc metals at low temperatures have been treated
extensively in the literature (4-6). The essential findings are that below T« the
edge dislocations show a higher mobility than screw dislocations while above
TK the mobility of both types of dislocations becomes comparable.
Investigations of the dependence of the deformation behavior of bcc metals
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under quasi-static loading and sensitive strain measurements revealed
persistent strains to exist already at stresses considerably below the
technical flow stress, a phenomenon termed microplasticity (7). The
microplastic deformation is attributed to the exclusive movement of edge
dislocations. Microplasticity effects under monotonic loading have been
described e.g. for single and polycrystalline Fe (8), Mo (9) and Ta (10).
Relatively little information is available with respect to the effects of strain
rate and temperature on the cyclic stress-strain response. Cyclic stress strain
curves for single crystals of Nb (11), Mo (12), W (13) and Fe (14) have been
published, mostly determined for high strain rates and high plastic strains.
Only recently data on the cyclic stress strain response of Mo polycrystals for
small cyclic plastic strain ranges (15) and polycrystals of Ta for low
temperatures and small loading rates (16-18) have been reported.

2. Experimental details

The specimen material consisted of technically pure Ta (melting point 3270
K, density 16.6 g/cm3), produced under tightly controlled powder metallurgical
procedures. The specimens were machined from swaged rods of 5 mm dia-
meter with a flat gauge section (25 mm length, cross section 5 mm x 3 mm).
After machining the specimen were recrystallized (1373 K/2h in vacuum <10"5

mbar) resulting in a mean grain size of 50 urn, an ultimate tensile strenght of
300 MPa at a strain rate of 1x10'4/s, an a hardness of HV5 = 190 (16).
Chemical analysis of the specimens in the heat treated conditions indicated
following trace impurities (mass ppm): 13 Fe, 125 Nb, 3 H, 6C. From tensile
tests performed in earlier studies (16,18) the temperature dependence of the
flow stress (related to a plastic strain of 1x10~5 at a plastic strain rate of 2x10"
6) and the value of TK were deduced. The experimental value of T«=320 K is
in good agreement with literature. In addition, from these tests the values and
the temperature dependence of the elastic and the anelastic stress limits
were obtained for recrystallized specimens and also for specimens after a
small tensile predeformation to a plastic strain of 5x10"4, (the significant effect
of small predeformations was already pointed out by Kossowsky (10)).The
value of the anelastic stress limit (for the smallest detectable plastic
microstrain of about 5x10"6) at the smallest achievable loading rate (0.042
MPa/s) was defined as the "intrinsic flow stress" (for Ta predeformed to a
plastic strain of 5x10"4 at 300 K corresponding to 60 MPa), Table 1.
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Table 1: Temperature dependence of the anelastic stress limit (corresponding to a
plastic strain of 5x1 d6) of polycrystalline Ta, loading rate 0.042 MPa/s in tension,
plastic strain rate approx. 5x10"6/s

temperature

T[Kl
373
300
228
173

T/TK

1.2
0.9
0.7
0.5

recrystallized

MPa
40
100
200
450

predeformed to a plastic
strain of 5x10"4

MPa
40
60
160
330

The cyclic deformation behavior was studied by push-pull loading in the
stress range from near the anelastic stress limit to stresses slightly above the
technical flow stress, at temperatures between 173 K and 373 K (0.5 TK and
1.2 TK). The cyclic tests were performed under load control (servohydraulic
test system, computerized control and data acquisition, push-pull tests R =-1,
triangular wave form) to simulate technical loading conditions and to achieve
low strain rates required for the detection of micropiastic effects. Since these
tests were only extended to small plastic strains it may be assumed that the
experiments correspond to a stress controlled test.

To investigate the cyclic stress-strain response multiple step tests (19) were
employed, in which the stress amplitudes for a single specimen were
increased by a certain incremental value after saturation of the plastic strain
was reached at the preceding stress amplitude. The validity of such multiple
step tests has been proven by comparing cyclic plastic strain values of both
single step and multiple step tested specimens (18,20). The cyclic strain
ranges at saturation were identical for both types of tests, as long as a critical
value of plastic strain was not exceeded. This results confirmed that in the
evaluated stress range the cyclic stress strain behavior can be determined by
performing multiple step tests requiring only one specimen for each test
temperature and loading rate. The effect of loading rates were revealed by
testing specimens at a constant stress amplitude and varying loading rates,
(decreased from 4.2 MPa/s in consecutive steps to 0.042 MPa/s and
subsequently increased to the initial value).
The microstructure of the cyclically deformed specimens was investigated by

SEM and TEM techniques. The SEM investigations by the electron
channeling contrast imaging (ECCI) technique (21) supported by selected
area channeling patterns (SACP) (22) were applied to reveal the global
(mesoscopic) dislocation arrangements while by TEM techniques selected
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specimens were examined to resolve individual dislocations. To achieve the
high quality of the specimen surface required for the SEM-ECCI
investigations the specimens were electropolished immediately prior to the
SEM examination. For details of the preparation procedures see Ref. (18,21).

3. Results and Discussion

3.1 Cyclic loading tests:

The results of the multiple step tests at various test temperatures and for
various loading rates were plotted as cyclic hardening-softening (CHS)
curves. For low stress amplitudes a small amount of cyclic softening to a
saturated plastic strain range was observed. At higher stress amplitudes and
higher test temperatures an initial period of cyclic softening was followed by a
slight hardening to a constant strain range. At 300 K the curves exhibited
only cyclic softening as long as the plastic strain range remained below 1x10"
3 beyond which cyclic hardening occurred. The hardening effect decreased
with decreasing temperature, at 173 K only cyclic softening without saturation
of the cyclic plastic strain was found. At this low temperature it was not
possible to apply stress amplitudes larger than 343 MPa due to buckling of
the specimens.

The saturated plastic strain data were plotted as cyclic stress-strain (CSS)
curves. In semi-logarithmic stress vs. saturated plastic strain diagrams it is
possible to distinguish between up to three straight line segments with
characteristic slopes. In Fig.2 the segments are numbered following the
interpretation of Planell and Guiu (12) for Mo. Segment 2 is related to the
microplastic stress-strain regime, the total amount of plastic strain is
attributed to the movement of edge dislocations and kink pairs along screw
dislocations. In segment 3 the decrease in slope is due to the gradual onset
of thermally activated movement of screw dislocation, the amount of mobile
screw dislocations increases with increasing stress and increasing
temperature. Segment 4 corresponds to the macroplastic stress-strain
regime, the increasing slope is related to the decrease of the mobility of
screw dislocations because of dislocation interactions. The segment 1
observed by Planell and Guiu (12) cannot be revealed in our data because of
experimental limitations (the tests could only be started at stress amplitudes
near the anelastic stress limit).
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Figure 2: CSS curves of recrystallized Ta for various
test temperatures, loading rate 0,42 MPa/s, numbers
refer to deformation ranges, letters to dislocation
arrangements observed by SEM and TEM

Lower test temperatures shift the CSS-curves to higher stress levels. For
T<TK increasing loading rates also shift the CSS-curves to higher stress
amplitudes, more pronounced with decreasing temperature. The larger stress
amplitudes required to achieve a given cyclic plastic strain for increasing
loading rates can be explained by the decrease in the effective part of the
loading interval (i.e. the extent of loading time during the fraction of the cycle
above the intrinsic flow stress). An example of the change in cyclic plastic
strain during a stepwise decreased and subsequently increased loading rate
is shown by the portions of CSH curves in Fig.3. Decreasing the loading rate
resulted in a marked increase in the cyclic plastic strain, however, during a
subsequent increase of the loading rate the initial values were obtained, as
long as a critical plastic strain of 5x10"4 was not exceeded.



40 GT10 C. Stickler et al.
15" International Plansee Seminar, Eds. G. Kneringer. P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 3

3x10" 1

2x10" -

o
o

^ 1x10"

0,042 MPa/s

I t I
4,2 MPa/s 0,42 MPa/s 0,42 MPa/s 4.2 MPa/s

50 100 150

Number of loading cycles

200

Figure 3:Effect of consecutive increase and decrease of loading rate on cyclic plastic
strain of recrystallized Ta, stress amplitude 100 MPa, 300 K
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To obtain detailed information on the stress-strain relationship during one
loading cycle the digitally stored data were plotted for selected loading cycles
for various loading rates (for identical stress amplitudes) as function of the
cycle time. The superimposed plots of the plastic strains in Fig.4 reveal that
the major portion of the plastic strain and the maximum strain rate during the
individual loading cycles is almost independent of the loading rate, but
depends on the magnitude of the effective stress, i.e. the difference between
the instantaneous stress and the intrinsic flow stress (Aa = a-(T,,S ). An
evaluation of the test data shows that the major part of plastic straining
occurs for all loading rates under the same maximum strain rate in almost the
same fraction of the loading cycle before and after the maximum stress

(£P, = i•£,,:). It is concluded that the amount of plastic strain is a function of the
length of the effective stress interval. From diagrams as shown in Fig. 4 it is
possible to estimate the plastic strain rates occurring during a loading cycle
in stress controlled tests. The results show that under stress control the
plastic strain rate is depending on the stress amplitude but not on the loading

rate {ePi = UAo)). It follows, that the plastic strain increases with decreasing

loading rate (t = f(a); f;,; = /& ; = f(o-)f(Ao-)), however, the plastic strain rate for
a given stress amplitude remains nearly constant. As a consequence the
plastic strain rate in CSS-curves determined under stress control increases
with increasing stress amplitude. This is in contrast to CSS-curves
determined under strain control for which the strain rate is kept constant. In
present investigation the plastic strain rates were found between 1x1 (T8 and
2x10"6 for the evaluated range of cyclic plastic strains.

3.2 Microstructural examinations

The typical microstructure of a recrystallized Ta specimen is shown in Fig.5.
The uniform contrast in individual grains reveals an almost strain-free grain
structure, variations in contrast are related to differences in the
crystallographic orientation. The TEM micrographs of recrystallized Ta show
a surprisingly high density of inhomogeneously distributed dislocations, in
particular near triple points. The average dislocation density amounts to
1010/cm2, which is in agreement with literature data (23). A selection of typical
REM and TEM micrographs of cyclically deformed specimens is shown in the
following. In specimens deformed in the anelastic and microplastic stress-
strain regimes, segment 2 in Fig.2, no significant differences to the recrystal-
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lized microstructure can be detected. Obviously, in spite of measurable
microplasticity no detectable dislocation displacement, multiplication or
interaction could be observed taking into account the initially high dislocation
density. The SEM-ECC micrographs of specimen cyclically deformed at 173
K up to small plastic strains, Region A in Fig.2, showed only weak contrast
variations near grain boundaries indicating local strain concentrations. The
SACPs of corresponding areas consisted a sharp lines typical for a strain-
free matrix, minor bending of the lines are indicative of localized bending of
crystal planes. In TEM micrographs of this specimen isolated short
dislocation bundles and occasionally networks of straight dislocations
between these bundles could be seen. The long straight dislocations were
identified as screw type. The dislocations bundles with embedded dislocation
loops, indicative of local multiple slip, consisted mainly of edge type
dislocations. In specimens deformed at 223 K in the strain range of the onset
of macroplastic deformation, Region C in Fig.2, short dislocation bundles
could be observed in the SEM-ECC images, Fig.6. The bent SACP lines
reveal the lattice distortion caused by the bundles. The TEM micrograph
shows these bundles and the high density of straight dislocation segments
and dislocation loops between these bundles, Fig.6. With increasing cyclic
plastic strain the density of bundles increased, in some areas dense cell
walls could be observed predominantly in the vicinity of grain boundary triple
points. After cyclic deformation at 300 K up to the onset of macroplastic
deformation, Region E in Fig.2, the microstructure consisted of straight
dislocation bundles and dislocation cells, Fig. 7. The pronounced distortion of
the SACP lines is due to increased lattice distortion. The TEM micrographs
show dense dislocation bundles and a large number of dislocation loops,
Fig.7. At the test temperature of 373 K a transition of the dislocation bundles
into cell walls was observed, indicative of pronounced local plastic
deformation with dislocation interactions.

The observed dislocation arrangements are indicated in Fig.2 by the letters A
to G and summarized for the range of test temperatures for two levels of
cyclic deformation in Table 2. It can be seen that after small levels of cyclic
deformation at temperatures below TK dislocation pile-ups and dislocation
bundles with straight screw dislocations are formed, at temperatures near
and above TK dislocation cells are predominant.
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Table 2: Effect of test temperature on dislocation arrangement after cyclic deformation of
polycrystalline Ta to saturation of plastic strain, multiple step tests, loading rate 0.42
MPa/s

Temperature
[K]
173

223

300

373

T/TK

0.5

0.7

0.9

1.2

deformed to cyclic plastic strain
below 103

pile-ups at grain boundaries,
straight screw dislocations (A)
short bundles (B)

many long bundles, localized
formation of rectangular cells (D)
large rectangular cells near triple
points, dense cell walls, many
dislocation tangles within cells (F)

deformed to cyclic plastic
strain near 10"2

pile-ups at grain boundaries,
straight screw dislocations (A)
numerous short and long
bundles (C)
large rectangular cells with
dense cell walls (E)
large cells with pronounced
orientation differences, high
density of straight dislocations
within cells (G)

Figure 5: REM-ECC and TEM micrographs of recrystallized Ta
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Figure 6: REM-ECC and TEM micrographs of recrystallized Ta cyclically deformed in
multiple step test at 223 K to plastic strain of 1x10"2, loading rate 0.42 MPa/s, dislocation
arrangement correspond to "C" in Fig. 2

Figure 7: REM-ECC and TEM micrographs of recrystallized Ta cyclically deformed in
multiple step test at 300 K to plastic strain of 5x10"3, loading rate 0.42 MPa/s, dislocation
arrangement correspond to "E" in Fig. 2

4. Summary and Conclusions

• Tensile tests at plastic strain rates of 2x10"6 revealed for the Ta specimen
material a T« value of 320 K. From the values of the elastic and anelastic
stress limits an intrinsic flow stress could be deduced (about 60 MPa at
300 K, for recrystallized Ta specimens after prolonged loading times at this
stress or predeformed to a plastic strain of 5x10"4), below which no residual
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plastic deformation occurs even for extended loading times and lowest
loading rates.

• In stress controlled cyclic tests within the microstrain regime the plastic
strain rate (between 10"8/s and 10"6/s) was found to depend on the stress
amplitude with no effects of the loading rate. Multiple step tests resulted in
similar values of plastic saturation strain as single step tests as long as a
cyclic plastic strain of 1x10~3 was not exceeded.

• The shape of CHS-curves is affected by test temperature, stress amplitude
and loading rate. Saturation of the cyclic plastic strain was observed for
low test temperatures and small stress amplitudes as long as the cyclic
plastic strain did not exceed a value of 5x10"4. In semi-logarithmic plots the
CSS-curves exhibited several straight-line segments which were
interpreted in analogy to literature (12). An anelastic region (strain
corresponds to bowing out or reversible motion of pinned edge dislocations
(24)) could not be resolved for the la material because of experimental
limitations ( the cyclic tests were started at stresses corresponding to the
anelastic stress limit). In the microplastic region the plastic strain is
attributed to an increased movement of edge dislocations and kink pairs of
screw dislocations, the magnitude of plastic strain depends on the time
interval of loading and the difference between the actual stress and the
intrinsic flow stress. In the transition region the plastic strain is a result of
the gradual onset of local mobilization of screw dislocations, the
contribution increasing with stress amplitude and test temperature. In the
macroplastic region an extensive activation of screw dislocation takes
place, cyclic hardening occurs due to the interaction of the mobilized screw
dislocations. The tests revealed this macroplastic behavior to occur at
cyclic stress amplitudes above the technical flow stress.

• The loading rate affects the CSS-curves significantly only for test
temperatures below TK. Decreasing temperatures and increasing loading
rates shift the CSS-curves progressively to higher cyclic stresses.
Decreasing loading rates result in increasing cyclic plastic microstrain, as a
result of the increase of the effective loading time. The increase in plastic
strain with decreasing loading rate is reversible as long as a critical value
of plastic strain of 5x10"4 is not exceeded. It could be shown that in stress
controlled tests the plastic strain rate increases with increasing stress
amplitude in contrast to strain controlled cyclic test.
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• The microstructural investigations revealed in agreement with literature a
high dislocation density and an inhomogeneous dislocation distribution in
the recrystallized Ta material. Attempts to reduce the number of dislocation
by annealing treatments resulted only in accelerated grain growth without
an appreciable decrease in dislocations density. The dislocation
arrangement in the cyclically deformed specimens are characteristic for
test temperatures and the cyclic plastic strain ranges. At temperatures well
below TK, for strains in the anelastic or microplastic regime, the dislocation
arrangement appeared not to differ from that of the recrystallized material.

• The dislocation arrangement in specimens cyclically deformed in the
microplastic and transition regimes is only dependent on the applied
maximum cyclic plastic strain at saturation, but shows no relationship to
the cumulative plastic strain. The straight dislocation lines between the
dislocation bundles were identified in the TEM as screw dislocations.

• The onset of macroplastic deformation behavior occurs above a critical
cyclic plastic strain of about 5x10"4 independent of test temperature. Up to
this strain the contribution of screw dislocations is considered negligible,
the plastic strain should be caused exclusively by the movement of edge
dislocations. For Ta it is interesting to note that localized movement of
screw dislocations appears to contribute to the "microplastic" deformation,
however, only minor interactions are taking place as shown by the small
number of short dislocation bundles. Apparently, the observed transition
strain of 5x10"4 is the limit for Ta above which a sufficient number of pinned
dislocation is mobilized, no multiplication of dislocations is required. Thus,
the microstrain regime of Ta may not be solely related to microplastic
deformation mechanisms (exclusive movement of edge dislocations) but
may be interpreted as small macroplastic deformation due to mobilization
of weakly pinned screw dislocations with insufficient loading time to reach
higher strain values.

• The interpretation of the plastic microstrains in Ta as a small macroplastic
deformation is supported by results of stress relaxation tests which show
for recrystallized Ta under microstrain loading conditions high values of the
activation volume (4000 b3), high density of dislocations (2x1010) and a
small mean free path of mobile dislocations (2 urn), (18, 25, 26).
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For practical applications the findings of this investigation appear of
particular importance that in recrystallized Ta the dislocation density is
high, the dislocations appear only weakly pinned, which may explain in
combination with a high solubility of interstitial elements the high ductility at
low temperatures. Even below room temperature relaxation of internal
stresses to levels of the intrinsic flow stress takes place within hours.
Plastic strains occur already at stresses far below the technical flow stress.
This effect should be taken into account in storing and handling as well as
in service applications of engineering products of recrystallized Ta.
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