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Imaging textural variation in the acoustoelastic coefficient
of aluminum using surface acoustic waves

R. Ellwood, T. Stratoudaki, S. D. Sharples,® M. Clark, and M. G. Somekh®
Advanced Optics Group, Faculty of Engineering, University of Nottingham, University Park, Nottingham,
NG7 2RD, United Kingdom

(Received 20 April 2015; revised 24 September 2015; accepted 30 September 2015; published
online 5 November 2015)

Much interest has arisen in nonlinear acoustic techniques because of their reported sensitivity to
variations in residual stress, fatigue life, and creep damage when compared to traditional linear
ultrasonic techniques. However, there is also evidence that the nonlinear acoustic properties are
also sensitive to material microstructure. As many industrially relevant materials have a polycrys-
talline structure, this could potentially complicate the monitoring of material processes when using
nonlinear acoustics. Variations in the nonlinear acoustoelastic coefficient on the same length scale
as the microstructure of a polycrystalline sample of aluminum are investigated in this paper. This is
achieved by the development of a measurement protocol that allows imaging of the acoustoelastic
response of a material across a samples surface at the same time as imaging the microstructure. The
development, validation, and limitations of this technique are discussed. The nonlinear acoustic
response is found to vary spatially by a large factor (>20) between different grains. A relationship
is observed when the spatial variation of the acoustoelastic coefficient is compared to the variation

in material microstructure. © 2015 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4934270]
[LC]

I. INTRODUCTION

Nonlinear acoustic techniques are of interest due to their
potential sensitivity to processes such as residual stress,'™
fatigue,*® and creep damage’® in materials, where conven-
tional linear techniques are relatively insensitive. A range of
nonlinear acoustic techniques’ exist, all of which probe the
third order and higher elastic constants of a material using
acoustic waves. This paper focuses on the nonlinear acoustic
technique that measures the acoustoelastic effect. The acous-
toelastic effect is the change in the velocity of an acoustic
wave with the application of stress.” This modulation is
caused by the inherent nonlinear properties of the material
being probed. The acoustoelastic coefficient is a measure of
the relative change in velocity with applied stress. The
acoustoelastic coefficient is related to both the linear second
order elastic constants and the nonlinear third-order and
higher elastic constants of a material. The particular elastic
constants probed by the acoustoelastic coefficient depends
on the type of wave propagated, polarisation of the acoustic
wave, and the direction of propagation relative to the applied
stress in an anisotropic material.'” Several methods of deter-
mining the acoustoelastic coefficient of a material using
ultrasound have been proposed.' 15 In our previous
articles,'®!7 a technique was presented that measures the
acoustoelastic coefficient (Ag) by investigating the paramet-
ric interaction of surface acoustic waves (SAWs). Dynamic
strain, due to the propagation of a SAW, induces stress in the
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material. Another SAW probes this stress state. The tech-
nique produces similar acoustoelastic measurements to a
static straining technique.'” The advantage of this technique
is that it allows small (~0.12 mm?) localised measurements
of the acoustoelastic coefficient using low levels of stress to
inspect the material. This ensures that work and damage of
the component is avoided during the measurement, a poten-
tial problem with high levels of strain used in other
techniques.

Most industrially relevant materials, such as metals, are
polycrystalline'® and so consist of multiple randomly orien-
tated grains. The particular third-order elastic constants that
affect the propagation of an acoustic wave are dependent on
the crystal orientation.'®*° Variations in the nonlinear acous-
tic response with a change in propagation direction on crys-
talline materials has been explored theoretically by various
workers.?>*' Man ez al.** explicitly investigated the effects
of texture on the acoustoelastic coefficients. The third-order
elastic constants of single crystals were theoretically linked
to those of polycrystals by Barsch.?®> Experimental measure-
ments of third-order elastic constants on single crystal alumi-
num have been conducted by various workers.'*?*
Experimental measurements of the variation in nonlinear
response with change in angle of propagation have been
made on crystalline silicon by Lomonosov et al.>> Imanishi
et al* found large variation in the global acoustoelastic
coefficient with a change in angle of measurement relative to
the rolling direction (and so anisotropy) in polycrystalline
aluminum. Wormley ef al.*’ investigated polycrystalline alu-
minum with surface skimming longitudinal, shear horizontal
and Rayleigh waves and found significant variation in the
measurement of the global acoustoelastic coefficients due to

© 2015 Acoustical Society of America 2811

8€:21:20 G20z Aenigad Gz


http://dx.doi.org/10.1121/1.4934270
mailto:steve.sharples@nottingham.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1121/1.4934270&domain=pdf&date_stamp=2015-11-01

VProbe = VPump
— —

/

Probe wave Pump wave

FIG. 1. Diagram depicting the probe-pump wave interaction. As both the
probe and pump wave have similar velocities this means that the probe
wave only interacts with a single temporal region on the pump wave. The
position of the probe wave can be moved relative to the pump wave so that
it interacts with regions of different applied stress.

a change in texture (and so microstructure) in the material
with respect to rolling direction. Spatially resolved variation
in the local stress field, attributed to microstructure, has been
imaged using a shear wave birefringence technique by
Landa er al.*®

From the existing literature, it is clear that when investigat-
ing the acoustoelastic coefficient of materials, variation due to
the microstructure is important. The ability to resolve the local-
ised variation in the acoustoelastic coefficient over a region
would allow the impact of microstructure to be investigated. It
might also potentially offer deeper insight into localised varia-
tions due to a range of processes (creep, fatigue, or residual
stress), allowing these processes to be better understood.

This paper has two goals. The first is to demonstrate the
imaging of the acoustoelastic coefficient across a material
surface. The second is to investigate the variation in the
acoustoelastic  coefficient within separately resolvable
regions of microstructure on an aluminum sample.

In Sec. II the experimental configuration is described,
along with the data acquisition and data processing methods
developed in order to allow imaging of the acoustoelastic
coefficient (see Sec. Il E). The repeatability of the developed
imaging technique is demonstrated on an aluminum 2024-
T351 sample in Sec. II G. Experimental results are given in
Sec. III, which presents the variation in the acoustoelastic
coefficient on two different but adjacent regions of micro-
structure of a sample of aluminum, specially produced as

described in Ref. 29 to have a large microstructure. Finally,
a discussion of this technique, its capabilities and limitations
are given in Sec. IV.

Il. EXPERIMENTAL METHOD AND INSTRUMENTATION

The dynamic strain technique used in this paper employs
the collinear mixing of surface acoustic waves: a high fre-
quency, laser generated probe wave'® and a low frequency,
transducer generated pump wave. Section II A describes the
generation of the high frequency probe wave. Section 1B
describes the generation of the low frequency pump wave that
stresses the material as it propagates. The waves co-propagate
and interact due to material nonlinearity. Both waves are
detected using optical techniques. The probe wave packet is
relatively short (<0.25 the period of the pump wave) com-
pared to the period of the pump wave. Both waves are
Rayleigh waves, which are non-dispersive provided the sam-
ple is sufficiently thick. Consequently, both waves have same
base velocities. This means that the probe wave packet inter-
acts with the same region of the pump wave throughout its
propagation and therefore experiences a constant and near
uniform stress state, see Fig. 1. By controlling the precise tim-
ing of the generation of each wave, the probe wave can be
made to interact with different temporal points on the pump
wave. The system to control the interaction of the two waves
is outlined in Sec. IIC. As the probe wave interacts with dif-
ferent points on the pump wave, it will experience different
stress levels, resulting in the velocity of the probe wave being
modulated by different amounts, due to the acoustoelastic
effect. The process of converting the received time traces into
measurements of the acoustoelastic coefficient (Ag) 1is
described in Sec. IID. Finally the development of an imaging
protocol is described in Sec. IIE. Figure 2 is a functional
schematic of the dynamic strain system.

A. Probe SAW generation and detection

The probe wave, a high frequency SAW, was generated by
thermoelastic laser generation. A Q-switched Nd:YAG yttrium
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FIG. 2. Dynamic strain experimental
configuration. The probe wave is gen-
erated by the laser and amplitude mask
T f (see Sec. IT A). The pump wave is gen-
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aluminum garnet laser (4 = 1064nm) with a 10ns pulse
width was used as the source. The beam of the laser was pat-
terned using a grating consisting of concentric arcs which
were imaged into a 1 mm? area on the sample, producing a
wave with a period of 45 um. A pattern was used to focus
and maximize the selected frequency of the acoustic waves
generated.’® The pattern generated a SAW wave with a cen-
tral frequency of ~68 MHz on aluminum. The SAW came to
focus 3 mm from the generation region. A high probe wave
frequency was used because this results in a larger phase
change in the probe wave for a given stress, which improves
the signal to noise ratio provided the noise component of the
phase measurement remains small. Also the greater the
difference in frequency between the pump (1 MHz) and
probe wave, the closer it is to the approximation used in the
processing that the probe wave experiences only in-plane
components from the strain field of the pump wave'®!"!
(see Sec. II D).

The probe wave was detected using a custom knife-edge
split (beam deflection) detector with a broadband response
(400kHz — 300 MHz).’** Optical generation and detection
of the probe wave allowed a compact and spatially localized
region to be investigated. The ability to investigate a com-
pact spatial region is advantageous because the variation due
to microstructure occurs over a small spatial region for the
types of material investigated here. The use of optical techni-
ques removed issues with couplant which affect nonlinear
acoustic measurements and also facilitated rapid scanning
across the surface of the sample.

B. Low frequency pump wave generation and
detection

The low frequency, large amplitude wave used to induce
a strain field in the sample was generated using a NDT-Tech
(A402S-SB) transducer with a central frequency of 1 MHz. A
surface acoustic wave was generated by coupling the trans-
ducer through an angled wedge. The transducer was bonded
to the sample using phenyl salicylate. The transducer wedge
was bonded 30— 100 mm from the imaging region so as to be
away from the near field of the pump wave transducer (near
field distance is calculated to be 14mm based on a beam
width of 13mm and a sound speed of ~3000ms~'). The
pump wave transducer was driven by a three cycle sine wave
produced by a signal generator that was amplified using a
Ritec RPR-4000 gated amplifier. A Polytec vibrometer (OFV-
5000 with decoding card DD300, 30 kHz—24 MHz) was used
to measure the absolute ultrasonic displacement caused by the
pump wave.

C. Control electronics

As previously discussed at the beginning of Sec. II, the
probe wave interacts with the same finite section of the pump
wave, due to the short packet length of the probe wave and
the similar velocities of the pump and probe waves. The inter-
action point between the two waves was dependent on the rel-
ative spatial position of the pump wave transducer and the
laser ultrasonic source generating the probe wave and the rela-
tive temporal triggering. When the spatial position of the gen-
eration and detection remain constant, varying the triggering
time adjusted the position of the probe wave on the pump
wave and consequentially the stress experienced by the probe
wave. A field programmable gate array (FPGA) was used to
control the generation of the two waves using a variable delay
sent from the computer. The FPGA had a clock frequency of
100 MHz, giving a timing resolution of 10ns.

Using an FPGA to control the wave generation also
allowed interlaced differential data acquisition to be per-
formed, as described in Refs. 16 and 17. Interlaced differential
data acquisition relies on taking alternative measurements
from a reference and target state (Fig. 3). By interlacing the
acquisition of a reference state [where the pump and probe
waves were not interacting, Fig. 3(A)], a target state [where
the waves were interacting see Fig. 3(B)], and subtracting the
time of arrival of the reference state from the target state, the
impact of the environmental variations can be reduced. The
interaction points between waves were switched at a rapid
rate (30 Hz) so that the experimental conditions between the
two measurements were highly correlated. This, in conjunc-
tion with a basic temperature control system (keeping the am-
bient temperature at 19%+0.1°C), reduced the impact of
temperature variations on the measurement. Controlling the
impact of temperature variation was important as the frac-
tional velocity changes due to the imposed stresses were
small, on the order of 10, In order to measure these velocity
changes with sufficient accuracy the waveforms were aver-
aged many times (>16000), which took tens of seconds.
Environmental factors such as temperature, which will vary
during data acquisition, can have a drastic impact on the ve-
locity of a wave (the relationship between SAW velocity and
temperature is typically a few ms~' K~!). Implementing this
scheme meant that the standard deviation on measured frac-
tional velocity changes was less than 2 x 107°."7

D. Data processing

Further data processing was required to convert a) the
change in arrival time of the target and reference waves into
a fractional velocity change and b) the displacement of the

(A) Reference state

Probe wave

Direction of propagation

(B) Target state Probe wave

Direction of propagation

Pump wave

FIG. 3. Diagram demonstrating the interlaced differential data acquisition. By interlacing the acquisition of a reference state [where the pump and probe waves
were not interacting (A)], a target state [where the waves were interacting (B)], and subtracting the time of arrival of the reference state from the target state,
the impact of the environmental variations can be reduced. Note in the target state the probe wave can interact with the pump wave anywhere in between the

two dashed lines.
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low frequency wave into a stress. These were both used to
determine the acoustoelastic coefficient (Ag).

A full spectrum method®* was used to determine the dif-
ference in propagation time between the arrival of the probe
wave at the reference and target states, to give Ar. The full
spectrum method determined the delay by cross correlating
the approximate delay, then determining the energy weighted
slope of the phase at each frequency and least mean squares
fitting to it. The distance that the probe wave co-propagated
and interacted with the pump wave was kept constant at
3mm. The difference in the time of the arrival of the probe
wave Ar and the time taken for the wave to propagate in the
unstressed case, fy, were used to find the fractional velocity
change (AV/Vy)

AV —At
Vo _l‘()-‘rAl"

e))

The probe wave had a significantly shorter wavelength
(>60 times shorter) than that of the pump wave. According
to the theory presented in Viktorov,*! the out-of-plane parti-
cle displacement for a Rayleigh wave is confined to a zone
deeper than 0.3 A4,cousic from the surface. This corresponds to
a depth of 0.9 mm from the surface for the low frequency
pump wave used here (Aycousic = 3 mm). The in-plane stress
is confined to 0.24,cousiic from the surface, while the other
stress components approach zero until they reach this depth
from the surface. The probe SAW had an acoustic wave-
length of 0.04 mm, two orders of magnitude less than the
wavelength of the pump wave. This meant that the probe
wave energy was confined to the top region of the pump
wave where the stress is in-plane only.'®'”*' The induced
stress was calculated from the out-of-plane displacement due
to the pump wave. The probe wave packet, Tprobe, Was short
compared with the pump wave period, Tpump, but its length
was still significant. Consequently, the stress value used in
the calculation of the acoustoelastic coefficient was taken as
the average of the instantaneous stress under the probe wave-
packet, weighted by its amplitude. By changing the delay

Pump wave
|

e 40— : : 2
c Wﬁ R
©
=
Qs 20 " 15
Zo o
8% o =
oy (7]
>>° e
5= 5
§ -20 -1
k3]
©
L -40 _2

0 1 2
Delay (us)
(A)

between the generation of the pump and probe waves (and
so the point at which they interact) several different stress
states are probed. To illustrate this, Fig. 4(A) shows the frac-
tional velocity change (s-s, AV/V}), plotted against the delay
between the generation of pump and probe wave on alumi-
num. The corresponding in-plane stress (o) experienced by
the probe wave, calculated from the out-of-plane displace-
ment caused by the pump wave (+-+) is also plotted on the
same figure. Note that both take the form of the pump wave
packet as shown in the inset.

The gradient of the linear fit to the fractional velocity
change, AV /V,, against stress, o, is the acoustoelastic coeffi-
cient (Ag) AV /Voo (MPa™!) [see Fig. 4(B)].

E. Imaging of the acoustoelastic coefficient

In order to build up an image it is necessary to measure
at many points and it is therefore desirable to minimise the
time taken to collect data at each point. The original proto-
col'®!” was too slow for imaging, as a single point took
40min to acquire, due to each measurement consisting of
~60 interactions between the probe and pump wave.

To minimise the time taken for data acquisition, a new
protocol was developed. This protocol relied on the assump-
tion that the relation between stress and velocity, and so the
acoustoelastic effect, is linear, reducing the number of inter-
actions required for each measurement. This is a reasonable
assumption provided the technique is used to investigate
materials such as ductile metals that exhibit a classical nonli-
nearity3’35’36 and the process remains in the elastic regime.
However, this is not true for other materials such as sedi-
mentary rocks, granular materials, materials with cracks or
macro-defects, and kinking nonlinear elastic solids that ex-
hibit non-classical hysteretic nonlinearity.>**” Consequently
this technique is suitable for use with aluminum (investi-
gated in this work) as it exhibits very weak quadratic elastic-
ity, resulting in a velocity change which is linear with
strain.*®

6change

AVNV (x10°°)

Fractional velocity

-45 -1 0 1
Stress (MPa)

(8)

FIG. 4. (Color online) (A) Fractional change in velocity (e-¢) against delay value between the generation of the pump and probe wave on aluminum. The stress
calculated from the displacement experienced by the packet of the probe wave (4-+). (Inset) trace from the oscilloscope showing the pump wave as it is
detected by the Polytec interferometer, illustrating the source of the modulation of the fractional velocity measurement and stress. (B) Fractional velocity
change of probe wave plotted against the stress experience by the probe wave packet from (A), the gradient of this plot corresponds to the acoustoelastic coeffi-
cient (A, in this case —18 x 107° MPa~!). The two circles correspond to the points where the maximum and minimum stress is experienced by the probe

wave.
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For these conditions, only two separate interactions at
separate stress states were needed to measure the acoustoe-
lastic coefficient. This reduces the amount of time taken to
acquire a single point measurement to 40s (~sixty times
faster than measurements using the previous protocol). As a
result imaging of the Ay over the surface of a sample by ras-
ter scanning an area became practical. The technique was
implemented by placing the sample on a set of long travel
computer controlled stages (300mm PI M-531.DD with
0.1 um linear encoders) and raster scanning the sample in
the x-y plane.

The optimum interaction points of the probe and pump
SAWs were those where the stresses were at a maximum
and minimum [see Fig. 4(B)]. Imaging the acoustoelastic
coefficient over a 16 mm? area took approximately 18 h.

The timing of the generation of the probe and pump
wave was arranged so that the probe wave interacted with
the peak and trough of the pump wave at each spatial loca-
tion, corresponding to the maximum positive and negative
stress (see Fig. 5).

F. Imaging the linear acoustic properties with SRAS

The area that was to be acoustoelastically imaged was
first scanned using a technique called spatially resolved
acoustic spectroscopy (SRAS).**?? SRAS is a linear acoustic
technique that measures the linear velocity of a propagating
wave. The linear velocity of an acoustic wave is sensitive to
the second order elastic constants of a material only. When
used on polycrystalline materials, such as a metal, the meas-
ured velocity of the propagating wave is determined by the
underlying microstructure at the point of generation of the
wave. In this way, the SRAS technique produces a linear
acoustic velocity map which gives an image of the micro-
structure of the material.

Performing a SRAS scan before measuring the acous-
toelastic coefficient has two benefits. The first benefit is
that any variation in the acoustoelastic coefficient of the
material can be compared to the underlying microstructure
of the material. The second benefit of using SRAS is that it
provides an image based on the material structure with
which to relocate the sample, even if it has been removed
and reinstalled into the system. The area inspected

Delay between

generation of waves
‘_I_,. adjusted

robe wave
packet
Probe wave
__~Max and Min
peak stress
Pump wave

FIG. 5. Diagram depicting the adjustment of the delay between the genera-
tion of the probe wave and the pump wave, so that the probe wave interacts
with portions of the pump wave that correspond to experiencing the maxi-
mum and minimum stress.

J. Acoust. Soc. Am. 138 (5), November 2015

acoustoelastically was selected to have easily identifiable
microstructure so as to aid with relocation. The advantage
of using the SRAS technique over other techniques that can
image the microstructure of the material (for example, elec-
tron backscatter diffraction*’) was that the same experi-
mental configuration used to measure the acoustoelastic
coefficient of the material could be used to generate a
SRAS image.

A SRAS image was generated by scanning across the
sample surface while producing and recording a series of
surface acoustic waves using the probe wave system used
in the acoustoelastic measurement. A laser generated SAW
was generated with a fixed arc grating, giving the SAW a
similar wavelength. As the linear acoustic velocity of
the material under the generation region varied, the fre-
quency of the generated wave also varied. By measuring
the frequency of the generated acoustic wave and knowing
the period of the grating, the local velocity of the
sample could be determined. No pump wave was produced
during the SRAS measurement as it was a purely linear
measurement.

G. Repeatability of imaging the acoustoelastic
coefficient

The acoustoelastic imaging technique developed in sec-
tion 2.5 allows the monitoring of the acoustoelastic coeffi-
cient (Ag) over an area. In this section initial images of the
acoustoelastic variation on aluminum 2024-T351 are pre-
sented. The typical grain size was in the region of 20—
40 um as determined by a high resolution SRAS scan. The
aluminum sample was machined and polished to give an
optically smooth finish. The sample was scanned over a
square area of 16 mm?.

The resultant image of the acoustoelastic coefficient
across the sample can be seen in Fig. 6(A). The pump SAW
propagated from left to right. The scan area was acquired in
the order left to right, top to bottom. The range of Az shows
a distinct spatial variation that is present in the image shown
in Fig. 6(A). The signal to noise ratio [see Fig. 6(C)] gave an
indication as to the certainty in the measurement of the frac-
tional velocity change. Points with a poor signal to noise ra-
tio (below 5) were excluded from the final acoustoelastic
image. The SRAS linear velocity map [see Fig. 6(B)] is also
shown to illustrate the variation in the microstructure in the
imaged region.

To validate the images taken and prove the repeatability
of the technique, a second acoustoelastic image of the area
originally scanned was taken after the sample had been
removed and reinstalled into the system (relocated using
registration marks on the sample itself and cross-correlation
of SRAS images). In Figs. 7(A) and 7(B) the SRAS velocity
data for each area are compared. A good correlation was
seen in the velocity data, which relates to the microstructure.
This indicates the second area imaged was in the same
region as the first area imaged to within the resolution of the
SRAS scan (100 um) and demonstrated the accuracy in the
re-positioning of the samples. The acoustoelastic images can
be seen in Figs. 7(C) and 7(D).

Ellwood etal. 2815
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FIG. 6. (Color online) Initial measurements of the acoustoelastic coefficient (Ag). (A) Image of acoustoelastic coefficient across aluminum sample, Ag
(MPa™!), any gray areas correspond to regions where the signal to noise ratio was below an arbitrary level of 5. (B) Image of linear SAW velocity (SRAS,
ms~ 1), for the area corresponding to the region over which acoustoelastic image was taken. The velocity variation denotes a change in underlying microstruc-

ture. (C) Image of signal to noise ratio of the probe wave.

Again the range of Ai shows a distinct spatial variation
that is present in both images seen in Figs. 7(C) and 7(D).
Grey regions in 7(C) and 7(D) correspond to regions of low
signal to noise ratio (SNR, arbitrary level of 5). The areas of
low SNR are spatially correlated between the two measure-
ments due to them corresponding to regions of poor surface
quality. A good correlation is seen between the two acoustoe-
lastic coefficient images. The correlation between two varia-
bles can be quantified by the Pearson product moment
correlation.*! The Pearson correlation coefficient, R, is dimen-
sionless with a value ranging between —1 and +-1. The closer
the coefficient is to 1 or —1 the better the correlation between

FIG. 7. (Color online) Comparison between two SRAS velocity images
between the initial experiment (A) and the repeat (B). A good correlation
was seen, indicating good relocation between experiments. The initial
acoustoelastic images can be seen in (C) and the repeat in (D). Dark gray
areas correspond to areas where the measurement had a low signal to noise
ratio. A good correlation between the acoustoelastic images can be seen.

2816  J. Acoust. Soc. Am. 138 (5), November 2015

the two variables. In this case the Pearson correlation coeffi-
cient between the two acoustoelastic images was 0.81. This
was a good correlation value and shows that the observed var-
iation in the acoustoelastic property was spatially repeatable
over the surface of the sample. Ag varies in the first image
between —6.6 and —22.5 x 107®* MPa~! (71%) and between
—11.1 and —25.4 x10~® MPa~! (56%) for the second image.
As the variation in the measurement is spatially repeatable
and the variation is so large, it is clearly important that accu-
rate re-registration of nonlinear measurements takes place.

lll. EXPERIMENTAL RESULTS

This section describes an experiment that investigated
the relationship between the acoustoelastic coefficient of a
region and the underlying microstructure. To investigate this
relationship, a sample with a microstructure of a similar
scale as the resolution of the measurement of A; (3 mm) was
used. This sample was produced following the process
detailed in Ref. 29. The resolution of the measurement of Ag
was defined by the region over which the pump and probe
waves interact.'” The SRAS technique was used to image
the microstructure of the sample [see Fig. 8(A)]. Figure
8(B) shows an image of the acoustoelastic coefficient of the
sample. The area over which the acoustoelastic images was
taken is shown by the dashed line in Fig. 8(A). It can be
seen on the SRAS image [Fig. 8(A)] that there were two
grains (one fast, dark, and one slow, light area) along with
an interface region between the two. In the acoustoelastic
image two separate regions were also observed with a clear

-1
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FIG. 8. (Color online) SRAS (A) and acoustoelastic coefficient (B) image
taken from a sample of aluminum with a grain size on the order of milli-
meters. The dotted line in (A) denotes the region over which the acoustoe-
lastic coefficient was mapped.
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region between them. The values of A vary between —1.0
x107°*MPa~! (a relatively linear response) and —22.8
x107°MPa~! (a significantly nonlinear response), which is
a large variation (factor of 22) to occur over a relatively
small area.

A. SRAS and Ag: Relative inspection regions

To accurately assess the relationship between the micro-
structure of the sample and the A; measurements, considera-
tion of the relative inspection regions of the SRAS
measurements (known to be related to the underlying micro-
structure) and the Ap measurements needs to be made. The
pump and probe SAWs interacted over a finite length of
3mm as part of the measurement of Agz. A range of micro-
structure exists along this interaction region. The SRAS
technique was sensitive to a region the size of the generation
spot of the probe wave [<1 mm?, see Fig. 9(A)]. To correctly
relate the imaged Ag to the microstructure of the material
that the measurement has been taken over, the corresponding
linear velocity measurements must be averaged along the
interaction region.

The probe SAW was generated using a series of arcs to
produce a focused wave. The interaction region between
the probe and pump SAWs took the form of a triangle [see
Fig. 9(B)]. Averaging the linear velocity over a series of tri-
angular regions gives an indication as to the average struc-
ture that the measurement of Ax takes place in, this can be
seen in the velocity image seen in Fig. 10(A), the corre-
sponding acoustoelastic data can be seen in Fig. 10(B). The
triangularly averaged velocity is plotted against Ap (see
Fig. 11). The relationship between the triangularly aver-
aged velocity (representing the microstructure of the sam-
ple that the measurement of A; took place in) and the
acoustoelastic coefficient is complex, and not fully defined

SRAS measurement

(A)
Arcs generating
‘(( ((aF wave
(((( Region of

sensitivity

(B) Acoustoelastic measurement
Probe wave
generation arcs

Detection point

Interaction region
between pump
and probe wave

FIG. 9. (Color online) Diagram depicting the relative size of regions of sen-
sitivity for (A) the SRAS measurement and (B) the pump and probe wave as
part of the Az measurement.
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FIG. 10. (Color online) (A) SRAS velocity data averaged over a triangular
region with the dimensions of the probe wave as it propagates and interacts
with the pump wave before it was detected, for each interaction location.
(B) Acoustoelastic image of region corresponding to the spatially averaged
SRAS velocity data in (A).

here. Many other grain orientations would have to be inves-
tigated to define this relationship and this is left to future
work. However, a correlation between the acoustoelastic
measurement and the SRAS measurement is present. This
spatial correlation between the two measurements would
imply that the variation observed in both is due to the
underlying microstructure.

IV. DISCUSSION AND FURTHER WORK

This paper has presented measurements of the acoustoe-
lastic coefficient varying locally on a similar scale as the
microstructure of a polycrystalline material. As far as the
authors are aware, this is the first time this has been achieved
and this was done by developing a novel technique to image
the local variation in the acoustoelastic coefficient across a
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Velocity (ms‘1)

FIG. 11. Plot of the linear velocity taken using the SRAS technique (repre-
senting the microstructure of the sample) averaged over a triangular region
corresponding to the region that the acoustoelastic coefficient was measured
in for each location against the acoustoelastic coefficient. A relationship
between the two is evident but more grain orientations would need to be
investigated to identify the precise form of the relationship.
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sample. The images taken with this system were shown to be
highly repeatable on a single sample, with variation seen
from sample to sample. The results give high confidence that
the variation is due to sample features rather than instrumen-
tal effects.

The variation in the measurement of A found here is
spatially determined and repeatable. The variation is also
found to be very large (by a factor of 22). It is clearly impor-
tant that accurate re-registration of nonlinear measurements
should take place, especially when trying to measure com-
plex processes such as residual stress, fatigue, and creep
damage in a material.

The imaging technique implemented in this paper relied
on the relationship between the change in the stress and the
fractional velocity change being linear. While this is true for
most metals,3’35 38 other materials such as granular materials
and kinking nonlinear elastic solids do not always demon-
strate this trend.’®?” Instead these materials demonstrate
hysteresis in the relationship between fractional velocity
change and stress, posing limits to the applicability of the
technique developed in this paper.

The developed technique was sensitive to velocity
changes on the order of 3—4mms~!. The largest stress that
could be applied by the pump wave using our transducer
configuration was on the order of 4 MPa. This gave a maxi-
mum sensitivity of this instrument of less than
1 x 10°MPa~!. Aluminum has an acoustoelastic coeffi-
cient on the order of —15 x 107 MPa™~!, which is relatively
large compared to the sensitivity of the instrument. Other
materials have smaller acoustoelastic coefficients (titanium,
for example, has a nonlinear response of roughly half that of
aluminum®?) and so the current experimental set-up might
not be able to observe them. However, there are a range of
potential methods to improve the sensitivity of the instru-
ment. The first would be to generate a larger amplitude
pump wave. The pump wave used in this experiment has a
center frequency of 1 MHz, the availability of transducers
capable of producing high frequency waves at larger ampli-
tude is limited making this experimentally difficult to imple-
ment at present. However, with the development of
transducers for high-intensity focused ultrasound systems,
this technological challenge may soon be overcome. An al-
ternative may be to increase the resolution in the timing of
the arrival of the probe wave. This is dependent on the avail-
ability of suitably high speed oscilloscopes.

This paper explores the nature of the observed variation
in the imaged acoustoelastic coefficient by investigating a
sample which has a microstructure of the same scale as the
measurement of the acoustoelastic coefficient. It was
observed that the acoustoelastic coefficient varies over a spa-
tial region on a polycrystalline sample. The variation in grain
structure was also mapped using a technique sensitive to the
local second order elastic constants, SRAS. The spatial cor-
relation between the SRAS data and the acoustoelastic data
indicates that the variation observed in the acoustoelastic
coefficient is due to the same mechanism as for the SRAS
data, that is, the change in the local microstructure. While
the acoustoelastic measurement is primarily a nonlinear
ultrasonic technique, the acoustoelastic constant measured is
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not independent of the linear second order elastic constants.
This makes it difficult to decouple the changes in the acous-
toelastic measurement purely due to changes in linear contri-
butions (second order elastic constants) and the nonlinear
contribution (third order and higher elastic constants). To do
this measurements of the wave propagating with the stress
applied at several different directions would be required,”
which is difficult to achieve with this particular experimental
configuration. However it should be noted that the linear
SRAS measurement varied by a maximum of 3.5%
(2850—2950ms~!) across the region imaged, while the
acoustoelastic measurement varied by up to a factor of 22.
The larger proportional change in the acoustoelastic coeffi-
cient with a change in grain orientation would indicate that
the variation of the nonlinear terms that contribute to the
acoustoelastic measurement with grain orientation is signifi-
cant. Meaning that nonlinear acoustic measurements are
highly sensitive to grain orientation. This relationship could
be further investigated by probing a larger number of grain
orientations. Practically this is best implemented by imaging
samples with a smaller microstructure. In order to facilitate
the imaging of smaller microstructure, the probe wave fre-
quency could be increased, which would improve the tempo-
ral resolution of the measurement. This would allow the co-
propagation distance between the pump and probe wave to
be reduced without increasing the error in the measurement.

Despite many encouraging early results **~*° single
sample repeatability and sample to sample variation has
proved a challenge for nonlinear acoustic techniques. This
paper has shown the strong dependence of the microscopic
nonlinear parameter on position and the microstructure, indi-
cating that a more reliable measurement system may be con-
structed either using higher resolutions (giving single grain
measurements) or lower resolution (encompassing a suffi-
ciently large sample of the microstructure).

Further proposed work includes investigation into the
spatial variation of classical material nonlinearity with fa-
tigue at the stage before macro-dislocations form. Samples
that have microstructure considerably smaller—and large-
r—than those measured here will also be investigated.
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