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Abstract

This work concerns an experimental investigation of the Ti—25Nb and Ti—25Nb—10 (at%) SMAs in the initial
stage of tensile deformation using acoustic emission (AE) and digital image correlation (DIC). The stress-strain
responses of the considered SMAs are different. The Ti—25Nb SMA exhibits shape memory effect due to the
stress—induced martensitic transformation from the cubic f phase to the orthorombic " phase. In the case of
the Ti-25Nb—10 SMA, the addition of 1 at% of oxygen results in a nonlinear superelastic behavior with small
hysteresis and an increased yield stress. The stress-induced phase transformation in the Ti-25Nb-10 SMA
is hindered due to the addition of oxygen interstitials. The difference between the deformation mechanisms
and the resulting mechanical behaviors of the SMAs was clearly reflected by the recorded AE signals and
deformation fields. It was shown that the AE can serve to track the development of the stress—induced phase
transformations in the Ti—25Nb and Ti-25Nb—10 SMAs during tension. The AE signals were correlated to the
strain fields of the SMAs, which showed a Liiders—type deformation of the Ti—-25Nb SMA and a distinct but
still inhomogenous deformation of the Ti—-25Nb—10 SMA. The results of this study show that DIC and AE
techniques are effective tools for monitoring phase transformations of the Ti—25Nb and Ti-25Nb-10 SMAs
during tensile loading.

Keywords Shape memory alloys - Oxygen interstitials - Martensitic transformation - Acoustic emission -
Digital image correlation

1 Introduction

Tensile tests supported by means of special monitoring techniques can contribute to deepen the knowledge about
the kinetics of the deformation mechanisms of the tested materials. In particular, acoustic emission (AE) is a
nondestructive technique that is very sensitive to the changes related to microscopic processes occurring in a con-
sidered material when it is subjected to an external load [1]. AE signal is generated by the rapid release of energy
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from a localized source within a material in a form of elastic waves. The AE signals can serve to identify the
locations and activity levels of the sources such as the motion of dislocations or twin formation, the development
of cracks, phase transformations etc [2]. in different metallic materials e.g. titanium [3], aluminum or steels and
alloys [4]. In particular, the AE can be caused by stress—induced phase transformation in shape memory alloys
(SMAs) [5]. AE was experimentally investigated among others in Al-Ni alloy [6], Ti-Ni alloys under load-unload
[7] or cyclic tension [8] and Cu—Zn—Al [9] also in combination with calorimetric analysis in [10]. The results
show that AE is a useful technique to study dynamical features of martensitic transitions, which occur through
avalanches. On the other hand, the pseudoelastic deformation of the SMAs, in particular Ti-Ni, is usually macro-
scopically inhomogeneous due to the stress—induced phase transformation [11] and Liiders-like features can be
observed [12]. It is accompanied by significant thermal effects [13] generated during nucleation and propagation
of transformation fronts [14]. Thus, it is important to study local kinematic and temperature features of the tested
SMAs, which can be provided by using full-field measurement techniques such as digital image correlation
(DIC) and infrared thermography (IRT), respectively. Results of the thermomechanical characterization of vari-
ous SMAs by these methods were reviewed in [15]. DIC was used to study tensile deformation of Ni-Ti SMA in
[16] also with strain ratios analysis in [17]. Phase-transformation fronts evolution was investigated using IRT in
[18] whereas development of transformation bands under selected strain rates in [19]. Combined techniques of
DIC and IRT were used to study the stress-induced martensitic transformation [20] and strain rate effects [21] in
Ni-Ti SMA under different deformation modes compression, compression—shear and bending.

However, in the last decades Ni—free Ti—based SMAs have been developed in order substitute Ni-Ti SMAs
because Ni can cause allergies in biomedical applications [22]. In particular, Ti-Nb based SMAs have been
developed [23]. The Ti—-Nb SMAs can exhibit shape memory effect or superelasticity due to the stress—induced
martensitic transformation from the cubic £ to the orthorombic a” phase [24]. The addition of interstitial alloying
elements, such as oxygen [25] and nitrogen [26], is known to change the stress—strain response of these SMAs
[27]. This is due to the existence of lattice modulations [28], so-called nanodomains [29] or O’ phase [30]. This
strategy has been applied to obtain specific properties, such as nonlinear, superelastic deformation, near—zero
hysteresis or invar—like behavior in oxygen [25] and nitrogen [31] added Ti—Nb based SMAs. Specifically, a class
of alloys, named Gum Metals, with a typical composition Ti—23Nb—0.7Ta-2.0Zr—1.20 (at%), was developed
[32]. The Ti-Nb based SMAs have been seldom studied by means of AE or DIC. Full-field analysis of the ther-
momechanical behavior of Gum Metal under tensile loadings using techniques of IRT [33] or coupled IRT and
DIC at various strain rates [34] or under cyclic tension [35] did not present evident local effects due to high con-
tent of oxygen. However, recent systematic investigation of Ti—25Nb, Ti-25Nb—0.30 and Ti—-25Nb-0.70 SMAs
in tension using DIC showed that the strain fields of these alloys are inhomogeneous during the initial loading
[36]. The Ti—25Nb exhibits Liiders—type deformation and the oxygen—added SMAs show different but still inho-
mogeneous deformation features. In view of the above, the objective of this paper was to analyze and compare
AE signals generated by Ti—25Nb and Ti—25Nb—10 SMAs in the context of stress—stain curves and kinematic
fields obtained using DIC during the initial load—unload tension of the specimens. The results were discussed in
the light of the phase constituents of the SMAs.

2 Materials and methods

The Ti—25Nb and Ti-25Nb-10 (at%) alloys were prepared by the Ar arc melting method using pre—melted
sponges of Ti (purity: >99.7%) and pure Nb (purity: 99.9%). The oxygen concentration of the Ti—-25Nb—-10 alloy
was adjusted by amount of TiO, powder (purity: 99.9%). Homogeneity was ensured by repeated melting for six
times and by flipping of the ingots between the melts. The ingots were sealed in a vacuumed quartz tube and
homogenized at 1273 K for 120 min with subsequent air—cooling. Then the ingots were cold—rolled with a reduc-
tion in thickness of 95%. Specimens were solution—treated at 1173 K for 30 min in an Ar atmosphere, followed
by water quenching. Samples for X—Ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and tensile
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tests were cut using an electro—discharge machine. The damaged surface was removed by chemical etching using
a solution with a composition of H,O: HNO;:HF=5:4:1 by volume. SEM specimens were electropolished at
233 K using a solution of CH;0H: C;HyOH: HCIO4 = 10:6:1 by volume. XRD measurements were conducted at
room temperature with Cu K, radiation using a Bruker D2 PHASER Benchtop XRD instrument. Microstructure
analysis was carried out using a scanning electron microscope JEOL JSM-IT300 equipped with a EDAX-TSL
electron backscatter diffraction (EBSD) system and Orientation Imaging Microscopy (OIM) analysis software. A
technical drawing and a photograph of the tensile specimens are shown in Fig. 1a, b, respectively. The gauge part
of each specimen was 6 mm x 8 mm x 0.5 mm. The surface of the gauge part was covered with a speckle pattern
for the DIC analysis. A general view of the experimental set—up is shown in Fig. 1c. Displacement—controlled
load—unload tensile tests of the SMAs specimens were carried out using an Instron 5969 electromechanical test-
ing machine at room temperature. Maximal displacement of 0.44 mm and displacement rate of 0.08 mm-s™"
were used. Taking into account the specimen’s geometry, an average strain rate of 10 ~2 s~ ! was applied. The
tensile deformation of the SMAs was simultaneously monitored using an AE technique and a DIC system. AE
was measured using a WD differential wideband sensor, produced by Physical Acoustics Corporation which was
attached to the lower grip of the testing machine using a clamp. The acoustic sensor preamplifier and amplifier
had a combined gain of 60 dB and a band width of 20 to 120 kHz. The AE activity was determined using software
signal post—processing procedure realized after transferring of the measured signal from the amplifier to the PC
computer via Adlink USB 1901 Datalogger. Calibration of the AE registering system was performed using the
Hsu-Nielsen test prior to the performed tensile deformation experiments. During the Hsu-Nielsen test, a stan-
dard and repetitive amount of AE energy was emitted. This test consisted of breaking a 0.5 mm diameter pencil
lead approximately 3 mm (+/- 0.5 mm) from its tip by pressing it against the surface of the lower grip of testing
machine. This generated an intense acoustic signal, quite similar to a natural AE sources. The applied AE signal
data logger registered the invoked burst as a pulse train of amplitudes of at least 80 dB for a reference voltage of 1
mV. The synchronization between the AE signal registering system and DIC was achieved as follows: The opera-
tor of the Instron testing machine issued a signal at the beginning of the displacement of the machine traverse. At
the same moment both AE acquisitions and DIC were on with the maximum uncertainty of 0.1 s. This precision
level was sufficient to examine the registered data of the experiments of duration exceeding 5 s.

Fig. 1 a A technical drawing and b a photograph of the SMA specimen and ¢ a general view of the experimental set—up
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The DIC system ZEISS Aramis 12 M was equipped with two 12 MP cameras. Kinematic fields were generated
using around 14,700 measuring points. The recording frequency was 10 Hz. The image size was 4096 px x 3000
px. The calibration deviation was 0.041 px. The measure volume was 35 mm x 25 mm x 40 mm. A function of
virtual extensometer with an initial length of 8§ mm was used to plot stress—strain curves.

3 Results and discussion
3.1 Phase constituents and microstructure of as—fabricated Ti-25Nb and Ti-25Nb-10 SMAs

XRD profiles of as—fabricated Ti—25Nb and Ti-25Nb—10 SMAs are presented in Fig. 2a, b, respectively. The
diffraction peaks identified in the as—fabricated state of Ti—25Nb SMA correspond to the orthorhombic a” phase
and the body—centered cubic (bcc) £ phase. In the case of the as—fabricated Ti—-25Nb—10 SMA the diffraction
peaks correspond to the f phase.

SEM images of the Ti—-25Nb and Ti—-25Nb—-10 SMAs observed at magnifications x200 and x500 are shown in
Fig. 3a-d, respectively.

The needle—like microstructure of the orthorhombic a ” martensite distributed inside f§ grains can be seen only
in the case of the Ti—25Nb. The microstructure of the Ti-25Nb—10 SMA shows f grains.

3.2 Global mechanical behavior and AE of the Ti-25Nb and Ti-25Nb-10 SMAs under load-unload
tension

Force—displacement and stress—strain curves of Ti—25Nb and Ti-25Nb—10 SMAs under load—unload tension are
presented in Fig. 4°, b, respectively. The effect of 1 at% oxygen addition on the mechanical behavior of Ti-25Nb
alloy is apparent. The Ti—-25Nb SMA is known to exhibit shape memory effect [27]. After reaching the transfor-
mation stress, the tensile deformation of the Ti-25Nb SMA is governed by a stress—induced martensitic transfor-
mation from the cubic f phase to the orthorombic a” phase. After heating, the recovery strain is around 1% [24].
The Ti-25Nb—10 SMA exhibits superelasticity and the deformation mechanism is different [27]. The addition
of 1 at% of oxygen results in an increased apparent yield stress and a nonlinear superelastic behavior with a sig-
nificantly reduced hysteresis. The recoverable strain determined based on the stress—strain curve is around 1.5%.
Although the maximum crosshead displacement was the same for Ti-25Nb and Ti-25Nb—10 SMAs, the maxi-
mum true strain determined using virtual extensometer is different, as presented in Figure 4a, b, respectively. It
indicates that the deformation of the SMAs observed using DIC must be inhomogeneous and Ti-—25Nb—10 SMAs
under load—unload tension.

Fig.2 XRD profiles of as— (a) (b)
fabricated a Ti-25Nb and b
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Stress and AE events rate vs. time curves of Ti-25Nb and Ti—25Nb—10 SMAs under load—unload tension are
shown in Fig. 5a, b, respectively. The difference between the deformation mechanisms and the resulting mechani-
cal behaviors of the SMAs was clearly reflected in the recorded AE signals. The AE events rate measured at spe-
cific stages of tensile loading of the Ti-25Nb SMA was significantly lower, than that of the Ti-25Nb—10 SMA.
The true elastic deformation did not generate AE either during loading or unloading of the SMAs.

It was found that the AE activity was registered after the onset of the stress—induced phase transformations
in the SMAs; in the case of the Ti-25Nb SMA after reaching the trasformation stress and in the case of the
Ti-25Nb—10 SMA, after reaching the nonlinear regime of deformation. The AE events rate was increasing with
further tensile loading of the SMAs.

3.3 Full-field deformation of Ti-25Nb and Ti-25Nb-10 SMAs under load—unload tension in the
context of the AE signal and the deformation mechanisms of the SMAs

Strain €, and strain rate ¢, fields, where y is the direction of loading, of Ti-25Nb and Ti-25Nb-10 SMAs
under load—unload tension at selected stages of the load—unload tension are presented in Fig. 6a, b, respectively.
Specific stages of the SMAs loading and unloading, marked in the stress—strain curves, were selected for the
analysis of the full-field deformation. In the case of the Ti—25Nb SMA the stages (A)—(I) correspond to the fol-

lowing values of ¢ yy.

(A) € yy =0.3% (during loading)

(B) € yy =0.5% (duringloading)

© eyy =10%  (duringloading)

(D) €yy =15% (during loading)

(E) €yy = € max (maximal strain during loading)
(F) €yy =25%  (during unloading)

(G) €yy =225% (during unloading)

(H) € yy =20%  (during unloading)

(a) (b)

800 — 300 800

Ti-25Nb Ti-25Nb-10

—— loading
— — unloading

—— loading
— — unloading

D

o

o
lllIlllllH

D

o

o
Lillllllllli

LllLllllLJAAA

INEEEERENG

True stress, o [MPa]
g
|

AE events rate [1/s]

N

8

True stress, o [MPa]
S
o
o

AE events rate [1/s]

N

o

o
|

INNENENENE

~ p
0 LU L) LA LRLLI L) LLLLLLLY LU LA LA LL LU | v 0

'mHT\'""HITHT'UTTTIHVTTTTYWTVTW'TTTTTTWTTTWTTTHHTii""TUUIT“\UHIH'FTTHIIT?TTTTTIITTT"
0 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 10 11
time [s] time [s]

|
0

Fig. 5 Stress and AE events rate vs. time curves of a Ti—-25Nb and b Ti-25Nb—10 SMAs under load—unload tension
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(D €yy = €un (strain remaining after unloading

In the case of the Ti-25Nb—10 SMA the stages (A*) — (I*) correspond to the following values of € .

(A%) ey =0.3% (during loading)

(B) €yy =05% (during loading)

(C*)  eyy =1.0% (during loading)

(D*) ey =15% (during loading)

(E*) ey = € max (maximal strain during loading)
(F*) ey =15% (during unloading)

(G*) ey =1.0%  (during unloading)

(H*)  eyy =05%  (during unloading)

(I*) €yy = €un (strain remaining after unloading)

The €y and €y fields of the Ti-25Nb and the Ti-25Nb—-10 SMA, presented in Fig. 6a, b, show that the local
deformation of the SMAs proceeds in a diffent manner. The Ti—25Nb exhibits a Liiders—type deformation. At
the begining of the loading process (A)—(B), the first band starts to develop in the lower part of the gauge area.
During the subsequent loading (C)—(E), the strain increseas and develops in the upper part of the gauge area. The
unloading of the Ti-25Nb SMA (E) — (1), reduces the strain in the upper part of the gauge area. After unloading
(D), the strain remains concentrated in a form of two major bands.

The deformation of the Ti-25Nb—10 SMA shows distinct but still localized features. At the beginning of the
loading process (A*) — (B*), strain ey, fields look rather homogenous. However, futher loading (C*) — (E*)
exhibits some inhomogenous features. In particular, the kinematic fields captured in (D*) reveal few areas with
increased strain, whereas those captured in (E*) look definitely more homogenous. During the unloading (E*)
— (I*), the strain is gradually reduced. The kinematic fields captured in (G*) show again some areas with higher
strain. After unloading (I¥), the remaining strain concentrates in the corners and in the central part of the gauge
area.

XRD profiles of the Ti—-25Nb and Ti-25Nb—10 SMAs in the as—fabricated state and after unloading determined
for 69°<26<72° are shown in Fig. 7a, b, respectively. In the case of the Ti—-25Nb SMA, the content of ortho-
rhombic o” martensite increased after unloading. However, in the case of the Ti-25Nb—10 SMA no peaks cor-
responding to the orthorhombic a” martensite were identified either in the as—fabricated state or after unloading.

SEM images of the Ti-25Nb SMA after unloading with magnifications x1,000 and x2,000 are shown in
Figs. 8a, b, respectively. The stress-induced " martensites are clearly observed in the micrographs. Two types of
martensite variants induced in various grains can be found.

EBSD orientation maps of the Ti-25Nb SMA after unloading obtained with respect to rolling direction (RD),
transverse direction (TD) and normal direction (ND) are presented in Figs. 9a-c, respectively. Point-to-origin
misorientation profiles along A-A and B-B lines marked in the EBSD orientation map obtained with respect to
RD (Fig. 9¢c) are shown in Figs. 9d.

Deformation twins with misorientation of 50 deg, typical for the f—Ti alloys, are observed. The spatial resolu-
tion of the EBSD measurements was probably too low to detect a” martensites seen in SEM images, presented
in Figs. 8a, b.

SEM picture of the Ti-25Nb—10 SMA after unloading with magnification x200 is shown in Fig. 10a. EBSD
orientation maps of the Ti-25Nb-10 SMA after unloading obtained with respect to RD, TD and ND are presented
in Figs. 10b—d, respectively. No obvious deformation twins were found either in the SEM image or EBSD maps.

The obtained XRD profiles show that the deformation mechanisms of the alloys are different. Liiders—type
deformation and a relatively low AE signal obtained for the Ti—25Nb SMA are mainly associated with the
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Fig. 7 XRD profiles of (a)
Ti—25Nb and Ti-25Nb-10
SMAs a in the as—fabricated
state and b after unloading

Ti-25Nb (as-fabricated) Ti-25Nb-10 (as-fabricated)

Intensity [a.u.]
Intensity [a.u.]

69 69 70 71 72
26 [deg.] 26 [deg.]
(b)
Ti-25Nb (after unloading) Ti-25Nb-10 (after unloading)
3 g
A A
2 =z
I3 [}
s s
E £
T | T I T  § I T I T
69 70 71 72 69 70 71 72
26 [deg.] 26 [deg.]
Fig. 8 SEM images of the (a) (b)

Ti-25Nb SMA after unload-
ing with magnifications. a
x1,000 and b x2,000

first-order martensitic transformation from the f§ phase to the orthorhombic o~ martensite. Two variants of the
latter were observed in Fig. 8a, b. {332} (113) twinning also occurs in this alloy, as shown in Fig. 9a-d, due to
the instability of the S phase [37, 38]. However, its contribution to the measured acoustic effects should be rather
low in the initial stage of tension. The Ti—-25Nb—10 SMA under tensile loading generates stronger AE signal and
exhibits different but still inhomogeneous deformation. The nonlinear superelastic deformation of the Ti—25Nb—
10 SMA is due to the second—order phase transformation, as it was suggested in [28]. Based on the in—situ XRD
measurement during tensile loading, it was detected that the S phase peak shifted continuously to the higher angle
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(a) (b) (c) (d)
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°
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Fig.9 EBSD orientation maps of the Ti—25Nb SMA after unloading obtained with respect to: a RD, b TD and ¢ ND, d point-
to-origin misorientation profiles along A-A and B-B lines marked in the EBSD orientation map obtained with respect to RD

(a) (b) (c) (d)

Fig. 10 a SEM picture and EBSD orientation maps of the Ti—-25Nb-10 SMA after unloading obtained with respect to: b ND,
¢TD and d RD

position. The final stage of loading of the Ti-25Nb—10 SMA is accompanied by the strongest AE activity due to
the onset of plastic deformation. The addition of oxygen stabilizes the § phase in the Ti-25Nb—10 SMA and can
suppress the {332} (113) twinning until certain extend. In fact, no apparent deformation twins were found either
in the SEM image or EBSD maps presented in Fig. 10a-d. However, other mechanisms of plastic deformation can
be also involved at this stage of loading [37, 38].

4 Conclusions

The Ti—25Nb and Ti—25Nb—10 SMAs under load—unload tension were monitored by combined techniques of AE
and DIC in the initial stage of tensile deformation. The following conclusions can be drawn:
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) The AE was confirmed to be an effective method for tracking the stress—induced phase transformation of
the Ti—25Nb and Ti—25Nb—-10 SMAs under loading.

2) The effect of the 1 at% of oxygen addition to Ti—25Nb had a significant influence on the AE, namely the
number of AE events rate was significantly lower in the case of the Ti—-25Nb SMA comparing to that of the
Ti-25Nb-10 SMA.

3) The kinematic fields determined using DIC showed that the deformation of the studied SMAs proceeds
in a different way. On the one hand the Ti-25Nb SMA exhibited.

) a Liiders—type deformation with macroscopically captured martensitic bands. On the other hand, the
Ti—25Nb—10 SMA deformed in a distinct but still inhomogeneous manner.
&) The experimental findings are directly related to the differences in the deformation mechanisms. The

analysis of the phase constituents and microstructures of the SMAs showed an increased content of the ortho-
rhombic a” martensite and deformation twinning only in the Ti-25Nb SMA after unloading.
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