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A dual frequency mixing technique has been developed for measuring velocity changes caused by

material nonlinearity. The technique is based on the parametric interaction between two surface

acoustic waves (SAWs): The low frequency pump SAW generated by a transducer and the high fre-

quency probe SAW generated and detected using laser ultrasonics. The pump SAW stresses the ma-

terial under the probe SAW. The stress (typically <5 MPa) is controlled by varying the timing

between the pump and probe waves. The nonlinear interaction is measured as a phase modulation

of the probe SAW and equated to a velocity change. The velocity–stress relationship is used as a

measure of material nonlinearity. Experiments were conducted to observe the pump–probe interac-

tion by changing the pump frequency and compare the nonlinear response of aluminum and fused

silica. Experiments showed these two materials had opposite nonlinear responses, consistent with

previously published data. The technique could be applied to life-time predictions of engineered

components by measuring changes in nonlinear response caused by fatigue.
VC 2011 Acoustical Society of America. [DOI: 10.1121/1.3560945]
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I. INTRODUCTION

Nondestructive evaluation (NDE) is essential in many

industrial sectors, especially for safety critical applications

such as aerospace or nuclear industries. The motivation

behind NDE is to provide reliable products by minimizing

the risk of failure thereby reducing costs and maximizing

safety. NDE is used to characterize materials, monitor manu-

facturing processes, and detect defects. Some of the most im-

portant but difficult to detect defects include contacting

defects, defected diffusion bonds, or disbonded delamina-

tions that are precursors of critical damage. Ultrasound is

one of the most widely used and powerful NDE techniques.

Traditional linear ultrasonic methods (e.g., reflection, dif-

fraction from cracks, changes in attenuation or velocity) are

capable of successfully detecting gross cracks, but they are

insensitive to detecting microscale defects. Defects and pre-

cursors of damage such as microcracks and dislocations can

be regarded as nuclei of the fracture process and since they

are much smaller than the acoustic wavelength at the fre-

quencies generally used for NDE, general degradation of a

component can be very well hidden and degraded materials

can pass for flawless under standard ultrasonic tests. On the

other hand, microcracks and dislocations give rise to excess

material nonlinearity providing earlier indications of failure

than those given by linear ultrasonic techniques,1,2 with the

potential of making “life-time” predictions.3,4

There are numerous experimental techniques used for

measuring material nonlinearity.5 The higher harmonic gen-

eration method measures the harmonic content of a single ul-

trasonic wave.6 The technique has been applied to various

materials including composites7–9 and to measure fa-

tigue.10,11 More recent methods include nonlinear time re-

versal12–14 and nonlinear reverberation.9

The majority of published work in nonlinear ultrasonics

is performed with bulk waves.15 However, the use of ultra-

sound to detect the presence of defects is not limited to the

interior of materials and defects located on or near the sur-

face of materials are more effectively detected using surface

acoustic waves (SAWs). SAWs have been used extensively

for NDE purposes such as detecting surface-breaking fatigue

cracks16,17 and measuring stress.18–21 Recently, the nonlinear

harmonic generation technique has been performed with a

SAW.4,22–24

Another family of nonlinear ultrasonic techniques is the

measurement of parametric interaction.25 In a nonlinear mate-

rial, a propagating wave is affected (either frequency modula-

tion26,27 or phase modulation28,29) by the presence of a second

wave or vibration. The nonlinear technique presented in this

article is based on parametric interaction between a “pump”

and a “probe” wave and the material nonlinearity manifests

itself as a modulation of the probe signal. The technique has

been demonstrated using longitudinal waves and recently

using Lamb waves.30 The acoustic waves have been generated

using various means (e.g., modulating vibration10,11 using

contact transducers28,29 or with an impact hammer or

shaker31–33) and materials examined with this method include

polystyrene, aluminum, titanium, and fused silica.28,29
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The experiments presented in this article are based on

the parametric interaction between a transducer generated

pump SAW and a laser generated probe SAW. We have pre-

viously demonstrated the potential of this technique using

cheap optical transducers (CHOTs) for generation and detec-

tion of ultrasound34 and we now show its capabilities to

measure material nonlinearity using laser ultrasonics. Laser

ultrasound can overcome several shortcomings associated

with the use of contact transducers: It is a remote and cou-

plant free technique especially suitable for components with

complex geometry and places with restricted access.

In this article we present, the experimental instrumenta-

tion that has allowed accurate measurements of velocity

changes due to the frequency mixing of the pump and probe

waves (Sec. II), the method we used to analyze our data (Sec.

III), and experimental results that confirm the capability of

this technique to measure material nonlinearity (Sec. IV).

II. NONLINEAR EXPERIMENTAL CONFIGURATION

Experiments were performed using three different trans-

ducers (0.5, 1, and 2 MHz) to excite the pump SAW. The

probe SAW was 78 MHz for the experiments on fused silica

and 67 MHz for those on aluminum. It was generated using

an amplitude mask=laser combination. The SAWs were

detected optically by means of a knife-edge detector for the

probe wave and a Polytec vibrometer for the pump wave.

The pump SAW packet was typically 6, 3, and 1.5 ls in du-

ration, approximately a three-cycle packet of a 0.5, 1, and 2

MHz signal, respectively, and the probe SAW packet was

approximately 0.25 ls duration (measured at FWHM). Since

the pump wave was longer than the probe signal, the degree

of phase modulation experienced by the probe depended on

which portion of the pump wave it interacted with. In order

to see changes in the phase response of the probe signal, its

point of interaction with the pump wave was altered. This

was achieved through accurate time control electronics to

delay the triggering time of the probe pulse with respect to

the pump.

A. Instrumentation

The essential elements of the experimental apparatus are

shown in Fig. 1 and can be broken down into four sections.

1. Low frequency pump generation (A in Fig. 1)

The transducer was attached to a wedge so as to excite the

pump SAW onto the sample surface. The transducer, wedge,

and sample were bonded together with phenyl salicylate glue.

NDT-tech transducers with center frequencies of 0.5 MHz

(A414S-SB), 1 MHz (A402S-SB), and 2.25 MHz (A404S-SB)

were used. The transducer driving signal was generated by the

Agilent 33250A arbitrary waveform generator. This device was

externally triggered by the timing electronics, and on each

FIG. 1. Schematic of the nonlinear experiment configuration. Low frequency pump section (A), high frequency probe section (B), delay control electronics

(C), detection section (D) and (E).
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trigger event a three-cycle sine wave with a peak-to-peak am-

plitude in the range of 0.450 V was generated. This signal was

amplified by a Ritec RPR-4000 gated amplifier giving burst

with peak-to-peak amplitudes of 532 V. The frequency range

over which the driving amplifier was most powerful was 0.5–2

MHz.

2. High frequency probe generation (B in Fig. 1)

The generation laser was a Q-switched infrared laser

emitting light at a wavelength of 1064 nm. A photodetector

placed at the output of the laser provided a coherent trigger

pulse. The laser pulse had a rise time of 8 ns and frequency

content that extended up to 80 MHz. The laser illuminated

the amplitude mask which blocked part of the laser beam and

manipulated the light distribution on the sample surface (Fig.

2). The pattern of the mask consisted of a series of arcs sepa-

rated by 116 lm. The approximate size of the laser beam on

the sample surface after focusing was 1 mm2 and the arcs pat-

tern, after imaging, had a separation of 43.5 lm, correspond-

ing to the ultrasonic wavelength. The generated wave had

thus a frequency of f ¼ v=k, where v is the Rayleigh wave

velocity and k is the acoustic wavelength or arc separation.

3. Delay control electronics (C in Fig. 1)

The timing of the experiment was controlled by a single

master clock signal implemented on a field programmable

gate array (FPGA). The delay resolution between events was

10 ns and the chosen delay increment was 80 ns correspond-

ing to a 0.25, 0.5, and 1 rad of phase step for the 0.5, 1, and

2 MHz pump waves. The FPGA generated two output sig-

nals. The delay between these signals was computer con-

trolled and set the time at which the pump and probe sources

were generated. The two generated SAWs propagated over

the sample, interacting with each other over a distance of 3

mm, after which they were detected. The phase modulation

of the high frequency caused by interacting with the low fre-

quency was then measured.

4. Signal detection (D and E in Fig. 1)

We used a knife-edge detector35 with broadband elec-

tronics (400 kHz–450 MHz) for the detection of the high fre-

quency probe signal. The beam of a 644 nm CW diode laser

was reflected from the sample surface and deflected between

two photodiodes when the surface of the sample was dis-

placed by a passing SAW. The low frequency pump SAW

was measured very close to the detection site for the probe

signal using a calibrated Polytec vibrometer (bandwidth 30

kHz–24 MHz). The small difference in position of the detec-

tion sites of the Polytec vibrometer and the knife edge and

different delays in the electronics, introduced a small (¼ 30�)
phase difference between the detected pump and probe signal.

This was removed before further data analysis.

B. Suppression of temperature effects: Interlacing
differential data acquisition

Changes in laboratory temperature, even by as little as

61� C, overwhelmed the nonlinear measurements. Tempera-

ture change affected the experiment in two ways:

(1) Ultrasound velocity is dependent on sample temperature.36

(2) The expansion and contraction of equipment caused

changes in the geometrical setup of the apparatus.

Experiments lasted for approximately 40 min and

although the laboratory ambient temperature was controlled

by an air conditioning system, temperature variations intro-

duced phase changes of at least 0.2 rads corresponding to the

velocity changes of 1.5 ms�1. This was a significant problem

since it was found that the phase modulation caused by the

nonlinearity of the materials we tested was at least ten times

smaller. As a result, in order to observe this phase modula-

tion, the effect of temperature had to be suppressed.

To minimize the effect of temperature, an interlacing

differential data acquisition technique was developed. This

technique measured the phase difference between a

“reference” delay taken at a time when the pump and probe

waves had not interacted and a “target” delay taken at a suit-

able pump and probe interaction time. Both sets of data were

acquired simultaneously using a single oscilloscope by

switching between them (interlacing). For this reason, two

channels of the oscilloscope were used to capture the data:

One for the reference measurement and one for the stressed

measurement. The signal from the detector was rapidly

switched (30 Hz) between the two channels under the control

of the FPGA which synchronized this with the changing of

the delay of the low frequency pump. This effectively

FIG. 2. Image of the generation beam on the sample surface. The bright

spot at the top middle, indicated by the arrow, is the knife-edge laser detec-

tion beam.
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switched the stress on and off by moving the interaction

time. Since the effect of temperature is relatively slow, the

effect of stress on the velocity of the probe beam could be

reliably assessed by the difference between the reference and

stress measurements. Averaging this value allows the effects

of random noise to be reduced.

Figure 3(a) shows the phase of the reference and target

signals captured before being subtracted and demonstrates

the effect of temperature on the data while Fig. 3(b) shows

the same set of data when the phase of the target has been

subtracted from that of the reference, the temperature effect

has been suppressed and the phase modulation due to the

stress caused by the pump wave is apparent.

III. DATA ANALYSIS

Our aim was to measure the velocity modulation DVHF

over stress. The raw data consisted of a number of detected

probe SAW signals that had interacted with various points of

the pump wave packet and had experienced some degree of

phase modulation D/ as a result. DVHF was extracted by

measuring the phase modulation of the probe wave and the

following relation,

DVHF ¼
kHFv

2pd
D/; (1)

where kHF and v are the ultrasonic wavelength and velocity

of the probe wave, respectively, and d is the interaction dis-

tance. The phase modulation of the probe SAW was

extracted by finding the phase of the peak amplitude of the

fast Fourier transform (FFT) of the signal (78 MHz for fused

silica and 67 MHz for aluminum). The data were digitally

filtered using a Gaussian filter of 0.5, 1 or 2 MHz peak fre-

quency depending on which pump wave was being used and

bandwidth of 0.2, 0.4, and 0.66 MHz, respectively.

FIG. 3. (a) Phase modulation at “reference” (�) and

“target” (þ) interaction points with corresponding

delay values. (b) Differential probe phase modula-

tion with corresponding delay values, raw data

without any digital filtering. The pump SAW fre-

quency was 2 MHz, the probe SAW frequency was

78 MHz and the sample was fused silica.
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For the nonlinear experiment presented here, it was im-

portant to calculate the stress that was exerted by the pump

SAW and was experienced by the probe SAW. The stress is

related to the particle displacements37 and the displacement

caused by the pump SAW was measured by means of the Pol-

ytec vibrometer. For SAWs there are three components of

stress rxx, rxz, rzz, where the x and z axes are defined in Fig. 4.

At the surface of the sample, the rzz and rxz components

disappear leaving rxx until a depth of � 0:3k, where they

reach their maximum values.37 For example, if a 1 MHz

pump SAW propagates in a material that has a velocity of

3000 m=s, then the acoustic wavelength (kLF) of the SAW is

3 mm. A propagating 80 MHz probe SAW in the same mate-

rial has a wavelength (kHF) of 37 lm. Since kHF � kLF, it

can be assumed that the probe SAW experiences only the rxx

component. In fact, for the ratio of ultrasonic wavelengths

used in this study, rxz and rzz are less than 5% of rxx. rxx is

given by,

rxx ¼ K
#2U
#x2
þ #

2U
#z2

� �
þ 2M

#2U
#x2
þ #2W
#x#z

� �
; (2)

where K and M are the elastic Lamé constants and U and W
are the scalar and vector potentials of the displacements.

Equation 2 was used to convert SAW displacements into

stress exerted by the low frequency pump wave on the sam-

ple (details are given in the Appendix).

Finally, we calculated the average displacement of the

pump wave for the duration of the probe time envelope and

converted this into stress since the probe SAW packet had a

duration of approximately 0.25 ls; as such, it experienced

the average of stresses imposed by the pump wave covered

under its time envelope.

Results herein are presented in terms of velocity=stress

graphs and the gradient of the velocity=stress data provides a

measure of the material nonlinearity. The gradient was cal-

culated using the method of least-squares.

IV. EXPERIMENTAL RESULTS

We conducted two sets of experiments observing

pump–probe interaction. They are:

(1) change of pump SAW frequency;

(2) comparison of the nonlinearity response of different

materials: aluminum AL-6061 and fused silica.

Results are presented for each of these cases.

A. Changing pump SAW frequency

Three transducers of different frequency were used to

generate the pump SAW on a fused silica sample. Trans-

ducers with center frequencies of 0.5, 1, and 2.25 MHz were

FIG. 4. Particle motion caused by a propagating SAW in the positive x

direction.

FIG. 5. Experimental velocity modulated probe measurements (þ) when

interacting with the (a) 0.5 MHz, (b) 1 MHz, and (c) 2 MHz pump SAW

(dashed line scaled on right vertical axis) on fused silica. Digitally filtered

data using Gaussian filter at 0.5 MHz (filter bandwidth BW¼ 0.2 MHz),

1 MHz (BW¼ 0.4 MHz), and 2 MHz (BW¼ 0.66 MHz), respectively.
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used for this investigation and were excited by a three-cycle

sinusoidal burst at frequencies of 0.5, 1, and 2 MHz, respec-

tively. In each case, the probe SAW was delayed in time so

that it interacted with multiple points of the pump SAW

packet. The delay increments were 80 ns and the interaction

distance was 3 mm for all experiments. The phase of the

probe SAW at each interaction point was then extracted and

converted into velocity change (DVHF). Figure 5 shows

DVHF plotted against the delay in time between the pump

and the probe waves for the three different pump frequen-

cies. In the same figure, the dashed line depicts the pump

SAW packet displacement. At each frequency, there is a

clear correlation between the velocity change and the corre-

sponding pump SAW packet.

In order to compare the three sets of data, the results

were plotted in terms of velocity and stress. Figure 6 shows

the results including the errors due to the noise of (a) the

phase measurements of the probe wave (velocity error) and

(b) the displacement of the pump wave measured with the

Polytec vibrometer (stress error). The gradients of the lines

in Fig. 6 are listed in Table I.

B. Comparison of nonlinear responses between
materials: Fused silica and aluminum

Previously reported findings have demonstrated that alu-

minum and fused silica have opposite nonlinear

responses.6,26,29,38 To validate this, nonlinear experiments

were conducted on aluminum AL-6061 and compared with

the results from fused silica.

In the experiment the first and last target delays were

chosen so that they encapsulated the whole of the 1 MHz

pump wave excited by the transducer and 100 ns delay incre-

ments were used. The reference delay was set at a time when

the pump and probe waves had not interacted.

FIG. 6. Velocity plotted against stress for pump frequencies of (a) 0.5 MHz,

(b) 1 MHz, and (c) 2 MHz for fused silica. The velocity and stress errors

have been plotted. Using the least-squares, a line has been fitted to the data.

The gradients of these lines are presented in Table I.

TABLE I. Summary of results from all the experiments described in the

article.

Material

Pump SAW

frequency (MHz)

Probe SAW

frequency (MHz)

Gradient

(mms�1=MPa)

Fused silica 0.5 78 51 6 3

Fused silica 1 78 51 6 7

Fused silica 2 78 50 6 8

Aluminum AL-6061 1 67 –20 6 5

FIG. 7. Experimental velocity modulated probe measurements when inter-

acting with a 1 MHz pump SAW (dashed line scaled on right vertical axis)

on aluminum AL-6061. The data have been digitally filtered with a Gaussian

filter at 1 MHz (bandwidth 0.4 MHz).
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Velocity change measurements for the aluminum are

shown in Fig. 7. The results are plotted against stress and

compared with results from fused silica in Fig. 8. The gra-

dients of the lines in Fig. 8 are presented in Table I and as

expected they have opposite signs for the two materials.

V. CONCLUSIONS

We have demonstrated the capabilities of a nonlinear

technique based on parametric interaction of two SAWs to

measure material nonlinearity in solids. The technique is

based on the frequency mixing of two waves: A low fre-

quency pump wave generated by transducers and a high fre-

quency probe wave generated by a laser. The stress exerted

by the pump wave caused a material velocity change, result-

ing in a phase modulation of the probe signal which was

then converted into velocity modulation. Measuring this ve-

locity modulation proved to be challenging as the stresses

exerted by the transducer are small (<5 MPa) and required

special instrumentation to be developed. Changes in labora-

tory temperature were found to cause velocity modulations

greater than those due to the material intrinsic nonlinearity

and an interlacing data acquisition method was developed to

suppress this effect. The intrinsic nonlinearity of fused silica

was measured using three different pump SAW frequencies.

In all cases the ratio of velocity change vs stress was found

to be � 50 mms�1=MPa. Finally, our nonlinear experiments

on fused silica and aluminum AL-6061 showed that the rela-

tionship between applied stress and velocity change was op-

posite. The finding agrees with results published from other

authors where fused silica was reported to have a negative

b-parameter, while metals such as titanium and duralumi-

num had positive values.29

Our experiments were conducted on unfatigued materi-

als. However, as the elastic properties of the material are

affected by fatigue, the technique could be applied to mea-

sure the residual life of components where the change in gra-

dient is related to the fatigue state of the material. This could

form the basis of a technique to extend the usable life of

components with major implications for safety and cost

savings.
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APPENDIX: CALCULATION OF rxx STRESS
COMPONENT

In an isotropic medium, a SAW has both longitudinal

and shear contributions. Based on the analysis presented in

Viktorov,37 we have found that the rxx component of stress

is related to the displacement with the following relation:

rxx ¼ a K k2 � q2
� �

þ 2Mk2 1� 2qs

k2 þ s2

� �� �
; (A1)

where K and M are the elastic Lamé constants, k is the pump

SAW wavenumber and a is related to the amplitude of the

ultrasonic displacement with the following equation:

a ¼ A k2 þ s2ð Þ
q s2 � k2ð Þ ; (A2)

where A is the amplitude of the ultrasonic displacement due

to the probe wave, q and s are given by,

q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � k2

l

q
; (A3)

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � k2

t

q
; (A4)

kl and kt are the wavenumbers of the longitudinal and trans-

verse mode of the pump SAW, respectively,

kl ¼ x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q

Kþ 2M

r
; (A5)

kt ¼ x

ffiffiffiffiffi
q
M

r
; (A6)

with q being the material density and x the pump SAW’s

angular velocity.
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