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Crystallographic texture in polycrystalline materials is often developed as preferred orientation distri-
bution of grains during thermo-mechanical processes. Texture dominates many macroscopic physical
properties and reflects the histories of structural evolution, hence its measurement and control are vital
for performance optimisation and deformation history interogation in engineering and geological ma-
terials. However, exploitations of texture are hampered by state-of-the-art characterisation techniques,
none of which can routinely deliver the desirable non-destructive, volumetric measurements, especially
at larger lengthscales. Here we report a direct and general methodology retrieving important lower-
truncation-order texture and phase information from acoustic (compressional elastic) wave speed
measurements in different directions through the material volume (avoiding the need for forward
modelling). We demonstrate its deployment with ultrasound in the laboratory, where the results from
seven representative samples are successfully validated against measurements performed using neutron
diffraction. The acoustic method we have developed includes both fundamental wave propagation and
texture inversion theories which are free from diffraction limits, they are arbitrarily scalable in dimen-
sion, and can be rapidly deployed to measure the texture of large objects. This opens up volumetric
texture characterisation capabilities in the areas of material science and beyond, for both scientific and
industrial applications.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Crystallographic texture refers to the preferred orientation dis-
tribution of crystals in polycrystalline materials (e.g. metals, ce-
ramics and minerals), which is normally developed during the
thermo-mechanical deformation or recrystallisation processes
[1,2]. It is a common phenomenon, with random or near-random
texture relatively rare, especially in processed engineering mate-
rials [3]. Since most materials are anisotropic at the single crystal
level, texture dominates many important macroscopic physical
properties, such as thermal expansion of Zr cladding tubes in
Incheon National University,
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nuclear reactors [4], fatigue lives of titanium alloys in aero-engines
[4], and strength of steels [1]. Given its origin, texture can also be
used to infer the material's deformation histories, as is widely
employed in geological mineral studies to deduce planetary dy-
namic evolution in Earth sciences [5e7].

The importance of texture has driven the developments of
various characterisation techniques, and the established ones can
be generally categorized as surface and bulk approaches. Prominent
examples of the surface texture characterisation include lab-based
X-ray [8] and Electron Back-Scattered diffraction (EBSD) [9], as well
as the emerging Spatially Resolved Acoustic Spectroscopy (SRAS)
based on surface acoustic waves [10]. These measurements are
generally confined to localized, near surface (penetration
depth< ~20 mm) inspections - where the texture can be unrepre-
sentative of the bulk information due to the thermal-mechanical
boundary conditions - and the latter two techniques also require
elaborate surface preparations. The more desirable bulk texture can
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only be measured using X-ray synchrotron and neutron diffraction
[11], at national facilities with large-scale acceleration rings or
nuclear reactors, such that access is normally rather limited. And
even these techniques have difficulties penetrating thicknesses
beyond millimetre-scales for metals (see Table 1 for a comparison
of key attributes of these established techniques).

Due to their non-invasive nature, easy availability and trans-
ferability (e.g. to geophysics), acoustic (compressional elastic)
waves, especially ultrasound (frequency> ~20 kHz), have been an
attractive proposition to fulfil the important need of non-
destructive, bulk texture evaluation. However, despite the fact
that experimentally observed anisotropy of wave speeds have long
been associated with texture [12], the inverse extraction of texture
information from wave speeds has remained a difficult problem
[13] that has not been satisfactorily solved. Prior pursuits of this
capacity have been mainly based on guided ultrasound [14e19]
(not bulk waves) in rolled plates with assumed orthorhombic
sample symmetry simplifications (enforcing a number of the
complex ODF coefficients to be 0 e four out of nine in the case of
cubic material e and the remaining ones to be real), and the nu-
merical optimisation procedure to obtain the reduced orientation
distribution coefficients involves five-dimensional least-square
fittings of a number of guided wave dispersion curves, with each
point on these curves having to be iteratively searched. Therefore
this process is highly cumbersome; and because of the least-square
algorithm employed, the obtained texture solution can often be
limited, inaccurate and non-unique. There have also been reports
on the phenomenological texture-birefringence correlational ob-
servations [19,20], but they are not generic inversions either.

A theoretical solution to the inverse problem of extracting
texture from acoustic wave speeds was given by the authors for
both hexagonal [21] and cubic [22] crystal systems. It was revealed
that mathematically, the wave speeds in a polycrystal can be
expressed as a spherical convolution between texture and single
crystal speeds, so that the recovery of texture information can be
inversely achieved through a simple deconvolution process. This
model has been primarily verified on different textures with the
finite element modelling method, laying down the foundation for
experimental studies. Very recently, studies utilising Resonant Ul-
trasound Spectroscopy (RUS) have employed the theoretical
deconvolution in order to extract texture from elastic modulus
measurements [23]. However, the direct extraction of texture from
ultrasonic wave speeds has yet to be achieved, and this is the
subject of the current work.

Here we seek to provide a comprehensive experimental vali-
dation of this wave speed approach. Through careful mechanical
design, we establish a simple experimental platform based on the
Table 1
Comparison between the acoustic method in this study and five state-of-the-art textur
Diffraction (EBSD) [9], Spatially Resolved Acoustic Spectroscopy (SRAS) [10], X-ray sync
bility of the acoustic method are highlighted through the comparisons.

Penetration depth Sample
preparation

Destructive

Lab-based X-ray surface minimum Yes

EBSD surface highly
sophisticated

Yes

SRAS surface mirror-like
surface finish

Yes

X-ray
synchrotron

bulk, up to cm scale for most metals minimum No, sample
permits.

Neutron
diffraction

bulk, up to cm scale for most metals minimum No, sample
permits.

Acoustic method
in this study

bulk and freely scalable, from mm
(ultrasound) to km (seismic waves).

minimum No, and po
directly to
conventional ultrasonic scanning system, which is capable of
measuring directional wave speeds required by the de-convolution
process for volumetric texture. Ultrasonic examinations are per-
formed on a range of industry-important hexagonal and cubic
samples, and the retrieved texture information is validated against
the well-established neutron diffraction technique. Good agree-
ment is achieved between these techniques, and the acoustic
method also offers an additional perspective on the phase com-
positions in dual-phase materials. As such, we hope this study
bridges the gap from a tentative theory to trusted applications, thus
marking down a milestone towards the development of a rapid,
cheap, non-destructive and non-invasive characterisation tool for
bulk texture measurement that could benefit many areas.

This paper is structured as follows: in section 2, we introduce
the fundamental theoretical framework of the study, and discuss
the experimental requirements it prescribes for texture inversion;
in section 3 we describe in detail the experimental validation
procedures, covering the ultrasonic wave speed measurement
platform, the subject sample materials, as well as the neutron
diffraction validation of the ultrasonic data. We then compare and
discuss all the experimental results in section 4, including both
texture and phase composition estimation. Finally, we discuss the
significance and possible implications of the general methodology
before concluding.
2. Theoretical basis: spherical convolution model

Assuming a polycrystalline aggregate is homogeneous in such a
way that no matter in what directions an acoustic wave propagates
through it, the wave always goes through the same texture, then
the wave phase velocity variation function v in the three-
dimensional (3D) space can be approximated by averaging the
wave speeds along the propagation route from point to point, with
the speed value at each point specified by its respective crystallo-
graphic orientation. This deduction leads to the expression of v as a
generalized spherical convolution between the orientation distri-
bution function (ODF) u and the single crystal velocity variation
function k (as the kernel function of the convolution, calculable
from known single crystal elastic constants, SCECs), so that the
spherical harmonic (SH) expansion coefficients of the three func-
tions satisfy a point-wise multiplicative relationship [21,22]:

Vlm ¼
Xl

n¼�l

WlmnKln (1)

where Vlm and Kln are expanded with respect to the standard SH
e measurement techniques, including lab-based X-ray [8], Electron Back-Scattered
hrotron and neutron diffractions [11]. The technical advantages and wide applica-

? Accessibility Test time Running
Cost

Widely
available

Fairly fast Fairly low

Widely
available

Extremely slow high

Limited fast Fairly low

size up to what holder Limited Test itself fast, but normally 6
month-1year waiting time

Extremely
high

size up to what holder Limited Test itself fast, but normally 6
month-1year waiting time

Extremely
high

tentially applicable
component level.

Most widely
available

fast Very low
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bases Ylmðq;fÞ defined on the polar angle q and azimuthal angle f,
while the ODF u is expanded in terms of the Wigner-D function
Dl
mnða; b; gÞ of the three Euler angles a; b; g. In the case of the

hexagonal crystal system, whose single crystal is transversely
isotropic about its c-axis, the expression can be further simplified to
be a convolution between the c-axis (i.e. (0002) pole) orientation
distribution and the single crystal velocities [21]:

Vlm ¼ Wlm0Kl0 (2)

Eqs (1) and (2) presents a remarkably simple homogenization
model that can be used in both forward prediction of polycrystal
wave speeds with known texture, and the inverse extraction of
texture information from measured wave speeds. For the latter
purpose, which is the focus of this paper, the ODF is recovered as its
spherical harmonic (SH) expansions through a straightforward de-
convolution process. This process is a generic inversion, since it
involves only point-wise divisions of the SH expansion coefficients
(no fitting is required), with no pre-assumed sample symmetry
simplification, and the ODF SH coefficients are obtained as the
unique solution [21] with high accuracy.

Here we apply this acoustic method on cubic and hexagonal
crystal systems; the general convolution formulation also has the
flexibility to incorporate transverse (shear) waves, which, com-
bined with acoustic waves, could potentially allow inversion on
less-symmetric crystal systems (such as tetragonal or
orthorhombic).

The convolutionmodel also reveals the limitation of the acoustic
technique quantitatively. Since the wave speeds are derivatives of
the 4th-rank elastic tensor and inherit the four-fold symmetry of
the latter, the amplitudes of the single crystal terms Kln rapidly
diminish beyond the 4th expansion order, because the expansion
bases represent similar levels of symmetry. As such, the influence of
higher order ODF coefficients Wlmn on the polycrystal wave speed
Vlm is negligible, and the texture that could be inversely retrieved
from wave speeds (or from elasticity in general) is a truncation to
the original up to the 4th order [21,22,24]. For hexagonal materials,
an additional restriction is that the retrievable texture is only the
distribution of the c-axes, as discussed in the introduction of Eq (2).

An important issue to point out is that the effects of residual
stresses are neglected in both the theoretical deductions towards
the convolution relationship and the experimental studies in this
paper, because it has been previously demonstrated by both theo-
retical analysis [25] and experimental investigations [26,27] that
their influences on the wave speeds are much smaller than those
from texture, and their contributions are likely on par with exper-
imental errors.

In practice, in order to retrieve the ODF SH coefficientsWlmn, the
coefficients Vlm of the polycrystal wave speed in Eqs. (1) and (2) are
calculated from speed values in discrete evaluation directions, by
means of the Gaussian-Legendre numerical integration scheme
[21,22]:

Vlm ¼ p

N

X2N�1

i¼0

XN�1

j¼0

v
�
qi;fj

�
Y*
lm
�
qi;fj

�
uN (3)

whereN is the order of the numerical integration scheme, qi denote
the N number of discrete Gaussian-Legendre polar angles (nodes),
fj are the 2N equi-angular azimuthal angles from 0 to 2p, Y*

lmðqi;fjÞ
are the conjugates of the SH bases at ðqi;fjÞ , and uN are the
Gaussian weights of the nodes. For the targeted truncation order of
4 (Wlmn with l � 4), N¼ 6 is enough to achieve the required nu-
merical accuracy, and this in turn determines the 6 polar� 12
azimuthal directions in which wave speeds need to be measured
experimentally, as shown in Fig. 1a. However, the wave speed's
antipodal symmetry e wave travelling in opposite directions (e.g.
two red arrows in Fig. 1a) have the same speede can be utilized to
halve the number of directions required. The obtained Vlm co-
efficients can then be used to construct the wave speed variation
surface (e.g. in Fig. 1b) via SH synthesis, as well as in the de-
convolution process to retrieve textures.

3. Experimental texture determination by ultrasound

3.1. Ultrasonic wave speed measurement platform

Eq. (3) effectively reduces the task of detecting texture into
measuring the wave speeds in the propagation directions of Fig. 1a,
and to achieve the full coverage of the directions, we have devised
the simple experimental platform shown in Fig. 2a. Modified from
Refs. [28] and [29], it is built on a conventional water-bath ultra-
sonic scanning system in routine non-destructive evaluation (NDE).
Here the sample is immersed in water, and is subject to ultrasound
signals propagated by a standard piezoelectric transducer, which
acts both as the transmitter and receiver of the signals. As they go
down along the water path and through the sample, the waves are
refracted at both of the water-sample interfaces; and at the bottom
of the water bath, the acoustic mirror reflects the down-going
waves, sending them back upwards along exactly the same route
as theywent down, to be eventually received by the transducer. The
refraction direction of the wave through the sample is adjusted by
the combination of sample tilting and rotating (Fig. 2b), which
result in shifts to the eventual arrival time of the reflected signals at
the transducer; and by correlating them with the times of the
normal-incident cases, both the refraction direction and velocity of
the wave can be calculated simultaneously [28,29].

The through-thickness transmission of ultrasound ensures the
inspections of the average macro-texture across a volumetric re-
gion of interest (VROI), which is assumed to be homogeneous as per
the premises of the theoretical convolution (and indeed of bulk
diffraction techniques such as neutron). The validity of this ho-
mogeneity assumption will be investigated later on our samples.
Note that while we only make use of the compressional waves
through the sample for texture detections here, the oblique inci-
dent waves on the water-solid interface can also induce transverse
waves, which are observable using the setup [28].

3.2. Examined materials and sample preparation

Seven samples of three material types are examined experi-
mentally, including one body-centred cubic (BCC) and two face-
centred cubic (FCC) stainless steels (SS), three hexagonal close-
packed (HCP) samples of Ti and Zr, and one HCP-BCC dual-phase
sample of the Ti-6Al-4V alloy. The grades of the BCC, FCC-1 and
FCC-2 SS samples are respectively 430 (ferritic), 304 and 316 (both
austenitic), and the HCP-1, 2, and 3 samples are commercially pure
(CP) Ti, CP Zr and Zircaloy-4. These materials are pivotal in civil
engineering (SS) [30], aerospace (Ti) [4,31], and nuclear (Zr) [4]
industrial applications [32], and are representative of the broad
applicability of the acoustic measurement methodology to the likes
of metals, ceramics and minerals.

Two of these samples (HCP-3 and Ti-6Al-4V) were provided by
our research partner, a major UK manufacturing company, and all
the others were purchased directly frommetal suppliers. The three
HCP and the HCP-BCC samples were in the shapes of 5e7mm thick
plates, while the three SS ones were 2e3mm sheets. The samples
were cut into 85mm-across coupons using electrical discharge
machining (EDM, which does not involve plastic deformation,
hence does not alter local textures) to fit into holders for ultrasonic
tests.



Fig. 1. Acoustic wave speed surfaces constructed via numerical integration. (a). Directions in which wave speeds are required by the Gaussian-Legendre quadrature to be measured
(partly reproduced from Ref. [23]). Note the antipodal symmetry (i.e. reciprocity) which halves the number of directions needed; (b). Exemplary wave speed surface reconstructed
from discrete measurements, shown as explicit 3D plot (left) and its corresponding stereographic projection (right).

Fig. 2. The experimental platform for measuring directional ultrasonic wave speeds. (a). Schematic of the setup which is constructed upon a conventional water-bath system. Its
through-transmission of ultrasound enables measurements of average bulk texture across the VROI. (b). Adjustments of the wave refraction direction through the sample by
combination of sample tilting (rotation about x) and rotating (about z) to cover all directions needed.
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Minimal surface preparation is required for our ultrasonic setup,
as the paramount requirements to ensure experimental wave speed
measurement accuracy are the parallelism and flatness of the
sample surfaces, rather than their finish. The conditions of the
commercially available rolled plates and sheets (<20 mm paral-
lelism, while surface roughness can be as large as ~30 mm) are
generally sufficient. In fact, six out of the seven samples were
examined in as-received conditions, and the one sample needed
machining (Ti-6Al-4V) only because it was initially supplied in a
wedge shape.
3.3. Ultrasonic scans: homogeneity studies and texture
measurements

The assumption that a polycrystal is directionally homogeneous
is fundamental to the texture inversion theory, and its validity
within the bulk of real-world samples was investigated via two
types of experiments: normal incident scans within a single VROI,
and full 3D velocity measurements on spatially resolved regions.

Normal scans can indirectly reflect the level of macro-texture
inhomogeneities within a VROI that would otherwise cause
noticeable angular and normal velocity fluctuations. Tests were
performed on one Ti and two different Ti-6Al-4V samples, and the
results in Fig. 3a show little wave speed variation, with the standard
deviations lower than the estimated noise level (~5e10m/s), indi-
cating little to no inhomogeneity which is significant enough to
affect wave propagations within the regions.

Full 3D wave speed examinations at spatially resolved locations
were carried out to investigate such variations over larger length-
scales. A pair of coupons were cut at far-apart positions (>150mm)
from three plates of Ti, 304 SS and Ti-6Al-4V, and almost identical
patterns of the wave speed surfaces were obtained for all pairs in
Fig. 3b (though inevitably with small differences of velocity values).
These results demonstrate that even across these larger length-
scales, no significant spatial variation in either texture or homo-
geneities are observable by ultrasound, which in turn strengthens
the assumption within the much smaller VROIs. In addition, it is
worth noting that the homogeneity assumption (on the macro-
scopic level) is a relatively relaxed one for such 3D measurements:
e.g. a layered plate is technically inhomogenous, but it would still



Fig. 3. Homogeneity investigation results on some of the examined samples. (a). Normal-incident wave speed scan results on three samples across the typically sized VROI; (b). Full
3D wave speed surfaces of three pairs of samples cut from locations far apart (>150mm) on the same plates (partly reproduced from Ref. [23]).
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satisfy the directional homogeneity and is fit for the texture
inversion, when evaluated in the discrete directions of Fig. 1a.

These investigations also confirm the robustness of the ultra-
sonic platform in measuring wave speeds in spite of some partic-
ular micro-structural inhomogeneities that are present in these
samples. For example, EBSD scans on the Ti-6Al-4V sample (a
representative one shown in Fig. 4) revealed that they in fact
contained many localized inhomogeneities termed macrozones
[33] (or micro-textured regions, MTRs), which are clusters of large
numbers (often >100 on a 2D section) of neighbouring grains with
similar orientations. Ultrasound can still reliably measure these
samples because of the propagation mechanics of acoustic waves:
they tend to overlook micro-structural features that are smaller
than their wavelengths and reflect only the overall macroscopic
elasticity. This property can be exploited in combination with the
scalability of the convolution model: since the theory is indepen-
dent of frequency/wavelengths, higher frequencies can be normally
used to achieve better spatial and temporal resolution; when
encountering waveform distortions or amplitude attenuations that
are likely to be caused by micro-structural features, one can then
resort to lower frequencies (i.e. larger wavelengths) to maintain the
reliability of the measurements.

With the basic premises confirmed, we proceed to the most
important texture measurements with ultrasound. 10MHz waves
generated by a standard non-focused transducer were used for
these tests; the wavelengths are typically >10 times the grain sizes,
enabling the waves to propagate through the polycrystals with
little scattering and achieve excellent signal to noise ratios (nor-
mally >~40 dB). The through-thickness VROI at the centre of each
sample was examined, whose width is the larger one of either ~5



Fig. 4. EBSD scan of a region on a through-thickness section of the Ti-6Al-4V sample
showing the presence of macrozones (MTRs). Our acoustic method is robust against
such micro-structural inhomogeneities.
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times the sample thickness, as inscribed by the largest refraction
angle of the Gaussian-Legendre nodes, or the ultrasound beam
spreading size at the transducer-sample distance, and is estimated
to be ~20mm across for our configuration. With typical grain sizes
of 20e50 mm for the samples, the average texture of the VROI can
contain statistical counts of as many as >108 crystals. Each sample
was tested 3e4 times by ultrasound, and the wave speed results
were averaged to reduce experimental errors. As mentioned, the
error and repeatability level of the ultrasonic wave speed mea-
surements were estimated to be 5e10m/s, which were much
smaller compared to often >150m/s differences caused by texture.

After obtaining the measurements in all Gaussian-Legendre di-
rections, the texture inversion was performed through simple data
processing procedures. The discrete velocity values were firstly
used in the numerical integration Eq. (3) to calculate the SH
expansion coefficients Vlm, which were then input to the spherical
convolution equation (1) or (2) to obtain ODF coefficients Wlmn
using known single crystal Kln values (the SCECs used to calculate
Kln are listed in Appendix Table A.1). TheseWlmn values were ready
for the software toolbox MTEX [34] to reconstruct the (truncated)
ODF and plot out the pole figures.
3.4. Neutron diffraction texture validations: monochromatic over
TOF

These acoustic textures were verified against neutron diffraction
measurements performed on the STRESS-SPEC instrument [35] at
FRM II, Heinz Maier-Leibnitz Zentrum (MLZ), Germany. The VROIs
were cut out through-thickness into 20mm-diameter cylinders by
electric discharging manufacturing, and were mounted on a con-
ventional Eulerian goniometer, with the full bulk volumes exposed
to illuminations by a monochromatic neutron beam, thus ensuring
the detection of exactly the same texture across the same volu-
metric regions as had been done using the ultrasound.

During the diffraction tests, both the incident neutron beam
direction and the detector position were fixed, and the goniometer
rotated the mounted sample to cover the full 3D orientations. At
each sample orientation, the crystallographic plane (pole) that
satisfied the Bragg's Law reflected the beam to the detector, and the
received beam intensities, which were obtained by integrating the
recorded diffraction peak profiles using the software StressTextur-
eCalculator [36], were proportional to the volume fraction of
crystals with the crystallographic plane correctly aligned. Pole fig-
ures were directly plotted from such intensities, and the classic
inversion process was then performed to calculate the ODF from
multiple pole figures [37,38]. Both of these processes were done in
the MTEX toolbox [34].
Note that both the monochromatic and time-of-flight (TOF)
variants of neutron diffraction tests were performed and compared
on some of our samples, and the monochromatic technique was
selected as more suitable verification for our ultrasound measure-
ments, since its texture data is directly reconstructed from
diffraction intensities of monochromatic beams. Unfortunately, we
had difficulties with our samples for the Rietveld analysis of TOF
data, and were unable to obtain satisfactory texture results by
following the standard routines in literature [39,40]. A more
detailed description of the TOF measurements on our samples and
their comparisons against the monochromatic results is available in
Appendix 2.
4. Experimental results

In this section, results of experimentally determined texture by
ultrasound are presented and compared with neutron results for all
samples, and a simple estimation of phase compositions in dual-
phase materials is demonstrated using Ti-6Al-4V as an example.
4.1. Cubic materials

The (111) and (200) pole figures of the three cubic samples by
both detection techniques are plotted in Fig. 5, with the neutron
results also truncated to the same 4th-order for direct comparisons
with ultrasound. It is evident that both the overall distribution
patterns and the intensities of the pole figures generally agree well
between the acoustic and truncated neutron results, confirming
experimentally the postulated convolution between the lower-
order texture coefficients and wave speeds. These agreements are
remarkable considering the multiple factors that could have had
negative influences on them, such as inaccurate SCECs and
diffraction peak intensity calculations (e.g. peak integration regions
are hand-selected in post-processing, so even the same data set
could end upwith slightly different pole figures). These factors may
have contributed to the FCC-2 sample's slightly more pronounced
differences, where the texture intensities are relatively weak in the
first place. Herewe define a numerical metric, the Relative Distance
(RD):
I
U
jðuAcoust � uTruncNeutronÞjdU

�I
U
juTruncNeutronjdU (4)

(where u refers to ODF) to quantify the differences between these
two texture results, and the RD values are respectively 7.1%
(�52.9 dB), 8.0% (�50.8 dB) and 6.9% (�53.5 dB) for the samples.
These agreements confirm that the de-convolution process has
been successful.

Comparisons with the full neutron results render some con-
trasts: while all three pole figure pairs agree well for the BCC SS, the
acoustic and truncated figures of the two FCC samples appear
different from the full neutron texture. These differences, evident in
Fig. 5, are probably due to the textures of these particular samples,
where the more symmetric plastic deformation mechanisms [2]
(via {111}<110> slip) of the FCC crystal system have introduced
more significant higher-order ODF terms during the deformation
processes. These terms qualitatively impact visual inspection of the
pole figures when different truncation levels are applied.

However, the significances of the acoustic texture should be
emphasized. Many typical FCC texture types, such as Cube, Goss
and Brass, do not suffer from this issue as notably as the FCC-1 and 2
samples, and can be represented reasonably well after truncation
(as demonstrated in Appendix 3. Moreover, it is well-known that
the polycrystal elasticity and many other properties that can be



Fig. 5. Experimental results of the three cubic samples. Wave speed surfaces are plotted alongside pole figures obtained from acoustic and neutron examinations, with neutron
results also truncated to 4th SH order. The sample system is defined by the rolling direction (RD), transverse direction (TD) and normal direction (ND). FCC-1 results partly
reproduced from Ref. [23].
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described by tensors of lower than 4th ranks (includingmagnetism,
thermal expansioneisotropic for cubic materials, but important for
hexagonal ones, e.g. Zr, and piezoelectricity), depend most strongly
upon the lower-order ODF coefficients and the terms beyond 4th-
order are of minimal or no consequence [21e23]. For these prop-
erties, the acoustic pole figures could even be more usefully
representative, since incorporating the higher-order terms may
provide misleading qualitative interpretations (e.g. the full neutron
ones in Fig. 5). Finally, the FCC crystal's symmetric deformation
mechanisms also indicate SH terms that are potentially numerically
related, so that empirical links may be established to infer full
textures and structural evolutions from the truncated acoustic
ODFs.
4.2. Hexagonal materials

The acoustic technique also delivers pole figures of the three
HCP samples in Fig. 6. Again, there is successful agreement between
the acoustic and truncated neutron results, with good reproduction
of both qualitative distribution patterns and quantitative intensity
levels, and the RDs are 17.7% (�35.32 db), 12.6% (�41.43 db) and
18.0% (�34.33 db) respectively. Good numerical agreements are
also achieved in calculating the industry-relevant Kearns factors
[41], which describe the proportions of c-axes aligned along the
principal sample coordinates.

The full neutron pole figures are also well represented by the
acoustic results in Fig. 6, displaying only mild losses of local
sharpness, and minor discrepancies of intensities. The absence of



Fig. 6. Results of the three HCP samples from acoustic and neutron techniques. Kearns factors, which describe proportions of c-axes along three sample directions, show good
quantitative agreements. Note that they only depend on ODF up to 2nd-order [41], so are not affected by the truncation. HCP-1 results partly reproduced from Ref. [23].
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localized higher-order features, as discussed, does not impair the
method's ability to capture important distributions, nor to predict
many important physical properties. And the intensities are, by
definition, merely indicators of orientation distribution preference
levels compared to random texture (where the intensity is equal to
1 everywhere). The acoustic results still illustrate such preference
of distribution clearly; and given that their numerical values are
strongly (though nonlinearly) correlated with the full intensities,
the acoustic results could be empirically scaled to reflect the latter.

Fig. 7 shows the pole figure results of the cross-rolled, HCP-BCC
dual-phase Ti-6Al-4V sample. In this case, the material's BCC beta
phase, which is of ~10% volume fraction [31,42], is a source of un-
certainty and is treated differently between the techniques. The
acoustic method assumed the beta phase to be elastically isotropic
(i.e. with no texture), and ascribes all wave speed anisotropy to the
dominant HCP alpha phase. The alpha texture is determined
accordingly; while the neutron diffraction was unable to differen-
tiate the overlapping (0002)jalpha-(110)jbeta diffraction peaks (as
per the Burgers' Orientation relationship) [31,42], and the beta
(002) peak was too weak to be clearly distinguished from noise, so
it instead regarded intensities at the (0002) Bragg angle as entirely
alpha-phase contributions (for reference, the TOF neutron method
is not able to provide certainty on the beta phase either, see
Appendix 2). These different treatments led to some intensity
discrepancies of the pole figures, with neither result being perfectly
accurate, but the qualitative distributions still agree well, with both
cross-rolling directions and the stronger intensities in the trans-
verse direction (TD) clearly identified.
4.3. Phase estimation in dual-phase materials

The acoustic approach offers an additional important perspec-
tive into material phase compositions, for which the 0th-order
polycrystal SH term V00 holds the key. According to the convolu-
tion, the polycrystal V00 term is linked to the single crystal term K00
by the ODF's 0th-order coefficient W000:

V00 ¼ W000K00 (5)

W000 is always equal to 1 regardless of the texture, so the V00
value in a single phase material is always equal to K00, and is an
intrinsic feature of the phase reflecting acoustic properties and the



Fig. 7. PFs of the cross-rolled HCP-BCC dual-phase sample (partly reproduced from Ref. [23]). The different treatments of the beta phase in data post-processing caused dis-
crepancies in PF intensities, but the qualitative distributions still agree well.
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SCEC accuracies. In dual-phase materials, the overall V00 value of
the polycrystal can be approximated by the simple volume fraction
average of the two phases' K00 values. For example, if the fraction of
the alpha phase is denoted as h, then we have:

V00joverall ¼ h� V00jalpha þ ð1� hÞ � V00jbeta (6)

With V00jalpha and V00jbeta values again deductible from known
SCECs, the experimentally measured V00joverall provides a simple
arithmetic estimation of h inversely. Our Ti-6Al-4V sample, for
instance, has alpha-phase K00¼ 22091.9 and beta K00¼ 21617.6
(from SCECs in Ref. [42]), with measured polycrystal V00¼ 22029.2,
yielding an estimated alpha percentage of 86.8%, which is reason-
ably close to the ~90% data in literature [31,42].

The precision of the estimation is subject to the accuracies of the
SCECs and experimentally measured V00 values, the latter of which
is investigated here on its repeatability and accuracy. The repeat-
ability can be studied via the three pairs of samples in Fig. 3b. After
multiple tests, the experimental V00 values of these samples
calculated from the average speeds are listed in Table 2, and
excellent repeatability for the measurement of this value is
observed. As for accuracies, the V00 values are basically the average
speed of all directions multiplied by a factor of

ffiffiffiffiffiffiffi
4p

p
. For an esti-

mated experimental accuracy of ~5e10m/s in individual directions
(though V00 is the average of 36 directional velocities, so theoret-
ically should have smaller error levels), the V00 value has an un-
certainty of ±17.5e35.5. In the case of Ti-6Al-4V, whose alpha and
beta V00 values are 474.3 apart (22091.9 and 21617.6 respectively),
this translates into± 4e7% uncertainty in the estimated phase
composition. Apparently, this estimation is also dependent on the
material properties (e.g. how far apart the V00 values of alpha and
beta phases are).

Despite such dependences, there is, in many cases (e.g. Ti-6Al-
4V), no other non-destructive technique for bulk phase composi-
tion measurements, so the acoustic method could emerge as a
useful tool for structural characterisation. It works well against
micro-structual inhomogeneity (again in the case of Ti-6Al-4V),
and may be used for absolute-term estimations as well as
relative-term monitoring of changes between samples.
Table 2
Experimental repeatability of measuring V00 values in the three pairs of samples
shown in Fig. 3b.

Material CP Ti 304 SS Ti-6Al-4V

V00 value of sample 1 21518.0 20253.6 22029.2
V00 value of sample 2 21526.2 20272.3 22027.6
Difference 7.8 18.7 1.6
5. Discussions

The ultrasound setup in Fig. 2 has proved the convolution
methodology to be a reliable and accurate way of measuring bulk
texture, on a range of industry-important hexagonal and cubic
materials. This setup can be easily integrated to the existing in-
dustrial ultrasonic scanning systems; if fully automated, it is esti-
mated to reduce the testing time to a couple of minutes per
location, providing significant improvements in efficiency
compared to current standard practices such as EBSD (which takes
hours for similar, millimetre-scale surface inspections). And given
the wide and cheap availability of the ultrasonic equipment, this
could transform the capability of non-destructive, volumetric
measurements of texture - desirable yet currently only achievable
via neutron/synchrotron at national facilities - into routine checks
on production lines and in research laboratories. The rapid feed-
back loop of texture information, as well as its resultant physical
anisotropy, could enable considerably better control over material
performances and fabrication efficiencies in mechanical metallurgy
and manufacturing of materials.

Furthermore, the wave propagation and texture inversion the-
ories underpinning our method are dimensionless e meaning that
they are arbitrarily scalable in dimension, and are equally appli-
cable across the frequency spectrum. Therefore, the power of this
general methodology extends beyond the specific setup in Fig. 2,
such that any other alternative transduction setup capable of
measuring the arrival time of ultrasound through the bulk of a
material sample from one point to another would be equally suit-
able. For example, an experimental implementation [23] based on
Resonant Ultrasound Spectroscopy has recently been proved
capable of achieving similar texture measurements by indirectly
retrieving elasticity from vibrational resonances. Other alternative
setups at this spatial scale could use piezo-electric point-contact
transducers or ultrasonic array transducers, setups at smaller
spatial scale could use laser-ultrasound excitation and laser inter-
ferometer reception, and setups at larger scale could use seismic
sources and accelerometer receivers. The approach to sampling,
acquisition and processing for inversion would be the same for any
of these other example setups. The scalability also amplifies an
additional advantage of the acoustic approach, namely its great
penetrating power: e.g. while even neutron or X-ray synchrotron
would struggle to penetrate metal samples beyond 10mm thick, a
common ultrasound equipment can easily evaluate those of
>50mm thicknesses.

It appears reasonable to further postulate that the scalability
could even extend applications of the general methodology beyond
material sciences, into the realm of Earth science, given that the
fundamental propagation mechanisms of seismic waves in min-
erals are the same as ultrasound in metals. This could for example
enable deployments of kilometre seismic waves - and a plethora of
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intermediate-scale ones - as large-scale tools for probing textures
in ice (hexagonal) under natural conditions for understanding of
glacier flows [5]; and in deep Earth [43] for interpretations of
planetary structures and their dynamic evolutions. The phase
composition estimation could also be of value, e.g. for interpreting
the phases of the Earth's inner core [43] from seismic anisotropies,
as our understanding of its thermodynamic conditions and chem-
ical compositions advances. However, stiff challenges should be
expected for these much less controlled explorations (and also for
industrial applications under extreme conditions, e.g. steels at high
temperatures [44]), including high levels of anisotropy and in-
homogeneity of the materials, as well as limited angular
accessibilities.

6. Conclusion

As an important validation of a general convolution approach to
extract texture information from acoustic wave speeds, an experi-
mental platform that is capable of measuring the angular variation
of ultrasound within a volumetric region has been established,
based on a conventional system that is used in non-destructive
evaluation. High-fidelity texture information of seven
industrially-significant hexagonal and cubic (both BCC and FCC)
samples, including Ti, Zr and stainless steel, were recovered from
ultrasonic measurements, and were successfully verified against
the well-established monochromatic neutron diffraction tech-
nique. Besides the excellent agreements between the techniques
for all the samples, possible reasons for the different visual in-
spections of pole figures observed on FCC samples (truncation of
harmonics) were discussed. In addition, the acoustic method offers
an important perspective on the phase composition of dual-phase
materials, which was successfully demonstrated using Ti-6Al-4V
as an example.

As such, the present work establishes the general methodology
as an exciting new characterisation tool to non-destructively
identify the orientation and phase distributions of crystals within
volumetric regions. Its successful demonstration on the represen-
tative samples implies the methodology's wider potential extend-
ing beyond engineering metals, to ceramics and geological
minerals, and its impact could be expected across various research
areas and industries.

Data statement

MTEX scripts and the texture data are provided in the
supplementary data for readers who wish to explore alternative
representations of the textures.
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