i+l

NRC Publications Archive
Archives des publications du CNRC

Analysis of backscattered ultrasound amplitude of
Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo0-0.3Si samples in terms of their
microstructures and local textures

Humbert, M.; Moreau, A.; Uta, E.; Gey, N.; Bocher, P.; Bescond, C.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1016/j.actamat.2008.10.012
Acta Materialia, 57, 3, pp. 708-714, 2009-02

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=124a508b-cd8d-4a0b-8984-f84a500a0dbf

https://publications-cnrc.canada.ca/fra/voir/objet/?id=124a508b-cd8d-4a0b-8984-f84a500a0dbf

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



&

ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Acta Materialia 57 (2009) 708-714

H

o

f,EBACta MATERIALIA

www.elsevier.com/locate/actamat

Analysis of backscattered ultrasound amplitude
of Ti-5.8 Al-4Sn—-3.5Zr—0.7Nb-0.5Mo0-0.3S1 samples
in terms of their microstructures and local textures

M. Humbert **, A. Moreau °, E. Uta?®, N. Gey?, P. Bocher®, C. Bescond ”

& Laboratoire d’Etude des Textures et Applications aux Matériaux, LETAM, CNRS UMR 7078, Université de Metz, F-57045 Metz Cedex 01, France
® Industrial Materials Institute, National Research Council of Canada, 75 de Mortagne Blvd., Boucherville, Que., Canada J4B 6 Y4
¢ Ecole de technologie supérieure, Montréal, Que., Canada

Received 24 July 2008; received in revised form 1 October 2008; accepted 9 October 2008
Available online 18 November 2008

Abstract

The amplitudes of backscattered ultrasound were measured at 10 MHz on different samples of the near-o titanium alloy Ti-5.8Al-
4Sn-3.5Zr-0.7Nb-0.5Mo-0.3Si. Orientation imaging maps (OIMs) of these samples were also determined by electron backscatter dif-
fraction. The backscattered amplitude appears to be related to the microstructure, notably to the orientations, volume fractions and spa-
tial distribution of specific zones. These zones, named macrozones, are formed with a majority of primary oy, grains and secondary o
colonies having nearly a common crystallographic axis. To illustrate the role of the microstructure on wave propagation, the local elastic
constants determining the velocities of the longitudinal ultrasonic waves were deduced from the OIMs. The analysis of the spatial dis-
tribution and variations of the elastic constants explains the observed variations in backscattered ultrasound amplitude.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The titanium alloy Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo—
0.3Si, also called IMI 834, is a near-a titanium alloy used
for rotating engine components. Through processing, it
acquires a bimodal microstructure consisting of primary,
o,, grains and secondary, og, colonies inherited from B
grains. This bimodal microstructure is designed for
improved mechanical properties such as high fatigue and
creep resistance for service temperatures up to 600 °C [1].
A billet is first machined from a cast ingot, then forged in
the o—f field to obtain a reduced diameter. The resulting
microstructure contains elongated zones, named macroz-
ones, which are elongated in the axial direction of the billet.

* Corresponding author. Tel.: +33 38731 5387; fax: +33 38731 5370.
E-mail address: michel. humbert@univ-metz.fr (M. Humbert).

In these macrozones the oy, and o grains have preferred
crystallographic orientations linked in a complex way to
the orientations of the deformed primary o, grains and of
the deformed B grains present in the o—f field [2-4]. Because
the changes of compression direction in the forging process
induce inhomogeneous local stresses and strains in the bil-
let, after several steps the orientation couplings finally
weaken and many volumes lose their macrozone character.
Nevertheless, some of these volumes retain this character.
These heterogeneities can cause a significant decrease of
creep and fatigue performance, leading to a great reduction
in the service life of the product, notably by dwell [5].

A precise study of the macrozones, whose sizes are of
the order of millimeters, can be performed by scanning
electron microscopy (SEM) and electron backscattering
diffraction (EBSD) to obtain their microstructural charac-
teristics [6-8]. However, these techniques, whose principal
role is local investigations, are not well adapted for efficient
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detection of the macrozones as these can be large compared
to the scanned area.

Because many titanium alloy single crystals (like IMI
834) are elastically anisotropic, ultrasonic volume inspec-
tion is sensitive to local crystallographic orientations and
more generally to the sample microstructure. Notably,
attenuation of the ultrasound amplitude, the backscattered
ultrasound amplitude (i.e. the amplitude of the ultrasound
scattered backwards), and the velocity of sound depend on
the microstructure. For example, it was found very early
that in a Ti-5AI-6V-2Sn alloy ultrasound waves were
backscattered from o colonies of similar crystallographic
orientations and that the backscattered intensity was high-
est when the sound beam was perpendicular to large planar
boundaries [9]. This backscattered amplitude could cause
the false detection of defects [9] or seriously degrade the
ability to image flat-bottomed holes in Ti-6242 [10].

The behaviour of ultrasound in microstructures consist-
ing of grains and colonies has been studied from various
points of views. Detailed scattering models were made
[11-15] and showed that in the two-phase alloy Ti—6Al-
4V the backscattered ultrasound amplitude is large in
directions perpendicular to the elongated macrozones,
and weak in the direction of the elongated macrozones.
Ultrasonic attenuation was found to be highest in the direc-
tion of the elongated macrozones. This was attributed to
phase shifts caused by the elongated macrozones [16,17].
Furthermore, EBSD measurements in a Ti—-6Al-4V alloy
showed that regions with high and low backscattered
amplitudes in a single part were associated with different
microtextures caused by thermomechanical processing
[18,19]. These microtextures could also explain backscat-
tered signal anisotropy as well as ultrasonic attenuation
anisotropy. Finally, it was shown recently that the back-
scattered ultrasound amplitude can be dissimilar in differ-
ent regions of a single forged part [20].

In this paper, two samples taken from a single forged
cylindrical billet made from the near-a alloy IMI 834 are
compared ultrasonically and by EBSD. The two samples
are taken from two geometrically equivalent positions
and should be similar. However, when ultrasound is prop-
agated in the direction perpendicular to the macrozones,
i.e. in the direction of high backscattering amplitude, one
sample has a high backscattered signal amplitude while
the other one has a low amplitude. The texture character-
istics of both samples are determined by EBSD and utilized
to explain the differences observed by ultrasonics.

2. Materials and methods
2.1. Samples

The investigated IMI 834 disk was acquired from an ini-
tial ingot and its processing resulted in a microstructure
consisting of approximately 30% equiaxed o, grains sur-
rounded by lamellar o laths with thin  layers between

Fig. 1. Parallelepiped localizations in the IMI 834 disk. AD is the axial
direction. EBSD investigations are performed on the x—y planes. The x, y
and z axes are parallel to the tangential, axial and the negative of the radial
directions, respectively.

o laths. The equiaxed o, grain size is about 25 um, whereas
the width of the o laths is around 2 um.

Two large parallelepipeds referred to as HBA (high back-
scattered amplitude sample) and LBA (low backscattered
amplitude sample) (1 x h x d =90 x 30 x 20 mm) were
cut from two different locations in the IMI 834 disk (Fig. 1).

2.2. EBSD analysis

Several EBSD scans of an area of some millimeters
(12.5 x 7.5 mm) with a step size of 15 um were performed
on face 1 (x—y) of the samplesin a 6500F JEOL field emission
gun-scanning electron microscope equipped with a Channel
5 system (HKL technology, Denmark). The choice of face 1
(1 x h =90 x 30 mm) for EBSD investigations was dictated
by the fact that texture heterogeneities develop in specific and
limited disk sectors and form volumes elongated in the axial
direction. The resulting orientation imaging maps (OIMs)
are representative of the large face 1 and contain the orienta-
tion of each diffraction location on the x—y plane of the sam-
ples. Generally, in the OIMs, a colour key is used to display
information about the local orientations [2,3,6]. However, in
this contribution, we exhibit some specific characteristics of
the microstructure calculated from the OIMs. Fig. 2 is a
representative example. Fig. 2a (respectively Fig. 2c) shows
the locations in sample HBA (resp. sample LBA) where the
¢ axes of the hexagonal close-packed (hcp) o grains are
oriented in the x direction with a tolerance angle of 20°.
Fig. 2b (respectively Fig. 2d) indicates the locations in
sample HBA (resp. sample LBA) where the ¢ axes are
perpendicular to the x direction with the same tolerance.

Sample HBA (Fig. 2) displays a succession of two types of
bands, elongated in the y direction (perpendicular to x). The
first ones (Fig. 2a) are well identified by the high density of
black points (8% of the total points of the map) with ¢ axes
parallel to the x direction. The other bands between the first
ones contain points (35%) whose ¢ axes are perpendicular to
x (in black in Fig. 2b). The remaining 57% of points have the
¢ axes neither parallel to x nor perpendicular to x. The bands
of Fig. 2a, characterized by a majority of grains with com-
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Fig. 2. Orientation maps of samples HBA (a and b) and LBA (c and d). The black points indicate the locations where the ¢ axes are parallel to x (a and c)

and where the ¢ axes are perpendicular to x (b and d) with a tolerance of 20°.

mon c axes (black points) in the x direction, define a partic-
ular type of macrozone. The situation is very different for
sample LBA which does not present such somewhat periodic
and regular bands, neither for ¢ axes parallel to x (Fig. 2¢)
(10.7% of the total points) nor perpendicular to x (Fig. 2d)
(23% of the total points). In this case, with a tolerance angle
of 20°, more points (66.3%) than for HBA have c axes neither
parallel to x nor perpendicular to x. These different percent-
ages show that the sharpness of the local texture differs for
LBA and HBA as more specific texture studies can attest
[21]. These various local orientation distributions according
to the samples suggest that the deformation field during forg-
ing within the Ti disk was very inhomogeneous so that it led
to different local microstructures.

2.3. Ultrasound investigations

The amplitude of the backscattered ultrasound was
measured as follows. A sample was immersed in water. A
wideband, 10 MHz, unfocused ultrasonic transducer was
also immersed and oriented so that the ultrasound propa-
gated in water in a direction normal to one of the two
smallest, (y—z), sample surfaces (see Fig. 1). A short pulse
of ultrasound was excited electrically. The pulse propa-
gated to the water—sample interface, into the sample and
to the opposite side (the opposite sample-water interface)
where it was reflected back along the same path all the
way to the transducer. Along the way, some of the pulse
energy was also reflected back at the first water—sample
interface and by the internal microstructure of the sample.
The measurement was repeated for each of the two y—z sur-
faces of the two samples.

Fig. 3 shows the detected signal amplitude obtained on
both samples. The large signal amplitude shown at the
beginning and at the end of the figures (0 and 30 ps),
respectively, are much larger than the vertical scale of the
diagram. They correspond to the wave reflection at the
two water—sample interfaces, 90 mm apart. The ultrasound
backscattered by the microstructure is shown in between
the two reflections. The portion between 5 and 25 ps was
selected and its mean root mean squared (RMS) amplitude
measured. The vertical scale shown in mV depends on
amplifier gains and transducer characteristics. Those units
can be considered arbitrary, but because the measurement
conditions were identical for all measurements, all mea-
surements can be compared relative to each other.

The backscattered signal amplitude in the intermediate
time interval (5-25 ps) was of 47.5mV RMS for sample
HBA and 22.5mV RMS for sample LBA. Thus, the
RMS amplitude is approximately twice as large for HBA.
Interchanging sample sides led to similar results.

3. Discussion

In polycrystalline materials, the attenuation of ultra-
sonic waves and the amplitude of the backscattered noise
depend on the elastic properties of the grains, on their ori-
entations, on their size, D, and on ultrasonic wavelength, A.
With a wavelength of about 0.6 mm in Ti at an ultrasonic
frequency of 10 MHz and with a 25 um size of the individ-
ual oy, grains (2 pm for the oy grains) in both samples the
difference in the backscattered noise amplitudes in samples
HBA and LBA cannot be explained easily by scattering
from individual o, (or o) grains because these grains are
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Fig. 3. Detected ultrasonic amplitude measured at 10 MHz on samples HBA (a) and LBA (b).

so small that very little backscattering would be expected
and because these grains have the same dimensions and
volume fractions in both samples.

The main difference is, in sample HBA, the marked
presence of parallel bands, periodically distributed, nor-
mal to x, with a high density of «, and o grains having
their ¢ axes along x for one band type and perpendicular
to x for the other band type. These features extend several
millimeters in the y direction and up to a few millimeters
in the x direction. They are relatively homogeneous and
could contribute to backscattering because they are much
larger than individual grains and of dimensions compara-
ble to or even exceeding A. Theses bands are less pro-
nounced in sample LBA and would be expected to
contribute less. The observed bands correspond to differ-
ent textures and, consequently, to differences in local elas-
tic behaviour.

Due to the anisotropy of the elastic constants of the Ti sin-
gle crystal, the longitudinal wave velocity decreases from

,/% along the c¢ axis to ,/% in the basal plane of the

crystal, i.e. from 6332 to 6003 m s ', considering the elastic
constants of Ti single crystal (C}, =1.624,C3; =
1.807, C%, = 0.920, C?, =0.690, C%, =0.467 x 10° MPa
[22]) and its density (p = 4507 kg m>). By considering the
texture and the anisotropy of the elastic constants, the mean
velocity of the longitudinal waves propagating along x
were calculated for both samples. We obtained 6083 and
6093 m s~ for HBA and LBA samples, respectively. There-
fore, the two samples appear nearly indistinguishable from a
bulk perspective. However, although the difference in mean
velocity is small, 10 m s~ ', the variation of the wave velocity
as a function of location within the sample can be as high as
329 m s~ ! for ideal orientations. This suggests that the back-
scattering amplitude difference between the two samples
could be linked to differences in local elastic behaviours
and notably to local variations in the acoustic velocities.
We now present two models to develop these ideas and
explain the different backscattering response of the two
samples. The first model is somewhat simplistic, but pro-
vides a good qualitative understanding of the mechanisms
responsible for the difference in backscattered amplitude.

The second model is based on recent models proposed in
the literature and provides quantitative predictions.

3.1. Qualitative approach

At the boundary between two media (1 and 2) with dif-
ferent acoustical impedances, a part of the incident wave is
reflected. The reflection coefficient r is related to the acous-
tic impedances Z = /pV1 of both media by:

. (Zz - Zl>2 _ (VPVLz - \/PVL1>2
Z,+ 7, VoV +vVoeVlu)

where p is the density and V1 the local velocity of the longi-
tudinal waves. Therefore the backscattered ultrasound
amplitude should be larger in materials presenting larger
variations in acoustic impedance and velocity. In addition,
for materials having inhomogeneous microstructures such
as this IMI 834 alloy, the backscattered ultrasound intensity
should be stronger in the directions having large and sharp
variations in acoustic impedance and velocity. Clearly, the
larger the magnitude, the larger the scattering. However,
the length scale over which these variations occur is also
important. If these variations occur over a length scale that
is very short compared to the acoustic wavelength, then the
material will be acoustically homogeneous and scattering
will be very small. However, if these variations occur over
a length scale comparable to or shorter than that of the
acoustic wavelength, then scattering will be much stronger.

The backscattered ultrasound intensity was measured in
the x direction. Therefore we attempted to compare the
velocity variations in the x direction for the two samples.

The velocity Vi (x,y) = \/% is calculated from the crys-

tallographic orientation at each location on the OIM, from
the elastic constants of Ti single crystal and from its density
p. By inspection of Fig. 2, one can see that the macrozones
form vertical bands that are relatively uniform and well
aligned in the y direction, so the obtained velocities were
averaged in the y direction. We obtained the mean velocity
of the waves travelling in the x direction

Vi(x) =L [o™ ¥, (x,y)dy as a function of x. Fig. 4 shows

T YMax Y0
the results for both samples at the same scale as in Fig. 2.
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For the HBA sample (Fig. 4a), V,(x) shows large (of
the order of 100 m s ') and sharp (over a distance of the
order of 100 um) changes in velocity. These sharp
changes are separated by distances of the order of 0.5
to several millimeters, in concordance with the bands
perpendicular to the x direction in Fig. 2a. The highest
velocities correspond to the bands formed of black
points (with the ¢ axis of the crystal parallel to x). In
contrast, the LBA sample (Fig. 4b) has small velocity
variations, of the order of less than 50 ms™ ', occurring
over short distances, with only one clearly visible struc-
ture (~2mm). This observation leads us to hypothesize
that the stronger backscattered signal in the HBA sample
is caused by those bands of sharply varying acoustic
impedance.

3.2. Quantitative approach

A number of fundamental works have been devoted to
ultrasonic scattering and elastic heterogeneities (see nota-
bly Refs. [23,24]). Among them, we adopted a model pro-
posed by Rose [12] to sustain a quantitative
interpretation of the present experimental results. In the
notation of Han and Thompson [14], the model predicts
that the backscattered power is proportional to

a HBA
6200

crzs .
6100 \ [ A IV
o WA YA T ARANIN
(:3040-w !F'

6020 T T T T T
0 2000 4000 6000 8000 10000

um

Fl

m/s

12000

1 (2k) = /<8C11(r)8C11(r’)> expRik(r — ¥))d*(r — 7),

where 6C expresses the difference between an elastic con-
stant C; and its mean value. The quantity
(8C11(r)0Cy1(¥)) which represents the ensemble average,
is displayed with respect to the shift, r — ¥ = A in the x
direction, in Fig. 5 for both samples. Both autocorrelation
functions show a peak near zero. This peak shows that as
the distance increases between two points it is less likely
that the elastic constants are the same. For the LBA sam-
ple, beyond 2 mm, the probability that two points have the
same elastic constants is close to zero. For the HBA sam-
ple, however, the function is nearly periodic with a period
of ~1 mm. This reflects the spacing between the bands de-
scribed previously. It is worth noting that such a periodic
behaviour does not appear to have been noted or modelled
by previous authors concerned with ultrasonic
measurements.

The backscattered power, y*(2k), is essentially the Fou-
rier transform of (3Cy;(#)0C(¥)), where k is equal to
2n// and A is the wavelength. 7(2k) is shown in Fig. 6.
Clearly, the backscattered power is predicted to fluctuate
widely with frequency in the HBA sample, and it is
expected to be larger on average. In the frequency range
of 5MHz (2k=11mm™") to 15MHz (2k =31 mm '),

b LBA
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Fig. 4. Expected mean velocities for longitudinal waves calculated from the IOMs of samples HBA (a) and LBA (b).
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Fig. 6. x(2k) (Fourier transform of (8C,,(r)3C,;(+))) in function of 2k, for samples HBA (a) and LBA (b).

which is approximately the bandwidth of the transducer,
the mean value of y*(2k) is ~2.6 times as large as in the
HBA sample. Since the amplitude is proportional to y,
the square root of factor 2.6 (/2.6 = 1.6) should be equal
to the measured RMS amplitude ratio, which is equal to
2.1. The difference of 25% between these two quantities is
not negligible but remains limited considering the experi-
mental errors. Notably the small surface (6 x 12 mm) of
the sample used for microstructural investigations might
not be completely representative of the heterogeneities of
the whole volume used for the ultrasonic tests.

These different features suggest that the difference in
amplitudes of the backscattered noise measured in sam-
ples LBA and HBA is linked to the local variations of
the elastic constants in the x direction. Indeed, in sample
HBA these variations are more numerous, of higher
amplitude and occur over characteristic distances that
approach that of the acoustic wavelength. As a conse-
quence, the observed backscattered ultrasound amplitude
of the HBA sample is twice as high as that of the LBA
sample. In addition, the HBA sample appears to have
quasi-periodic structures that enhance backscattering at
some frequencies.

4. Conclusion

This work concerns the analysis of the ultrasonic
responses in IMI 834, and how these correlate with heter-
ogeneities in the local texture. The two selected samples
present strong and weak ultrasonic backscattered ampli-
tudes, respectively. EBSD measurements reveal the pres-
ence of macrozones in the two samples. However, in the
sample with a weak ultrasonic backscattered amplitude,
the macrozones are not as sharply defined and clearly
observed. The amplitude difference is not explained by
the size of the grains, which are the same in both samples.
The higher backscattered amplitude of sample HBA is
associated with the presence of numerous macrozones
elongated perpendicularly to the wave propagation direc-
tion. With a thickness of about one wavelength at
10 MHz, each particular macrozone behaves as a rela-
tively uniform volume in which the wave velocity is rela-

tively constant but different from that of its adjacent
macrozones. Notably, in a macrozone, the propagation
velocity in some direction is higher if the density of c-axes
is higher in this direction. These features suggest that the
high backscattered amplitude measured in sample HBA is
linked to the sharper, larger and more frequent variations
of the velocity in the x direction and which have charac-
teristic length scales of the order of the acoustic wave-
length. Consequently this leads to more backscattering
of the incident ultrasonic beam in sample HBA than in
sample LBA. This qualitative model is supported by a
quantitative estimate of the intensity of the backscattered
ultrasound amplitude using scattering models based on
spatial autocorrelation of the elastic constants. The auto-
correlation function was calculated from the EBSD data
and the model calculation predicts that the HBA sample
should be 1.6 times as “noisy” as the LBA sample, which
is a value close to the experimental measurement. More-
over, both the EBSD and the ultrasonic data show that
quasiperiodic macrostructures may exist in the IMI 834
alloy. These macrostructures are characterized by bands
having preferred crystallographic orientations and differ-
ent average elastic properties.
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