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Abstract: The presence of large microtextured clusters (MTC) composed of small α-phase crystal-
lites with preferred crystallographic orientations in 3D printed near-α titanium alloys leads to poor
mechanical and fatigue properties. It is therefore crucial to characterize the size of MTCs nonde-
structively. Ti6Al4V/B4C composite materials are manufactured using Laser Melting Deposition
(LMD) technology by adding an amount of nano-sized B4C particles to the original Ti6Al4V powder.
TiB and TiC reinforcements precipitating at grain boundaries stimulate the elongated α crystallites
and coarse columnar MTCs to equiaxed transition, and microstructures composed of approximately
equiaxed MTCs with different mean sizes of 11–50 µm are obtained. Theoretical models for scattering-
induced attenuation and centroid frequency downshift of ultrasonic waves propagating in such a
polycrystalline medium are presented. It is indicated that, the studied composite material has an
extremely narrow crystallographic orientation distribution width, i.e., a strong degree of anisotropy
in MTCs. Therefore, MTCs make a dominant contribution to the total scattering-induced attenuation
and spectral centroid frequency downshift, while the contribution of fine α-phase crystallites is
insignificant. Laser ultrasonic inspection is performed, and the correlation between laser-generated
ultrasonic wave properties and microstructural properties of the Ti6Al4V/B4C composites is an-
alyzed. Results have shown that the deviation between the experimentally measured ultrasonic
velocity and the theoretical result determined by the Voigt-averaged velocity in each crystallite is
no more than 2.23%, which is in good agreement with the degree of macroscopically anisotropy in
the composite specimens. The ultrasonic velocity seems to be insensitive to the size of MTCs, while
the spectral centroid frequency downshift is approximately linear to the mean size of MTCs with a
goodness-of-fit (R2) up to 0.99. Actually, for a macroscopically untextured near-α titanium alloy with
a relatively narrow crystallographic orientation distribution, the ultrasonic velocity is not correlated
with the properties of MTCs, by contrast, the central frequency downshift is dominated by the size
and morphology of MTCs, showing great potentials in grain size evaluation.

Keywords: laser-ultrasonics; laser melting deposition; metal composites; ultrasonic scattering; cen-
troid frequency shift

1. Introduction

Metal 3D printing technology, as an additive manufacturing technology, has the
advantages of high deposition efficiency, low manufacturing cost, and a high degree
of design freedom, lightweight design and functional integration over the conventional
formative or subtractive manufacturing [1–4]. It shows broad prospects for technological
industrialization in the fields of medical, automotive, nuclear power, and aerospace [4,5].
Laser Melting Deposition (LMD) technology, as one of the metal 3D printing technologies,
has attracted researchers’ attention. Based on different forms of raw materials, there are two
LMD forming processes: powder feed and wire feed, which have different advantages and
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applications. The LMD with powder feed gives better resolution and surface finish and it
has the advantages of high matrix bonding strength, and uniform and dense microstructure.
While the LMD with wire feed is considered to be a promising method for forming large
components owing to its high deposition rate, high material utilization rate, and relatively
low costs of manufacturing and equipment [6–10]. During the LMD forming process,
the sample will experience transient heating and melting at a point heat source followed
by rapid cooling, resulting in a large temperature gradient between the melt pool and
the substrate. For near-α titanium alloys, which are widely used in aircraft engine, the
large temperature gradient can lead to the appearance of large microtextured clusters
(MTC) running through several cladding layers, which are composed of fine α-phase
crystallites with preferred crystallographic orientations [11,12]. Studies have shown that
the presence of large MTCs can result in poor performance and significant anisotropy
of the components, and even lead to early failure due to dwell fatigue [13–15]. Since
the large MTCs have remarkable effects on the mechanical and fatigue properties, it is
crucial to evaluate the mean size of MTCs for optimizing the mechanical and fatigue
properties of laser melting deposited components [16,17]. LMD is considered as a one-
step direct forming technology, the destructive methods for grain size evaluation, such
as optical metallography and electron backscatter diffraction (EBSD), can no longer meet
the detection requirement, and thus the non-destructive evaluation of microstructural
properties is particularly important. Among many non-destructive testing technologies,
the ultrasonic testing technology has shown great potentials due to its high sensitivity,
strong penetrability, and wide applicability for materials. In particular, laser ultrasonic
technology has the capability of non-contact and on-line real-time inspection at high
temperatures or on moving surfaces. It shows great potentials in both off-line and on-line
characterization of material microstructures.

When an ultrasonic wave propagates through polycrystalline materials, the elastic
properties and density inhomogeneity of individual crystallites result in the variation of
velocities of ultrasonic waves in each crystallite, causing scattering of ultrasonic waves
at grain boundaries and resulting in the variation of ultrasonic propagation properties,
such as the propagation velocity, the amplitude attenuation and the scattered noises. It is
believed that information on microstructure features, such as grain size, crystallographic
and morphological textures, can be obtained by inversion of ultrasonic wave properties.
Correlation of ultrasonic wave properties to microstructural features is a fundamental
research for the non-destructive evaluation of microstructural evolution.

Ultrasonic velocity is often used to evaluate the mean grain size since its measurement
is relatively simple and straightforward. Hirsekorn et al. [18,19] proposed a theoretical
model for planar ultrasonic longitudinal and transverse wave velocities as a function of
grain size in polycrystalline materials. Ünal et al. [20] measured ultrasonic wave velocity
in boron carbide (B4C)-aluminium (Al) and B4C-nickel (Ni) composites using a piezoelec-
tric ultrasonic transducer and found an approximately linear relationship between the
ultrasonic velocity and the grain size. However, studies have shown that this method
has less sensitivity to some metal materials, causing a relatively large error of grain size
evaluation [21].

Recently, more and more researchers focus on the spectral analysis, and use the ul-
trasonic features, such as the attenuation and the backscattered noises, to evaluate grain
size of polycrystalline materials. Özkan et al. [22] compared ultrasonic velocity, ultrasonic
attenuation, the rate of peak heights for grain size characterization of B4C-Al composite ma-
terials. Results showed a higher correlation between ultrasonic attenuation and grain size
variation. Furthermore, theoretical studies [23,24] have showed that ultrasonic attenuation
has an exponential relationship with grain size, and a large number of experiments [25–30]
have been performed for grain size characterization by inversion of ultrasonic attenuation
in both weakly [25] and strongly [26–30] scattering materials. Nevertheless, the research
on ultrasonic attenuation is usually restricted by signal-to-noise ratio (SNR) for strongly
scattering materials. Thus, research efforts have also been dedicated to backscattered
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noise signals. Theoretical models for ultrasonic backscattering coefficient in both single-
phase [31] and duplex [32] microstructures have been proposed based on the isolated
scatterer model, i.e., the single-scattering assumption, and effects of grain size and grain
shape on ultrasonic backscattering have been investigated [15,33]. However, the aforemen-
tioned methods are still amplitude-based approaches. Since the amplitude measurement
accuracy of ultrasonic signals is closely related to the stability of the ultrasonic inspection
system, it can largely affect the accuracy of grain size evaluation [34]. Besides, the accuracy
of the ultrasonic attenuation method is also influenced by the attenuation sources from
absorption, geometric spreading and dislocation in materials [35]. The backscattering
coefficient tends to be stable with the increase of grain size at a given frequency, so the
range of grain sizes evaluated by the backscattering method is relatively narrow [33,36].

In view of the limitations of the aforementioned methods, emphasis has been placed on
research about grain size effects on ultrasonic centroid frequency shift. Studies have showed
that high-frequency components of ultrasonic signals experience greater attenuation than
low-frequency components, which results in a downshift in the centroid frequency of the
ultrasonic pulse echo [37]. Moreover, the centroid frequency downshift is more significant
as the grain size increases. The centroid frequency shift method is insensitive to the
geometric spreading, wave reflection and transmission effects, and can effectively avoid
the error caused by the instability of laser-ultrasonic signal amplitude measurement. Thus
this method can evaluate the grain size more accurately [38,39].

There have been some advances in ultrasonic characterization for grain size of 3D
printed metals or composites by use of the above-mentioned methods. Traditional ultra-
sonic techniques are first used since the detection signals have a good SNR. Yang et al. [40]
found that the longitudinal wave velocity along the deposition direction was about 2%
lower than the velocity perpendicular to the deposition direction using immersion ultra-
sonic testing method, thus verifying the anisotropy of additively manufactured TC18. Laser
ultrasonics, as a new technology capable of online real-time non-contact detection at high
temperatures, has been demonstrated to be promising for inspection of internal defects of
additively manufactured components [41,42]. Nevertheless, research on its application to
the microstructure characterization is still insufficient. Ma et al. [43] evaluated the grain
size of 3D printed titanium alloy using laser ultrasonic technology, and results showed that
the ultrasonic attenuation exhibited a linear relationship with the mean grain size, but the
applicable range of material and frequency of this linear relationship model still need to
be confirmed by theoretical derivation and extensive experimental studies. In this paper,
the laser ultrasonic technology is used for detecting Ti6Al4V/B4C composite specimens
manufactured by the LMD of powder feed. Theoretical models for scattering-induced at-
tenuation and centroid frequency downshift of ultrasonic waves propagating in the studied
composite materials are presented. Effects of microstructural properties on laser-generated
ultrasonic wave characteristics, such as the ultrasonic velocity and the spectral centroid
frequency shift of ultrasonic echoes are analyzed. This would lay a research foundation for
the non-destructive evaluation of grain size in 3D printed metal composite materials.

This paper proceeds as follows: Section 2 is devoted to methods for sample prepa-
ration and ultrasonic experiment. In Section 3, theoretical models for scattering-induced
attenuation and centroid frequency downshift of ultrasonic waves are presented. Then,
the correlation of laser-ultrasound to microstructural properties of laser melting deposited
Ti6Al4V/B4C composites is described in Section 4. Finally, main conclusions are summa-
rized in Section 5.

2. Materials and Methods
2.1. Materials

Ti6Al4V alloys have been widely used because of high melting point, high melt
state activity and high deformation resistance [44,45]. In this paper, four Ti6Al4V/B4C
composite specimens of 30× 30× 10 mm3 were prepared using LMD by adding an amount
of B4C particles to the gas atomized Ti6Al4V alloy spherical powder [46]. Following the
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principle of single factor experiment design, the mass percentages of B4C particles in the
four specimens were 0%, 1%, 3%, 5%, and the corresponding specimens were denoted
as Ti6Al4V, TMC1, TMC2, TMC3, respectively. The two powders were mixed in a two-
conical mixer (ZX-0.01 m3), tumbled at 25 RPM for 6 h to improve the fluidity, and then
dried in vacuum for 4 h [46]. The chemical composition and the mixture proportions
of the two powders are listed in Table 1. The morphologies of Ti6Al4V alloy spherical
powder and B4C powder obtained by scanning electron microscope (SEM) technology
(Zeiss Inc., Oberkochen, Germany) are shown in Figure 1. The B4C powder is nano-sized
and the averaged size is about 50 nm. The granulometric analysis of the Ti6Al4V powder
determined by Microtrac Sync laser particle size analyzer (Microtrac Inc., Montgomeryville,
PA, USA) is displayed in Figure 2. It is revealed that 95% of Ti6Al4V powder particles
are in the size range of 80–200 µm. The particle size distribution function has a Gaussian
shape with a goodness-of-fit (R2) of 0.95, and the standard deviation is around 16 µm.
The appropriate processing parameters were chosen for achieving good forming quality
and minimum defects by using the single-track experiment method and the orthogonal
experiment design, which are shown in Table 2 [46].

Table 1. Chemical composition and mixture proportions of Ti6Al4V and B4C powders [46].

Chemical Composition (wt. %)
Mixture Proportions (wt. %)

Ti6Al4V TMC1 TMC2 TMC3

Ti6Al4V
Fe C Al V H N Si O Ti

100 99 97 950.15 0.06 6.02 4 0.009 0.03 0.04 0.16 Bal.

B4C O Mn F.C Ca Mg Fe B4C
0 1 3 50.04 0.002 0.04 0.001 0.001 0.02 Bal.

Figure 1. Morphologies of the Ti6Al4V alloy spherical powder and nano-sized B4C powder.
(a) Ti6Al4V alloy powder; (b) B4C powder.

Table 2. Processing parameters of laser melting deposited Ti6Al4V/B4C composites.

Processing Parameters

Laser power 1500 W
Laser scanning speed 10 m/s

Powder feed rate 6 g/min
Overlap ratio 50%
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Figure 2. Particle size distribution of the Ti6Al4V alloy spherical powder presented as grey his-
tograms. The fitted curve for Gaussian distribution is superposed in red solid line and the volume
weighted cumulative distribution function is displayed in blue solid line.

EBSD and metallographic observations were performed to obtain the microstructural
information. Specimens were cut along the smallest dimension direction, i.e., the direction
of ultrasonic wave propagation, and then the cut surfaces were grinded, electrolytic pol-
ished, and finally etched. The EBSD orientation maps of the specimens were obtained via
the orientation imaging microscopy (OIM) technique (TSL(EDAX), Mahwah, NJ, USA).

It is seen from the EBSD and metallographic observations in Figure 3 that the Ti6Al4V
specimen is a near-α phase titanium alloy. Due to the temperature gradient among cladding
layers during the forming process, the grains of laser melting deposited Ti6Al4V alloys
grow in the normal direction to the substrate, forming MTCs composed of fine elongated
hexagonal α-phase crystallites with preferred crystallographic orientations. The grain
boundaries of MTCs are bright and continuous, and α-phase crystallites mainly grow
along the direction of <0 0 0 1> in each MTC, leading to an elongated morphology with a
large aspect ratio of 14. The mean grain size D is calculated by the mean equivalent area
diameter, D = (4A/π)0.5, where A is the arithmetic average of the grain areas. The mean
sizes of α crystallites and MTCs are 1.8 and 400 µm, respectively.

The EBSD and metallographic observations of TMC1, TMC2 and TMC3 are given in
Figure 4. Compared with Ti6Al4V, the grain boundaries of MTCs are indistinguishable.
This may be attributed to the decrease of anisotropy degree in each MTC. Besides, the aspect
ratios of α crystallites are 3.8, 3.3 and 2.9 in TMC1, TMC2 and TMC3 specimens, respectively,
which are much smaller than the one in Ti6Al4V specimen. It is suggested that the addition
of nano-sized B4C particles stimulates the elongated α crystallites and coarse columnar
MTCs to equiaxed transition. Actually, the in-situ reaction between Ti6Al4V and B4C
promotes the generation of TiB and TiC reinforcements. These reinforcements precipitate
at grain boundaries to restrict grain growth, and act as nucleation points to accelerate
the nonspontaneous nucleation of MTCs for achieving fine grain strengthening [46]. The
mean sizes of α crystallites in TMC1, TMC2 and TMC3 specimens are 1.8, 2.1 and 2.2 µm,
respectively, and the mean sizes of MTCs are 50, 15 and 11 µm. It is indicated that the
addition of B4C particles makes no big difference to the size of fine α crystallites, but can
refine the size of coarse MTCs remarkably. It is seen from the phase diagrams of specimens
(Figure 5) that all the Ti6Al4V/B4C composite specimens are near α-phase titanium alloys
with the weight percentages of the reinforcement phases TiB and TiC no more than 6.61%
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and 1.87%, respectively. Therefore, these reinforcement phases can be assumed to make a
negligible contribution to the scattering-induced attenuation and centroid frequency shift.

Figure 3. EBSD inverse pole figure (IPF) α orientation map and metallographic image taken along the deposition direction of
laser melting deposited Ti6Al4V. (a) EBSD IPF α orientation map; (b) color coded map of Ti phases; (c) metallographic image.

Figure 4. EBSD IPF α orientation maps (the color images) and metallographic images (the black-and-white images)
taken along the deposition direction of laser melting deposited Ti6Al4V/B4C composite specimens. (a) TMC1; (b) TMC2;
(c) TMC3.
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Figure 5. Phase diagrams of laser melting deposited Ti6Al4V/B4C composite specimens. (a) TMC1; (b) TMC2; (c) TMC3.

Based on the metallographic and EBSD observations discussed above, the studied
Ti6Al4V/B4C composite specimens can be considered as near α-phase titanium alloys
composed of larger equiaxed MTCs which consist of much smaller α crystallites with
preferred orientations. It is revealed from the pole figures of {0001},

{
1010

}
and

{
2110

}
planes for α crystallites (Figure 6) that the anisotropy of the material is relatively weak,
indicating that the preferred crystallographic orientations in different MTCs can be assumed
to be randomly oriented. This assumption would be an essential prerequisite for the
theoretical derivation of ultrasonic scattering-induced attenuation in the Section 3.

Figure 6. Pole figures of {0001},
{

1010
}

, and
{

2110
}

planes for α crystallites.

2.2. Experimental Setup

Specimens were detected by use of the laser ultrasonic inspection system as shown in
Figure 7. A Q-switched Nd:YAG pulsed laser (supplied by Quantel, Inc., Les Ulis, France)
was used to excite the ultrasound on one side of the specimens, with laser pulse width of
8 ns. The spot diameter was 0.7 mm and the single pulse energy was approximately 25 mJ.
Then, the ultrasonic transmission pulses were detected by the IOS AIR-1550-TWM laser
ultrasonic receiver (supplied by Intelligent Optical Systems, Inc., Torrance, CA, USA) at
the opposite surface of specimen. The pulsed laser can generate simultaneously a variety
of modes of ultrasonic waves, such as longitudinal waves, transverse waves, and Rayleigh
waves, etc. In the experimental system, the generation and detection of ultrasonic signals
were set to be co-linearly aligned, so that only longitudinal waves were detected. The
specimen was fixed on a two-dimensional scanning platform, so that multiple points on
the detection surface of each specimen were detected to reduce the random error by using
repeated measurement experimental design. The ultrasonic signal received by the laser
ultrasonic receiver was passed to a digital oscilloscope for display and storage after being
averaged 128 times, and was then processed to obtain the ultrasonic velocity and the
spectral centroid frequency.
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Figure 7. Schematic diagram of the laser-ultrasonic experimental inspection system.

3. Theoretical Models

In this section, the ultrasonic wave scattering mechanism at grain boundaries in the
studied composite material is discussed, and the theoretical models for the scattering-
induced attenuation and the spectral centroid frequency downshift are given.

3.1. Scattering-Induced Attenuation

Here, two important assumptions are made for the theoretical derivation of the
scattering-induced attenuation. Firstly, it is suggested from Figure 6 that the medium
can be assumed to be macroscopically untextured and homogeneous. Secondly, it is seen
from Figure 4 that there is a great difference in the length scale between coarse MTCs and
fine α crystallites. It is thus believed that ultrasonic wave scattering by MTCs and by α

crystallites are independent. On these assumptions, the scattering-induced attenuation can
be determined by the sum of two independent components: the attenuation contributed by
the fine α crystallites, αcrystallities, and by the coarse MTCs, αMTC [15]:

αtotal = αcrystallies + αMTC, (1)

where, the superscripts ‘crystallites’ and ’MTC’ denote the fields associated with fine α

crystallites and coarse MTCs, respectively.
The attenuation contributed by the fine α crystallites, αcrystallites, is closely related

to the orientation distribution function (ODF) of α crystallites, and can be calculated by
the attenuation in a macroscopically isotropic and homogeneous α-phase polycrystalline
titanium, ααTi, multiplied by an ODF factor M(σ) [15]:

αcrystallies = M(σ)ααTi, (2)

where, the factor M(σ) describes the effects of α crystallites ODF on the attenuation,
and is dependent upon the texture parameter, σ, which accounts for the distribution
width of α crystallites orientations. Two extreme scenarios are described below: When
σ→ 0 , α crystallites in each MTC have the identical orientation, and the MTC becomes
an α-phase single crystallite. Therefore, the attenuation by α crystallites vanishes and
M(σ) = 0. When σ→ ∞ , α crystallites in the MTC have a random and arbitrary orien-
tation distribution. Therefore, the MTCs are absent, and M(σ) = 1. Following a series
of works by Yang et al. [15,47,48], for MTCs with a random and arbitrary distribution
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of preferred orientations, M(σ) can be calculated by the covariance of the elastic tensor
perturbations Ξ11

11(σ) = 〈δC11δC11〉 devided by its asymptote value when σ→ ∞ , i.e.,
M(σ) = Ξ11

11(σ)/ lim
σ→∞

Ξ11
11(σ). Here, Ξ11

11(σ) is given by [15]:

Ξ11
11(σ) = 3

(
2AαTi + 4BαTi)M3 + 30DαTi(2AαTi + 4BαTi)M2 + 105

(
DαTi)2M4

−
[(

2AαTi + 4BαTi)M1 + 3D
αTi

M3

]2
,

(3)

where, the coefficients Aξ , Bξ , and Dξ are defined in terms of single crystallite elastic
constants Cξ

ij of the medium ξ(ξ = αTi in Equation (3)) as:

Aξ = C
ξ

13 − Cξ
12

Bξ = C
ξ

44 − Cξ
66

Dξ = C
ξ

11 + Cξ
33 − 2Cξ

13 − 4Cξ
44,

(4)

Here, the parameters Mi are dependent upon the texture parameter σ, and are ex-
pressed by:

M1 = 1
2
(

I0
σ − I2

σ

)
M2 = 1

48
(

I0
σ − 3I2

σ + 3I4
σ − I6

σ

)
M3 = 1

8
(

I0
σ − 2I2

σ + I4
σ

)
M4 = 1

384
(

I0
σ − 4I2

σ + 6I4
σ − 4I6

σ + I8
σ

)
,

(5)

with
Im
σ =

1
2

∫ π

0
F(σ, θ) cosm θ sin θdθ, (6)

where F(σ, θ) accounts for the ODF of α crystallites, with θ denoting the misorientation
angle between crystallites. It can be represented by a Gaussian-like distribution function,
which has been demonstrated to fit the experimental OIM data well [49]:

F(σ, θ) =
1/σ

e1/(2σ) − e−1/(2σ)
e(

cos θ
2σ ). (7)

Following the classical Weaver’s theoretical model [50], the grain scattering-induced
attenuation of longitudinal waves propagating in an equiaxed hexagonal polycrystalline
material can be given by [48]:

α
ξ
L = α

ξ
LL + α

ξ
LT , (8)

with

α
ξ
I J =

8π4 f 4a3

v3
I v5

J ρ2

∫ +1

−1

IPξ
I J(cos γ)[

1 + (kI a)2 +
(
k J a
)2 − 2(kI a)

(
k J a
)
(cos γ)

]2 d(cos γ). (9)

Here, the subscripts L denotes the total attenuation of longitudinal waves, the nota-
tion I J = LL or LT represents the wave mode conversion between longitudinal (‘L’) and
transverse (‘T’) waves during ultrasonic wave scattering at grain boundaries. ξ denotes
the fields related to the medium ξ, and ξ = αTi or MTC. kξ ′ and vξ ′ define the propagation
constant and the ultrasonic velocity of the wave mode ξ ′, respectively. ρ is the density of
the material. a is the mean chord length, and is usually defined as half of the mean grain
diameter, D/2. γ is the scattering angle. IPξ

I J accounts for the effects of elastic properties
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of the medium ξ on ultrasonic scattering-induced attenuation. It is usually defined as the
tensorial inner product, and is expressed by [48]:

IPξ
I J = Aξ

I J + Bξ
I J(cos γ)2 + Cξ

I J(cos γ)4, (10)

where, the coefficients Aξ
I J , Bξ

I J and Cξ
I J are related to the elastic constants of a single

crystallite of the medium ξ.

Aξ
LL = 4

45
(

Aξ
)2

+ 8
1575

(
Dξ
)2

+ 8
315 Aξ Dξ

Bξ
LL = 4

15
(

Aξ
)2

+ 16
15
(

Bξ
)2

+ 92
1575

(
Dξ
)2

+ 64
45 Aξ Bξ + 32

63 Bξ Dξ + 88
315 Aξ Dξ

Cξ
LL = −Cξ

LT = 16
45
(

Bξ
)2

+ 4
252
(

Dξ
)2

+ 32
315 Bξ Dξ

Aξ
LT = 8

15
(

Aξ
)2

+ 4
15
(

Bξ
)2

+ 2
105
(

Dξ
)2

+ 4
15 Aξ Bξ + 4

35 Bξ Dξ + 8
105 Aξ Dξ

Bξ
LT = 28

45
(

Bξ
)2

+ 32
1575

(
Dξ
)2

+ 4
15 Aξ Bξ + 68

315 Bξ Dξ + 4
105 Aξ Dξ .

(11)

It is remarked that the effective elastic constants of MTCs are dominated by the texture
parameter σ, and are calculated by:

CMTC
11 = CαTi

12 + 2CαTi
66 +

(
2AαTi + 4BαTi)M1 + 3DαTi M3

CMTC
12 = CαTi

12 + 2AαTi M1 + DαTi M3

CMTC
13 = CαTi

12 + 2AαTi(2M1 + M6) + DαTi M7

CMTC
44 = CαTi

66 + 2BαTi(2M1 + M2) + DαTi M7

CMTC
33 = CαTi

12 + 2CαTi
66 +

(
2AαTi + 4BαTi)(M1 + M6) + DαTi M5

CMTC
66 = 1/2

(
CMTC

11 − CMTC
12

)
.

(12)

where, the coefficients Mi are defined as:

M5 = I4
σ

M6 = 1
2
(
−I0

σ + 3I2
σ

)
M7 = 1

2
(

I2
σ − I4

σ

)
.

(13)

Based on the formulas mentioned above, the factor M(σ) and its slope are plotted
in Figure 8 as solid and dash lines, respectively. The logarithmic scale of the normalized
attenuation contributed by α crystallites and MTCs as a function of the normalized fre-
quency, i.e., log10(αD/2) versus log10(k0D/2), with three texture parameters σ of 0.01, 0.1
and 1 are plotted in Figure 9. The elastic constants of a single α crystallite in Equation (4)
are taken from [32], and the elastic constants of MTCs determined by Equation (12) for
three texture parameters σ of 0.01, 0.1 and 1 are listed in Table 3. It is seen that M mono-
tonically increases with the increase of the width of the crystallite ODF. Specifically, M is
smaller than 0.001 when σ ≤ 0.02. It means that the attenuation contributed by the fine
α crystallites can be negligible as compared to the contribution of the coarse MTCs for a
microstructure with a narrow ODF distribution (as shown by an example of σ = 0.01 in
Figure 9a). Furthermore, when σ is in the range of [0.02, 1), the factor M increases rapidly,
indicating that the contribution by the fine α crystallites is more and more significant, and
becomes comparable with the contribution of MTCs (as shown by an example of σ = 0.1 in
Figure 9b). Finally, the factor M tends to 1 when σ ≥ 2, indicating that the fine α crystallites
make a major contribution to the total attenuation (as shown by an example of σ = 1 in
Figure 9c).
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Figure 8. The factor M(σ) as a function of the texture parameter σ (solid line) and its slope (dash line).

Figure 9. The logarithmic scale of the normalized attenuation as a function of the normalized frequency, i.e., log10(αD/2)
vs. log10(k0D/2), for the total attenuation (αtotal ), the attenuation contributed by α crystallites (αcrystallies ), and by MTCs
(αMTC ) with three texture parameters σ. (a) σ = 0.01; (b) σ = 0.1; (c) σ = 1.

Table 3. Elastic constants for α crystallites and MTCs with different texture parameters σ .

Elastic Constants (GPa)

C11 C12 C13 C33 C44 C66

α crystallites [32] 154.24 86.76 63.62 174.45 44.30 33.74

MTCs

Composite specimens σ = 7.5×10−4 154.23 86.69 63.69 174.43 44.32 33.77

Artifical cases
σ = 0.01 154.19 85.86 64.51 172.78 44.53 34.16
σ = 0.1 155.11 79.86 69.19 164.26 44.47 37.62
σ = 1 157.65 73.16 72.84 157.93 42.47 42.25

The distribution of the misorientation angle θ obtained by using the OIM technique
was fitted by using the normalized Gaussian-like orientation function ecos (θ)/(2σ)/e1/(2σ).
The OIM-determined distribution histogram and the fitted curve are plotted in Figure 10.
Results exhibit a goodness of fit with the coefficient of determination R2 of 0.82. The fitted
texture parameter σ is equal to 7.5 × 10−4, indicating that the studied composite material
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has an extremely narrow orientation distribution, and thus the anisotropy degree of the
coarse MTCs is strong. In this case, the elastic constants of MTCs are demonstrated to be
indistinguishable from those of α crystallites (seen in Table 3). Furthermore, analytical
results for the attenuation contributed by α crystallites and MTCs are calculated for all
the three Ti6Al4V/B4C composite specimens given that the mean grain size is known
from the EBSD observations (Figure 11). It is obvious that the order of magnitude of
the attenuation caused by α crystallites is much smaller than that caused by MTCs at a
given frequency. Thus, the attenuation caused by α crystallites makes an insignificant
contribution to the total scattering-induced attenuation and can be neglected. Therefore,
the attenuation and the spectral centroid frequency shift measured by ultrasonic inspection
are mainly associated with the size, morphology and elastic properties of coarse MTCs.

Figure 10. The OIM-determined orientation distribution histogram and the fitted curve by using the
normalized Gaussian-like orientation function ecos (θ)/(2σ)/e1/(2σ). The fitted texture parameter σ is
equal to 7.5 × 10−4 with the fitted coefficient of determination R2 of 0.82.

Figure 11. The attenuation coefficients contributed by α crystallites and MTCs in all the three Ti6Al4V/B4C composite
specimens. (a) TMC1; (b) TMC2; (c) TMC3.
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3.2. Centroid Frequency Downshift

The amplitude or power spectra of the ultrasonic signals can be assumed to have a
Gaussian shape in most industrial non-destructive testing applications. The spectra would
remain a Gaussian shape during the ultrasonic wave propagation no matter what the
scattering regime is. However, the spectral centroid frequency of signals will downshift
since the high-frequency components experience a lager attenuation than the low-frequency
ones, and the spectral centroid frequency of ultrasonic echoes can be written as [26]:

fr =
fi − 2c2σ2

i bDn−1z

1 + 2c1σ2
i bDn−1z

, (14)

with
c1 = n(n−1)

2 f n−2
i

c2 = n(2− n) f n−1
i ,

(15)

where fi and fr denote the centroid frequencies of the incident and the received pulse
signals’ spectra. z denotes the propagation distance. σ2

i and σ2
r denote the variance of the

incident and the received pulse’s spectra. The exponent n is closely related to the scattering
regime and is generally in the range of 0-4. It is defined by the classical exponential form
of the attenuation coefficient α( f ) = bDn−1 f n [23,50,51], where b represents the linear
scaling factor depending on the elastic constants and the density. Equation (14) gives
the relationship between the mean grain size and the centroid frequency of the received
signal’s spectrum. When the exponent n = 2, i.e., a quadratic frequency dependence of
attenuation, which could often be observed in the ultrasonic nondestructive evaluation of
polycrystalline microstructures [27,30,52,53], Equation (14) can be rewritten as:

fr =
fi

1 + 2σ2
i bDz

. (16)

Because of the noise created during the laser generation process, the incident wave
maybe not readily available. Then the ratio between the spectral centroid frequencies of
two successive transmitted/reflected echoes can be used to evaluate the mean grain size.
Actually, for the two successive transmitted/reflected echoes, corresponding to the spectral
centroid frequencies fr1, fr2, and the propagation distances z1, z2(assuming z2 > z1), in the
case of n = 2, we have:

fr1

fr2
= 1 +

2σ2
i bD(z2 − z1)

1 + 2σ2
i bDz1

. (17)

Based on the relationship between the variances of the received and incident pulses’

spectra, σ2
r1 =

σ2
i

1+2σ2
i bDz1

[38], Equation (17) can be simplified as:

fr1

fr2
= 1 + 2σ2

r1
bD(z2 − z1). (18)

Equation (18) provides an explicit formula for the correlation of the mean grain size
and the centroid frequency ratio between the two successive echo signals propagating
in a polycrystalline material with a quadratic frequency dependence of attenuation. It
is indicated, at least theoretically, that the ratio between the centroid frequencies of the
two successive echoes, fr1/ fr2, is linearly related to the mean grain size of the material.
The experimental investigation in the following section would verify the validity of this
theoretical model.

In addition, it is well known that the grain scattering-induced attenuation is domi-
nated by the grain volume in the Rayleigh region (n = 4), and by the dimension along
the ultrasonic wave propagation direction in the stochastic region (n = 2) [54]. Since the
attenuation caused by MTCs corresponds to the Rayleigh-to-stochastic transition region, it
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would be influenced by not only the volume but also the morphology of MTCs. Obviously,
the dimension along the deposition direction (i.e., the ultrasonic wave propagation direc-
tion) of Ti6Al4V specimens composed of columnar MTCs is much larger than the one of
Ti6Al4V/B4C composite specimens composed of equiaxed MTCs. Thus, the attenuation
and the centroid frequency shift in Ti6Al4V and Ti6Al4V/B4C composite specimens should
not be compared with each other.

4. Results and Discussion
4.1. Correlation of Ultrasonic Velocity to Microstructural Properties

Correlation between the ultrasonic longitudinal wave velocity and the microstructural
properties of the Ti6Al4V/B4C composites is first analyzed. A typical laser ultrasonic
transmission waveform is shown in Figure 12. The laser-generated ultrasonic longitudinal
wave arrived at the detection surface for the first time at near t = 1.5 µs, corresponding
to the first transmitted longitudinal pulse echo, i.e., 1L. After about 3.2 µs, the pulse echo
arriving at the detection surface for the second time, i.e., 2L, was measured. It is worth
noting that the initial moment of the generated signal is not the point corresponding to
the time at t = 0 µs. Instead, the longitudinal wave velocity should be determined by the
relative time difference in the arrival time of the first and the second pulse echoes.

Figure 12. Example of laser ultrasonic waveforms.

The crosscorrelation time delay measurement method is used for calculating ultrasonic
velocity. Actually, the initial time of an incident laser pulse cannot be accurately measured
due to the influence of the electronic circuit of ultrasonic detection system and the delay
of triggering system. The crosscorrelation method does not require the knowledge of the
initial time of the incident laser pulse and the exact arrival time of the echo signals. It takes
advantage of the similarity of the two successive transmitted/reflected echoes to reduce the
effect of local uncorrelated noises [55]. It is demonstrated that this method can give reliable
and reproducible results even in difficult cases when the material is a highly attenuating
medium, or where the transmitted/reflected echoes are noisy and distorted [55–57].

The signal processing procedures by use of the crosscorrelation method can be de-
scribed as follows: Select the 1L and 2L signals (as shown in the shaded part of Figure 12),
whose starting times are noted as t1L and t2L. Then filter out the direct current and the
high-frequency noise components. After denoising, the two longitudinal wave echo signals
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are normalized to the same energy and are corrected according to their mean values. Their
crosscorrelation is then calculated using a spline-interpolation algorithm at uniform inter-
vals of ts/25 in order to minimize the error caused by the sampling frequency limitation.
Here, ts denotes the sampling interval. The time delay between these two successive echoes
is eventually measured by ∆t = t2L− t1L +∆t f , where ∆t f defines the fine time delay given
by the maximum value of the crosscorrelation curve [55]. Therefore, the longitudinal wave
velocity is estimated by vl = (z2L − z1L)/∆t. Here, z1L and z2L denote the propagation
distances corresponding to the longitudinal arrivals of 1L and 2L, respectively.

Since the crystallographic orientation of each crystallite is known based on EBSD
observations, the phase velocity in each crystallite can be calculated by the eigenvalue of
the determinant of the Christoffel equation [58]. Theoretically, the ultrasonic velocity in the
specimen can be obtained by the Voigt average of phase velocity in each crystallite, yielding
the result of 5978.5 m/s. Laser-ultrasonic inspection results of the ultrasonic longitudinal
wave velocity measured by the average value of five different points for each specimen
have been given in Table 4. It is shown that experimental results have a maximum deviation
of 2.23% from the theoretical result, and this is in good agreement with the anisotropy
degree of the specimens as shown in Figure 6. It seems that the longitudinal wave velocity
decreases as the size of MTCs decreases. Nevertheless, the variation in ultrasonic velocity
becomes less sensitive to the specimens of TMC2 and TMC3 with smaller MTCs. This may
bring large errors to grain size evaluation by inversion of ultrasonic longitudinal wave
velocity for specimens with small grain size.

Table 4. Longitudinal wave velocity in the composite specimens.

Specimens Experiment Estimations(m/s) Deviation from Theoretical Results (%)

TMC1 6112.0 ± 7.7 2.23
TMC2 6083.2 ± 6.2 1.75
TMC3 6083.4 ± 9.1 1.75

4.2. Correlation of Centroid Frequency Downshift to Microstructural Properties

Averaged results of different measurement points on each specimen were used for the
correlation analysis between the mean size of MTCs and the centroid frequency shift. The
rectangular window function was used to acquire each pulse echo signal whose duration
was about 0.04 µs (shown as the gray parts in Figure 13). Filtering the direct current
and the high-frequency noises, the discrete Fourier transform was applied to obtain the
frequency domain information of the acquired pulse echo. The amplitude spectrum of
each received pulse echo was fitted using the Gaussian model by means of the nonlinear
regression analysis within the confidence frequency range of 5–55 MHz. The centroid
frequency of the fitted 1L and 2L are noted as fr1 and fr2 (as shown in Figure 13). A good
fit for the spectra of both 1L and 2L pulse echoes by using the Gaussian model has been
obtained, with coefficients of determination (R2) all above 0.98 and root mean square errors
all below 0.001.

Standard deviation and mean estimations of the centroid frequency shift for each
specimen are shown in Table 5. Correlation and linear fitting analysis between the mean
size of MTCs and the centroid frequency shift are further conducted, as shown in Figure 14.
The results show that the centroid frequency shift increases with the increase of the mean
size of MTCs. In fact, larger MTCs show a greater attenuation level at high frequencies,
so the centroid frequency of the signal’s spectrum experiences a greater downshift during
ultrasonic wave propagation. It is seen from Figure 14 that the centroid frequency shift and
the mean size of MTCs show similar variation trends. The results exhibit a goodness of
linear fit with R2 = 0.992, suggesting that the centroid frequency shift is approximately linear
to the mean size of MTCs. This result verifies the theoretical prediction in Equation (18).
Furthermore, the standard deviations of the centroid frequency shift among different
measurements for each specimen are plotted as vertical error bars in Figure 14. It is shown
that the deviation level from the average is greater for the specimen with a larger size of
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MTCs. Moreover, compared with the ultrasonic velocity method, the centroid frequency
shift method is more sensitive to the variation of smaller MTCs, having greater potentials
in improving the accuracy in the characterization of the MTC size.

Figure 13. The amplitude spectra and Gaussian fit curves of 1L and 2L pulse echoes.

Table 5. Standard deviations and mean estimations of the centroid frequency shift in Ti6Al4V/B4C
composite specimens.

Samples
fr1/fr2

σr1(MHz)
Mean Value Standard Deviation

TMC1 1.067 0.0278 16.839
TMC2 1.043 0.0229 16.978
TMC3 1.039 0.0135 15.966

It can be concluded that, for a macroscopically untextured near-α titanium alloy, the
ultrasonic velocity is actually closely related to the Voigt averaged velocity of α-phase
fine crystallites, and is not correlated with the texture parameter of MTCs. Therefore, the
ultrasonic velocity is insensitive to the size of MTCs. While the spectral centroid frequency
downshift of the received echoes is closely related to the texture parameter of MTCs. When
the texture parameter is smaller than 0.02, i.e., the crystallographic ODF distribution is
relatively narrow, the contribution of fine α crystallites to the spectral centroid frequency
downshift is insignificant as compared to the contribution of coarse MTCs. In this case, the
measured spectral centroid frequency downshift is dominated by the size and morphology
of MTCs. This has been verified by the linear relationship between centroid frequency
downshift and the size of MTCs obtained by our laser-ultrasonic experiment. With the
increase of the texture parameter, the contributions of fine α crystallites and coarse MTCs
to the centroid frequency downshift are of the same order, and the correlation between
ultrasonic characteristics and microstructural properties becomes complex. This case will
be further studied.
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Figure 14. Correlation analysis between mean size of MTCs and centroid frequency shift of
Ti6Al4V/B4C composite specimens. (a) The mean size of MTCs measured by EBSD (solid line),
and the centroid frequency shift (dash line). (b) Linear fitting for the centroid frequency shift as a
function of the mean size of MTCs.

5. Conclusions

Laser melting deposited Ti6Al4V/B4C composite specimens composed of approxi-
mately equiaxed MTCs formed by finer α crystallites with preferred orientations were
obtained by adding an amount of nano-sized B4C particles to the original Ti6Al4V powder.
Theoretical investigations showed the scattering-induced attenuation and the spectral
centroid frequency downshift were closely related with the texture parameter, σ, which
accounts for the crystallographic orientation distribution width. By the Gaussian-like
function fitting, it was found that the studied composite had an extremely small value of
σ, indicating a strong anisotropy degree in each MTC. Therefore, the scattering-induced
attenuation and the spectral centroid frequency downshift were mainly determined by the
size, morphology and elastic properties of MTCs, and the contribution of fine α-phase crys-
tallites was neglected. The correlation between laser-generated ultrasonic wave properties
and microstructural properties of Ti6Al4V/B4C composites was analyzed. Experimentally
estimated ultrasonic velocity showed a maximum deviation of 2.23% from the theoretical
result determined by the Voigt-averaged velocity in each crystallite, and this deviation was
attributed to the macroscopically anisotropy degree observed in the composite specimens
by the EBSD technique. Nevertheless, the ultrasonic velocity seemed to be insensitive to
the size of MTCs. Furthermore, an approximate linear relationship between the spectral
centroid frequency downshift and the mean size of MTCs was found with a goodness-of-fit
(R2) up to 0.99. The results provided would help support the nondestructive evaluation of
the grain size and the fatigue properties in 3D printed metal composite materials using
laser ultrasonic technology.
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Nomenclature

D The mean size of grains
A The arithmetic average of grain areas
αtotal Total ultrasonic scattering-induced attenuation
αcrystallites Attenuation caused by the fine α crystallites
αMTC Attenuation caused by the coarse microtextured clusters (MTC)
ααTi Attenuation caused by a macroscopically isotropic and homogeneous

α-phase polycrystalline titanium
σ Texture parameter accounting for the distribution width of α crystallite orientations
M(σ) The factor accounting for the effects of α crystallite orientation distribution

function (ODF) on the attenuation
ξ The fields related to the medium ξ.ξ = αTi denotes a macroscopically isotropic

and homogeneous α-phase polycrystalline titanium, and ξ = MTC denotes
the medium of MTCs

Cξ
ij Single crystallite elastic constants of the medium ξ

Ξ11
11(σ) The covariance of the elastic tensor perturbations as a function of σ

Aξ , Bξ , Dξ Coefficients defined in terms of Cξ
ij

Mi Parameters dependent upon σ

θ The misorientation angle between crystallites
γ Scattering angle
kξ ′ The propagation constant of the wave mode ξ ′

vξ ′ The ultrasonic velocity of the wave mode ξ ′

ρ The density of the material
IPξ

I J The effects of elastic properties of the medium ξ on ultrasonic attenuation

Aξ
I J , Bξ

I J , Cξ
I J Coefficients related to the single crystallite elastic constants of the medium ξ;

a The mean chord length
n The exponent closely related to the scattering regime
b The linear scaling factor depending on the elastic constants and the density
ci Coefficients related to the exponent n and the frequency
fi, fr The spetral centroid frequencies of the incident and received pulses’ spectra
σ2

i , σ2
r The variances of the incident and received pulses’ spectra

fr1, fr2 The spectral centroid frequencies of the first and second received echoes
z1, z2 The propagation distances of the the first and second received echoes
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