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Abstract: This paper presents the results of research on the kinetics of transformations in the two-
phase («x + ) Ti-6Al-4V alloy. The transformation start and end temperatures during heating
at different rates were determined using a dilatometer. A modified dilatometer was employed,
equipped with an acoustic emission measurement apparatus and software enabling the assessment
of sample dimensional changes during heating and cooling. The results were obtained in the form of
dilatometric curves. Additionally, the occurrence of the transformation was confirmed by acoustic
emission signals. In the study of the Ti-6Al-4V alloy, acoustic emission refers to the application
of this non-destructive technique to monitor the alloy’s behavior during thermal processes. As
the temperature increased, regardless of the heating rate, the x—f transformation was observed
to occur after exceeding 900 °C. Within the transformation range, acoustic emission signals were
recorded. Moreover, it was found that the applied research methods enabled the identification of
signal components originating from the transformation. The application of acoustic methods in the
analysis of phase transformations opens new possibilities for their use in industry.

Keywords: Ti-6Al-4V alloy; microstructure; dilatometric tests; acoustic emission (EA)

1. Introduction

In recent years, titanium and its alloys have found extensive applications across var-
ious industries, particularly as components in machinery and equipment. Titanium and
its alloys are materials with exceptional properties, making them highly valued in various
fields. The lightweight nature of titanium, combined with its high strength, corrosion resis-
tance, and biocompatibility, makes it ideal for use in industry, technology, and medicine.
However, the widespread use of titanium alloys, especially in the production of machine
parts, is somewhat limited by their unfavorable tribological properties, such as a tendency
toward galling [1]. To improve these properties, titanium alloys undergo various surface
treatments [2—4]. These processes aim to enhance wear and galling resistance, enabling the
more efficient utilization of titanium in industrial applications. Thanks to these modifica-
tions, titanium can find wider applications in demanding conditions, where durability and
reliability are key.

Recently, the advancement of measurement techniques has led to the development
of various research methods. This has made it possible to conduct detailed chemical and
physical analyses of materials with diverse properties [5]. Dilatometric studies, due to their
versatility and specificity, have gained particular recognition and are applied in various
fields of science and industry. In materials engineering, dilatometry is used for designing
new materials, studying their degradation, measuring dimensional changes, recording
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phase transformations, determining the coefficient of thermal expansion, and evaluating
the mechanical and thermal properties of materials [5]. Dilatometry is an effective method
in polymer research, particularly in the context of analyzing phase transformations and
degradation and evaluating thermomechanical properties. Its application can provide
essential information for designing and optimizing the use of polymer materials in in-
dustry [6,7]. In the metallurgical industry, dilatometry is employed to analyze thermal
processes, characterize phases, and optimize heat and thermo-chemical treatments. In
the medical industry, it is used to analyze the behavior of biomaterials utilized in implan-
tology under various temperature conditions. Dilatometry is an indispensable research
tool in situations where it is crucial to observe the response of materials to temperature
changes [8-10].

The two-phase Ti-6Al-4V alloy is the most widely used high-strength titanium alloy.
One of the most critical aspects is the control and optimization of the microstructure of
this (« + ) alloy, enabling the achievement of desired properties in finished industrial
products [11]. Properly selected heat treatment parameters ensure the formation of a
specific microstructure. The heating and cooling rates have a significant impact on the
resulting microstructural characteristics. In the case of a lamellar microstructure, key
parameters include the thickness of the « layers at the primary § grain boundaries, the
thickness and size of the « plates, and the colony size [12-14]. As the cooling rate increases,
all these parameters decrease. Many researchers have applied heat treatment processes
to the Ti-6Al-4V alloy to adjust and enhance its strength and ductility [15-17]. Efforts are
currently focused on improving properties and optimizing thermal and design processes,
as Ti-6Al-4V remains one of the most widely used titanium alloys in the industry.

The acoustic emission (AE) method is used in studies of material properties and
structure, enabling the understanding of processes occurring within them [18-20]. The
acoustic emission technique is widely employed for monitoring various engineering objects.
The sources of acoustic emission signals are processes in which elastic waves propagate
through the monitored object. Thus, signal sources may include processes associated with
deformation or cracking mechanisms [21]. They may also involve crack formation and
propagation, corrosion processes, and the oxidation of gases related to structural leaks.

The acoustic emission method has also been adopted in materials engineering. AE
signals are generated as a result of the localized release of stored internal energy within
the tested material. This is a non-destructive testing method that enables the analysis of
various physical phenomena. Acoustic emission is used in the monitoring and analysis of
phase transformations occurring in metals during heat treatment processes [22-24]. The
sources of signals generated during thermal processes include the movement of disloca-
tions due to plastic deformation, the formation of twins, and displacement-type phase
transformations [16,17].

The study of transformations in Ti-6Al-4V titanium alloys using dilatometry and the
highly sensitive acoustic emission method can significantly enhance the understanding of
the phenomena involved. The research results can contribute to improving heat treatment
processes, which, in turn, will positively impact the properties of high-strength and durable
materials.

2. Research Methodology

Phase transformations occurring during the heating of the two-phase Ti-6Al-4V tita-
nium alloy were studied. The chemical composition of the alloy is presented in Table 1.

Table 1. Chemical composition of Ti-6Al-4V alloy, elemental content in wt.%.

Ti Al A% Fe (@) C
Remainder 6.0 4.1 0.2 0.18 0.04
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A quenching dilatometer (LINSEIS L75HX, Selb, Germany) integrated with an appa-
ratus for acoustic emission signal measurement was used for the dilatometric tests. The
device enabled the measurement of absolute sample length changes and the coefficient of
thermal expansion as a function of temperature and time. Its design ensures the highest
accuracy, repeatability, and stability of measurements. The dilatometer consisted of a
measuring and control unit, as well as a computer system equipped with precise software
for recording and analyzing results, presented as dilatometric curves. The dilatometer
underwent mechanical modifications. In the measuring system, at the location designated
for the test sample, a waveguide was installed to capture impulses during testing. An
ultrasonic sensor of WD type (20-900 kHz) (Physical Acoustic Corporation, West Windsor
Township, NJ, USA) was mounted at the other end of the waveguide to record acoustic
emission signals. The acoustic sensor was then connected to an analyzer. A prototype
analyzer for recording acoustic emission signals, developed at the IPPT PAN in Warsaw (In-
stitute of Fundamental Technological Research, Polish Academy of Sciences), was used. The
device is equipped with a low-noise amplifier and both high-pass and low-pass filters. The
analyzer was designed to work with the broadband AE sensor from Physical Acoustics. The
waveguide was made of austenitic steel, which does not generate acoustic emissions during
heat treatment, as confirmed by conducted tests. A diagram of the modified dilatometer
capable of measuring acoustic emission signals is shown in Figure 1.

LVDT Pushrod Sample

Ultrasonic
sensor

!

Waveguide

Figure 1. Schematic diagram of the measurement device for dilatometric tests. Linseis dilatometer
with modifications, including a waveguide and an ultrasonic sensor for capturing AE signals. LVBT—
Linear Variable Differential Transformer.

Samples for dilatometric tests were prepared from the Ti-6Al-4V alloy in the form of
cylinders with a diameter of 10 mm and a length of 18 mm. Each sample was subjected
to controlled heating using the Linseis L75HX 1000 dilatometer. This advanced device
features a modular design that enables precise measurements of material dilatation over
a wide temperature range. The device consists of a resistance furnace, a measurement
mechanism, a sample mounting system, and a cooling system. The samples were heated
at different rates of 8 °C/min, 12 °C/min, and 14 °C/min. The material was heated to
1000 °C and then air-cooled at a rate of 50 °C/min. The dilatometer monitors changes in the
length of a sample during controlled heating and cooling. The sample, in the form of a rod,
is placed in a special holder of the dilatometer and subjected to controlled heating. A highly
sensitive LVDT (Linear Variable Differential Transformer) sensor is used to detect changes
in the sample’s length (expansion and contraction). This sensor records the movement of
the plunger in contact with the sample with micrometric accuracy. Software is employed to
visualize dilatometric curves and analyze the material’s properties.

The modified dilatometer operates similarly to a commercial dilatometer. The differ-
ence lies in the installation of a 4H13 steel waveguide (non-acoustic emission generating) in
the sample holder inside the dilatometer. The waveguide is mounted to make contact with
the test sample during the experiment. On the other side of the waveguide, a broadband
WD sensor (20-900 kHz) is installed. The sensor is then connected to an analyzer that
records AE signals.
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During the recording of results in the form of dilatometric curves, acoustic emission
signals originating from phase transformations during the heat treatment of the titanium
alloy were also captured. The signal recording was performed using a custom measurement
setup. The schematic of the device for recording acoustic emission signals is shown
in Figure 2.

ObijeCt Low-noise|High-pass filter| A/D converter,
. amplifer | (10/20 kHz) |1.0 MHz Sampling Software
testing

Figure 2. Schematic diagram of the AE signal recording device (analyzer: the prototype was devel-
oped at IPPT PAN, the AE sensor is a WD-type sensor from Physical Acoustics Corporation, and an
ADLINK 9812 data acquisition card is used).

During the design of the setup, it was taken into account that the effect of the depen-
dence of the AE signal energy on the signal generation location could be neglected at short
distances from the transducer (less than 200 mm). An acoustic sensor was attached to the
end of the waveguide located outside the dilatometer, which was then connected to an
analyzer. Elastic waves generated during the phase transformation reach the surface of the
material. Then, via a waveguide in contact with the sample, they are received by the acous-
tic sensor. Subsequently, they are converted into an electrical signal using a piezoelectric
transducer. For an AE analysis, it is necessary to measure the amplitude and duration of
pulses ranging from microseconds to tenths of a second. The measurement setup used for
recording and analyzing AE signals consisted of a broadband acoustic emission sensor of
the WD type, a single-channel acoustic emission analyzer with a bandwidth of 1-1000 kHz,
built-in active filters, and a root mean square (RMS) converter output. Signal registration,
received by the piezoelectric transducer, was carried out using the analyzer. The analyzer
enabled cyclic recording of approximately 100 ms from each subsequent second of the
signal generated during phase transformations in the titanium alloy. The noise level in the
operating frequency band did not exceed 50 microvolts RMS (peak-to-peak). The amplifier
allowed signal amplification in the range of 20 to 60 dB. A high-pass filter connected
to the amplifier output was used to eliminate background noise from the measurement
system. The recorded signal, in wav format, was further processed and analyzed. Using
Spectrum software (prototype version), the signal was converted into a spectrogram, a time—
frequency plot. The spectrogram was generated using the Short Time Fourier Transform
(STFT) algorithm with a Hamming window. The resolution of the plot was 0.6 kHz/1s,
with a maximum rendered frequency of 500 kHz.

3. Results of the Research

Dilatometric tests were performed, and as a result, dilatometric curves were obtained.
The graphs presented in Figure 3 show the transformation of the Ti-6Al-4V alloy during
its heating.

The thermal dilatometric curves shown in Figure 3 illustrate the transformations
occurring within a specific temperature range during the heating of the Ti-6Al-4V alloy at
different rates. It can be observed that the changes in thermal expansion occur similarly
for all heating rates. The beginning of the change in the direction of the dilatogram at a
heating rate of 8 °C/min was observed at a temperature of approximately 750 °C and after
about 90 min from the start of the process. At a rate of 12 °C/min, the curve deviates from
linearity at 760 °C (70 min); at 14 °C/min, it is 760 °C (52 min). The transformation ends at
a temperature of approximately 910-940 °C.
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Figure 3. Dilatometric curve from the test during heating of the Ti-6Al-4V alloy: different heating
rates of 8 °C/min, 12 °C/min, and 14 °C/min. (a) the sample length changes as a function of time,
(b) the sample length changes as a function of temperature.

At these temperatures, structural changes begin to occur in the material. In all three
graphs, the transformations occur similarly, differing only in the rate of occurrence. The
slower the heating rate of the titanium alloy, the slower the « + 3 — 3 transformation
proceeds. During slow heating, the initial stage involves the formation of 3-phase nuclei at
the grain boundaries due to a shearing mechanism [25,26]. This is followed by the growth
of 3-phase nuclei driven by elemental diffusion mechanisms, and finally, their expansion
in the final stage. During the heating process, the 3-phase transformation occurs when
the elemental concentration reaches a critical value. The 3-phase transformation, which
occurs in materials such as metal alloys, is related to the transition between different crystal
structures under the influence of temperature and element concentration. This phenomenon
is often associated with the so-called critical temperature or critical concentration value
that triggers the phase change. In the case of some metal alloys, such as titanium alloys, the
[3-phase transformation can occur when the concentration of the alloying element reaches a
value at which the material’s structure transitions from one form to another. In the context
of thermal processes, such as heating the material, the 3-phase transformation can occur
due to an increase in temperature, with the critical concentration value of the alloying
element determining the moment of this change. The critical concentration value may
vary depending on the chemical composition of the material and technological process
parameters, such as heating time and the presence of other impurities. The dilation
coefficient was also calculated for all applied heating rates within the temperature range of
20-800 °C. The dilatation ratios for different heating rates are presented in Table 2.

Table 2. Dilatation ratios for different heating rates.

Heating Rates

©Clmin) 8 °C/min

12 °C/min 14 °C/min

Dilatation ratios

. . 1
(um/m°C) 6.8 6.5 6

Additionally, Figure 4 presents a graph correlating the dilatation ratios at different
heating rates of the Ti-6Al-4V alloy. It can be observed that the dilatation ratio changes
depending on the heating rate. As the heating rate increases, the dilatation ratio decreases.
The increase in temperature is progressively greater in relation to the increase in the
sample’s length.
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Figure 4. The correlation between the dilatation ratios and different heating rates.
AE signals generated during the heat treatment of the Ti-6Al-4V alloy, recorded using
specialized equipment connected to an ultrasonic transducer, are shown in Figure 5a—c.
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Figure 5. Comparison of the time courses of the RMS value of the AE signal recorded during
the heating of the Ti-6Al-4V alloy at different heating rates of (a) 8 °C/min, (b) 12 °C/min, and
(c) 14 °C/min.

The results of AE measurements and the presented spectral images of the acoustic
emission signal originating from the « + 3 — {3 transformation for the Ti-6Al-4V alloy are
shown in Figure 6a—c.
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Figure 6. Spectrograms of the signal energy spectrum recorded during the heating process of the Ti-
6Al-4V alloy at different heating rates of (a) 8 °C/min, (b) 12 °C/min, and (c) 14 °C/min; horizontal
axis—signal recording time, vertical axis—signal frequency.

The results of the acoustic emission signals and spectral images indicate that during the
heat treatment of the investigated material, a physical phenomenon occurred that generated
acoustic signals. In studies utilizing AE in solid materials, metals, and their alloys, several
research directions are commonly observed. The most notable includes the investigation of
atomic structure reconfiguration, which is closely linked to impurity diffusion. Another
focus is the study of dislocations, specifically their density, multiplication, and lattice
geometry. The presented images show that no peaks are observed at the beginning of the
heating process, corresponding to the acoustic background level. The level of acoustic
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signals is relatively low, despite the intensive o + 3 — (3 transformation, growth, and
expansion of 3-phase nuclei. The transformation progresses through the increase in (3-
phase volume via the displacement of the o/ interphase boundary. The measuring
device allows for the cyclic recording of approximately 100 milliseconds of data from
every subsequent second of the signal generated during the phase transformations of
metal alloys. These conditions enable prolonged signal recording, up to 3200 s. However,
longer recordings result in some data loss, which is why the signal characteristics shown
in the figures above are less intense. Nevertheless, they indicate the start and completion
of the phase transformation. The dominant spectral range of the AE signals generated
during the tests falls within 100-300 kHz. The maximum spectral density is observed in
the frequency range of 180-200 kHz. The recording of the acoustic emission (AE) signal
began 53 min before the end of the phase transformation. For the heating rate of 8 °C/min,
recording started 65 min after the beginning of the sample heating, at approximately 570 °C,
continuing until 950 °C. For the heating rate of 12 °C/min, recording started 26 min after
the heating began, at approximately 300 °C. Similarly, for the heating rate of 14 °C/min, it
began after 14 min, from 100 °C to 950 °C.

For the LINSEIS L75HX dilatometer, the error analysis of measurements encompasses
the hardware characteristics, the properties of the samples being studied, and the experi-
mental conditions. Typical errors mainly arise from selecting an inappropriate reference
material for the temperature range of the measurements. Additionally, inaccuracies may
occur in reading the calibration curves of the displacement sensor. Proper calibration of
the device is crucial to minimizing measurement errors. Calibration is performed sys-
tematically using reference materials such as quartz or Al,O3. The accuracy of thermal
expansion measurements for the LINSEIS L75HX is estimated to be £0.1% under standard
conditions. The resolution of the displacement sensor is within the nanometer range, and
the repeatability is at the level of £150 nm. Moreover, appropriate sample preparation can
also reduce errors; in particular, mechanical stresses during sample mounting should be
avoided.

The microstructural analysis of the Ti-6Al-4V alloy subjected to heat treatment was
performed using a Phenom XL scanning electron microscope (Thermo Fisher Scientific,
Waltham, MA, USA). Microscopic studies enable the comparison of microstructural images
after heat treatment and etching, surface condition analysis, and morphology evaluation.
The results of the microstructural studies are presented in Figure 7a—c.

Figure 7. Microstructure images of Ti-6Al-4V samples after chemical etching in Kroll solution:
(a) heating 8 °C/min, rapid cooling; (b) heating 12 °C/min, rapid cooling; and (c) heating 14 °C/min,
rapid cooling.

The microstructure images reveal isometric grains with distinct boundaries, indicating
dynamic recrystallization during heating. The microstructure contains acicular martensitic
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structures resulting from the cooling of the 3 phase. Both the « phase and remnants of the
3 phase are visible.

4. Discussion

The rapid development of technology in all fields provides increasing opportunities for
studying metals. This progress enables the production of alloys with increasingly diverse
and superior properties. The challenges in identifying phase transformations during
the heat treatment of metals and their alloys arise from the complexity of the physical
processes occurring within the volume of the material being studied. Acoustic methods
can effectively complement dilatometric studies used to determine phase transformations.
The structure of metals and alloys plays a key role in their properties. The conducted
research demonstrated that the acoustic signature results from structural changes. The
processes occurring during phase transformations generate signals of varying energy. It
can be concluded that AE signals enable the identification of specific phenomena such as
atomic structure reconfiguration, closely linked to impurity diffusion, and studies related
to dislocations.

As a result of the dilatometric studies conducted, graphs of changes in the length
of dilatometric samples as a function of temperature and time were obtained. Different
heating rates (8 °C/min, 12 °C/min, and 14 °C/min) were applied to achieve various
times for the beginning and end of the phase transformation « + 3 — (3. Additionally,
to monitor the beginning and end of the transformation, an additional, more sensitive
research method, acoustic emission, was used. Dilatometric studies were conducted using a
modified dilatometer equipped with a waveguide and an acoustic sensor. The dilatometer
was custom-made by the manufacturer according to the design provided by the author of
the study. The beginning of the change in the direction of the dilatogram at a heating rate of
8 °C/min was observed at a temperature of approximately 750 °C and after about 90 min
from the start of the process. The transformation ended at a temperature of 940 °C. The
beginning of the change in the direction of the dilatogram at a heating rate of 12 °C/min
was observed at a temperature of approximately 760 °C and after about 70 min from the
start of the process. The transformation ended at a temperature of 930 °C. In contrast, the
beginning of the change in the direction of the dilatogram at a heating rate of 14 °C/min
was observed at a temperature of approximately 760 °C and after about 52 min from the
start of the process. The transformation ended at a temperature of 910 °C. Additionally, real-
time monitoring of the transformation was conducted using acoustic emission. However,
due to the limitations of the recording device, the analyzer was activated 53 min before each
sample reached 950 °C. Various times of occurrence of the phenomenon were observed
in the signal and on the spectrograms. It can be noted that the times of occurrence and
duration of the acoustic emission signal are close to the onset time of the transformation
on the dilatometric curve. However, considering that acoustic emission is a very sensitive
and accurate research method, it may register the initial phenomena that initiate the
transformation. This relates to the mechanism of the transformation itself.

The acoustic emission signals observed during the phase transformation range indicate
phenomena that initiate the transformation. The moment when the curve loses its linear
character does not correspond to the initiation of the acoustic signal, which becomes
noticeable only when the transformation is at a more advanced stage. In dual-phase
titanium alloys undergoing the o« + p — 3 transformation, the 3 phase from the initial
structure is present. The 3 phase may act as the first element or nucleus that plays a key
role during the movement of elements from the a-phase (stabilizing the 3 phase) to the
o/ P interphase boundaries. The absence of acoustic emissions at the beginning of the
transformation can be attributed to its slow diffusional mechanism. The diffusion process
and atomic reorganization lead to the generation and annihilation of dislocations, which
emit AE pulses. Changes in the crystal structure and differences in the thermal expansion
of phases can lead to local stresses, emitting acoustic signals. Grain boundaries of the
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phases are the sites where the transformation initiates. Their migration and the growth of
the 3 phase also generate acoustic emissions.

The course of transformation during heating depends on several factors, such as
temperature, time, and the chemical composition of the alloy. The size and geometry
of the sample, in turn, influence the rate of structural changes. Longer heat treatment
durations allow for a more complete transformation, providing sufficient time for the phase
transformation to occur in an equilibrium manner. The Ti-6Al-4V alloy has low thermal
conductivity, which means that temperature gradients within the material can be significant
during rapid heating.

The intensity of acoustic emission depends on the amount of material undergoing
transformation and the rate of the process. The transformation intensity over time during
the « + 3—f transition is an important aspect. The o« + f — 3 transformation generates
low-to-moderate-intensity signals in a continuous manner, especially at temperatures near
the 3 phase. Under rapid heating conditions, the transformation occurs more abruptly,
resulting in more intense acoustic emission pulses.

The structure of the resulting alloy is characterized by the presence of acicular marten-
sitic structures formed as a result of rapid cooling from the 3 phase. Both the « phase
and residual 3 phase are visible. The martensitic transformation results from atomic dis-
placements, lattice distortions of the solid solution, and the formation of twins. No grain
fragmentation was observed, which is attributed to low stresses and deformations. The
structure of titanium alloys can be shaped through cyclic heat treatment.

In the recorded AE signal, events of various energies were detected, indicating phase
transformations occurring in the Ti-6Al-4V alloy during this time. The level of acoustic
signals is relatively low, despite the intensive « + 3 —  transformation and the growth
and expansion of 3-phase nuclei. Cooling rates did not significantly influence the intensity
or duration of the transformation. The transformation progresses through an increase in
-phase volume as a result of the displacement of the /3 interphase boundary. It can be
observed that the change in thermal expansion occurs similarly at all tested heating rates.
In the heat-treated Ti-6Al-4V alloy, AE signals are observed during phase transformations.
However, not all alloys exhibit clear and effective sources of these signals. In cases where
phase transformation involves very slow, diffusion-based atomic movement, the energy of
the AE signal is very low. It is important to note that the mechanism of this phenomenon is
not fully understood, and tracking changes in AE signals during phase transformation may
provide significant research insights. Although AE studies have been conducted by various
researchers focusing on metals, further research and analysis should be pursued [27-29].

Another approach known in the literature related to thermal processes involves im-
proving the Ti-6Al-4V alloy using various welding techniques [30]. Additionally, the ESD
(Electro-Spark Deposition) method, which involves applying thin coatings [31], leads to
changes in materials. These processes lead to changes in the structure and mechanical
properties of the treated materials.

The study of transformations occurring in Ti-6Al-4V alloys using dilatometry and
acoustic emission is crucial for better understanding the mechanisms responsible for struc-
tural changes and the properties of these materials. The dilatometry method allows for
precise monitoring of dimensional changes in the sample during thermal cycles, enabling
the identification of characteristic temperatures for phase transformations. In turn, acoustic
emission, as a highly sensitive research method, allows for detecting dynamic phenomena
such as cracking, phase transformations, or stress relaxation in real time.

The results of these studies can significantly contribute to optimizing heat treatment
processes, such as annealing or quenching, which directly affect the final properties of
the materials. A better understanding of the phenomena enables the design of more
efficient and predictable production processes, thereby increasing the performance and
reliability of components made of Ti-6Al-4V, widely used in the aerospace, medical, and
automotive industries.
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5. Conclusions

The results of the AE signal analysis validated the relevance of the undertaken investi-
gations. It can be assumed that a more detailed understanding of the spectral characteristics
of recorded signals will enable the more precise identification of microstructures. The anal-
ysis of emissions induced by phase transformations could in the future be enriched with
advanced computational tools, such as digital signal analysis algorithms. Utilizing methods
to monitor the start and end of phase transformations may contribute to the optimization
of industrial processes in the future.

From the conducted research on heating the Ti-6Al-4V alloy at various rates using
research methods such as dilatometry and acoustic emission, the following conclusions can
be drawn:

1. During the heating of the Ti-6Al-4V alloy, dilatometric studies reveal the occurrence
of the @ + B — P transformation on the dilatometric curves.

2. The results, in the form of AE signals and spectrograms, similarly indicate the occur-
rence of phase transformations, consistent with the dilatometric studies.

3.  The start and end times of transformations in the examined alloy depend on the
heating temperature of the Ti-6Al-4V alloy.

4. The acoustic emission method can be effectively used to assess the kinetics of complex
phase transformations occurring during the heat treatment of metals and their alloys.

5. Monitoring the phase transformation process may facilitate the production of materi-
als with better performance properties in the future.

6.  Methods enabling the monitoring of the start and end of phase transformations using
acoustic emission could find applications in industry.

Author Contributions: Writing—Review and Editing, Conceptualization, Resources: M.L.; Data
Curation, Formal Analysis: ].M. and T.T.; Software, Formal Analysis: Z.R. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: This work was co-financed by the Polish Minister of Science under the program
“Regional Initiative of Excellence”.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Dong, H.; Bell, T. Enhanced Wear Resistance of Titanium Surfaces by a New Thermal Oxidation Treatment. Wear 2000, 238,
131-137. [CrossRef]

2. Satendra Kumar, T.S.N.; Sankara Narayanan, S.; Ganesh Sundara Raman, S.; Seshadri, S.K. Thermal oxidation of Ti6Al4V alloy:
Microstructural and electrochemical characterization. Mater. Chem. Phys. 2010, 119, 337-346. [CrossRef]

3.  Piao, R;; Wang, W.; Hu, B.; Hu, H. Characterization and Growth Kinetics of Borides Layers on Near-Alpha Titanium Alloys.
Materials 2024, 17, 4815. [CrossRef]

4. Velasco-Velez, ].].; Davaasuren, B.; Scherzer, M.; Cap, S.; Willinger, M.; Guo, J.-H.; Schlog], R.; Knop-Gericke, A. Exploring the
incorporation of nitrogen in titanium and its influence on the electrochemical corrosion resistance in acidic media. Surf. Sci. 2016,
650, 272-278. [CrossRef]

5. Hunkel, M.; Surm, H.; Steinbacher, M. Chapter 3—Dilatometry. In Handbook of Thermal Analysis and Calorimetry; Elsevier:
Amsterdam, The Netherlands, 2018; Volume 6, pp. 103-129.

6. Wunderlich, B. Thermal Analysis of Polymeric Materials; Springer: Berlin/Heidelberg, Germany; New York, NY, USA, 2005.

7. Menczel, ].D.; Prime, R.B. (Eds.) Thermal Analysis of Polymers: Fundamentals and Applications; John Wiley & Sons: Hoboken, NJ,
USA, 2008.

8.  Rabarijoely, S. The use of dilatometer test for the determination of undrained shear strength in organic soils. Ann. Wars. Univ. Life

Sci. 2008, 40, 97-105. [CrossRef]


https://doi.org/10.1016/S0043-1648(99)00359-2
https://doi.org/10.1016/j.matchemphys.2009.09.007
https://doi.org/10.3390/ma17194815
https://doi.org/10.1016/j.susc.2016.01.007
https://doi.org/10.2478/v10060-008-0041-2

Materials 2024, 17, 6260 12 of 12

10.

11.

12.
13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Basu, B.; Vleugels, J.; Van Der Biest, O. Transformation behaviour of tetragonal zirconia: Role of dopant content and distribution.
Mater. Sci. Eng. A 2004, 366, 338-347. [CrossRef]

Trusova, E.A.; Khrushcheva, A.; Vokhmintcev, K.V.; Titov, D. Dilatometric sintering study of fine-grained ceramics from
ultradispersed admixture composed of Ce0.09Zr0.9102and MgO-AI203. |. Eur. Ceram. Soc. 2013, 33, 2327-2333. [CrossRef]
Sha, W.; Malinov, S. Titanium Alloys: Modelling of Microstructure, Properties and Applications; Woodhead Publishing: Sawston, UK,
2009.

Liitjering, G.; Williams, ].C. Titanium; Springer: Berlin/Heidelberg, Germany, 2003.

Wang, C.; Li, E; Ding, C.; Chang, H.; Zhou, L. Investigation of phase transformation in Fe microalloyed Ti6Al4V alloy during
continuous heating process. MATEC Web Conf. 2020, 321, 12010. [CrossRef]

Homporova, P; Poletti, C.; Stockinger, M.; Warchomicka, F. Dynamic phase evolution in titanium alloy Ti-6Al-4V. In Proceedings
of the Ti 2011—The 12th World Conference on Titanium, Beijing, China, 19-24 June 2011.

Ryba, J.; Kawalec, M.; Tyrata, E.; Krawiec, H. Effect of thermal treatment of biomedical Ti-6Al-4V alloy on corrosion resistance in
simulated physiological solutions. Arch. Metall. Mater. 2020, 65, 39-45. [CrossRef]

Elshaer, R.N.; El-Hadad, S.; Nofal, A. Influence of heat treatment processes on microstructure evolution, tensile and tribological
properties of Ti6Al4V alloy. Sci. Rep. 2023, 13, 11292. [CrossRef]

Totten, G.E.; MacKenzie, D.S. Principles of heat treating of nonferrous alloys. Heat Treat. Nonferrous Alloy 2016, 4, 3-31.

Speich, G.R.; Schwoeble, A.J. Acoustic emission during phase transformation in steel. Monit. Struct. Integr. Acoust. Emiss. 1975,
571, 40-58.

Clapp, P.C. How Would we Recognize a Martensitic Transformation if it Bumped into us on a Dark Austy Night ? |. Phys. IV
1995, 5, C8-11-C8-19. [CrossRef]

Ozgen, S.; Adiguzel, O. Investigation of the thermoelastic phase transformation in a NiAl alloy by molecular dynamics simulation.
J. Phys. Chem. Solids 2004, 65, 861-865. [CrossRef]

Lockner, D. The role of acoustic emission in the study of rock fracture. Int. . Rock Mech. Min. Sci. Geomech. Abstr. 1993, 30,
883-899. [CrossRef]

Lazarska, M.; Wozniak, T.Z.; Ranachowski, Z.; Trafarski, A.; Marciniak, S. The Use of Acoustic Emission and Neural Network in
the Study of Phase Transformation below Ms. Materials 2021, 14, 551. [CrossRef] [PubMed]

Lazarska, M.; WozZniak, T.Z.; Ranachowski, Z.; Trafarski, A.; Domek, G. Analysis of acoustic emission signals at austempering of
steels using neural networks. Met. Mater. Int. 2017, 23, 426-433. [CrossRef]

Heiple, C.R.; Carpenter, S.H. Acoustic emission from low temperature phase transformations in plutonium. J. Nucl. Mater. 1987,
149, 168-179. [CrossRef]

Suri, S.; Viswanathan, G.B.; Neeraj, T.; Hou, D.H.; Mills, M.]. Room temperature deformation and mechanisms of slip transmission
in oriented single-colony crystals of an o/ titanium alloy. Acta Mater. 1999, 47, 1019-1034. [CrossRef]

Scardi, P; Leoni, M.; Tesi, B.; Gianoglio, C.; Bacci, T. Structural refinement of «—3 polymorphs in Ti-6Al-4V alloy. Surf. Eng. 1998,
14, 513. [CrossRef]

Botten, R.; Wu, X,; Hu, D.; Loretto, M.H. The significance of acoustic emission during stressing of TiAl-based alloys. Acta Mater.
2001, 49, 1687-1691. [CrossRef]

Panasiuk, K.; Kyziol, L.; Dudzik, K.; Hajdukiewicz, G. Application of the Acoustic Emission Method and Kolmogorov-Sinai
Metric Entropy in Determining the Yield Point in Aluminium Alloy. Materials 2020, 13, 1386. [CrossRef]

Pieczyska, E.A.; Tobushi, H.; Takeda, K.; Str6z, D.; Ranachowski, Z.; Kulasiniski, K.; Kadela, S., Jr.; Luckner, J. Martensite
transformation bands studied in TiNi shape memory alloy by infrared and acoustic emission techniques. Kov. Mater. Met. Mater.
2012, 50, 309-318. [CrossRef]

Tlale, T.D.; Mashinini, PM.; Mukhawana, D.M. Investigation of Mechanical Properties of Friction and Laser Welded Ti-6Al-4V
rods. In Proceedings of the 2021 IEEE 12th International Conference on Mechanical and Intelligent Manufacturing Technologies
(ICMIMT), Cape town, South Africa, 13-15 May 2021.

Kamburov, V,; Valkanov, S.; Mateev, V.; Marinova, I.; Dimitrova, R.; Nikolov, A. Microstructural Analysis and Electroresistance
Investigation of Hardalloyed Electrospark-Deposited Coatings on TiAl6V4 Alloy. In Proceedings of the 2021 12th National
Conference with International Participation (ELECTRONICA), Sofia, Bulgaria, 27-28 May 2021.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.msea.2003.08.063
https://doi.org/10.1016/j.jeurceramsoc.2013.01.040
https://doi.org/10.1051/matecconf/202032112010
https://doi.org/10.24425/amm.2019.131094
https://doi.org/10.1038/s41598-023-38250-2
https://doi.org/10.1051/jp4:1995802
https://doi.org/10.1016/j.jpcs.2003.09.004
https://doi.org/10.1016/0148-9062(93)90041-B
https://doi.org/10.3390/ma14030551
https://www.ncbi.nlm.nih.gov/pubmed/33498855
https://doi.org/10.1007/s12540-017-6347-z
https://doi.org/10.1016/0022-3115(87)90475-2
https://doi.org/10.1016/S1359-6454(98)00364-4
https://doi.org/10.1179/sur.1998.14.6.513
https://doi.org/10.1016/S1359-6454(01)00091-X
https://doi.org/10.3390/ma13061386
https://doi.org/10.4149/km_2012_5_309

	Introduction 
	Research Methodology 
	Results of the Research 
	Discussion 
	Conclusions 
	References

