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Carlos Roberto Grandini c , Conrado Ramos Moreira Afonso d,e,*

a UdelaR, Institute of Physics, Faculty of Sciences, Ultrasonic Acoustics Laboratory, Igua, Montevideo, 4225, Uruguay
b Universidade Federal de São Carlos (UFSCar), Department of Physics, São Carlos, 13565-905, SP, Brazil
c São Paulo State University (UNESP), School of Sciences, Laboratorio de Anelasticidade e Biomateriais, Bauru, 17.033-360, SP, Brazil
d Universidade Federal de São Carlos (UFSCar), Graduate Program in Materials Science and Engineering (PPG-CEM), São Carlos, 13565-905, SP, Brazil
e Universidade Federal de São Carlos (UFSCar), Department of Materials Engineering (DEMa/BioMet-CAM), São Carlos, 13565-905, SP, Brazil
f Corporación Universitaria Comfacauca-Unicomfacauca, Faculty of Engineering, Intelligent System Research Group, Popayan, 190003, Colombia

A R T I C L E  I N F O

Keywords:
Ti alloy
TMZF
Cryogenic temperature
Phase transition
Ultrasonic characterization

A B S T R A C T

In this study, the phase stability of the polycrystalline TMFZ (Ti–12Mo–6Zr–2Fe, wt%) alloy, produced by 
electron beam melting and thermomechanically processed through swaging, was evaluated by ultrasonic mea
surements at cryogenic temperatures. XRD and SEM analyses at room temperature confirmed the presence of a 
major β phase as equiaxial grains and a minor α” phase in the form of acicular structures. Ultrasonic measure
ments were realized with 10 MHz ultrasonic pulses and the pulse-echo technique in cooling-heating cycles of 
temperature between room temperature and 150 K. Some anomalies in the ultrasonic attenuation and velocity at 
cryogenic temperatures were related to the alloy’s phase transitions in the temperature range investigated. The 
anomaly observed at the lowest temperature investigated was compared with the diagram calculated using the 
CALPHAD, which predicted the formation of an ω phase (bcc crystalline structure) at low temperatures. This 
finding also supported some theoretical phase predictions for Ti’s solid solutions. Detection of the α → ω phase 
transition at cryogenic temperatures in the TMFZ alloy can open new horizons for novel industrial applications, 
particularly those operating under extreme temperature conditions.

1. Introduction

Current research has demonstrated the promising potential of β-type 
Ti alloys (with a bcc crystal structure) in various applications, including 
medical, aerospace, aeronautics, automotive, and marine sectors. In 
particular, the TMZF alloy (Ti–12Mo–6Zr–2Fe, wt%) is one of the most 
notable commercial β-type Ti alloys, due to its exceptional combination 
of higher specific strength, lower elastic modulus, improved corrosion 
resistance, and recognized biocompatibility [1,2]. The manufacturing 
process of β-type Ti alloys involves alloying with sufficient β-stabilizer 
elements to prevent the formation of α phase (hcp crystal structure) after 
quenching [3,4]. Thus, the final phase composition of the β metastable 
solid solution can comprise the metastable αʹ, αʹʹ, and ω phases, which 
depend on the chemical composition and play a crucial role in its 
properties [5–7]. The relationship between the phase composition and 
mechanical properties of β-type Ti alloys is relevant to industrial 

applications, as it has been found that the martensitic αʹʹ phase is 
responsible for producing superelasticity and shape memory effects. In 
contrast, the ω phase is detrimental to the increasing hardness and 
elastic modulus [8–10]. Furthermore, the elastic modulus tends to decay 
in proportion to the amount of β phase, hindering the stress-shielding 
effect in biomedical Ti-based alloys [11,12].

The phenomena of phase transition in Ti alloys can be experimen
tally investigated by a variety of characterization techniques, including 
electrical resistance measurements [13], differential scanning calorim
etry (DSC), differential thermal analysis (DTA) [14,15], and mechanical 
relaxation analysis [16]. The last one can provide a deep insight into the 
micro- and nano-scale defects that affect the mechanical performance at 
the macro-scale, and also enable the study of dynamic processes because 
is a sensitive physical property involving mechanical energy absorption 
by the structural arrangement, phase transition, diffusion, and 
matrix-solute interaction (interstitial and/or substitutional), among 
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other mechanisms [17]. For example, using frequencies of 5 and 10 
MHz, Moreno-Gobbi et al. [18] recently investigated low-temperature 
transformations in a Ni–Ti alloy using an ultrasonic pulse-echo tech
nique combined with XRD, TEM, and DSC, revealing a series of phase 
changes and structural rearrangements. Therefore, the ultrasonic tech
nique has been established as a powerful tool for accurately detecting 
and characterizing phase transitions in Ti alloys at temperatures below 
room temperature (RT).

In recent years, advances in computing have enabled the integration 
of experimental results with numerical simulation techniques, facili
tating the interpretation of anomalies observed in experimental data. In 
this scenario, the CALPHAD method has been frequently used to predict 
the phase composition and properties of materials by calculating phase 
equilibria and transformations using thermodynamic models. In Ti- 
based alloys, it has been valuable to optimize the chemical composi
tion to achieve the desired properties with reduced experimental effort. 
For example, the CALPHAD method has been successfully applied in the 
design of low-cost and high-strength Ti–Al–Cr and Ti–Al–Fe alloys, or 
even high entropy alloys, for engineering applications [19–21].

In line with the current interest in β-type Ti alloys for industrial 
applications and the ability to detect atomic rearrangements and phase 
transformations by ultrasonic measurements, this study aimed to eval
uate the ultrasonic velocity and attenuation of the TMFZ alloy 
(Ti–12Mo–6Zr–2Fe, wt%) at cryogenic temperatures. Additionally, DSC 
measurements and theoretical calculations of the phase composition 
were performed to support the interpretation of the ultrasonic results.

2. Materials and methods

The Ti–12Mo–6Zr–2Fe (TMZF, wt.%) alloy was produced from 
commercially pure raw metals using the Electron Beam Melting (EBM) 
technique in a water-cooled copper mold under an inert argon atmo
sphere. Then, the ingot underwent rotary-forging (swaging) thermo
mechanical treatment at 1173 K until it reached a cross-sectional 
diameter of ~10 mm (resulting in an area reduction of around 79 %), 
followed by air cooling (named here as TMZF sample). Further pro
cessing details can be found in earlier studies from our group [22–24].

The phase composition was evaluated using X-ray diffraction (XRD) 
with a Rigaku Gierflex model, operating at 40 kV and 25 mA in the θ-2θ 
configuration, with a scan speed of 0.02◦/s. The XRD pattern was later 
evaluated using crystallographic data sheets from the COD (Crystallo
graphic Open Database). Differential scanning calorimetry (DSC; 
Netzsch 200 F3 Maia equipment) was used to investigate phase transi
tions below room temperature. The DSC test was conducted in the 
temperature range from 298 K to approximately 123 K at a cooling rate 
of 10 K/min. The DSC results were compared with the predicted phase 
diagram acquired by ThermoCalc® software (SGTE PURE5 database). 
Microstructural details were evaluated by optical microscopy (OM; 
Olympus BX41M-LED) and scanning electron microscopy (SEM; Philips 
FEG XL30F) coupled with an X-ray energy dispersive spectroscopy (EDS; 
EDAX detector) device. For this purpose, the sample was subjected to 
standard metallographic preparation, which involved abrasion with SiC 
emery papers (from #240 to #1500 mesh), polishing with alumina (1 
μm), and etching in a modified Kroll’s solution (40 % H2O, 40 % HF, and 
20 % HNO3). Preliminary mechanical properties were evaluated by 
measuring elastic modulus and Vickers microhardness at room tem
perature. The impulse excitation method was employed to determine the 
elastic modulus using the Sonelastic equipment (ACTP Physical Engi
neering Inc., Brazil). Vickers microhardness was measured in a Shi
madzu microhardness model HMV-G 20 ST.

The conventional pulse-echo ultrasonic technique was employed for 
ultrasonic measurements, utilizing X-cut quartz transducers with a 10 
MHz fundamental frequency. Attenuation and pulse travel time were 
measured simultaneously in cooling-warming temperature cycles [25]. 
A sample was cut from the original ingot for these measurements, in the 
form of a cylinder (Ø10 mm × 12 mm). Then, the two plane faces were 

Fig. 1. XRD profile of the as-received TMZF alloy sample.

Fig. 2. Optical microscopy (top) and SEM imaging in BSE mode (bottom) of the 
as-received TMZF sample.
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mechanically polished for ultrasonic measurements as described in 
previous work [26]. The ultrasonic transducer was bonded to the sample 
face with a Nonac Stopcock Grease. An ultrasonic pulse generator was 
used in conjunction with a liquid nitrogen cryostat, and the experi
mental setup was fully automated for measuring and monitoring tem
perature, as well as heating and cooling rates. Measurements were 
performed during cooling from room temperature (RT) to 130 K at a 
constant rate of 1 K/min to avoid thermal gradients in the sample and 
maintain it near thermal equilibrium. As described in a previous paper 
[18], the absolute round-trip transit time for the ultrasonic wave was 
initially determined between two consecutive echoes. Then, the transit 
round-trip time variations were accurately measured using 
cross-correlation techniques over a selected echo. Ultrasonic attenuation 
was obtained by monitoring two echoes in video mode, comparing the 
areas between two selected echoes.

3. Results and discussion

3.1. Phase composition, microstructure, and mechanical aspects at room 
temperature

The phase composition and microstructure of the as-received sample 
are depicted in Figs. 1 and 2. The XRD profile (Fig. 1) exhibited intense 
peaks from the β phase and faint peaks from the ω and martensitic α” 
phase, following some previous studies in the literature with similar 
metastable β-type Ti alloys [27,28]. The microstructure (Fig. 2) was 
composed of equiaxed β phase grains in the order of dozens of micro
meters and some thin acicular structures, with smooth Z-contrast in the 
BSE image, related to α” phase. The sample also exhibited a Vickers 
micro-hardness value of approximately 338 HV and an elastic modulus 
of around 80 GPa at room temperature, which differed from those of 
commercially pure Ti grade 2 (~180 HV and 100 GPa) with a single α 
phase, and agreed well with previous studies in the literature [29]. 
Considering the elevated amount of β-stabilizer alloying elements in 
solid solution and the thermomechanical processing of the sample, the 
dual-phase composition, having a major β phase with traces of the 
metastable α” phase, is typical for metastable β-Ti alloys, suggesting a 

phase transition of β → α” upon quenching. In this sense, the obtained 
micro-hardness values and elastic modulus for the TMZF alloy can be 
linked with the chemical and phase composition aspects of the solid 
solution [30].

The obtained phase composition is also aligned with the theoretical 
predictions for the design of Ti alloys. According to the Al-Moeq concept 
[31], the TMZF alloy possesses a Moeq value between 18 and 19, cor
responding to a metastable β-type Ti alloy with the Ms line for the 
martensitic α” phase close to the room temperature and within the re
gion for metastable ω phase formation [32]. From the Bo-Md diagram’s 
point of view [30], the TMZF alloy has a Bo value equal to 2.816 and a 
Md value of 2.404, placing it in the β phase field, and is quite close to the 
Ms line for the martensitic α” phase and β + ω line as well. Furthermore, 
the TMZF alloy exhibited an electron-to-atom ratio of 4.20, located at 
the interface between the α” + β and β + ω phases [33]. According to the 
ASTM F1813-01 standard [34], the TMZF alloy can only remain in a full 
β phase on the microstructure after rapid cooling from temperatures 
above 998 K. Therefore, considering the thermomechanical history of 
the sample, the occurrence of β → ω phase transition in the sample is 
probable, resulting in a β + α” + ω phase composition in the sample at 
room temperature. Lastly, the obtained result agreed well with the phase 
composition detected by Guerra et al. [35] and Nag et al. [36], who 
identified ω phase formation on the β phase matrix of the TMZF alloy 
induced by hot deformation or ageing treatment.

3.2. Ultrasonic and thermal evaluation at cryogenic temperatures

Fig. 3 shows the ultrasonic attenuation and velocity measured on the 
TMZF sample during a cooling-heating cycle between room temperature 
and 150 K. A quartz transducer with an X-cut orientation and a central 
frequency of 10 MHz was used for our measurements. To avoid tem
perature gradients in the sample, the sample temperature varied at a rate 
of 2 K/min. The attenuation-velocity spectrum at temperatures below 
room temperature, as shown in Fig. 3, provides information on the in
ternal mechanisms of the sample, including an unexpected equilibrium 
phase transformation detected at approximately 160 K, which will be 
discussed later. Although the attenuation-velocity spectrum shows a 

Fig. 3. Ultrasonic attenuation and sample velocity TMZF, showing cooling (blue) and heating (red) processes. The numbers label different anomalies on the curves. 
The inset shows the process in the shaded region in detail.
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complex behaviour, at least three main anomalies can be observed in 
both branches of the temperature cycle.

During the cooling run, at least three evident anomalies in the 
attenuation can be observed at approximately 200 K, 175 K, and 160 K, 
respectively, accompanied by corresponding changes in the velocity. 
Near 200 K, an abrupt decrease in attenuation is observed, extending up 
to 180 K. At 175 K and 160 K, two distinct peaks are present. On the 
other hand, in the heating run, a distinct peak is observed in the 
attenuation at 160 K and 200 K, accompanied by an abrupt increase 
from 220 K up to 230 K. Velocity profile analysis reveals a distinct 
anomaly at 175 K during the cooling cycle and a comparable disconti
nuity at 200 K during the heating cycle, with the observed correspon
dence between the attenuation peaks at these temperatures suggesting 
that the phenomenon may arise from the same underlying mechanism. 
Additionally, a similar behaviour is observed in velocity up to the 
beginning of the anomaly in attenuation at 200 K in the cooling run and 
220 K in the heating run, indicating a correspondence between the 
observed attenuation steps. These anomalies, which can be observed in 
both attenuation and speed simultaneously, are labelled as 1 and 2 to 
distinguish them from other minor alterations that can be attributed to 
the complex behaviour of the deformed sample. The anomalies tagged as 
number 3 are not hysteretic, and we attribute them to a possible and 
unexpected low-temperature phase transition.

We attributed the anomaly labelled as 1, which exhibits a large 
temperature hysteresis, to a martensitic phase transition, as expected for 
the studied TMZF sample based on the crystalline phases observed 
during structural characterization performed at room temperature. 
Finally, the anomaly tagged as 2 is identified as a secondary peak 
accompanying the previously mentioned main martensitic trans
formation. Details of the attenuation and velocity variations are pre
sented in Fig. 4, where an abrupt decrease in velocity is observed at the 
same temperature as the attenuation peak. This secondary peak is 
similar to the one observed by us in the ultrasonic characterization of a 
Ni–Ti alloy at low temperatures, where this anomaly was correlated with 
a marked shift in the morphology of martensite domain interfaces, 
encompassing both phase and twin interfaces, during the progression of 
martensite phase formation. This morphological shift induced a tem
perature decline consistent with the domain growth observed in fer
roelastic materials during second-order phase transitions [25].

In this sense, martensitic transformations in Ti–Nb alloys are first- 
order displacive transitions characterized by intrinsic energy barriers. 
The hysteresis results from the strain energy required to nucleate and 
propagate the martensite-austenite interface. During cooling, the β → α″ 
transformation requires subcooling to overcome the interfacial strain 
energy, while the reverse α″ → β transformation during heating requires 

superheating to overcome the same barrier [37]. Thus, cryogenic cool
ing traps metastable phases, such as ω-athermal and retained β-Ti phase, 
which modify the thermodynamic landscape and transformation ki
netics. For example, it is reported [38] that in the Ti–23Nb-0.7Ta–2Zr 
(wt. %) alloy, planar ω-phase layers form at the α″/β interfaces during 
quenching. These ω-complexions reduce the interfacial energy and sta
bilize metastable configurations, effectively increasing the reverse 
transformation temperature (As) during heating. Here, the ω phase acts 
as a kinetic "lock" requiring additional thermal energy to dissolve before 
the α″ → β transition can proceed.

Although ultrasonic velocity and attenuation have allowed us to 
obtain relevant information on the behavior of the sample under study at 
low temperatures, comparative DSC measurements were performed for 
comparison purposes, in cooling the sample at a rate of 10 K/min. Re
sults are presented in Fig. 5. It is interesting to compare the DSC mea
surements in the same material in a cooling run, showing the anomalies 
1, 2 and 3 at the same temperatures tagged in Fig. 3. Also, the irregular 
shape that it presents indicate a complex behaviour of the sample, like 
the observed in ultrasound spectrum in the corresponding temperature 
run. This is a clear indication that the anomalies identified in the ul
trasonic spectrum correspond to certain mechanisms also detected 
through DSC measurements. The advantage of ultrasound is the ability 
to obtain information on the same sample for at least two parameters: 
attenuation and velocity. Furthermore, the system’s temperature can be 

Fig. 4. Ultrasonic attenuation and velocity in the cooling run for TMZF alloy, 
amplified in the reduced temperature interval between 150 K and 210 K.

Fig. 5. DSC measurement realized in the TMZF sample.

Fig. 6. Ultrasonic velocity in the cooling run and DSC curve of TMZF alloy 
amplified in the reduced temperature interval between 150 K and 170 K.
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controlled with a very low rate of variation, ensuring the thermal uni
formity of the sample throughout the measurement process. It is worth 
noting the complex structure of both measurements, ultrasonic and DSC. 
In general, both measurements show equivalent anomalies, some of 
which we identified and analyzed. Other minor anomalies may be 
attributed to complex mechanisms at the local scale, such as defects 
and/or wall interactions resulting from the TMZF sample composition 
and thermomechanical history. Guerra et al. [35] studied the effect of 
hot deformation in a beta metastable TMZF alloy with the same 
composition as the one analyzed by us. They detected this type of local 
mechanism at room temperature, which is typical of this kind of sample. 
We propose that this condition persists at temperatures below RT and is 
responsible for the observed minor anomalies.

The thermodynamic transition observed at temperatures above 160 
K is characterized by a small amount of the α phase transforming into the 
ω phase. We expect only minor alterations in the cooling branch of both 
measurements (ultrasonic and DSC) due to the small amount of phase 
transformed as the temperature decreases. However, we can expect a 
more significant effect in the heating run. The velocity increases weakly 
in the cooling run and decreases more intensely in the heating run. As 
shown in Fig. 6, the ultrasonic velocity during the cooling run and the 
DSC curves are plotted in the temperature range of 150 K–170 K. An 
anomaly is observed in both curves at approximately 160 K, evidenced 
by the slope change in the curves.

3.3. Theoretical phase prediction at cryogenic temperatures

To better elucidate the anomalies of the ultrasonic measurements 
and the corresponding phase transitions, the phase composition at 
equilibrium of the TMZF alloy was further evaluated using the CAL
PHAD methodology. Fig. 7 shows that the α phase is stable at room 
temperature, transitioning to the β phase at high temperatures (~969 
K), a typical polymorphic transition in Ti alloys. However, the image 
also depicts ω phase precipitation at a cryogenic temperature of 157 K, 
which was not previously detected in the literature using in situ char
acterization methods. The assumption of cryogenic ω phase precipita
tion is supported by some reports in the literature. Using 
thermodynamic approaches, Bonisch et al. [30] exploited the α, β, and ω 
phase proportions of Ti–Nb alloys as a temperature function. The results 
demonstrated the predominance of the ω phase at cryogenic tempera
tures, resulting from the β → ω phase transition. The same was reported 
by Hennig et al. [39], who pointed out the α → ω and β → ω phase 
transitions in metallic titanium as a function of pressure and tempera
ture using ab initio methods. Finally, this finding is also supported by the 
Lai et al. [40] and Li et al. [41] reports, which explained the ω phase 

stability at low temperatures despite β in Ti–Nb and Ti–Nb–Ta–Zr alloys 
because of a spontaneous twinning in the {211}β < 111>β boundary.

4. Conclusion

From the results reported in this study, it is possible to conclude. 

• The as-received TMZF sample depicted a major β phase in the form of 
equiaxial grains and a minor martensitic α” phase with an aspect of 
thin acicular structure;

• Theoretical design methods also assured the presence of a metastable 
ω phase in the as-received sample;

• The ultrasonic characterization of the TMZF alloy at low tempera
tures showed several anomalies associated with equilibrium and 
non-equilibrium phenomena, as martensite phase transitions, 
changes in the morphology of martensite domain interfaces, complex 
mechanisms at the local scale, and a previously undetected cryogenic 
ω phase transition;

• The observed ultrasonic results reinforce the importance of this 
technique to study Ti-based alloys properties at low temperatures, 
where small changes in phase content and/or material morphology 
could be detected;

• To shed light on the mechanism responsible for the anomaly 
observed around 160K, the ThermoCalc® analysis obtained the 
corresponding phase diagram, which indicated the presence of the ω 
phase at cryogenic temperatures;

• The ultrasonic measurements allied to the theoretical methods 
proved to be an innovative way to detect phase transitions at cryo
genic temperatures in Ti-based alloys, which can open new horizons 
for applications in extreme conditions, such as marine and aerospace 
environments.
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