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a b s t r a c t

A laser ultrasonic based non-contact detection method combined with support vector regression (SVR)
was proposed for the first time for in-situ predicting the volume fraction of a-phase in titanium alloy
(Ti-10V-2Fe-3Al). The alloy specimens were heated with incremental temperatures from 820 to
1100 �C to obtain different microstructures and volume fraction of a-phase, and the nonlinear relation-
ship between the parameter of Rayleigh ultrasonic wave (velocity, amplitude and peak frequency) and
the volume fraction of a-phase was established and analyzed by the combination of laser ultrasonic
experiment and metallographic analysis. The SVR, with ultrasonic parameters and heat treatment param-
eters (heating and cooling rate, holding time and holding temperature) as input features, was imple-
mented to predict the volume fraction of a-phase, achieving a relative mean error less than 5%. The
results indicate that the SVR-based laser ultrasonic technique can be applied as a reliable and effective
method for in-situ characterization of volume fraction of a-phase in titanium alloy.

� 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Titanium alloy has excellent comprehensive properties, such as
high specific strength and fracture toughness, fatigue strength and
resistance to crack propagation, which has been widely used in avi-
ation, aerospace and other industrial departments [1–4]. According
to the micro-structures, titanium alloys can be divided into a, b
and a + b titanium alloys. The micro-structural features, such as
grain size, texture, phase constitution that are closely related to
mechanical performance of titanium alloys, are significantly
affected by heat treatment conditions [5,6]. Rapid characterization
and even real-time monitoring of phase transition and micro-
structure evolution could be helpful for improving production pro-
cess and optimizing material properties. The conventional
approach for characterizing the micro-structures involves a battery
of cumbersome and time-consuming processes that using either

scanning electron microscopy (SEM), electron backscatter diffrac-
tion (EBSD), X-ray diffraction, mechanical testing or their combina-
tion, which are off-line based, and some dynamic processes, such
as recrystallization, phase transition and subsequent grain growth
that are of great significance for the optimization of production
process cannot be discerned in time [7–10].

The non-contact laser ultrasonic (LU) technology, using a pulsed
laser to generate ultrasonic waves and utilizing an optical interfer-
ometer to detect ultrasonic waves has been widely implemented
for evaluating microstructures, such as texture coefficient
[11,12], grain size [6,13,14], porosity [15,16], and crystal elasticity
constants [17–19]. The LU technique is insensitive to environment
factors, such as high temperature, heavy electromagnetic interfer-
ence, and vibration, etc. [20–23]. Due to these merits, the LU tech-
nique has created various opportunities for the application of data-
driven methods for phase transformation monitoring [24,25],
mechanical performance evaluation [17] and microstructure char-
acterization [26]. Most recently, the in-process monitoring of addi-
tive manufacturing using the generated high frequency ultrasonic
waves to characterize micro-defects and residual stress have been
published elsewhere [27–29].
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The parameters of laser-generated ultrasonic waves, such as
velocity, attenuation and frequency that closely correlate with
the microstructures, have been widely used for materials charac-
terization [30,31]. Maalekian et al. [13] proposed a novel in situ
ultrasonic technique to measure the austenite grain grown during
continuous heating and subsequent isothermal holding at various
temperatures in the range of 950–1250 �C. Dong et al. [6] reported
a novel model to calculate the log-normal distribution of grain size
based on the correlation between the frequency dependent atten-
uation and the volumetric grain size distribution of Ti alloy. Scat-
tering and attenuation of longitudinal and transverse waves with
microstructure or microtextural of single phase and duplex poly-
crystalline materials have been studied [32,33]. Based on velocity
dispersion, the grain growth, texture type and feature measure-
ment of anisotropic materials using LU have also been investigated
[11,13,15]. However, above methods mainly rely on the correlation
between one or several parameters of ultrasonic waves and the
microstructure of single phase polycrystalline materials. For multi-
phase materials with different microstructures, the variation of
wave velocity and amplitude resulting from the multi-factor cou-
pling related to the microstructures and phases is more compli-
cated, which making it difficult and inaccurate to evaluate the
microstructure of material from the direct ultrasound data.

The development of machine learning (ML) and artificial intelli-
gence (AI) technology has provided new possibilities for accelerat-
ing materials design and characterization [34–36]. It avoids
building complex model by using costly, time-consuming experi-
mental trials or physical theoretical calculations, but with the help
of high-performance computing and high-dimension, large-size
industrial datasets for well mapping the complex nonlinear rela-
tionship between the micro-structure information and parameters
of ultrasonic signals. The ML and multi-scale calculation has been
combined for predicting the tensile strength of pearlitic steel wires
using industrial data [35]. Time-frequency patterns of acoustic
emission (AE) signals have been put into ML models to predict
the salient microstructural phases present on a metallic workpiece
surface [37]. However, the usage of ML to assist in characterizing
the microstructure of multiphase alloy materials by laser ultra-
sound has not been reported.

In this work, an in situ microstructure characterization method
that combines LU technique and machine learning method is pro-
posed for predicting the a-phase fraction of titanium alloy, Ti-10V-
2Fe-3Al. The alloy specimens are heated with incremental temper-
atures to obtain different duplex microstructures of a-phase and b-
phase. The relationship between the fraction of a-phase and the
parameters of Rayleigh ultrasonic waves is established by the com-
bination of laser ultrasonic experiment and metallographic analy-
sis, and the support vector regression (SVR) algorithm is further
proposed for predicting the a-phase fraction. The rest of the paper
is organized as follows. Section 2 describes the process of sample
preparation and methods, including heat treatment of materials,
laser ultrasonic experiment and support vector regression algo-
rithm. Section 3 presents the results and discussion of LU experi-
ments, materials characterization and prediction performance
using SVR model. The conclusions of this work is summarized in
Section 4.

2. Sample preparation and methods

2.1. Heat treatment of materials

The Ti-10V-2Fe-3Al alloy is a typical metastable b-type tita-
nium alloy, which has high-strength/toughness and deep hardness.
The volume fraction of a-phase is a critical parameter that influ-
ences the growth of b grain and the critical stress levels for the

stress-induced martensitic transformation [5,38]. For obtaining
different volume fraction of a-phase, six forged Ti-10V-2Fe-3Al
specimens measuring 60 mm in length, 50 mm in width and
10 mm in thickness were undergone continuous heating in a muf-
fle furnace (KSL-1750X-S, HF-Kejing, China), held at different tem-
perature above b-transus temperature (metallographically
measured at 793 �C), and followed by furnace cooling. The specific
heating regime is shown in Table 1. Before laser ultrasonic exper-
iment, the surface oxidation layer of each specimen is removed
and the roughness of the specimen surface was kept consistent
about 1 lm. After ultrasonic data acquisition, the specimen surface
was polished and etched in a mixed solution of 10% hydrofluoric
acid, 30% nitric acid for 5 s for metallographic observation. The
vibration polishing was conducted to eliminate the residual stress,
and avoid phase transition and preferred orientation. The phase
constitutions of each specimen were examined using X-ray diffrac-
tion (XRD, Bruker D8 Discover) with Cu Ka radiation and the mor-
phology of the duplex microstructure was analyzed using field
emission scanning electron microscope (FESEM, ZEISS SUPRA�55).

2.2. Laser ultrasonic experiment

The schematic of laser ultrasonic setup is shown in Fig. 1. A Nd:
YAG laser (Centurion+, Quantel Laser company, USA) with pulse
duration of 12 ns, wavelength of 1064 nm is used to generate Ray-
leigh waves. To avoid ablation of material surface while enhancing
signal intensity, the pulse energy is limited to 5 mJ and focused as a
line with length about 10 mm. A double-wave mixed (DWM) inter-
ferometer (TEMPO 2D, Sound & Bright company, USA) with a con-
tinuous laser operating at wavelength of 532 nm and a bandwidth
of 20 MHz is applied to receive the surface displacements. A band-
pass filter of 532 nm is attached to the front of the interferometer
lens to avoid the generation of disturbance signal by the pulsed
laser. The DWM interferometer is synchronized with the Nd:
YAG pulsed laser for signal acquisition. The distance between the
generation and detection point is set at 22 mm, and the acoustic
interrogation area is larger than 220 mm2, which guarantee the
reliability of the evaluation results. The data acquisition card
(DAQ) has sampling frequency of 250 MHz and the received signal
is averaged 128 times to improve the signal-to-noise ratio. The
two-dimensional motion platform is used to move the sample to
realize the scanning detection at different positions.

2.3. Support vector regression algorithm

The support vector regression (SVR) is based on the structural
risk minimization (SRM) principle, which has greater generaliza-
tion ability and is superior to the empirical risk minimization
(ERM) principle as adopted in neural networks [38]. The SVR algo-
rithm has been proven to be an effective tool in real-value function
estimation. As a supervised-learning approach, SVR uses a sym-
metrical loss function, which equally penalizes high and low mis-
estimates. One of the main advantages of SVR is that its
computational complexity does not depend on the dimensionality
of the input space. Additionally, it has excellent generalization
capability and high prediction accuracy. Due to the complexity
between acoustic parameters and volume fraction of a-phase, the
SVR method is used to predict the volume fraction of a-phase.
The flow chart for the prediction of the volume fraction of a-phase
using SVR-based LUmethod is shown in Fig. 2. The acoustic param-
eters of Rayleigh ultrasonic waves: velocity, amplitude and peak
frequency, and the heat treatment parameters: heating and cooling
rate, holding time and holding temperature are extracted together
as feature parameters, which are combined with the known label
of a-phase fraction for training the SVR model. A total number of
66 signals were collected at different positions from the center of
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each specimen randomly, with 55 of them randomly selected as
training set, and the remaining 11 used as testing set.

The idea of regression problem is to determine a function that
can predict future values accurately. The generic SVR estimating
function takes the form [39]

f xð Þ ¼ w �U xð Þð Þ þ b ð1Þ

where, w # Rn, b # R, and U denotes a nonlinear transformation
from Rn to high dimensional features space. The key point is to find
the value of w and b such that values of x can be determined by
minimizing the regression risk

Rreg fð Þ ¼ C
X‘

i¼0

C f xið Þ � yið Þ þ 1
2
k w k2 ð2Þ

where C(�) is a cost function, C a cost parameter. The vector w in Eq.
(2) can be written in terms of data points as

w ¼
X‘

i¼0

ai � a�
i

� �
U xið Þ ð3Þ

And the generic Eq. (1) can be rewritten as

f xð Þ ¼ P‘
i¼1

ai � a�
i

� �
U xið Þ �U xð Þð Þ þ b

¼ P‘
i¼1

ai � a�
i

� �
k xi; xð Þ þ b

ð4Þ

In Eq. (4), the dot product can be replaced with function k(xi, x),
so-called the kernel function. In this work, the radial basis function
(RBF) is used as the kernel for regression

k xi; xð Þ ¼ exp �c x� xij j2
n o

ð5Þ

where, c is the kernel parameter.

3. Results and discussion

3.1. Microstructure characterization

Fig. 3(a)–(f) shows the morphology of microstructure of the Ti-
alloy after heat treatment. All the six specimens consist of a + b
phase, identified by the XRD pattern in Fig. 3(g). The dark and
bright regions represent the a-phase and b-phase respectively.
Due to forging work, the morphology of a-phase and b-phase in
the as-received specimen 0# has elongated shape, as shown in
Fig. 3(a). After recrystallization above b-phase transition tempera-
ture, the morphology of a-phase and b-phase was reshaped, with
irregular colonies of b-phase near a-phase grain boundary, shown
in Fig. 3(b) and (c). When the heating temperature exceeded

Table 1
The heating regime of the Ti-10V-2Fe-3Al titanium alloy specimens.

No. 0 1 2 3 4 5

Holding temperature (�C) RT 820 820 900 1000 1100
Heating rate (�C/min) – 10 10 10 10 10
Holding time (min) – 30 60 60 60 60

*RT represents room temperature.

Fig. 1. The schematic diagram of laser ultrasonic technique for Rayleigh ultrasonic waves generation and detection on Ti-alloy specimens.

Fig. 2. Flow chart for predicting the a-phase fraction of Ti alloys using SVR-based
laser ultrasonic method.
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900 �C, the morphology of microstructure was changed signifi-
cantly, with lath-shaped a-phase grain separated by the fine lamel-
lar strips of b-phase, as shown in Fig. 3(d)–(f). The fraction of a-
phase was quantitatively evaluated from the SEM micrographs
using a binary imaging algorithm. Six different fields of view
obtained from the center of the region of laser ultrasonic inspec-
tion with magnification of 100� are counted, with a total area of
about 5.5 mm2 in each specimen. It can be seen from Fig. 3(h) that
the fraction of a-phase in specimens 0#–5# ranges from 77.8% to
89.6%.

3.2. Ultrasonic parametric analysis

Fig. 4(a) shows the representative waveform of the laser-gener-
ated Rayleigh ultrasonic waves, which is identified by the velocity
according to the travel distance (22 mm) and arrival time. Fig. 4(b)
is the zoomed signal of Rayleigh in Fig. 4(a), which means the
velocity of Rayleigh wave in each specimen is different. Except
for the specimen 0#, the other specimens have isotropic structures
(Fig. 3(b)–(f)) and no texture exists, confirmed by the XRD pattern,
shown in Fig. 3(g). The change of velocity of Rayleigh wave in Fig. 4
(b) is therefore mainly affected by the microstructural morphology
in titanium alloy. Fig. 4(c) shows the variation of Rayleigh wave
velocity with the volume fraction of a-phase in each specimen. It
can be seem that the velocity of Rayleigh in each specimen is
almost consistent, with very short bar of 95% confidence interval
(CI) counted using the 66 signals at different position in each spec-

imen. The velocity of the 66 signals in the same specimen is almost
constant, but which are obviously different between different spec-
imens, with a maximum difference larger than 150 m/s (except for
0# specimen). The abruptly increased velocity of Rayleigh wave
(about 2983 m/s) in specimen 0# is mainly related to the intrinsic
residual stress resulting from dislocation networks in the
microstructure of the as-received forged specimen [40]. These net-
works can be reduced through annealing treatment, leading to the
release of residual stress in specimens 1#–5#.

The variation of amplitude of Rayleigh wave with the volume
fraction of a-phase is shown in Fig. 4(d). It can be seen that the
relationship between the amplitude of Rayleigh wave and the frac-
tion of a-phase is nonlinear for the volume fraction of a-phase var-
ies from 77.8% to 89.6%. In addition, the amplitude of Rayleigh
wave in specimens 0#–2# is significantly higher than that in spec-
imens 3#–5#, which is probably related to the morphology of a-
phase, in Fig. 3(a)–(f). Fig. 4(e) shows the frequency spectrum of
Rayleigh waves from specimens 0#–5#. It can be seen that Ray-
leigh wave has a broad frequency band ranging from 1 to 5 MHz
and the variation of bandwidth for each specimen is obvious.
According to the frequency spectrum in Fig. 4(e), the wavelength
of Rayleigh wave in Ti-alloy is about 1.0 to 1.5 mm, indicating that
the scattering of Rayleigh waves mainly occurs in the Rayleigh
scattering regime, and following the relationship [6]

a k;Dð Þ ¼ CRD
3k�4 ð6Þ

Fig. 3. Microstructural analysis: (a)-(f) show the SEM photographs of the representative microstructure for each specimen; (a) As-received specimen 0# at forged state; (b)
specimen 1# at 820 �C for 0.5 h; (c) specimen 2# at 820 �C for 1.0 h; (d) specimen 3# at 900 �C for 1.0 h; (e) specimen 4# at 1000 �C for 1.0 h; (f) specimen 5# at 1100 �C for
1.0 h. The inset in each subplot shows the magnified microstructures and the a-phase and b-phase is marked with arrows; (g) the XRD patterns of 0#-5# specimens; (h) the
volume fraction of a-phase in each specimen.
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where, a is the attenuation coefficient, CR is material constant, D the
mean grain size, k the wavelength of ultrasound. Eq. (6) shows that
the attenuation coefficient a is proportional to the minus fourth
power of k, when the a-phase in Ti-alloy has equiaxed crystal struc-
tures. Therefore, the preferential attenuation of higher frequencies
causes the spectrum low-frequency offset, as shown in Fig. 4(e).

Take specimens1#and4#as an example, Fig. 4(e) shows that the
high frequency components above 1.0 MHz in specimen 4# are
reduced substantiallywhen comparedwith specimen1#. Combined
with the duplex microstructure in specimens 1# and 4# [Fig. 3(b)
and (d)], the low-frequency offset of spectrum indicates that the
a-phase with lath shape is more likely to cause high-frequency
attenuation than that with irregular colonies. For the Ti-alloy with
duplexmicrostructure and approximate ellipsoidal grain, the expli-
cit backscattering coefficient can be expressed as [26]:

g kð Þ ¼ 1 - Mð ÞQbVbk
4

1þ 4k2xa
2
b þ 4k2yb

2
b þ 4k2z c

2
b

� �2 þMQaVak
4 ð7Þ

where, M represents a normalized average characteristic length, Qa,
b the normalized covariance of elastic stiffness, and Va,b the ‘‘effec-
tive volumes” for a-phase and b-phase, ki (i = x, y, z) the direction
vector of incident wave, k the wavenumber. Eq. (7) indicates that
the backscattering of ultrasonic waves from the a-phase with lath
shape depends strongly on the incident wave direction. However,
due to the random orientation of a-phase grain, the attenuation
from a large detection area is proportional to the effective volume
fractions of a-phase [41]. The relationship between peak frequency
of Rayleigh wave and the volume fractions of a-phase is shown in
Fig. 4(f). It can be seen that the relationship between the peak fre-
quency of Rayleigh wave and the volume fractions of a-phase is
nonlinear, which is similar as the feature parameter of amplitude
in Fig. 4(d).

In summary, the three ultrasonic parameters present a complex
relationship with the variation of volume fractions of a-phase, that
leading to the directly evaluation of volume fractions of a-phase
from ultrasonic signals is much difficult. In addition, the grain size
and the morphology of a-phase and b-phase influence significantly
on the three ultrasonic parameters due to the scattering and atten-
uation effects. Considering the correlation between the grain size,
phase morphology and the heat treatment temperature, the heat
treatment temperature was adopted as the important index for
describing the grain size and phase morphology. And three param-
eters, including heating and cooling rate, holding time and holding
temperature, combined with the three parameters of ultrasonic
signals are selected as input features for predicting the volume
fractions of a-phase using SVR model.

3.3. Prediction of volume fractions of a-phase using SVR

First, the costparameterCandkernel functionparameter c in Eqs.
(2) and (5) are determined using two-fold cross validation and fur-
ther optimized with grid search method, with optimized value of
11.5 and 0.1, respectively. The index of relative mean error (RME)
is applied for evaluating the performance of the SVR model [39].
Fig. 5 shows the RME of the volume fraction of a-phase predicted
using theproposed SVRmodel. It can be seen that theRMEof volume
fraction prediction for specimens 0#–5# is less than 5%, which
proves the effectiveness of the SVR-based laser ultrasonic method
for evaluating the volume fraction of a-phase in titanium alloy.

4. Conclusions

In this work, an in-situ evaluation method for predicting the
volume fractions of a-phase in Ti-10V-2Fe-3Al alloy is proposed,
by the combination of laser ultrasonic technique and support vec-

Fig. 4. Laser ultrasonic signal analysis: (a) the time-domain signals of the received ultrasonic waves from specimens 0#–5#; (b) the zoomed signal of Rayleigh wave in (a); (c),
(d) the variation of velocity and amplitude of Rayleigh waves with volume fraction of a-phase; (e) the frequency spectrum of Rayleigh waves in each specimen; (f) the
variation of peak frequency of Rayleigh waves with volume fraction of a-phase; the error bars show the 95% confidence interval for ultrasonic parameters at 66 different
locations in each specimen.
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tor regression for the first time. The nonlinear relationship
between the ultrasonic parameters (amplitude, velocity and peak
frequency) of Rayleigh wave and the volume fraction of a-phase
are obtained and analyzed. The SVR algorithm using the parame-
ters of laser-generated Rayleigh ultrasonic wave and the heat
treatment parameters as input features is proposed to predict the
volume fraction of a-phase, which has a RME less than 5% for each
specimen. This work proves that the SVR-based LU method can be
considered as a powerful mean for in-situ evaluation of
microstructure in multiphase metallic materials.
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