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Damping Capacity of Ti–Nb Shape Memory Alloys Evaluated
Through DMA and Single-Impact Tests
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P. Laheurte4 • S. Berveiller1

Abstract The present work deals with the study of the

damping capacity of b-metastable Ti–(24–26) Nb alloys. In

this work, several methods have been used to characterize

this damping. The impact tests were carried out using two

test benches: high-speed impacts were carried out using a

vertical firing pressure gun and low-velocity impacts were

studied with a bullet drop test. In addition, an original

approach of a dynamic mechanical analysis (DMA) is

proposed in order to obtain more in-depth understanding of

the relationship between microstructure, deformation

mechanisms, and damping capacity. The specimens are

studied at different microstructure states: single b, dual-

phase b ? a00, and martensitic phase. A correlation is

established between the evolution of the damping factor as

function of the applied strain and the occurrence of the

corresponding deformation mechanisms. The stress-in-

duced martensite mechanism contributes to the improve-

ment of the damping factor. The highest damping capacity

is observed for the dual-phase specimen (b ? a00). It is

shown that the contribution of both the reorientation

martensite variants and stress-induced martensitic trans-

formation lead to a damping capacity higher than a single

deformation mechanism one.

Keywords Titanium low-modulus alloys � Deformation

mechanisms � DMA analysis � Single-impact test �
Damping factor

Introduction

Shape memory alloys are more and more used for damping

applications: high-precision instruments, vibration and

noise problems, protection of civil constructions as build-

ings and bridges [1, 2]. The energy dissipation capability

for the shape memory alloys is mainly associated to the

thermoelastic martensitic transformation [3]. In the litera-

ture, most of works concerning the investigation of

damping capacity have been conducted on Nitinol alloy

(Ni–Ti alloy with an equal atomic percentages of the two

elements) by studying the effects of annealing conditions

and aging treatment [4, 5], the effects of frequency and

experiment temperature [6], and the effects of composition

by varying the Ni content from 49.89 to 51.0 at.% [7].

Many authors have also investigated the influence of the Ni

atoms substitution by a third element on Ni–Ti alloy such

as Cu [8, 9], Fe [10], and Nb [11, 12]. However, only few

studies have dealt with the damping capacity of b
metastable Ti-based alloys [13–15].
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The commonly used technique to investigate the

damping capacity is the dynamic mechanical analysis

(DMA) with a thermal transformation cycling approach

[13–17]. Two peaks are identified for b titanium alloys. A

first well-defined peak accompanied by a decrease of the

storage modulus is associated to the b–a00 martensitic

transformation. The second one is a broad peak which is

observed at lower temperature and associated to the

martensite variant reorientation mechanism [13, 14].

Through the investigation of the martensitic transformation

and the damping behavior of Ti–25Ta–25Al (wt%) alloy

using DMA in tensile mode, Bertrand et al. have high-

lighted the two sources of damping in this alloy which are

the friction at austenite/martensite and martensite/marten-

site interfaces [14]. In that work, the damping properties of

a Ti–26Nb (at.%) and a Ti–24Nb (at.%) alloys have been

investigated by DMA and single-impact tests.

Experimental Procedure

Both Ti–26Nb and Ti–24Nb (at.%) alloys were elaborated

by the cold crucible levitation melting technique using

ultra-pure raw materials: titanium (99.99%) and niobium

(99.9%) were provided by GoodFellow. The ingots were

then homogenized at 1223 K during 25.2 ks under pure

argon atmosphere followed by water quenching. Solution

treatment (ST) was then carried out at 1173 K for 3.6 ks

under pure argon atmosphere followed by water quenching.

The transformation temperatures were determined from

direct measurement using DSC [18] or deduced from

mechanical tests at different temperatures [19]. The trans-

formation temperatures Mf, MS, AS, and Af were found to

be about 250 K, 265 K, 272 K, and 290 K, respectively,

for the Ti–26 Nb alloy; it was austenitic at room temper-

ature. They were measured around 340 K, 370 K, 380 K,

415 K, respectively, for Ti–24Nb alloy; it was martensitic

at room temperature.

Single-impact tests were performed using two test

benches shown in Fig. 1. High-speed impacts (15 and

65 m s-1) were performed using a vertical shooting pres-

sure gun. The steel shot was propelled on a cubic sample

(16 9 16 9 16 mm3). The exact impact velocity was

measured by laser barriers at the exit of the gun as well as

by a high-speed camera that was used also to measure the

rebound velocity. Lower velocity impacts were investi-

gated with a drop ball test: a 10-mm-diameter ball was

falling inside a quartz tube (1 m height) and hitting a

cylindrical sample (diameter 12 mm) of the tested alloy

that is slid into a socket. A mechanical blocker allows

stopping the ball before a second bounce in order to avoid

multiple impacts. The impact and rebound velocities were

measured with a high-speed camera. For both experiments,

conducted at room temperature, the impacted surfaces of

the samples were prepared by automatic grinding and

polishing with suspension diamond grit. Each test condi-

tion was repeated at least three times for repeatability.

Nevertheless, it is worth mentioning that drop weight tests

may bring about some discrepancies and in some extend

variability due to the dynamic effects. To overcome this

issue, the tests have been repeated 20 times for each

developed alloy.

The coefficient of restitution, e, of the shot colliding the

sample [20] was measured from the impact test. Johnson

[21] gave an analytical expression for an inelastic impact of

a sphere with the assumption of the dynamic mean contact

pressure being equal to three times the yield strength ry:

e ¼ rebound velocity

impact v
¼ 3:8

ry

E�

� �1
2

1
2
mV2

i

ryR3

� ��1=8

;

where m is the mass of the shot, R its radius, and E� ¼
1 � m2

s

Es
þ 1 � m2

t

Et

� ��1

the equivalent Young modulus between

the shot (s) and the target (t). The microgeometry of the

dent was measured using a confocal microscope; the

diameter, 2R0, and the depth z0 were extracted from 3D

measurement [22].

The approach commonly used for dynamic mechanical

analysis (DMA) is a thermal transformation cycling under

various applied stresses. In this work, we propose a dif-

ferent approach. The samples with dimensions of

1.72 9 0.63 80 mm3 were subjected to a dynamic solici-

tation at constant temperatures and increasing stepwise the

applied strain amplitude, in tensile mode using DMA Bose

Electroforce 3200 and under nitrogen atmosphere. A

30-min holding at test temperature was performed to

ensure a homogenous temperature in the sample. The

dynamic solicitation was a sinusoidal deformation oscilla-

tion with ten oscillatory periods: the static strain was varied

from 0.35 to 1.85% with a constant dynamic strain (edy) of

0.15% and a frequency of about 1 Hz. The strain rate was

approximately 10–4 s-1. The strain was calculate by divi-

ded the displacement by the initial gauge length, the stress

was calculated by divided the load by the initial cross

section. The test temperatures were chosen to measure the

damping capacity of the alloy in the austenitic and

martensitic phases, as well as in the two-phase state. Each

test has been repeated three times to account for

repeatability.



Results and Discussion

Single-Impact Tests

First damping properties were characterized using single-

impact tests. Impact and rebound kinetic energy of the shot

ball were calculated from the corresponding velocity, for

each test conditions. Figure 2a presents the loss of energy

(impact energy minus the rebound one), which can also be

interpreted as the absorbed energy by the materials, as a

function of the impact energy. Due to its high shot diam-

eter, the drop test corresponds to the highest impact energy

despite the slowest sot velocity. At a first glance, all the

alloys seem to follow the same law: the loss of energy does

not seem to vary between the alloys. The pressure gun tests

are aligned on a same line while the drop tests are slightly

above this tendency. In Fig. 2b, the absorbed energy has

been calculated relatively to the impact energy:

DE
E

¼ Eimpact � Erebound

Eimpact

ð1Þ

This representation emphasizes differences between

both Ti–Nb alloys. In most cases, the relative absorbed

energy is greater for the austenitic Ti–26Nb alloy than for

the martensitic Ti–24Nb one. Only the drop test does not

fulfill this observation as the opposite trend is observed.

From the microgeometry, the impact diameter (2R0) was

measured relatively to the shot diameter (D) (Fig. 3a–c); it

was compared with the affected zone diameter (2Raff) that

was estimated via optical micrographs (Fig. 3b, c). The

dent diameter is slightly smaller in the Ti–26Nb alloy than

in the Ti–24Nb at a given condition test; it increases with

increasing impact velocity as expected, from 6% in the

drop test up to 35% at 65 m s-1. From optical micro-

graphs, we can note that the martensitic transformation has

occurred in a zone larger than the impact one; the affected

volume is about twice the dent one. In the Ti–24Nb alloy,

the mechanism is reorientation of martensite; the affected

zone was of the same magnitude as the previous alloy

except for the test with 1 mm shot at the lowest velocity. In

that case, no effect was observed outside the dent. So, the

absorbed energy is due to an extended inelastic mechanism

in both materials.

Pressure gun tests and drop tests were compared using

the restitution factor (Fig. 4); the Johnson’s law was plot-

ted considering ry being equal to 100 MPa (dotted lines)

which is near the transformation stress (120 MPa) or the

reorientation one (100 MPa). A second value ry of

300 MPa (full lines) was considered; it corresponds to the

yield strength of both alloys.

Pressure gun tests are well reproduced when plasticity is

taken into account while drop tests are better fitted when

only martensitic transformation or reorientation are con-

sidered. So, it can be expected that part of the absorbed

Fig. 1 Experimental set-up.

a Pressure gun; b drop ball test

Fig. 2 Absolute (a) and relative

(b) absorbed energy (impact

energy – rebound energy) as a

function of impact energy



energy has entailed plasticity by dislocations motion. In

order to better characterize inelastic mechanism, samples

were further analyzed by DMA; as the Ti–26Nb alloy has

shown better results up to now, it was the only one tested

by DMA.

DMA

The samples were submitted to cyclic tensile loading at

constant temperature, and for three different maximal

strains (Fig. 5): at 298 K and 233 K, the alloy was,

respectively, austenitic and martensitic, while both phases

were co-existing at 258 K.

The evolution of the damping factor as a function of the

imposed strain at different testing temperatures is shown

Fig. 6.

We can note that the evolution of the damping factor

depends on the temperature and the applied strain. The

highest damping capacity (0.22) is observed at 258 K and

1% of the maximal applied strain while it is obtained at

233 K for higher strain level (1.5%). It is difficult to

compare our damping factor values with the literature ones

because of the difference in experiment protocol and the

nature of alloys. Nevertheless, we can mention that the

same order of magnitude was obtained with several studies

using DMA analysis (Table 1) for titanium shape memory

alloys [13, 23]. On the other hand, the values in this study

are higher than that obtained for other categories of shape

memory alloys such as Ni–Ti and Ni–Ti–C alloys [24],

Cu–Al–Mn alloy [16], or in Ti50Ni38Cu(12-x)Nbx shape

memory alloys (with x varying between 0 and 15%) [15].

Taking into account the specific evolution of the

damping factor at different experiment temperatures, it is

important to consider each case separately. At the tem-

perature of 233 K (Martensitic state a00), the martensitic

transformation is thermally induced which produces a self-

accommodating growth of martensite with an equal prob-

ability for variants occurrence. In this configuration, the

arrangement of the equiprobable variants on cluster

Fig. 3 a Ratio of the dent

diameter over the shot diameter

as a function of the impact

velocity. b Comparison of the

affected zone radius (2Raff) and

indent radius. c Impact

micrographs of Ti–24Nb alloy

(top) and Ti–26Nb alloy

(bottom) as a function of shot

diameter and impact speed

Fig. 4 Restitution factor as a function of impact velocity for both

alloys. Drop stands for drop test. Johnson law was calculated for a

stress of 300 MPa (full line) and 100 MPa (dotted line)



minimizes the total transformation shape strain. The fea-

ture of this self-accommodating microstructure has been

studied for Ti–Nb alloys [13, 25]. It has been established

that there are a particular twin relationships between the

adjacent plates identified as the {111}a00 type I twinning

or\ 211[ a00 type II twinning. The first imposed maximal

strain level of 0.5% belongs to the elastic deformation

domain for the martensitic structure inducing a low dissi-

pation energy and consequently a low damping factor of

about 0.11. Then, for higher strain level, the reorientation

of variants occurs under stress plateau (Fig. 5c) with the

growth of preferential variants which are favorably ori-

ented to the detriment of the other variants [26]. The

martensite variant is thus twinned into a preferential one by

the motion of the twin boundary. So, under stress plateau,

the motion of the twin boundaries at the marten-

site/martensite interfaces during the reorientation process

leads to a high energy absorption which is at the origin of

the high damping factor observed at 1% and 1.5% maximal

strain level. The process of variants reorientation is

reversible. However, at the end of the stress plateau, the

reorientation variants mechanism is in an advanced state

with the growth of favorably oriented variants.

At 298 K (austenitic state b), the damping factor for the

austenitic specimen is the lowest. This strain level corre-

sponds to the elastic deformation domain of the austenitic

phase. Then, the damping factor increases at 1% imposed

strain to reach the value of 0.13 before a slight decrease

and stagnation. The critical stress to induce martensitic

transformation (rSIM) of the b phase to the a00 phase is

about 120 MPa (Fig. 5). At 1% maximal strain, since the

stress level is higher thanrSIM, the martensitic transfor-

mation mechanism occurs. This transformation and the

movement of interfaces between austenite/stress-induced

martensite interfaces contribute to energy dissipation

leading to the increase of damping capacity at 1% strain.

This martensitic transformation is reversible and it is at the

origin of the superelastic effects. However, the repetitive

phase changes of austenite/oriented martensite variants

during cyclic solicitation introduce defects within the

material. So, for higher imposed strain, these defects lead

to the increase of the stress observed in Fig. 5, and there-

fore impeded partially the interface motion. At the inter-

mediate temperature of 258 K (dual-phase state b ? a00),
the thermally induced martensitic transformation is partial,

both b and a00 phases are present. The highest damping

factor was obtained at 0.5% and 1% strain. For this dual-

phase state, a large energy loss is due to the movement of

both the interfaces of austenite/martensite variants and the

martensite/martensite variants. It was reported that

martensite variant reorientation and stress-induced

martensitic transformation are possible to occur simulta-

neously at low stress levels due to the internal stress con-

centrations [27]. For higher strain level, a hardening is

observed from the stress–strain curve (Fig. 5b) indicating

that the strain is in part accommodated by plastic defor-

mation mechanisms. This plastic deformation can induce

an impediment to the movement of martensite/martensite

and austenite/martensite interfaces leading to the

Fig. 5 Strain–Stress curves under various temperatures obtained from DMA measurements on Ti–26Nb alloy: a at ambient temperature of

298 K, b at 258 K, and c at 233 K

Fig. 6 Evolution of damping factor as function of imposed strain at

different testing temperatures for Ti–26Nb alloy



consequent loss of damping capacity observed above 1.5%

strain.

It can be deduced that the contribution of both marten-

sitic transformation and reorientation variant lead to more

energy dissipation than single deformation mechanism.

Moreover, in dual phase, there are two types of martensite:

self-accommodating martensite and stress-induced

martensite. So, it allows concluding that the improvement

of the damping capacity is related to the high number of

martensite variants present within the specimen. This

comment is in agreement with Chen et al. study which

supports that the increase of the volume fraction of

martensite contributes to the improvement of damping

properties [24].

Conclusion

The damping properties of Ti–Nb alloys were investigated

via two single-impact tests and DMA. In the first tests, they

were evaluated through the absorbed energy and the dent

microgeometry after impact. As inelastic phenomena were

also observed outside the dent, dimensions of the affected

zone by such mechanisms were also measured and com-

pared. The Ti–26Nb alloy in its austenitic state had the

higher absorbed energy combined with the smallest dent

radius; it means that the damping effect was mainly related

to inelastic phenomena.

In a second time, an original approach of a dynamic

mechanical analysis (DMA) was carried out to study the

damping capacity of a b-metastable Ti–26Nb alloy. This

approach consisted on applying a dynamic sinusoidal

solicitation with a stepwise increasing applied strain. This

protocol was driven at different constant temperatures

wisely chosen to investigate the damping capacity under

different microstructure states: single b, dual-phase

b ? a00, and martensitic phase. It was shown in this study

that the evolution of the damping capacity depends on the

microstructure and on the deformation mechanisms acti-

vated under the different applied strain levels.

• the dual-phase specimen (b ? a00) exhibits the highest

damping capacity due to the occurrence of both

martensitic transformation and reorientation variant

mechanisms. The high number of martensite variants

(self-accommodating variants and stress-induced

martensite) and consequently the high number of

interfaces within this specimen is at the origin of the

improvement of the damping capacity.

• the improvement of the damping capacity at 1% strain

for the single b specimen is due to the dissipation

energy occurring during the martensitic transformation.

• The martensitic specimen has the highest damping

capacity under stress plateau corresponding to marten-

site variants reorientation. The motion of the twin

boundaries at martensite/martensite interfaces leads to

an important energy dissipation.

Appendix

The applied strain e tð Þ and the resultant stress r tð Þ can be

given by the following expressions:

e tð Þ ¼ e0 sin 2pftð Þ
r tð Þ ¼ r0 sin 2pft þ dð Þ;

where e0 and r0 are the strain and stress amplitudes,

respectively; x ¼ 2pf is the angular frequency and d is the

loss angle by which the stress lags behind the applied

strain.

These two quantities are related by a complex modulus

E� which is defined as follows:

E� ¼ E0 þ iE00 ¼ r�

e�
¼ r0

e0

eid;

where E0 ¼ r0

e0
cos d is the storage modulus and E00 ¼

r0

e0
sind is the loss modulus.

The ratio of these two moduli gives the damping factor:

Tand ¼ E00

E0

From our DMA measurement, the damping factor value

is determined at each applied strain level, it represents the

average of the phase lag obtained from the ten oscillatory

periods.

Table 1 Damping factor of

different SMA
Alloy Damping factor References

Ti–Nb–Al 0.15 [13]

Ti–24Nb–4Zr–8Sn 0.15–0.22 [23]

Ni–Ti and Ni–Ti–C 0.09 [24]

Cu–Al–Mn 0.078 and 0.14 [16]

Ti50Ni38Cu12xNb (with 9 Nb (0%,5%,10%, 15%) 0.168 [15]

Ti–26Nb 0.15–0.22 This work
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