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Abstract

Elastic constants of single crystals of metastable β-phase of the Ti-15Mo alloy were studied by ultrasonic methods with the aim to observe the dependence
of these constants on formation of isothermal ω particles. Two ultrasonic methods were applied: resonant ultrasound spectroscopy for monitoring the
temperature evolution of the elastic constants, and transient grating spectroscopy for identification of the local material symmetry at a fixed temperature.
Samples with different heat treatments (isothermal ageing at 300 °C and ageing under the same temperature with uniaxial [111] loading) were studied. The
results prove that the isothermal omega particles always exactly follow the original cubic symmetry of the β matrix, and that the evolutions of the elastic
constants of the β-ω multi-phase crystals can be reliably approximated using Hill’s homogenizing procedure, assuming cubic elastic constants of the β-
phase and isotropic elastic constants representing the ω particles.

 

1.Introduction

Metastable β-Ti alloys are used for many of industrial applications because of their variability of strength, toughness and fatigue resistance [1]. Hexagonal
ω particles play an important role in thermomechanical treatment of this alloys because they serve as heterogeneous nucleation sites for precipitation of
hexagonal close-packed α particles [2], [3], [4]. The ω phase has been widely investigated [5], [6]. It is believed that nano-sized particles of athermal ω
phase form by diffusion-less shuffle transformation during quenching from temperatures above β‑transus temperature. Subsequent heating leads to
formation of ω isothermal particles by coupled diffusional‑displacive transformation. Alloying elements are rejected from ω isothermal particles to the
surrounding body-centered cubic matrix and a collapse of (1 1 1)β planes takes place simultaneously during this process [7]. The ω phase has a signicant
impact on the elasticity of the whole material, as was shown by Tane [8], so the exact measurement of elasticity can bring new information to explain this
problem. Ti15Mo (15 wt. % of Mo) is a prototypical β metastable Ti alloy. Containing only 2 elements, this material is particularly suitable for observing
processes which take place during heat treatment of material, such as the ω particles formation. Ultrasonic methods are very sensitive tools for the
measurement of minute changes of the elastic constants of a material and have already been used for the study of metastable β-Ti alloys [9], [10], [11].

 

2.Experimental

2.1 Examined material

Single crystals of Ti15Mo investigated in this study were grown in an optical floating zone furnace. Single crystals of Ti15Mo were grown in an orientation
with [111] direction parallel to the length of the single crystal. The single-crystalline ingot was solution treated at 860 °C for 4 hours in an evacuated quartz
tube and subsequently quenched in water [12]. The samples in the form of prisms were cut from solution treated material, and crystallographic orientations
of individual faces were checked by Laue method. Subsequently the samples underwent heat treatment under different conditions. The samples after heat
treatment were measured by resonant ultrasound spectroscopy (RUS, [13], [14]) at room temperature to obtain full tensor of elastic constants. One of the
samples was monitored by RUS during isothermal heating at 300 °C starting from the solution treated condition. The sample was heated as rapidly as
possible to obtain the desired temperature, and hold at this temperature for several hours.  Another sample was aged for 4 hours without in-situ RUS
monitoring, and the last sample was aged for 6 hours under an unidirectional compression (800 MPa, applied along the [111] direction). The heat treatment,
dimensions and crystallographic orientations of the measured samples are summarized in Table 1.
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Table 1: Dimensions and directional cosines of crystallographic orientation of the measured single crystals

Heat treatment Dimensions  [mm3] Crystallographic orientation

300 °C/4h 4.53 x 2.5 x 2.86 [0.57 -0.62 0.54] x [-0.39 0.37 0.84] x [-0.72 -0.69 -0.03]

300°C/800MPa/6h 4.82 x 3.06 x 1.72 [0.31 -0.52 -0.79] x [-0.79 -0.61 0.09] x [0.53 -0.60 0.60]

300°C/167h 3.86 x 2.24 x 1.80 [0.59 -0.63 0.51] x [0.81 0.42 -0.42] x [0.06 0.65 0.75]

Accuracy ± 0.01 mm ± 2 °

 

2.2 RUS measurement

The elastic constants of the studied samples were determined by RUS. The fully noncontact set-up described in detail in [15] was used. Prismatic samples
with mirror polished upper face were placed in an evacuated chamber with low pressure of nitrogen atmosphere (10 mbar), which enabled a precise
temperature control (± 0.1 °C) of the examined samples. The vibrations of the sample were excited on its bottom face by infrared laser Nd:YAG laser
(Quantel ULTRA, nominal wavelength 1.064 µm, pulse duration 8 ns). Upper face of the sample was scanned by scanning laser vibrometer (Polytec
OFV505) to obtain frequencies and modal shapes of individual resonant modes. Resonant spectra of free vibrating samples were recorded in frequency
range 0.2 - 2.5 MHz, which covered more than 100 resonant peaks. Between 20 to 50 well detected resonant frequencies from the first 60 resonant modes
together with the velocities of longitudinal waves in direction perpendicular to sample faces were involved in inverse procedure to evaluate the full tensor
of elastic constant. The cubic symmetry with three independent elastic constants (C11, C12 and C44) was assumed for all measured single crystals. Density

of the material was determined from dimensions and weight of individual samples as ρ = 4.93 g/cm3 .

 

2.3 TGS measurement

Transient grating spectroscopy (TGS) is an experimental method for measuring surface acoustic wave (SAW) velocity, involving excitation and detection of narrowband
SAWs. In this work, the modification of this setup as described in [16] was used. The narrowband excitation was achieved by sending a pump-beam (1064 nm, pulse energy
90 µJ, pulse duration 400 ps) through a diffraction transmission grating. The beam was thus divided in two and recombined at the sample surface by a combination of lenses.
As a result, the beam was focused onto the free surface of the sample in the form of a periodic array of lines acting as a photoacoustic source of a time-dependent grating.
The excited wavelength is determined by the geometry and can be changed by the choice of the diffraction grating. Commonly, the excited wavelengths were in order of tens
of micrometers, which corresponds to frequencies in hundreds of MHz. The frequency of the resulting surface vibrations (standing SAWs) was recorded by a continuous
wave detection laser beam (532 nm, 200 mW power) in a heterodyne scheme [17]. The intensity modulations of the probe beam were recorded by two high-speed Si pin-
photodiodes in the differential arrangement. Then, the SAW velocity was obtained simply as v = λf, with wavelength λ given by the excitation geometry, and the frequency f
measured. The wavelength of the excited SAWs in our experimental set‑up was 10 µm. The angular dispersion of SAWs was measured by rotation of the sample with
respect to the excitation pattern. The velocities were measured in 180°, with the step of 2°. Then, the elastic constants of the sample were obtained from an inverse
procedure, with initial values taken from the RUS measurement. To stabilize the calculation, the longitudinal wave velocities measured by pulse-echo method on all three
sides of the sample were considered [15].

 

3. Experimental results and discussion

Three solution treated single crystalline samples were subjected to isothermal heat treatment at 300 °C. One of the samples was in situ measured by RUS to
observe ω particles formation during isothermal ageing, the cooling run from the ageing temperature to room temperature was monitored too. The sample
was in total aged for 167 hours. Evolutions of shear elastic constants C44 and C´ were determined from measured resonant spectra and are shown in figure
1 a) and c). Insets display the same dependences on time in logarithmic scale. Significant increase is observed for both shear elastic constants after the
period of heat treatment, 16 % for C44 and 28 % for C´. The highest increase of both elastic constants is observed at the beginning of the ageing and

2

MATEC Web of Conferences 321, 12012 (2020) https://doi.org/10.1051/matecconf/202032112012
The 14th World Conference on Titanium



Table 1: Dimensions and directional cosines of crystallographic orientation of the measured single crystals

Heat treatment Dimensions  [mm3] Crystallographic orientation

300 °C/4h 4.53 x 2.5 x 2.86 [0.57 -0.62 0.54] x [-0.39 0.37 0.84] x [-0.72 -0.69 -0.03]

300°C/800MPa/6h 4.82 x 3.06 x 1.72 [0.31 -0.52 -0.79] x [-0.79 -0.61 0.09] x [0.53 -0.60 0.60]

300°C/167h 3.86 x 2.24 x 1.80 [0.59 -0.63 0.51] x [0.81 0.42 -0.42] x [0.06 0.65 0.75]

Accuracy ± 0.01 mm ± 2 °

 

2.2 RUS measurement

The elastic constants of the studied samples were determined by RUS. The fully noncontact set-up described in detail in [15] was used. Prismatic samples
with mirror polished upper face were placed in an evacuated chamber with low pressure of nitrogen atmosphere (10 mbar), which enabled a precise
temperature control (± 0.1 °C) of the examined samples. The vibrations of the sample were excited on its bottom face by infrared laser Nd:YAG laser
(Quantel ULTRA, nominal wavelength 1.064 µm, pulse duration 8 ns). Upper face of the sample was scanned by scanning laser vibrometer (Polytec
OFV505) to obtain frequencies and modal shapes of individual resonant modes. Resonant spectra of free vibrating samples were recorded in frequency
range 0.2 - 2.5 MHz, which covered more than 100 resonant peaks. Between 20 to 50 well detected resonant frequencies from the first 60 resonant modes
together with the velocities of longitudinal waves in direction perpendicular to sample faces were involved in inverse procedure to evaluate the full tensor
of elastic constant. The cubic symmetry with three independent elastic constants (C11, C12 and C44) was assumed for all measured single crystals. Density

of the material was determined from dimensions and weight of individual samples as ρ = 4.93 g/cm3 .

 

2.3 TGS measurement

Transient grating spectroscopy (TGS) is an experimental method for measuring surface acoustic wave (SAW) velocity, involving excitation and detection of narrowband
SAWs. In this work, the modification of this setup as described in [16] was used. The narrowband excitation was achieved by sending a pump-beam (1064 nm, pulse energy
90 µJ, pulse duration 400 ps) through a diffraction transmission grating. The beam was thus divided in two and recombined at the sample surface by a combination of lenses.
As a result, the beam was focused onto the free surface of the sample in the form of a periodic array of lines acting as a photoacoustic source of a time-dependent grating.
The excited wavelength is determined by the geometry and can be changed by the choice of the diffraction grating. Commonly, the excited wavelengths were in order of tens
of micrometers, which corresponds to frequencies in hundreds of MHz. The frequency of the resulting surface vibrations (standing SAWs) was recorded by a continuous
wave detection laser beam (532 nm, 200 mW power) in a heterodyne scheme [17]. The intensity modulations of the probe beam were recorded by two high-speed Si pin-
photodiodes in the differential arrangement. Then, the SAW velocity was obtained simply as v = λf, with wavelength λ given by the excitation geometry, and the frequency f
measured. The wavelength of the excited SAWs in our experimental set‑up was 10 µm. The angular dispersion of SAWs was measured by rotation of the sample with
respect to the excitation pattern. The velocities were measured in 180°, with the step of 2°. Then, the elastic constants of the sample were obtained from an inverse
procedure, with initial values taken from the RUS measurement. To stabilize the calculation, the longitudinal wave velocities measured by pulse-echo method on all three
sides of the sample were considered [15].

 

3. Experimental results and discussion

Three solution treated single crystalline samples were subjected to isothermal heat treatment at 300 °C. One of the samples was in situ measured by RUS to
observe ω particles formation during isothermal ageing, the cooling run from the ageing temperature to room temperature was monitored too. The sample
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subsequently slows down. Evolution of both elastic constants during cooling runs from 300 °C to room temperature are shown in figure 1 b) and 1 d).
Room temperature cubic elastic constants after heat treatment of examined single crystals C11, C12, C44 together with constant C´=(C11-C12)/2 representing
the softest shear in unstable or metastable cubic lattice, and anisotropy factor ratio between the shear moduli C44 and C´ are summarized in Table 2.

Table 2: Room temperature cubic elastic constants Ti15Mo samples after heat treatment determined by RUS

sample C11 [GPa] C12 [GPa] C44 [GPa] C´ [GPa] A=C44/C´

300 °C/4h 153.7 ±1 86.4 ± 0.6 54.6 ± 0.5 33.6 ± 0.5 1.63 ± 0.05

300°C/800MPa/6h 159 ± 0.8 87.8 ± 0.6 55.3 ± 0.3 35.6 ± 0.3 1.55 ± 0.04

300°C/167h 160.8 ± 0.8 85.6 ± 0.6 55.9 ± 0.3 37.6 ± 0.3 1.49 ± 0.04

Two samples, one aged for 4h at 300 °C and one aged for 6 h at the same temperature (300 °C) under uniaxial loading in [1 1 1] direction, were measured at
room temperature by TGS method to observe local material symmetry of the samples. The measurements were done on the faces of the samples cut
approximately along the (1 1 0) planes. Room temperature elastic constants computed from measured velocities are shown in Table 3. Measured velocities
of SAWs in this plane are displayed in Figure 2 together with velocities computed from elastic constants determined by RUS and TGS methods. The
sample that underwent ageing at 300 °C without additional loading is displayed in fig. 2a). It is clearly seen that measured velocities agree very well with
velocities computed from cubic elastic constants determined by RUS and with velocities determined by TGS method too. Results for the sample heated
under uniaxial loading in [1 1 1] direction are displayed in fig. 2b). In this case, the agreement between measured velocities and velocities computed from
elastic constants determined by TGS method is again very good, however velocities computed from elastic constants determined by RUS are not in such a
good agreement with measured velocities as in previous case, which may indicate slight breaking of the perfect cubic symmetry due to prestress.
Nevertheless, this material is still very well described by cubic symmetry. Also the agreement between the elastic constants from RUS and TGS
measurements is satisfactory.

 Table 3: Room temperature cubic elastic constants Ti15Mo samples after heat treatment determined by TGS

sample C11 [GPa] C12 [GPa] C44 [GPa] C´ [GPa] A=C44/C´

300 °C/4h 154.9 ±1 87.3 ±0.5 54.6 ±0.4 33.8 ±0.4 1.62 ±0.05

300°C/800MPa/6h 160.2 ±0.8 90.4 ±0.6 54.9 ±0.4 34.9 ±0.4 1.57 ±0.04

If the studied material is considered as a mixture of cubic β matrix and isotropic ω particles, the obtained sets of elastic constants enable estimation of
volume fractions of isothermal ω particles in the examined samples. Using the Hill’s averaging scheme described in [12] and the effective room
temperature elastic constants of isothermal ω particles from [12], the RUS results give approximately 52 % and 54 % volume fractions for the 300 °C/4h
and 300°C/800MPa/6h samples, respectively, and 57 % for the 300°C/167h sample. The method of ω volume fraction estimation from shear elastic
constants is in detail described in our previous work [12]. The samples used for purpose of the study were checked by TEM to prove that only β and ω
phases are present. As samples used in this study were heat treated under similar condition, this assumption is relevant also in this case.
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Figure 1: Evolution of shear elastic constants a) C´and c) C44 during isothermal ageing and during cooling run b) and c) respectively

Figure 2: SAW velocities a) in a (-0.72 -0.69 -0.03) plane of the Ti15Mo sample aged at 300 °C for 4 hours b) in  a (‑0.15 -0.11 0.02) plane of Ti15Mo single crystal
aged at 300 °C under uniaxial loading in [1 1 1] direction for 6 hours. (Black . . . measured data, Red - - - SAW velocities for elastic constants determined by RUS,

Blue   SAW velocities for elastic constants determined by TGS).  [1 1 1] direction corresponds to 0 deg.

 

4. Conclusions

The effect of microstructure evolution on elastic constants of Ti15Mo was studied by ultrasonic methods. A significant increase of shear elastic constants C
´ and C44 was observed as a result of isothermal ageing of single crystalline samples at 300 °C. The increase of shear elastic constants originates from the
formation of ω isothermal particles during isothermal ageing and their growth due to exclusion of β stabilizing element Mo to β matrix. RUS and TGS
results proved that the cubic symmetry of the crystals remains approximately preserved also after isothermal ageing under uniaxial compressive loading in
[1 1 1] direction. This symmetry preservation appears not just globally (the RUS measurements) but also locally, as indicated by the TGS measurement in a
small spot at one of free surfaces of the sample.
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