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Abstract

In this study the " stress-induced martensitic transformation and damping behaviour of the
superelastic B-Ti—25Ta-25Nb alloy are investigated by tensile tests at room temperature and
by dynamic mechanical analysis (DMA) in tensile mode for different applied stresses. Tensile
tests show a fully non-linear elastic domain and, consequently, a specific method is proposed
to determine the elastic modulus. Due to the wide range of temperature over which the
martensitic transformation occurs in this class of alloys, the martensitic start temperature, M.,
is not a relevant parameter to characterize the transformation and the temperature M,
corresponding to the temperature of maximum transformation is used. The important gap
between these two temperatures explains the fully non-linear elastic behaviour of this alloy
during conventional tensile tests. It is observed that two main damping sources occur in this
alloy: friction at austenite/martensite interfaces during the martensitic transformation and
friction at martensite/martensite interfaces at lower temperature. However, a third unexpected
damping peak is also observed at high stress. Its origin is discussed with respect to the
orientation of the applied stress and with regard to the most favourably oriented martensite

variants determined by Schmid factor analysis.
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1. Introduction

Shape memory and superelastic alloys possess peculiar mechanical properties, such as a large
recoverable strain, due to thermo-elastic martensitic transformation from the austenite phase
to the martensitic phase. Martensitic transformations are usually described using characteristic
temperatures, such as the martensite start, martensite finish, austenite start and austenite finish
temperatures, respectively denoted M, M;, A, and A; [1] and [2]. These temperatures can be
measured by dynamic mechanical analysis (DMA): the martensitic transformation is thus
generally characterized by a drop in the dynamic elastic modulus associated with an increase
in the damping factor tand [3], [4] and [5].

The damping capacity (equivalent to internal friction) of a material is defined as its capacity
to convert its mechanical energy (or vibration) into heat [6]. As damping is a typical property
of shape memory and superelastic alloys these alloys are of special interest as high damping
materials for specific applications, including noise and vibration reduction [7], [8] and [9]. In
such alloys the reversible movement of austenite/martensite boundaries induces mechanical
energy dissipation and constitutes a damping source when the initial microstructure is
composed of austenite. This damping capacity is due to hysteresis of the martensitic
transformation [4] and [10]. When the microstructure of shape memory alloys (SMAs) is
composed of martensite another damping source is the reversible re-orientation of martensite
variants of the self-accommodating microstructure, due to the hysteretic movement of twin
boundaries between martensite variants [4] and [10]. These two phenomena are commonly
detected by DMA as an increase in the damping factor: at low temperature when the
microstructure is essentially composed of martensite for the re-orientation peak and at high
temperature for the martensitic transformation peak. The internal friction in SMA such as Ni—
Ti-based or Cu—Zn-based alloys has been widely characterized using torsion pendulum or
dynamic mechanical analysers (working in free and forced vibration mode, respectively) [5],
[10] and [11]. In SMA and metallic materials another well-known damping source, the Snoek
effect, is a relaxation process due to the stress-induced reversible movement of solute
interstitial elements such as carbon, oxygen, nitrogen or hydrogen [3], [6], [12], [13] and [14].
Metastable -titanium alloys are known to show a stress-induced martensitic transformation
from the § phase (bcc) to o” phase (C-orthorhombic) [15] and [16]. Recently Ni-free SMA
for biomedical applications have been a subject of interest due to the possibility of producing
them from only biocompatible elements, such as tantalum, niobium and zirconium [17],

[18] and [19]. In contrast to most SMA, metastable titanium alloys have a non-ordered



austenitic structure and exhibit excellent cold workability [19], [20] and [21]. Very few DMA
studies of the stress-induced martensitic (SIM) transformation and damping behaviour of
these alloys have been conducted. In the literature only one study concerns characterization of
the damping capacity due to the SIM transformation [22], although Snoek relaxation damping
due to a high oxygen content has been reported [6], [23] and [24].

The objective of this study is to characterize the o'’ stress-induced martensitic transformation
and damping behaviour of the metastable alloy -Ti—25Ta-25Nb (mass%) by tensile tests at

room temperature and by DMA in tensile mode for different applied stresses.

2. Materials and methods

The Ti-25Ta-25Nb (mass%) alloy was elaborated by cold crucible levitation melting
(CCLM) to ensure melting of the high content of tantalum, which has a much higher melting
point than titanium. The elements used were commercially pure titanium and pure tantalum
and niobium (99.9% purity). The ingots obtained then underwent a thermo-mechanical
protocol composed of a solution treatment at 950 °C for 20 h, cold rolling (CR = 98%) and,
finally, a recrystallization treatment at 850 °C for 0.5 h, before being quenched in water.

As it is important to characterize the recrystallized microstructure, texture measurements were
carried out in a Philips PW1830 X-ray generator, using Cuk,, radiation (A =0.15406 nm),
equipped with a PW3020 texture goniometer. The orientation distribution function (ODF) was
then calculated by the harmonic method. An Instron 3369 tensile test rig was used with
normalized flat specimens strained along the rolling direction. Tensile tests were carried out at

-'. DMA was carried out with a Metravib

room temperature (~20 °C) at a strain rate of 10™ s
DMASO in tensile mode. Samples for DMA were cut with a low speed diamond wire saw.
Thermal cycling was between —130 °C and 80 °C at a rate of 2 °C min™'. Higher temperatures
were avoided in order to prevent the formation of isothermal wphase [25], [26] and [27]. The
frequency of dynamic mechanical loading was 1 Hz, and the dynamic/static ratio was kept at
Ogyn/ Oy = 1/4. The tests were performed with the tensile direction parallel to the rolling
direction at maximum stress values of 50, 100, 150, 200 and 250 MPa, the maximum stress

being defined as 0O,,, = Oy, + Oy, Determination of the characteristic martensitic

temperatures was based on the intersection of tangents.



3. Results and discussion

3.1. Texture evaluation

The recrystallized microstructure of the Ti—25Ta-25Nb alloy was analysed by optical
microscopy and X-ray diffraction in a previous work and is composed only of equiaxed 3
grains of a few tens of microns [17]. In the present study the crystallographic texture was
particularly evaluated by X-ray diffraction of the {110}, {200} and {211}
crystallographic planes of the [} phase. Fig. 1 shows the corresponding calculated pole figures
obtained. The main crystallographic orientation along the rolling direction was (1 10) ,
which corresponds to the {hkl} (1 10) « fiber in bcc metals [28] and [29]. The inverse pole
figure (IPF) along the rolling direction highlights the prevalence of this fiber (Fig. 2). As
tensile tests and DMA measurements were carried out along the rolling direction it is likely

that the (1 10) direction largely lies along the tensile direction. Moreover, the amplitude
of the strain due to stress-induced martensitic transformation is maximized along the (110
) crystallographic orientation [30], which can be used to characterize the martensitic

transformation in this alloy.

3.2. Tensile tests and elastic modulus measurement

The tensile curve obtained for the alloy Ti—25Ta-25Nb, given in Fig. 3, is typical of
superelastic alloys exhibiting a two stage yielding behaviour. The first stage of yielding, also
termed the stress plateau, occurs between 230 and 290 MPa and is due to stress-induced
martensitic (SIM) transformation of the [ phase to o” martensite, as shown during cyclical
tensile tests performed in a previous work [17]. The critical stress of this first plateau, o, i.e.
the stress at which the SIM transformation starts, has a value of 230 MPa. Beyond 290 MPa
no further phase transformation occurs and the strain is accommodated first by conventional
elasticity and then by plastic deformation mechanisms, such as slip or twinning, which are
commonly observed in this kind of alloy [31], [32], [33] and [34]. An enlargement of the
initial stage of the tensile curve (Fig. 3b) shows that the elastic domain is fully non-linear.
One can suppose that this non-linearity is due to a partial martensitic transformation that
might occur when the stress is below oc. This point will be discussed in Section 3.5.
Generally determination of the elastic modulus of conventional alloys consists simply of
measuring the slope in the elastic domain on stress—strain curves. This determination is more
difficult with superelastic or SMAs because there may be no linear elastic domain, as

observed in the present study. Several techniques were applied to measure the elastic modulus



on tensile curves with non-linear elastic domains, like the secant modulus E; (¢) = o/¢ which
is the average modulus between the curve origin and an arbitrary point (€, 0) [16] and [35]. In
this paper the elastic modulus E is defined as shown in Fig. 3b. This new method consists of
determining a point on the curve (&g, 0g) by the intersection of tangents. The first tangent is
taken at the origin of the tensile curve, while the second corresponds to the horizontal tangent
of the stress plateau. If the stress plateau is not perfectly horizontal this tangent is taken to be
the inflection point of the plateau. The intersection of these tangents is projected onto the
tensile curve, giving the (g, 0p) point. The elastic modulus is then the secant modulus for ¢,
i.e. E = op/e;. This method gives the average modulus in the first elastic domain, which was
56 GPa for the alloy investigated. In comparison with the secant modulus method, the
advantage of this method is that the point used to measure the average modulus is not

arbitrary.

3.3. Determination of the characteristic temperatures of the SIM transformation by
DMA

DMA was then used to characterize the martensitic transformation that occurs during the first
non-linear elastic domain before reaching the first yield point observed by tensile tests at
room temperature. Determination of the characteristic temperatures is described with the

measurements carried out at o,, = 100 MPa. Evolution of the modulus and the damping

factor (tand) as a function of temperature during cooling and heating are presented in Fig. 4.
The transformation temperatures (M, M,, A,, A;) at a given stress were determined using the
modulus curves because this parameter is only sensitive to the stress-induced martensitic
transformation and not to other phenomena, such as martensite re-orientation [22]. In contrast,
the damping factor is sensitive to various phenomena leading to possible uncertainties in the
measurement of characteristic temperatures, such as martensite re-orientation [5] and [22].
When the temperature decreases, as shown in Fig. 4a, one can observe a change in the slope
of the modulus. The corresponding temperature was measured from the intersection of the
two tangents of the curve (Fig. 4a). This temperature is termed the martensite start (M,) and
corresponds to the beginning of martensitic transformation. The damping factor also starts to
increase when M, is reached.

A strong reduction in the modulus associated with an increase in tand was observed on
cooling. The increase in tand is due to movement of the austenite/martensite interfaces during
the stress-induced martensitic transformation. The minimum modulus corresponds to

maximum transformation, with the corresponding temperature being denoted M,,,. This



temperature is not a characteristic temperature currently used to characterize the SIM

transformation, but as will be discussed below, M.

max

is a pertinent parameter to characterize

martensitic transformation in metastable P-titanium alloys. At the stress o,,, used in this

example (100 MPa) there is good correspondence between the minimum modulus and
maximum tand.

Further, on cooling the modulus increases above that at the M,

max

temperature. The damping
factor decreases, but remains higher than that at M,. In this temperature range damping is due
to reversible movement of the martensite/martensite interfaces [4], [10] and [22]. This
observation indicates that this alloy is probably a low temperature shape memory alloy. It
should be noted that no modulus or damping factor curve characteristics enabled precise
definition of the martensitic finish temperature.

Similarly, the temperatures corresponding to maximum transformation A, and to the end of

max

martensite/austenite transformation A, (Austenite finish) were defined and measured during

heating (Fig. 4b). It is noticeable that M, ,, is lower than A,,,, which is in accordance with the

max max?

general properties of martensitic transformation and Le Chatellier’s principle.

3.4. Stress dependence of the characteristic temperatures

Using the method described in the previous section these transformation temperatures were
determined at various stresses. The different curves are presented in Fig. 5. The M, and A;
temperatures cannot always be determined when the slope variation is not visible or when the

temperature is outside the temperature range. With the lowest stress o,,,, = 50 MPa a small

amount of stress-induced martensite formed under dynamic stress, leading to small variations
in the modulus and damping factor. Consequently, the precision of the temperature

measurements was quite low at o,, =50 MPa. With the highest stress 0,,, =250 MPa

max max

martensitic transformation can still be detected from the modulus variation, while the
damping factor peak disappears. Indeed, martensite deformed plastically when it formed
during cooling and, reciprocally, martensite was plastically deformed when it disappeared
during heating. This plastic deformation (for example dislocations) can thus impede the
movement of martensite/austenite interfaces, leading to the observed loss of damping capacity
in comparison with lower stresses.

It is also worth noting that the peak damping factor at higher temperatures has a maximum
value of 0.2 at 100 MPa and decreases at higher stresses. The amplitude of the second
damping factor peak (at lower temperatures) increases up to a value of 0.1 at 150-200 MPa,

and then decreases. The origin of these damping peaks will be discussed in Section 3.5.



Evolution of the temperatures M, M,

e A and A
(=0.8 x 0o

are depicted in Fig. 6 as a function of the

max

static stress O ), which corresponds to the mean stress during the tests. Probably

stat max.

due to the low precision of the measurements (see above) the temperatures measured at
O, = 50 MPa deviate in comparison with those at other stress values and are not taken into

A;and A

max

account in the extrapolation. The temperatures M, show similar behaviours,

max? max

with a coefficient of 0.30 K MPa™' for each. This value is similar to that found by
Buesconsejo et al. for Ti-Ta alloys [36]. However, the evolution of M, is peculiar, with a
lower dependence on stress than the other characteristic temperatures. Such a difference
between M, and the other characteristic temperatures has not been reported previously.

The temperature difference between A; and A, is constant at about 60 °C, while the

X

difference between M, and M, decreases from 80 °C to 50 °C when the stress is increased.
These differences are very important and reflect the fact that the SIM transformation occurs
over a wide range of temperatures in metastable [3-titanium alloys. Considering cooling, the
amount of transformed phase is, however, below the M,. As a consequence, the M,
temperature determines the initial stage of transformation but is not representative of a
significant volume fraction of transformed austenite. This is why we propose using M,,, as a
more representative characteristic temperature of the SIM transformation in this kind of alloy.
These differences in temperature are specific to these alloys: in other SMAs, such as Ni—Ti-

based alloys, such differences do not exist and the temperatures M, and M, are almost the

same [13]. It is also noticeable that use of the dynamic modulus curve to determine the
temperature allows measurement of the actual M, (and A;) values, in contrast to other methods
based on static displacement, which underestimate these differences [22] and [36]. However,
the actual values of M, and A; do not need to be precisely known for Ni-Ti alloys, as SIM
transformation occurs over a shorter temperature range, which is not the case for metastable
B-titanium alloys. As an example, M, extrapolated at zero stress in Fig. 6a is about 30 °C,

which is higher than room temperature and thus not logical for a superelastic alloy. In

contrast, M

max

extrapolated at zero stress was found to be about —60 °C, which is logical for a

superelastic alloy. Consequently, M,

max

is clearly better than M, in characterizing the

superelastic and shape memory behaviour of metastable B-titanium alloys.

3.5. Comparison between DM A measurements and tensile tests
In order to correlate the stress—strain tensile curves (at T=20°C) and the DMA
measurements the stresses 0y, and Oy, 0o are needed. These stresses correspond to the

values of M, and M

max

at 20 °C. By extrapolation of the curves in Fig. 6a 0y 00c 18



determined to be 260 MPa, while 0, is negative, which means that a small amount of
austenite had already begun to transform to martensite at room temperature when no stress
was applied. The 0., 20« Value is reported on the stress—stress curves in Fig. 7. As the first
stage of the tensile curve lies between 0,y and Oy 00 it 18 clear that a small amount of
stress-induced martensitic transformation occurred immediately when stress was applied at
room temperature. SIM transformation increased progressively as the stress was increased.
Consequently, the full non-linearity of the elastic domain of the tensile curve shown in Fig. 2
is due to this low level of SIM transformation, which lowers the tangent modulus. This non-
linearity has been observed in various metastable B-titanium alloys, but was ignored or not
explained [35], [37] and [38]. Finally, maximum transformation occurred when the stress
Ojymax20c Was reached, i.e. 260 MPa, which is in perfect accordance with the stress plateau of
the tensile curve (Fig. 7).

In summary, the non-linear elastic behaviour observed in tensile curves occurs when the stress
is between 0y 50c and Oy 200, While the first yielding due to SIM transformation occurs

when the stress is around 0, 2ec-

3.6. Damping sources

Two damping sources are known to occur in superelastic and SMAs. The highest temperature
damping source observed in this study was accompanied by a reduction in the modulus
occurring during the f—a” stress-induced martensitic transformation, leading to a well-defined
peak in tand. This peak is due to the high mobility of the austenite/martensite interfaces. In
the martensite phase the low temperature damping source is not accompanied by a reduction
in the modulus, leading to a broad peak in tand. This peak is due to reversible movement of
the martensite/martensite twin interfaces. These two peaks in tand are clearly visible in Fig. 5
for each value of applied stress.

However, a careful analysis of the evolution of tand at high stress suggests the existence of a
third peak between the two well-known peaks. In particular, this assumption is supported by
the fact that the first peak in tand is not related to the modulus minimum at stresses higher

than o,, =100 MPa. As an example, Fig. 8 shows DMA curves during cooling at

max

O, = 200 MPa. This figure clearly shows that the tand maximum does not correspond to the

modulus minimum.
Hence, the tand curve was deconvoluted in order to determine the number of damping
sources. As no modelling of the damping peak due to stress-induced martensitic

transformation is available, Gaussian curves were used as a first approximation. In Fig. 8 the



Gaussian curve number 1 corresponds to the martensitic transformation and is thus centered at

M

max?

i.e. this damping peak has to coincide with the modulus minimum. The Gaussian curve
number 2 corresponds to martensite re-orientation at low temperature, but a third Gaussian
curve, number 3, is necessary to obtain accurate deconvolution with correspondence between

M

max

and the maximum of the Gaussian curve number 1. This third peak is located below M,
and only occurs when high stress is applied. This phenomenon has not been observed in
previous studies [22], since the applied stress was lower than the stresses used in the present
study.

Two other sources of damping are commonly observed in SMAs, and could be the source of
this third peak. The first concerns the stress-induced re-orientation of interstitial atoms,
termed Snoek-type relaxation. However, this damping source cannot explain this third peak,
because the characteristic temperatures of this phenomenon are not in the temperature range
observed: above 200 °C for oxygen or nitrogen [6], [14] and [24] and less than —100 °C for
hydrogen [6] and [14]. Moreover, these elements may only exist as impurities in this alloy
and their content is not high enough to give such a magnitude of damping. The second
concerns the reversible movement of dislocation. As this phenomenon is only observable at
high frequency (MHz) [14], [39] and [40] it cannot explain the presence of the third peak,
since the frequency used for the tests was 1 Hz.

Our suggestion is that this third peak is due to friction between two different variants of
stress-induced martensite. Indeed, due to the strong texture of the [3 phase of the samples
tested one can first assume these are single crystals (1 10) directed along the tensile
direction. However, in spite of this strong texture, there is some deviation from this ideal
orientation (Fig. 2) that can lead to grains with different behaviours. In order to analyse this
we used an analysis based on Schmid factors to determine the number of variants that are

activated depending on the specific crystallographic orientation of the grains.

3.7. Schmid factor analysis of the SIM transformation

As SIM transformation can be described as the slip of partial dislocations leading to a
stacking fault corresponding to the martensite phase, the method described in a previous paper
to calculate the Schmid factor for twinning in the § phase can be used [33]. Moreover, the
normal component of transformation deformation is negligible compared with the shear
component in most thermo-elastic martensitic transformations and the Schmid factor can be

used [41]. In the case of martensitic transformations the slip plane and the shear direction



used for twinning are replaced by the habit plane and the invariant strain direction,
respectively. According to the literature [42] and [43] habit planes can be taken as {7 55}

and invariant strain directions as (7710) g- Consequently, the Schmid factor can be

calculated by considering the geometry of the (77 10) g7 5 5} system. To be activated
during tensile tests a variant has to have a higher Schmid factor than other samples, i.e. this
variant has to be geometrically preferentially oriented.

If the tensile direction lies exactly along the (1 10) g direction, which is true of the majority
of grains considering the texture (Fig. 2), two habit plane variants always have the highest
Schmid factor value, equal to 0.50. These two variants correspond to the same lattice
correspondence variant (CV), i.e. both variants give the same crystallographic orientation of
the martensite. No other variant can be activated for this loading direction. For this specific
orientation Inamura et al. [22] calculated that a unique CV of the martensite a” is
preferentially oriented to interact with the applied stress. This approach allows prediction of
which CV is preferentially activated during a tensile test (or DMA in tensile mode) by
considering the CV that gives the maximum strain during deformation. In comparison with a
Schmid factor analysis, both methods give the same result and are almost equivalent: one
method gives the preferentially oriented CV while the other one gives the two habit plane
variants corresponding to the same CV.

However, even if the texture is strong there is some deviation from the ideal configuration,
with (110) s along the tensile direction (Fig. 2). For example, a deviation of less than 20°
from this ideal configuration can lead to possible activation of variants of the two different
CV. Possible tensile directions corresponding to this configuration are, for example, (531
) g (741) sand (210) 4 in these cases the highest Schmid factor values of the
preferential CV were 0.45, while another CV has a Schmid factor value of 0.12. The second
CV had a low Schmid factor value but, when the stress was high enough the resolved critical
stress was most probably high enough to allow activation of this second CV. The friction of
interfaces between these two different CV is thus a possible explanation of the third observed
damping peak. This assumption is supported by the fact that this third peak was only observed

at high applied stresses for the present Ti—25Ta-25Nb alloy (0,,,, = 150 MPa). It should be

max

mentioned that friction of interfaces between two different CV is only possible in the
temperature domain corresponding to existence of the B phase, in which two CV can be

activated, and before the volume fraction of martensite becomes too great. This assumption is



consistent with the fact that this third damping peak is experimentally observed between the
other two in this study.
In summary, with a strong {hkl} (1 10) texture that leads to the highest superelastic strain

the first damping peak (peak 1 in Fig. 8) is due to interfacial friction between the austenite
and one unique CV of the martensite, depending on the orientation of each grain. At relatively
high stresses, as the temperature decreases, a second CV of martensite can be formed in
grains in which a first CV was previously activated. The additional friction between these two
CV leads to an additional damping peak (peak 3 in Fig. 8). When the temperature is again
decreased the microstructure becomes fully martensitic and the well-known broad damping
peak observed (peak 2 in Fig. 8), due to friction between the martensite/martensite twin

interfaces during the re-orientation process.

4. Conclusion

Martensitic transformation of the superelastic alloy B-Ti—25Ta-25Nb was investigated by
tensile testing and by DMA in tensile mode. The thermo-mechanical treatment used produced
a strong texture with the (1 10) ¢ direction along the tensile direction, which is suitable for
an analysis of superelasticity.

The characteristic temperatures of martensitic transformation were measured from the
modulus curves obtained by DMA for different applied stresses. Martensitic transformation
was shown to occur over a wide range of temperatures, leading to the proposition of the novel

characteristic temperatures M, and A

max max?

corresponding to maximum transformation. These
two temperatures allow a more accurate characterization of martensitic transformation in

metastable [B-titanium alloys. The important difference between M,

max

and M, explains the non-
linear elastic behaviour observed in tensile curve: this is due to partial martensitic
transformation, which was shown to occur below the stress plateau if the tensile curve.

SIM transformation and martensite re-orientation are highlighted by two distinct damping
peaks during DMA. An increase in the applied stress leads to a shift in the tand maximum

compared with the modulus minimum resulting from the existence of a third damping source

when the applied stress ws high enough (0,,, = 150 MPa). This third damping peak was

max

attributed to friction between the interfaces of two lattice CVs that are not formed at the same
temperature due to deviations in the ideal grain orientation. This hypothesis was supported by

a Schmid factor analysis of the stress-induced martensitic transformation. In addition, this



approach was proved to be a pertinent method to predict the martensite variants activated

during uniaxial tensile deformation.
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Fig. 2. Inverse pole figure along the rolling direction.
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