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The temperature and strain rate sensitivity of «-titanium (*)

J. HARDING (OXFORD)

TENSILE stress-strain curves are presented for annealed commercially-pure a-titanium tested at
five temperatures from 77° to 288 °K at six strain rates covering more than six orders of magni-
tude from 10-2 to about 2500s~'. The variation with strain rate and temperature of the flow
stresses at 0.2% and 5% plastic strain is determined and the results are analysed in terms of
the theory of thermally-activated flow. A marked increase in the rate sensitivity of the flow
stress is found in tests at all temperatures as the strain rate is increased above about 505!

Krzywe rozciagania naprezenie-odksztalcenie przedstawiono dla wyzarzonego technicznie czy-
stego a-tytanu badanego w pieciu temperaturach od 77° do 288°K i przy mﬁmu predkosciach
odksztalcenia, obejmujacych zakres ponad szesciu rzedoéw wielkosci od 10-* do okoto 2500s~*.
Okreslono zmianc naprgzen plastycznych w funkcji predkosci odksztalcenia i temperatury
przy 0.2%; i 5%, odksztalcenia plastycznego, a wyniki przeanalizowano w ramach teorii termicz-
nie aktywowanego plynigcia. W do$wiadczeniach zauwazono znaczny wzrost wrazliwosci
naprezenia plyniecia na predkoéé odksztalcenia we wszystkich temperaturach, gdy predkoéé
odksztalcenia przewyzszala 50s !,

KpuBble pacTsikeHus Hanpskenue-gedopMaLida MpeAcTaBleHb! [JIA MPOKaJIEHHOrO TeXHH-
YeCKHM YMCTOr0 a-THTAHA HMCC/IEyeMOro B MATH Temmeparypax ot 77° mo 288°K m mpu mrect:
CKOpOCTAX AedopMallii, OXBaThIBAIOMMX HMHTEPBAas CBBILE INECTH MOPAJKOB BEJMYMH OT
10=2 po oxono 2500 cex 1. OnpenesieHbl H3MEHEHHA [UIACTHUYECKHX HANpOKeHuH B QyRKmam
cropocTi Aedopmatmu ¥ TemnepaTypsl npH 0,2% u 5% miacTaueckoi Aedopmamum, a pe-
3YJBTAThI AHAMMIHPYIOTCA B PAMKAX TEOPHH TEPMHUYECKH aKTMBHPOBAHHOIO TeueHud. B akcie-
PHMEHTax OOHApY)XEH 3HAYMTENBHBIH POCT YYBCTBHTCJIEHOCTH HANPAMKEHMA HA CHOPOCTH
nedopmaLEi BO BCEX TEMIEpaTypaxX, KOrga CKOpOCTh Aedopmaiud mnpesbmuaer 50 cex ™.

1. Introduction

To a greater or lesser extent all metals and alloys show some dependence of the flow stress
on temperature and strain rate. Several models have been proposed to describe this be-
haviour. In fcc metals, for example, the rate-controlling mechanism is thought to be the
thermally-assisted intersection of dislocations [1, 2] while in bcc metals a rate-dependent fric-
tiona! resistance to dislocation motion arising either from the intrinsic resistance of the
lattice [3, 4] (the Peierls stress) or from an interaction between dislocations and interstitial
impurity atoms [5, 6] (solid solution hardening) has been postulated. Such models lead
to a thermodynamic rate equation of the form
(1.1) eoexp{ é; ﬂ}
where G is the free energy of activation and &, corresponds to the limiting strain rate
reached when the applied stress is high enough for the given mechanism to no longer
resist the motion of dislocations.

Ir principle it should be possible to determine the stress and temperature dependence
of such parameters as the activation energy, enthalpy and volume using experimental data
obtained in constant temperature and strain rate tests and hence to distinguish between

(*) The paper has been presented at the EUROMECH 53 COLLOQUIUM on “THERMOPLASTIC-
ITY”,Jablonna, September 16-19, 1974.
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the various possible rate-controlling mechanisms. In practice, however, although in many
investigations results have been obtained over a wide range of temperatures, almost always
the strain rates applied have been low and limited to a range of not more than 3 orders
of magnitude. At any given temperature, therefore, the range of stresses that can be meas-
ured is small. Consequently it becomes difficult to separate the effects of temperature and
strain rate on the various rate parameters and hence to assess how closely the assumption
of a single rate-controlling mechanism fits the experimental data.

In two relatively recent investigations [7, 8], however, both concerned with metals of
bee structure, tests have been performed over a wide range of both temperature and strain
rate. The results, when analysed in terms of the theory of thermally activated flow for a single
rate-controlling mechanism assuming a constant pre-exponential factor in the standard
rate equation did not support theoretical predictions that the activation energy, enthalpy
and volume should be simple functions of stress alone.

Very much less information is available on the behaviour of metals and alloys of ¢cph
structure than on those of fcc and bec structures. In tests at room temperature results have
been obtained for a-titanium over a wide range of strain rates under torsional loading by
Tsao and CAMPBELL [9] and LawsoN and NicHOLAS [10] and over a more restricted range
of strain rates under combined (tension/torsion) loading by RANDALL and CampBELL [11].
Several investigations have been carried out by CoNRAD and his co-workers [12, 13, 14]
at conventional strain rates and temperatures up to 800°K on «-titanium specimens having
different interstitial contents. The results were analysed in terms of the theory of thermally-
activated flow and it was concluded that the rate-controlling mechanism is the thermally-
activated motion of dislocations on first order prism planes past interstitial obstacles on
these planes. These experiments suffered, however, from the limitation previously referred
to in that the range of strain rates used was small. '

The present investigation was undertaken in order to provide data for a metal of cph
structure as comprehensive as that previously obtained for metals of bee structure [7, 8].
Tensile tests have been performed on specimens of annealed, commercially pure, a-titanium
at six strain rates covering more than six orders of magnitude, from 10~3 to over 2500s~%,
at five temperatures over the range 77° to 288°K. The variation with temperature and strain
rate of the flow stress at plastic strains of 0.2 and 5.0% has been determined and the results
are compared with the behaviour expected on the assumption of a single rate-controlling
mechanism,

2. Experimental details

A standard Instron screw-driven loading machine was used for tests at the two lowest
rates of strain, 10~2 and 10~'s~!, a hydraulically-operated loading machine [15] for tests
at the intermediate rate of 455! and a drop-weight impact loading machine [16] for tests
at the highest rates, nominally 500, 1500 and 2500s~!. Tests below room temperature
were carried out by controlling the flow of liquid nitrogen into a tufnol container surround-
ing the specimen.

Specimens were machined from annealed, 1/4 inch diameter, commercially-pure ti-
tanium rod having the following composition of metallic impurities (ppm):
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Table 1

Ag Al Ca Cu Fe Mg Mn Mo Si Sn v

<1 70 3 20 20 <1 3 30 5 100 20

Typical interstitial impurity levels for titanium rod from the same source were (ppm):

Table 2

Carbon Nitrogen Oxygen
300 100 1500

The interstitial content expressed in terms of the equivalent atomic fraction of oxygen
[12] was approximately 6 x 10~3. Specimens were stress relieved at 500°C for one hour
and furnace cooled under a vacuum of 10~* torr after machining. The mean grain size
was about 300gr/mm?,

3. Results

3.1. Stress-strain curves

Engineering stress-strain curves averaged from two or more tests at each temperature
at a strain rate of 10~ 3s~! are presented in Fig. 1. The curves shown agree very closely
with earlier results for a 99.9% pure titanium, tested at a rate of about 10~*s~*, obtained
by GEIL and CARWILE [17]. Both sets of results show the same type of yield behaviour
and both show an increased range of work-hardening and an increased ductility at the
lowest temperatures.

Engineering stress-strain curves averaged from three tests at each temperature at
a strain rate of 45s™* are presented in Fig. 2. The flow stresses are raised and the strains
to fracture reduced compared with those obtained at 10~?s~!. No significant effect of
temperature on ductility is observed. At the lowest temperatures a very slight drop in load
at the yield point is beginning to appear.

A more marked effect of temperature on the yield behaviour was found at the highest
strain rates. Typical sets of oscilloscope traces for tests in the impact loading machine are
presented in Figs. 3 and 4. Timing pips interrupt each trace at 2us intervals. The upper
curve in each set records the variation of stress in the specimen during the course of the
test and the lower curve is an integrated signal used in calculating the specimen strain.
While no yield drop is found in the room temperature test at 800s~*! (Fig. 3a), a small,
but distinct, yield drop is observed at about the same strain rate when the temperature
is lowered to 77°K (Fig. 3b). The magnitude of this drop in load is significantly increased
when the strain rate is raised to 2400s~! at 77°K (Fig. 3c).

More unusual behaviour was found in tests at room temperature at a rate of 1900s™!
(Fig. 4a) where a stress oscillation, or “double-yield” effect, was observed at the start of
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FiG. 1. Effect of temperature on stress-strain curves for specimens tested in the instron loading machine
(mean strain rate: 10-3s-1),
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FiG. 2. Effect of temperature on stress-strain curves for specimens tested in the hydraulically operated
loading machine
(mean strain rate: 445-1),
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F1G. 3. Oscilloscope traces for impact tests showing increasing yield drop with increasing strain rate and
decreasing temperature (Timing pips at 2 ps intervals)
a) 288 °K, 800s-!, b) 77 °K, 500s-1, ¢) 77 °K, 24005-1,
(7191
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FiG. 4. Oscilloscope traces for impact tests showing double yield effect (Timing pips at 2 us intervals)

a) 288 °K, 1900s-1, b) 288 °K, 2500s-1, ¢) 288 °K, 2500s-1, d) 77 °K, 1375s-1.
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plastic flow. This observation might have been ignored but for the fact that on increasing
the strain rate to 2500s™! in tests at room temperature (Figs. 4b and 4c) the “double-
yield” effect was found to be both more marked and highly repeatable. It appears to be
an intermediate stage in the transition from uniform yielding to a fully developed yield drop.
Although no explanation has been found for this behaviour, in the most extreme cases,
of which Fig. 4d for a test at 77°K and 1375s~! is an example, the stress traces observed
closely resemble those obtained previously in tests on pure iron single crystals [18] where
the load drops were thought to be due to mechanical twinning. Metallographic examina-
tion of the specimens tested in this investigation showed extensive twinning to have occurred
in tests at 77°K, particularly in specimens deformed at the highest strain rates. At room
temperature, however, twins were present in very much smaller numbers in specimens
tested at the highest rates and could rarely be detected after tests at the lowest
rates.
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F1G. 5. Effect of temperature on stress-strain curves for specimens tested in the impact loading machine

(mean strain rate: 2475s-1).

Averaged engineering stress-strain curves for tests at each temperature at the highest
rate of strain are shown in Fig. 5. As the temperature is lowered the “double-yield” effect
at room temperature is replaced by a more marked single yield drop at the lowest tempera-
tures. The effect of strain rate on the stress-strain behaviour at constant temperature is
shown in Fig. 6 for tests at room temperature. Curve B in this figure relates to tests at
a nominal strain rate of 500s~'. At this rate the specimen is unloaded in the impact test
before it has strained sufficiently to break. Curve B, therefore, does not go through to
fracture. Similar results obtained at 77°K are shown in Fig. 7.

3 Arch. Mech. Stos. nr 5-6/75
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Fi1G. 7. Effect of strain rate on stress-strain curves for specimens tested at 77°K.
3.2. Strain-rate sensitivity curves

The semi-logarithmic rate sensitivity 4, defined by the expression
@3.1) A = {do/dlog &p}ey, T,
may be determined from the slopes of the curves of Fig. 8 which show the variation of
the 0.2% proof stress with the logarithm of the mean plastic strain rate at each test tem-
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perature. Two distinct regions are apparent; at strain rates below about 50s~! A is found
to be relatively independent of strain rate and to decrease with temperature from about
30MN/m? at room temperature to about 8 MN/m? at 77°K, while at strain rates above
about 50s~! much larger values of A are obtained, of the order of 110 MN/m?2. At room
temperature A appears to increase continuously with strain rate in the high strain rate
region. At lower temperatures the evidence is less clear and the results might well
be described by two constant values of A, one for low rates and the other for high
rates.

In the two previous investigations where commercially-pure a-titanium has been tested
at room temperature at strain rates above 50s~! conflicting results have been obtained.
LawsoN and NicHoras [10] found a linear dependance of the flow stress at 10 shear
strain on the logarithm of the shear strain rate, corresponding to a value for A of about
50MN/m?, for all strain rates from 10~* to 5000s~!, there being no region of increased
rate sensitivity. TsAo and CAMPBELL [9] however, found A for the flow stress at 109, shear
strain to increase from about 40MN/m? at low rates to about 120MN/m? at high
rates, the transition occurring at an equivalent tensile strain rate of about 400s~.
Although this is rather higher that the transition strain rate in the present tests there
were insufficient results in the earlier investigation for a detailed comparison to be
made.

In tests at the highest strain-rates the 0.2% proof stress lies in the region of non-uniform
yield associated with the yield drop or the “double-yield” effect. To check whether this is
the cause of the increased rate sensitivity shown in Fig. 8 at strain rates above 50s™*,
rate sensitivity curves are shown in Fig. 9 for the flow stress at 5% plastic strain. This lies
well outside the region of non-uniform yield in all tests. The results of Fig. 9 clearly con-
firm the existence of two regions of rate sensitivity and give values of A of 20MN/m?
at room temperature falling to about 2MN/m? at 77°K in the low rate sensitivity region
and about 7SMN/m? in the high rate sensitivity region. These are all a little lower than
the corresponding values for the flow stress at 0.29 plastic strain.

3.3. Temperature sensitivity curves

The temperature sensitivity of the 0.2% proof stress at constant strain rate is shown
in Fig. 10, results being presented for five of the six applied strain rates. Apart from one
result, that at 224°K at the highest strain rate, the experimental points all lie reasonably
closely on smooth curves. Also shown in the figure are results obtained by CONRAD and
JonEs [14] at a strain rate of 10~*s~* for two grades of a-titanium having a finer grain
size than the material used in the present investigation and interstitial contents, expressed
in terms of the equivalent atomic fraction of oxygen, of 10 x 10~2 and 2 x 10~3, compared
with 6 x 103 for the present material.

Temperature sensitivity curves for the flow stress at 5% plastic strain, presented in
Fig. 11, again show a behaviour very similar to that for the flow stress at 0.2%, plastic
strain. Results at strain rates of 50s~! and below converge rapidly with fall of temperature,
while those at impact rates converge only very slowly.
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4. Discussion

Having presented the experimental data it is required to determine how closely they fit
the assumptions of the theory of thermally activated flow, in particular that of a single
rate-controlling mechanism. It is usual when analysing experimental results in this way
to divide the applied stress into two parts, an athermal stress o,, representing the long
range internal stress field, and an effective, or local, stress o* which, with the aid of thermal
fluctuations, enables dislocations to surmount the short-range barriers; it is this latter,
thermal, component of tHe applied stress which is used in the thermal activation rate
analysis. Since the athermal stress is normally considered to be independent of strain
rate it may be taken as the stress in the temperature and strain rate insensitive region.
Evidence presented by MONTEIRO e al [19], however, suggests that for o-titanium the
behaviour is much more complex. Unfortunately the present data do not extend to high
enough temperatures or low enough strain rates for it to be possible to study the behaviour
in the “athermal” region so no estimate of the athermal stress could be made and the total
applied stress has had to be used in the analysis.

A more sérious limitation to the experimental data arises, however, if, as seems to be
indicated by the strain rate sensitivity curves of Figs. 8 and 9, two regions of behaviour
are covered in which the rate controlling mechanisms are different. It is then unlikely
that sufficient results will be available in each region taken separately for any firm con-
clusions to be drawn.

The thermodynamic relation AH = AG—T(0A4G/dT), when applied to the standard
rate equation ¢ = ,exp(—AG/kT), gives for the activation enthalpy the expression

dln (&/&o)
o(1/kT) 1s°

while differentiation of the standard rate equation gives

(4.1) AH = —{

do
@2 ve - urf l 3Tn Ge/eo) }r’

where the activation volume FV* is defined by the thermodynamic relation
V* = —(84G/a7)r.

Of the several theories that have been proposed to describe the short range barriers
to flow that due to FLEISCHER [5, 6], in which the frictional stress results from the inter-
action between dislocations and interstitial impurities, is thought to best describe the
experimental results for a-titanium obtained by CONRAD and his co-workers [12, 13, 14].
In this theory each of the activation parameters, 4G, AH and V*, is a unique function of
stress. A major difficulty in comparing the experimental data with the predictions of the
theory arises from an uncertainty regarding the behaviour of the pre-exponential factor &.
It is usual to assume that &, is independent of temperature and strain rate and has a value
in the range from 10°s~! for impure polycrystals to 10**s™* for pure single crystals and
pure polycrystals [20]. It then follows, by the Eq. (4.1), that, for 4H to be a unique function
of stress alone, a plot of In (£) against (1/kT) at constant stress should give a set of straight
lines of slope —AH (or —AG) with a common intercept on the strain rate axis at ¢ = &.
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As is shown in Fig. 12, however, when the present results are plotted in this way two dis-
tinct regions of behaviour are found, zone A for strain rates less than about 50s~?!, and
zone B, for strain rates greater than about 50s~!,

In view of the limited number of results it is not clear how closely the experimental
points in each zone at each stress level follow a linear relationship. If a linear relationship
is assumed, however, the corresponding intercepts on the strain rate axis are found to
vary over the ranges 10'* to 10'7s™! for results in zone 4 and 10* to 107s~* for results
in zone B. These compare with previously quoted values for &, in a-titanium of 3 x 108s~!
[14] and 1.5 x 10'%s~* [21]. Further they imply that &, is strongly dependent on the applied
stress. Results similar to those in zone A of Fig. 12, taken from a previous investigation
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FIG. 12. Variation of the logarithm of strain rate with reciprocal temperature at 0.2% plastic strain.

[8] into the mechanical behaviour of niobium, are shown in Fig. 13. In view of the close
similarity between the two sets of results it seems likely that, had the present tests been
extended to lower strain rates, i.e. as close to the athermal region as in the earlier investiga-
tion, the small curvature found in zone 4 of Fig. 12 would have been confirmed. However,
to explain even this small curvature on the basis of a temperature dependent &, would require
& to vary from 107 to 10245, Since such a variation in &, would seem to be unreasonably
large the results in zone 4 may perhaps be rationalised most simply by assuming &, to be in-
dependent of temperature and 4H a function of both stress and temperature. Because of
the change apparent in the rate-controlling mechanism at strain rates above 50s™! it is
not possible to determine whether the results in zone 4 would have extrapolated to a com-
mon intercept on the strain rate axis. The results in zone B, however, might well be thought
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to do so, the strain rate at the common intercept being not greatly different from that
previously quoted for &, in a-titanium [14]. This would imply that, for zone B if not for
zone A, & may be taken to be independent of stress as well as of temperature.

On the basis of this assumption the Eq. (4.2) may be used to determine the activation
volume from the slopes of the strain rate sensitivity curves of Fig. 8 at any given tempera-
ture and strain rate. The stress dependence of the activation volume calculated in this way
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FiG. 13. Variation of the logarithm of the strain rate with reciprocal temperature for niobium at the
lower yield stress (after BRiGgs and CAMPBELL, ref. [8]).

at three different temperatures is shown in Fig. 14. Experimental data obtained at strain
rates below 50s™! give activation volumes which are independent of stress but decrease
slightly with decreasing temperature, from 28 to 23 (V*/b%), where b is the Burger’s vector,
as the temperature falls from 288° to 77°K. A similar behaviour was found previously
for molybdenum [8] but to a more marked extent, the activation volume being reduced
by almost half, from 12.8 to 6.6 (V*/b?), as the temperature fell from 292° to 150°K. It
is common to find a rapid increase in ¥* as ¢* — 0, i.e. as the applied stress approaches
the athermal level [14, 21]. Lack of experimental data at stresses close to the athermal
level may explain why such behaviour is not found here. When results obtained at strain
rates above 50s™! are used in the calculation the activation volume is found to decrease
very rapidly with increasing stress to a value of the order of 2 to 4 (V*/b®) and then to
become again relatively independent of stress while remaining slightly dependent on
temperature.

The activation enthalpy may be calculated from the Eq. (4.1), i.e. from the slopes of the
curves of Fig. 12, again on the assumption that €, is independent of stress and temperature.
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Results obtained in this way are compared in Fig. 15 with those of CONRAD and JONES
[14] for strain rate change experiments at rates around 10~*s~!. Results from zone A4
give an approximately linear relationship between the activation enthalpy and tempera-
ture, similar to that found by CoNrRAD and JONES except that here the enthalpy increases.
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more rapidly with temperature the higher the strain rate. A smaller temperature dependence
is shown in zone B where significantly lower values of enthalpy are obtained.
Since 4H may be given by the expression

(4.3) AH = —TV*(3a/0T)

.
ll’llu

and since it is found experimentally that (do/dT); increases with falling temperature,
a linear relationship between 4H and T supports the observation that ¥* falls with falling
temperature.

An alternative presentation of the results of Fig. 15 to show the effect of temperature
on the activation enthalpy at constant stress is given in Fig. 16. It is clear that, for tests
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at strain rates below 50s™!, AH at constant stress is strongly temperature dependent.
A much smaller temperature dependence is shown, however, when 4H is determined from
the results of tests at higher strain rates.

In several previous investigations at strain rates in excess of 103s~! [7, 22] a very rapid
increase in the semi-logarithmic rate sensitivity with increasing strain rate, corresponding
to a linear relationship between stress and strain rate, has been found. Such behaviour
has been explained in terms of a viscous-damping process as the rate-controlling mecha-
nism [7, 23, 24]. Although the present results also show a rapid increase in the semi-
logarithmic rate sensitivity, the transition strain rate, about 50s~!, is some two orders of
magnitude below that found in the earlier investigations. Nor in the present tests are there
sufficient experimental results at the highest strain rates to determine how closely a linear
relationship between stress and strain rate is followed. An extension of the work to higher
strain rates is required therefore, before any firm conclusions concerning the rate-controlling
mechanism in this region may be drawn.
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5. Conclusions

Tensile stress-strain curves for a-titanium have been obtained at strain rates from 1073
to over 2500s~! at temperatures from 77 to 288°K. From these curves the temperature and
strain rate dependence of the flow stresses at 0.2% and 5.0% plastic strain have been de-
termined. For tests at all temperatures a marked increase in the semi-logarithmic rate sensi-
tivity is found at strain rates above about 50s~'. The results are analysed in terms of the
theory of thermally activated flow on the basis of a single rate-controlling mechanism in
each region of rate sensitivity. Because of the limited number of results when the two regions
are considered separately only tentative conclusions may be drawn. Assuming, however,
that the pre-exponential factor in the standard rate equation is independent of stress and
temperature, the activation enthalpy in the region of low rate sensitivity is found to be
a function of both stress and temperature while the activation volume is found to be in-
dependent of stress but to decrease slightly with temperature. These results conflict with
theoretical predictions that the activation parameters, 4G, AH and V'*, should all be unique
functions of stress. Similar discrepancies between theory and experiment have been re-
ported previously [7, 8] in tests on becc metals.

In the high strain rate region much lower values are obtained for both the activation
enthalpy and the activation volume. Their stress and temperature dependence, however,
has not been clearly determined. An extension of the experimental data to higher strain
rates is required before firm conclusions regarding the rate-controlling mechanism in this
region may be drawn.
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