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Abstract: We have developed a noncontact and nondestructive teaniqu
that uses laser-generated and detected surface acousts W rapidly
determine the local acoustic velocity, in order to map therastructure

of multi-grained materials. Optical fringes excite sugfagaves at a fixed
frequency, and the generation efficiency is determined by tlosely the
fringe spacing matches the acoustic wavelength in the aiait region.
Images of titanium alloys are presented, acquired usingtdbnique.
Methods to improve the current lateral resolution of 0.8nmndiscussed,
and the ability to measure velocity change to an accuracynefpart in
3300 is experimentally demonstrated.

© 2006 Optical Society of America

OCIS codes: (110.7170) Ultrasound; (350.3850) Materials processi3§0.0300) Spec-
troscopy; (110.5120) Photoacoustic imaging.
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1.

Introduction

Ultrasonic techniques have in recent years complementest otethods—including orienta-
tion imaging microscopy and simple etching—used to investignaterial microstructure. The
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principal contrast mechanism is the change in ultrasoriacity, due to grain orientation. This
change in the velocity of Rayleigh or surface skimming loudinal waves can be measured
in a number of ways, and amongst the methods used the scaagongtic microscope (SAM)
[1, 2] can produce excellent images of surface and subsuféatures [3]. The contrast is due
to the interference between the leaky surface wave and tbetlyi reflected wave, and thus
the amplitude of the received signal varies with surfaceenaiocity. Although the technique
can produce valuable qualitative results—for instance #hgpwood contrast between grains
of a metal—it is difficult to get a quantitative map of surfacawe velocity. It is possible to
quantitatively determine the surface wave velocity usheM(z) method, but to the authors’
knowledge imaging using this method has not been attemgtezifo the amount of time it
would take to acquire an image. Work published in recentsy/bgrSathish, Martiret al.[4, 5]
has shown that it is possible to use a SAM to produce quawmétgelocity maps of grain
structures using Rayleigh waves [4], and velocity mapdirgjdo residual surface stress using
surface skimming longitudinal waves [5], by using a methadda on the difference of arrival
times of the direct reflected signal and the surface wave.

In this letter we present a new technique, which we have téspatially resolved acoustic
spectroscopy (SRAS) for directly and quantitatively inmegthe local surface acoustic wave
velocity over the surface of industrially relevant matksrisuch as titanium alloys. The method
uses lasers to generate and detect the surface acoustis arayeso is completely noncontact
and, most importantly, completely damage free.

SAWSs are excited from a fixed frequency source—in the case obwuarinstrument this
is a pulsed laser—using a grating of regularly spaced links.flinge spacing of the grating
is swept over a certain range, corresponding to the likehgeaof SAW wavelengths at the
fixed frequency. The SAWSs are detected and analyzed. If théitang of the detected acoustic
waves are plotted with respect to the grating line spacimgn & graph such as that shown in
Fig. 1 is produced.
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Fig. 1. The graph shows how the amplitude of the detected surfacet@ooases varies
with respect to the fringe spacing of the pattern used to generate the SA&/solid line
represents experimental data, and the dashed line represents @@Gausg fitted to the
data.

The response arises because the efficiency of generatiba region of the grating depends
on the fringe spacing. The grating produces the largestiamdpl acoustic waves when the
individual line sources are in phase, which occurs when thérgy period matches the SAW
wavelength. The phase velocity,can be determined by the grating period that yields thekirg
acoustic wave amplitude using the relationship fA , wheref is the fixed SAW excitation
frequency determined by the excitation laser, and the SAW wavelength corresponding to
the fringe spacing of peak excitation. In any practicalrinstent which is subject to noise in the
measured acoustic amplitude, processing would normallgppdied to the measured signals
in order to determine the location of the peak accuratelthénmages presented, we curve-fit
with a Gaussian. Although this is not the exact form of cuitweprks well because the limited
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scan range of the fringe spacing means that the ‘tails’ ofésponse are not present.

The above description, illustrated in Fig. 1, explains hbestelocity for one ‘point’ is cal-
culated (where a ‘point’ corresponds to the area under thgngs). To build up a velocity map
of the surface of the material, the material must be rastmrezd with respect to the excita-
tion grating and the detection point. This is illustratedrig. 2. The video shows the process
of building up a velocity map by calculating the peak ampléwat different positions on the
sample. The video is considerably slower than the actualisitign time, and is for illustra-
tion only. It is important to note that the calculated vetpa@t each point in the raster scan
corresponds to the SAW velocity of tlaeea under the grating, not at the detection point.

Sample position: -1 2.50mm, chosen amisda: 38, 20um

Fig. 2. (2.2 MB) This video shows the process of builing up a velocity nigpnoaterial by
calculating the peak amplitude for each point on the material surfacecalbglated SAW
velocity corresponds to the area under the grating, rather than the paieteztion. (9.7
MB version)

2. Instrumentation

The instrument that we use to acquire the results presenttdsi letter is the Optical Scan-
ning Acoustic Microscope (O-SAM), and has been describegipusly [6, 7]. The important
aspects of the O-SAM are shown schematically in Fig. 3.

Excitation laser

Spatial light
modulator

Detection
system

Line spacing is scanned,
for each sample position &

scanned

Sample is raster- |

Fig. 3. Schematic of the experimental system.
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An important component of the system is the spatial light atatr (SLM), which is used
to control the excitation source distribution. The SLM ®alfous to generate arbitrary optical
distributions from the source laser. A Q-switched, modé&éacNd-YAG laser (82MHz fun-
damental frequency) is used as the SAW excitation source.niéan optical power used is
approximately 300mW; the energy in each of the 200ps-longgsun each 82MHz tone burst
is of the order of 11J, giving a peak optical power of approximately 50kW. Theagtenergy
from the pulsed laser is imaged to a 1.6mm square area onnf@esaurface using the SLM,
and this image contains 5%512 programmable pixels. An 82MHz tone burst is emitted by
the laser at a repetition rate of 1kHz (determined by the @eker), and the SLM can be re-
programmed sufficiently fast such that sequential tonetbpreduce a different fringe spacing
on the sample. The SAWSs are detected at a distance of 1mm feooettier of the SLM image,
using an optical beam deflection technique. This partiomlethod requires a reasonably pol-
ished finish; however other well-known techniques, suchadsy-Ferot interferometry, would
work just as well and would be able to cope with rough surfaces

We have previously demonstrated this acoustic spectrgseahnique for analysis of sur-
face and pseudo-surface waves on single crystals [8]. Tdreréwo fundamental differences
between the previously reported work and that which is prtesehere. Most importantly is that
here the velocity information obtained by acoustic spettopy is spatially resolved; that is to
say that the velocity over the surface of a material can bepedmgiving information about the
microstructure. In the previous paper, no spatial inforomatvas available, and the technique
was intended for single crystals. Secondly, we have immtthe speed of the system by three
orders of magnitude. In order to acquire images of the vslamier the surface of a material,
acquisition speed is very important. For this reason, a sjgged complex amplitude analogue
acquisition system is used, capable of measuring the ardplifand phase) of every Q-switch
pulse envelope. Since there are 1000 of these per seconthe®&dLM is capable of display-
ing a different image for each event, it is possible to cybi®tigh a range of fringe grating
spacings—and measure the resulting amplitudes of the irgs@AWs—very rapidly indeed.

It is important to optimize the signal to noise ratio in orderthe analogue detection tech-
nigue to work. The fact that we are exciting the waves ove6a 1.6mm area works to our
advantage, since the power density is low and we can usenaalgdigh optical powers with-
out fear of damaging the sample. In addition, we excite thé&/SAsing a pattern of concentric
arc fringes, rather than a set of straight lines. This hastffieet of focusing the waves to a point,
where the amplitude is increased by focusing, and it is atghint that the acoustic waves are
detected.

3. Results

Figure 4 is a 4%45mm velocity map of a Ti-6246 alloy. The color scale repnes¢he surface
wave phase velocity in the left-to-right direction. The geammediately illustrates one of the
potentially important uses of the SRAS technique, in theait show the degree of randomness
of the grain structure. There is clearly a large reasonatifpum horizontal region in the center
that indicates a cluster of grains with similar phase v&joci

The small sub-image to the right of Fig. 4 has a lower spatidl #locity resolution than
the main image, however it only took around 10 minutes to megtcorresponding to greater
than 12 points per second—whereas the main image took aroooalr8. The smaller image is
included to illustrate that the instrument can produce wsgful results of sufficient quality in
a very short time frame.

Figure 5 is a velocity map of another piece of Ti-6246 allolgeTgray scale represents the
surface wave phase velocity in the left-right directionse §rains of this material are relatively
large, of the order of 5-10mm in diameter. These grains aalgi visible in the velocity map.

#73043 - $15.00 USD Received 14 July 2006; revised 28 September 2006; accepted 16 October 2006
(C) 2006 OSA 30 October 2006 / Val. 14, No. 22/ OPTICS EXPRESS 10438



Fig. 4. The main image (to the left) is a velocity map of ax4Bmm area of a Ti-6246
alloy. The color scale indicates the phase velocity of the SAWs horizontalssadthe

image. The sub-image is of a similar area, but at a lower spatial andityetesolution,

and was acquired in around 10 minutes.
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Fig. 5. A 48x 33mm velocity map of Ti-6246. The contrast in the SAW velocity indicates
large grains.

4. Discussion

In order to ascertain the current practical limit of the SRA8asurement system—in terms
of relative velocity accuracy—the technique was used on aa af glass, coated with a thin
uniform layer of aluminum to aid generation and detectiothef surface waves. The sample
is elastically isotropic, and so the velocity should be tansover the area scanned. The mean
velocity was measured to be 2962.5rhsand the measured standard deviation in measured
velocity was 0.89ms!; this corresponds to 0.03%, or one part i 8 10°. This represents the
currentpractical limit of relative velocity resolution in the instrument'sicent configuration.
Factors that influence this include signal to noise ratioRpbf the detected SAW amplitude,
the number of fringes, and the number of pixels in the SLM iealthe signal to noise can
be improved by using greater optical powers to generate AésSThe current optical power
density of around 12Wcnt is well below the level required to damage the sample, which i
the authors’ experience is in the region of 200 to 1000W&nWe note that the SNR of an
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all-optical system operating in the thermoelastic regimproportional to the excitation laser
power, and the square root of the detection laser power [1@. fumber of fringes could be
increased either by increasing the magnification of the Shidge—which will reduce the
lateral resolution—or by increasing the frequency.

The absolute accuracy of the velocity measurements depends on difféaetdrs, and is
predominantly determined by the accuracy with which theesysis aligned. In order to de-
termine the line spacing for peak generation efficiencys itriportant to know the size of the
SLM image; an error in this produces a corresponding errtinénabsolute velocity reported.
In addition, in its current configuration, the instrumentasher sensitive to defocus and tilt
of the sample, simply because any variation in focal lentgth waries the size of the fringes,
and hence the reported velocity. This problem can be ovezdmmusing telecentric optics for
imaging the SLM to eliminate sensitivity to tilt. In the caska non-planar surface, an active
sample focusing system may be required. With a telecenggtem the only requirement is
that the sample is sufficiently flat over the area of excitafar the fringes to remain in focus.
A simple geometric optics analysis suggests that our ptessmument will operate without
significant error for any surface with a radius of curvatureager than approximately 12mm.

The lateral resolution is determined by the SLM image sizerreriily 1.6mm square—and
is of the order of half this (0.8mm). However it is further golinated by the fact that arcs are
used to excite the ultrasound, and so factors such as thstacoumerical aperture influence
the lateral resolution. At current optical power levels@BMWV), it is therefore possible to re-
duce the excitation source size to less than-4@@0um—giving a 20Qum lateral resolution—
without damaging the sample. In this case, the velocitylug®m would be reduced, unless
higher frequencies are used.

It is important to note that the technique is tolerant to aticaberrations, which affect the
propagation of the SAWSs from excitation region to detectiompwhen propagating through
random microstructure [7]. The overall detected amplituaiées significantly as the sample is
scanned due to the effects of aberrations, however the gatipa of SAWs between the edge
of the excitation region and the detection point is not aéiddoy a change in fringe spacing.
If the excitation region is across two or more grains, thethadringe spacing is adjusted the
relative generation efficiency within each grain will chen@his does affect the properties of
the propagating wavefront, but it is a second order effect.

It is the authors’ intention to develop the technique furthyy propagating SAWs in more
than one direction. Propagation in two orthogonal dirediis a relatively simple improvement
that should give significantly more information about thely grain orientations. It may also
be desirable to propagate in several directions to acqb@esiowness surface of individual
grains using the technique described previously [8], oheeldcation of the grains has been
determined.
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