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Abstract—The behavior of acoustic emission (AE) upon thermal cycling of the T—Ni alloy is studied. It is
shown that AE can be used to assess working parts made of shape memory alloy.
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INTRODUCTION

The engineering of mechanisms that operate on the
basis of the shape memory effect requires the develop-
ment of means for monitoring the status of load-bear-
ing members. OOO Optimikst Ltd. (St. Petersburg,
Russia) has designed and uses a device known as SheR
in which the necessary forces are generated by “metallic
muscles” made of Ti—Ni alloy [1]. The mechanical
stresses in them are far from the limit values of the
material’s durability, so the muscles operate steadily for
many years. However, studies by Yu.D. Kravchenko
etal. [2] have shown that devices made of titanium
nickelide can be destroyed if substantial forces are gen-
erated during the heating of the material. Of special
importance in this regard are state-of-the-art proce-
dures for diagnosing the state of the material, particu-
larly acoustic emission (AE), which allows us to study
both the energy [3] and frequency parameters of AE
signals [4—6] and thus to use AE to assess the state of
metal parts, including those that operate under condi-
tions of cyclic stress.

Martensitic transformations in Ti—Ni alloy were
shown in [7—9] to be accompanied by intense AE. The
generation of acoustic signals in this case depended on
the state of the material and the change in its charac-
teristics. However, the above works studied AE under
conditions of the even heating of a sample’s surface. In
industrial processes, machine parts made of shape
memory (SM) materials operate under gradients of
temperature and strain, oscillations in force, and
chemical composition. The aim of this work was to
study AE upon the thermal cycling of Ti—Ni alloy sub-
jected to uneven heating in order to assess the applica-
bility of AE to monitor the status of devices using the
shape memory effect (SME) [10] and operating under
real industrial conditions.

EXPERIMENTAL

Planar samples of Ti—50.6 wt % Ni alloy 64 x 10 %
2.5 mm in size were prepared for our studies. The tem-
perature dependences of their internal friction and
elastic characteristics were measured on a DMA Q800
dynamic mechanical analyzer (TA Instruments,
United States) using plate-bending circuit fixed at two
points. Room temperature samples were placed in a
chamber whose temperature was raised to 25°C and
stabilized for 1 min. The rate of temperature change
was 0.75°C/min in the range of 25 to 120°C. The
Young modulus and loss-angle tangents for seven fre-
quencies were measured in the range of 0.1 to 100 Hz.
The relationship between the measured parameters
was derived from the complex representation
FE = E'+ jE" of the Young modulus, where the real
part describes the elasticity of the material and the
imaginary part is associated with the internal losses of
friction in the material. These are expressed as

"

tand = E—', the value of which is proportional to the

losses. Figure 1 shows the absolute magnitudes of
modulus £' and tand.

We found that a phase transformation develops
upon heating in the temperature range of 38 to 55°C
(Fig. 1). There was a peak of dissipation characteris-
tics, the amplitude of which fell as the frequency rose.
The elastic characteristics under high-temperature
conditions were 10% higher than the corresponding
values of martensite. At frequencies below 5 Hz, the
Young modulus displayed a minimum in the range of
38—55°C. The absolute magnitude of the modulus
grew along with the measuring frequency.

In all our experiments to study AE, the unfixed end
of the plate was heated using a candle flame (Fig. 2),
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Fig. 1. Young modulus E' (upper curves) and tand (lower
curves) as functions of temperature upon heating a sample
made of the Ti—50.6 wt % Ni alloy at frequencies of 0.1,

0.5, 1,5, 10, 50, and 100 Hz.

ensuring a temperature gradient over the length of the
sample.

AE was recorded using a MSAE 1300WB-C sensor
and a MSAE-FAO010 amplifier with a total force of
80 dB. The sensor was installed on the top surface of
the plate with clamping force F ~ 2 N. All AE signals
recorded using the procedure for the digital recogni-
tion and analysis of spectral samples in [6] were
divided into groups according to the shapes of the
spectral density curves, and the spectral patterns (the
averaged shape of the spectral power density curves)
were analyzed for each group.

RESULTS AND DISCUSSION

Effect of Distance between the AE Sensor
and the Heating Zone

The typical development of the AE during heating
and cooling is shown in Fig. 3. The plate edge was
heated in a time interval of 20 to 300 seconds from the
beginning of each experiment. Signal generation upon
heating (the reverse martensitic transformation in
Ti—Ni) was noted in the time interval of 80 to 250 s.
Depending on the experimental conditions, anywhere
from several dozen to 1500 signals were recorded
within this time.

Each sample was then cooled in air to room tem-
perature. The most active AE was in this case observed
in the time interval of 400 to 1000 s, after which occa-
sional individual pulses appeared up to the end of
recording, suggesting possible incompleteness of the
direct transformation at room temperature.

Measurements showed that the AE depended
strongly on length / from the heating zone to the sensor
(see Fig. 2). When [/ = 40 mm, the first pulses were
recorded at 160 seconds of heating; the total number of
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Fig. 2. Diagram of the device: (/) sample, (2) AE sensor;
(F) clamping force, (/) distance from the AE sensor to the
heating site; I-III, heating zones.
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Fig. 3. Typical AE pattern in the heating—cooling cycle
(heating with a candle flame in time intervals of 20 to 300 s
from the start of an experiment; cooling at room tempera-
ture).

signals upon reverse transformation N, was 32.
Moving the heater to distances of / = 25 and 10 mm
accelerated the initial AE recording (i.e., shortened
time 7)) and increased the number of AE signals upon
heating (MN,.,) and the total number of signals (N,,)
(Table 1).

The energy of the signals is shown as a function of
time in Fig. 4, where only the main (most numerous)
group is shown.

Our data led us to conclude that the AE signals gen-
erated by the reverse transformation were due to a
phase transition in the bulk of the material near the
sensor. Moving the source of heating closer to the sen-

Table 1
Heating zone | /, mm fy, S MNeat Niot
| 40 160 32 114
I1 25 100 122 959
111 10 60 340 1754
Vol.81 No.11 2017
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Fig. 4. Acoustic emission upon the heating of planar Ti—Ni
samples in zones I—I1II (see Fig. 2) and cooling in air.

sor shortened the time required to warm the contact
zone to the high-temperature state, and thus the time
of initial AE recording. The interval of time in which
the sample generated sound upon heating was reduced
and the number and energy of signals grew. The total
number of signals in the total heating—cooling cycle
was also higher when the metal was heated near the
Sensor.
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Fig. 5. (/) Total number of recorded AE signals and num-
ber of signals upon (2) heating and (3) cooling as a func-
tion of the number of thermal cycles: (a) 1—5 and (b) 6—10.

AE during Sequential Thermal Cycles

The considerable effect thermal cycling has on
acoustic emission upon a material’s transformation
from martensite to austenite and vice versa was noted
in [7]. Similar data were obtained for our samples
annealed for 17 min at 500°C with subsequent water
quenching. A total of two series of thermal cycles with
five cycles in each series were performed, the samples
being kept at room temperature for 48 h between the
first and second series. The distance from the zone of
heating to the sensor was 40 mm.

Figure 5 and Table 2 give the change in the number
of recorded signals, depending on the number of the
thermal cycle.

In the first series of thermal cycles (Fig. 5a), the
total number of signals and the number of signals upon
heating fell dramatically as early as in the second cycle.
There was an increase in the number of signals in the
second cycle upon cooling, but the number of signals
in the following cycles fell gradually upon cooling.

The number of AE signals upon heating increased
in the sixth cycle after keeping the samples at room
temperature for 48 h (Fig. 5b). The number of signals
Vol. 81
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Fig. 6. (/) Total number of recorded AE signals and num-
ber of signals upon (2) heating and (3) cooling, as a func-
tion of the thermal cycle number in a sample cooled to
—10°C prior to each thermal cycle.

remained virtually constant during cooling in the sixth
through tenth cycles.

It should be noted that in almost in all our experi-
ments (except for the first thermal cycle), the direct
transformation was accompanied by a higher number
of signals than the reverse transformation. It appears
that the higher Young modulus and lower internal fric-
tion of the material in the austenitic state allow us to
capture the acoustic signals that accompany transfor-
mation in a large volume.

It was shown in [11] that thermal cycling can shift
the temperatures of phase transformation, so the ther-
mal cycling of each sample was performed with ten
minutes of holding it at —10°C prior to each test. The
level of AE in this case fell more slowly from cycle to
cycle (Fig. 6), and the highest level was noted during
the direct transformation in the first cycle.

As was noted in [7], such findings are largely the
result of phase hardening. The increase in the level of
AE after keeping samples at room temperature could
be due to a change in the phase composition (i.e., an
increase in the content of martensite) over time. In
addition, stabilization of their structure was shown in
[11] to be accompanied by an increase in the elastic
properties of a material, which can also favor an
increase in the number of recorded pulses. Lowering
the cooling temperature naturally increases the con-
tent of martensite at the minimum experimental tem-
perature. The above explains the data obtained upon
thermal cycling.

AE under Conditions of the Shape Memory Effect
after the Active Straining of Martensite

The development of the shape memory effect when
we heated the plate altered the AE. The scheme of our
experiment is shown in Fig. 7. The distance from the
center of the sensor to the edge of the plate was 35 mm.
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Fig. 7. Diagram of the device used in testing a strained
plate: (/) AE sensor; (2) sample.

The bend zone was at a distance of 15 mm from the
edge of each sample.

Figure 8a shows the pattern of AE development in
an unstrained sample. Bending of the plate results in
the first group of signals appearing in the range of 50—
60 s (Fig. 8b). The recovery of the linear profile of the
plate was noted in this time interval; i.e., the shape
memory effect developed. The group of signals caused
by the transformation in the zone of contact with the
sensor appears much later (Fig. 9).

Figure 10 shows the plots of the averaged spectral
density of the three main groups of AE signals and
their distribution over the energy—median frequency

Table 2
No. Ivheat N, cool N tO
First series of thermal cycles
1 960 377 1337 75
2 62 491 553 120
3 67 460 527 110
4 60 384 444 130
5 51 179 230 125
Repeated series of thermal cycles
6 1034 140 1174 100
7 32 134 166 130
8 38 133 171 150
9 37 137 174 100
10 30 158 188 105

Npeat is the number of AE signals upon heating; N, is the num-
ber of AE signals upon cooling; N is the total number of signals
per thermal cycle; and £ is the initial moment of AE recording.

Vol.81 No.11 2017
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Fig. 8. Total AE count upon the thermal cycling of
(a) unstrained and (b) bent plates.
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Fig. 9. AE upon the thermal cycling of (a) unstrained and
(b) bent plates.
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Fig. 10. (a) Spectral patterns of the main types of AE sig-
nals upon the thermal cycling of our Ti—Ni alloy sample
and (b) the arrangement of these signals in the space of
energy—median frequency properties. (7, 2) Main groups
of signals upon direct and reverse martensitic transforma-
tions and (3) signal generated upon the SME.

plane. The signals caused by the shape memory effect
(group 3) differ fundamentally in their spectral char-
acteristics. Their spectral density function not only has
a maximum at about 70—80 Hz (as in the two main
low-frequency groups of signals) but additional peaks
at higher frequencies of 420 and 570 kHz as well.
These signals had low energy and median frequencies
in the range of 150 to 500 kHz (Fig. 10b).

Results that are interesting from an engineering
point of view were also obtained in a series of sequen-
tial thermal cycles of our strained samples. In these
experiments, the sample was cooled to —10°C after
heating the bent plate and recovering the straight pro-
file, and then strained in the previous zone. The plate
was then heated again until the shape was recovered
once more. The zones of SME development in the
cycling tests were shown to generate acoustic signals
with intensities that fell from cycle to cycle (Fig. 11).
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Fig. 11. Change in AE accompanied by the SME in the
first three thermal cycles.

Our data show that the AE can be used to identify
the processes of lattice rearrangement that accompany
those of strain in titanium nickelide.

CONCLUSIONS

Our data show that AE can be used to identify
zones of phase transformation in real time. Features of
the spectral characteristics of the acoustic signals that
accompany the strain processes of the shape memory
effect can offer additional opportunities to assess the
operational state of the materials of load-bearing
members and drives made of shape memory alloys.

AE could therefore be a very sensitive tool in devel-
oping procedures for monitoring the status of load-
bearing members that operate with the shape memory
effect, though this would require further studies of the
problem.
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