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Effect of Severe Plastic Deformation on the Acoustic Emission
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Abstract—Acoustic emission and differential scanning calorimetry have been used to study the structural
changes and the thermal effects in a TiNi alloy after severe plastic deformation (SPD). The character and the
thermal effect after SPD are shown to demonstrate partial amorphization of the alloy. The heat release
observed upon the first heating after SPD in the temperature range 250–380°C corresponds to solidification.
The number of detected acoustic emission signals from the TiNi alloy and their amplitudes are found to
decrease after SPD.
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INTRODUCTION

The martensitic transformation in titanium nicke-
lide is accompanied by acoustic radiation generated by
the transformation of the crystal lattice [1]. Studies
showed the dependence of the acoustic effect on the
physicochemical properties of the material, which
influences the phase transition; in particular, the char-
acteristic of the acoustic radiation are changed as the
chemical composition is changed [2]. Thermal cycling
with the transformation of the material from the mar-
tensitic state into the austenitic state and vice versa
markedly decreases the acoustic emission (AE) inten-
sity [3]. However, its level is restored to a significant
degree within 48 h [4].

An increase in the heating rate favors an increase in
the energy and number of generated pulses [4], which
is likely to be related to the expansion of the zone from
which acoustic signals are detected.

In [5], additional AE signals were detected due to
the inverse martensitic transformation when it accom-
panied by the shape recovery. Thus, AE enables one to
obtain data on the deformation phenomena that
accompany the phase transition.

The studies of the acoustic radiation during inden-
tation of a hard-alloy indenter into samples of tita-

nium nickelide with a gradient structure demonstrate
a dependence of AE on the state of the material.
Indentation [6] was performed for various regions in
disc-like samples fabricated of the Ti–55.15Ni alloy
(wt %) by rotational forging [7, 8]. Calorimetric studies
showed comparable temperatures Aon (63.6–65.7°C)
and Af (83.5–85°C) and comparable latent heat of
transformation (24.1–24.5 J/g) in three regions dis-
posed at various distances from the center of a sample.
The spectral power densities of the AE signals
recorded from these regions during indentations were
substantially different.

The AE sensitivity to changes in the structure of the
material was used to study the effect of severe (large or
megaplastic [9]) plastic deformation (SPD) on the
structure of the TiNi alloy and to investigate the ther-
mal characteristics of the martensitic transformations.

EXPERIMENTAL
We studied 2-mm-thick disc-like samples cut from

a Ti–55.15Ni (wt %) alloy rod with an electric spark.
The rod was fabricated by rotational forging. The rod
was forged to diameter of 12 mm at a temperature of
800°C and to diameter of 10 mm at 400°C. According
to the calorimetric studies [6], the alloy was in the
martensitic state after this treatment. Some discs were
deformed at room temperature by torsion in the Bridg-† Deceased.
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Fig. 1. TiNi alloy sample after SPD; numerals indicate the
places of indentations.

1 2 3 4 5
man anvils-type setup developed and manufactured at
the Donetsk Institute for Physics and Technology
[10]; the test conditions were as follows: the load was
2 GPa, the strain rate 5 rpm, and the number of revo-
lutions was 10.

AE was initiated by the indentation of a hard-alloy
conical indenter into a sample at a rate of 1.0 mm/min
in an IM-4A testing machine. The maximum inden-
tion load was 1000 N. After SPD, indentation was car-
ried out at five points along the sample diameter
(Fig. 1). AE signals were detected and converted into
electrical signals using an MSAE-L2 broadband AE
detector and an MSAE-FA010 amplifier at a total
RUS

Table 1. Characteristic temperatures and thermal effects at p

* Tmax is the maximum heating temperature; As1 and Af1 are the star
respectively; Ms and Mf are the start and finish forward transforma
and Af2 are the start and finish inverse transformation temperatu
release (absorption); and N/A means that the value was not measu

Sample
Тmax, 

°C

Heating 1

Аs1, °C Аf1, °C q, J/g Мs, °C

1 200 54 135 –1.2 –
2 300 45 133 –1.1 67
3 300 46 137 –1.2 71
4 400 80 140 –1 62

288 368 9.0 –2
5 400 80 150 –1 63

247 385 20 8
amplification of 80 dB and a transmission band of 60–
1000 kHz. To perform calorimetric studies on a Met-
tler Toledo 822E differential scanning calorimeter, we
cut samples from the zones adjacent to indentations.
The calorimetric studies were performed at a heating
or cooling rate of 10°C/min.

RESULTS AND DISCUSSION
In the case of indentation of the initial samples,

about 280 AE signals were recorded on average. After
SPD, the number of AE signals decreased to 212.
According to the averaged spectral power density of
the AE signals in the region close to the undamaged
lateral sample surface (Fig. 1, point 1), the spectral
density curve is similar to that for the initial material
(Figs. 2a, 2b). This is likely to be related to the cyclicity
of structure development at SPD, which leads to the
formation of a state close to the initial one [9, 11]. The
second maximum in height in these curves is near
250 kHz.

The spectra of the signals obtained for point 2 and
3 have similar frequency characteristics with higher
peaks at frequencies 135 and 170 kHz (Figs. 2c, 2d).
Point 4 is close to the most damaged region and this
fact is observed in the spectral density of the AE
power: higher frequencies begin to dominate there
(Fig. 2e).

Point 5 is in the sample cracking zone. The AE sig-
nals from this zone have very wide spread in parame-
ters, although the averaged curve is similar to curves 2
and 3 but with a clearer maximum at 400–500 kHz
(Fig. 2f).

The calorimetric studies were performed in various
temperature ranges. Table 1 gives the characteristic
temperatures and the specific heat release (heat
absorption) at phase transformations. Sample 1 was
heated from room temperature to 200°C. According to
the obtained data, a weak endothermic reaction with
an absorption energy of 1.2 J/g occurs in the tempera-
SIAN METALLURGY (METALLY)  Vol. 2019  No. 10

hase transitions in the TiNi alloy after SPD

t and finish inverse transformation temperatures on the first heating,
tion temperatures on cooling after the first heating, respectively; As2
res on the second heating, respectively; and q is the specific heat
red.

Cooling Heating 2

Мf, °C q, J/g Аs1, °C Аf1, °C q, J/g

– – – – –
Below –100 N/A –23 77 –2.5

–100 N/A –26 70 –3.9
33.5 19.0 16 64 –14.9

100 19.0 41
26.3 20.0 20 65 –15.0

Below –100 20.0 41
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Fig. 2. Spectral power densities of the AE signal detected during indentation into a TiNi alloy sample (a) in the initial state and
(b–f) after SPD at points 1–5.
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ture range 50–140°C (Fig. 3a). No marks of phase or
structural transitions were observed on cooling
from 200 to –100°C, as well as on repeated heating to
200°C.

Samples 2 and 3 were heated to 300°C. Their calo-
rimetric curves, as well as the curves of the spectra
density of AE signals, are very similar. In the range
50–150°C, both samples demonstrate endothermic
processes. The additional heat absorption is 1.1 J/g in
sample 2 (Fig. 3b) and 1.2 J/g in sample 3 (Fig. 3c).
Further heating to 300°C is not accompanied by endo-
thermic effects. An exothermic process was observed
on cooling in the range from 71 to –100°C, and
repeated heating is accompanied by heat absorption of
2.5 and 3.9 J/g for samples 2 and 3, respectively.

Sample 4 was heated to 400°C. Near 100°C, we
observed a weak endothermic process with a heat
accumulation of ~1 J/g (Fig. 3d). Above 280°C, an
exothermic process starts and continues to 370°C. In
RUSSIAN METALLURGY (METALLY)  Vol. 2019  No.
this case, the exothermic effect is 9 J/g. On cooling
from 400°C, two exothermic reactions occur: the first
maximum was fixed at 53°C and the second peak, at
‒45°C. The repeated heating leads to the formation of
a double peak in the range 15–65°C. The maximum
heat absorption was observed at 58°C.

The calorimetric curves for samples 4 and 5 are
qualitatively similar. The exothermic reaction charac-
teristics are different only during the first heating
(Fig. 4). For example, the heat release in sample 4
begins at 280°C, its maximum intensity is observed at
342°C, and the end is at 370°C. For sample 5, the cor-
responding values are 250, 343, and 380°C. The heat
release during these reactions is 9 and 20 J/g for sam-
ples 4 and 5, respectively.

The data on the amorphization of a titanium–
nickel alloy as a result of SPD were presented in [12].
This effect is likely to become determining in changing
the characteristics of AE and thermal effects in tita-
 10
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Fig. 3. Calorimetric curves for samples (a) 1, (b) 2, (c) 3, and (d) 4.
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nium nickelide studied in this work. A comparison of
AE on the indentation of the TiNi alloy samples in the
initial state and after SPD demonstrates a decrease in
the number of recorded AE signals and a decrease
in their amplitudes. A similar effect was also observed
in other materials, for example, in aluminum, after
equal-channel angular pressing (ECAP) [13]. It was
noted in [14] that grain refinement is a factor of
RUS

Fig. 4. Calorimetric curves (first heating to 400°C) for
samples (1) 4 and (2) 5.
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decreasing the acoustic signal amplitude. It seems
likely that this is one of the causes of the observed phe-
nomenon. In this case, the spectral curves of AE sig-
nals for the strongly deformed material tend to shift to
higher frequencies (Figs. 2e, 2f). We do not know sim-
ilar interpretation of the changes in the AE spectra as
a result of SPD for shape memory alloys.

During the first heating after SPD, a weak heat
absorption peak is observed in the temperature range
50–150°C, which corresponds to the B19'–B2 transi-
tion, and a heat release peak is observed in the tem-
perature range 250–380°C (Fig. 4). During the second
heating, the heat absorption peak at the martensitic
transition is pronounced. We can conclude that the
material is partially amorphized upon SPD and crys-
tallizes during the first heating at 250–380°C. How-
ever, the obtained data are insufficient to understand
the nature of the crystalline phase: whether it is the
retained initial martensite or a product of dynamic
solidification [9]. Note, that the heat absorption peak
during the second heating is in the temperature range
20–65°C; i.e., the transformation takes place at lower
temperatures than the temperature immediately after
SPD. Thus, we observe the effect of martensite stabi-
lization as a result of a deformation in the martensitic
state, which was studied, for example, in [15, 16].
SIAN METALLURGY (METALLY)  Vol. 2019  No. 10
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A comparison of the calorimetric curves for the
samples underwent incomplete (samples 2 and 3,
heating to 300°C) and complete (sample 4, heating to
400°C) crystallization (Figs. 3b–3d) showed that the
phase transition after crystallization becomes two-
stage: at the first stage, as well as after ECAP [17], the
alloy is likely to transform into the rhombohedral
phase. The further cooling of the alloy in the range
from 0°C to –100°C led to the R–B19' transformation,
which was demonstrated by the second peak of the
exothermic reaction. In this case, the double peak at
repeated heating can demonstrate incomplete R–B19'
phase transformation; as a result, the transition to the
austenitic state occurs from both martensite B19' and
the rhombohedral phase.

An essential moment is the change in the phase
transition temperatures at repeated heating. After par-
tial crystallization of samples 2 and 3, the maximum
intensity of the endothermic reaction is observed at
27°C, and it is at 57°C after complete transition to the
crystalline state of sample 4. In this case, the peak is
doubled: the first maximum is at 27°C and the second
maximum is at 57°C (Fig. 3d). The heat absorption is
likely to be determined by the degree of crystallization,
and it is 15 J/g for sample 4 as compared to 2.5 and
3.9 J/g for samples 2 and 3, respectively (Table 1).

It should be noted that the heat release of sample 5
increases by a factor of more than two as compared to
that of sample 4 (Table 1, Fig. 4), which can be related
to an increase in SPD with the distance from the tor-
sion axis. It is clear that the fraction of an amorphous
phase increases with SPD.

CONCLUSIONS

AE during indentation of TiNi alloy samples in the
initial state and after SPD demonstrates a decrease in
the number of recorded signals and a decrease in their
amplitude in the deformed material, which shows that
the size of the regions subjected to plastic shears
decreases. The calorimetric studies revealed a weak
heat absorption peak in the temperature range 50–
150°C corresponding to the B19'–B2 transition during
the first heating and a heat release peak related to crys-
tallization in the temperature range 250–380°C.
During the second heating, there are pronounced heat
absorption peaks related to the B19'–R and R–B2
transformations in the temperature range 20–65°C.
Higher temperatures of the inverse martensitic trans-
formation during the first heating demonstrate mar-
tensite stabilization.
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