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Non-contact measurement of elastic modulus is necessary for the in-line assessment of material in harsh environments such as high

temperature. In this paper, a fully non-contact method to measure elastic modulus is proposed based on the laser ultrasonic technique

(LUT) that uses a short-pulsed laser to generate ultrasound and the other laser coupled to an interferometer using a photorefractive

crystal to detect the ultrasonic wave displacement. Basically, this method measures velocities of shear wave and longitudinal wave

to obtain the elastic modulus. The uniqueness is that the velocity of shear wave is measured in the thermo-elastic regime first and

then the velocity of longitudinal wave is measured in the ablation regime. This is because the strong mode of generated ultrasound

is the shear wave in the thermo-elastic regime while the longitudinal wave in the ablation regime. Regime change can be achieved

simply by switching the laser power, with no change in the measurement setup. In order to demonstrate the usefulness of the proposed

method, the elastic modulus of aluminum casting alloy has been measured and the results were compared with a conventional contact

method and a destructive tensile test. They showed good agreement with each other, which verified the usefulness of the proposed non-

contact elastic modulus measurement method.
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1. Introduction

In order to evaluate the elastic modulus of material, the tensile test

is normally conducted. However, the tensile test is destructive, so that

specimen should be separately prepared and they cannot be reused after

the test; thus, it has disadvantages in cost and time compared to the

nondestructive method.

Ultrasonic method has been considered as a promising nondestructive

method to evaluate the elastic properties of material, because the

propagation characteristics of ultrasonic wave in the material are very

closely associated with the elastic properties of material. Especially,

ultrasonic wave velocity is directly dependent on the elastic modulus of

material, so the measurements of longitudinal wave velocity and shear

wave velocity can be reduced to the elastic modulus.1

Meanwhile, conventional ultrasonic methods have been developed

in the scheme of contact method using contact transducers to transmit

and receive the ultrasonic wave, in which both of the longitudinal

transducer and the shear transducer are required. Moreover, in order to

measure the local elastic modulus, those two transducers should be

located at the same position. That is, one of the transducers is contacted

to the test material to measure the wave velocity, and thereafter, this

transducer is detached and another transducer is contacted to measure

another wave velocity. In addition, the couplants are generally different

for the longitudinal transducer and for the shear transducer. These

processes make the automization difficult. Of course, a packaged set

including both of longitudinal and shear transducers may be used with

a special couplant in order to avoid such inconvenience of switching

the transducers.2  Nevertheless, the application of the contact method to

high temperature material is essentially difficult. To overcome these

limitations of contact method, non-contact ultrasonic measurement

technique based on the laser-ultrasonic technique (LUT) has been

studied.

LUT can be classified into the thermo-elastic regime and the

ablation regime. In the thermo-elastic regime, the induced by the

thermo-elastic expansion irradiated laser contributes to generation of

ultrasonic waves. In the ablation regime, the irradiated laser on the

surface of material induces the material removal, which contributes to

generation of ultrasonic waves.3-5 In general, LUT generates both of

longitudinal and shear waves at the same time, regardless of generation

regime. However, those two regimes have different propagation
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characteristics of generated ultrasonic waves, such as amplitude and

directivity. In the thermo-elastic regime, the shear wave is stronger than

the longitudinal wave and the main propagation direction of shear wave

is closer to the normal direction, so when we received the ultrasonic

wave transmitted through the material on the opposite side of material

the shear wave is more intensely received. In the ablation regime,

however, the longitudinal wave is much stronger than the shear wave

and its propagation direction is the normal direction, so the longitudinal

wave will be more intensely received.3

Therefore, in this paper, we propose a unique method that measures

the shear wave velocity in the thermo-elastic regime first and then the

longitudinal wave velocity is measured in the ablation regime. The

alternation of the thermo-elastic regime and the ablation regime can be

achieved simply by switching the laser power with no change in the

measurement setup. In addition, this method allows to guarantee the

measurement of longitudinal and shear wave velocities at the same

position.

On the other hand, previously reported methods using LUT have

been performed in thermo-elastic regime only or in the intermediate

regime of thermo-elastic and ablation effects to measure shear wave

and longitudinal wave simultaneously.6,7 However, the signal detected

in those methods was complicated, which makes it difficult to interpret

the signal. Moreover, they have limit to be applied on thick material or

high-attenuate material since the longitudinal wave may be too weak

when only the thermo-elastic regime is used and both of shear wave

and longitudinal wave may be too weak in the intermediate regime.

Note that the ablation regime needs comparatively higher laser

power, so that the crater mark may be slightly left on the surface in the

ablation regime measurement. However, it is no matter if the surface is

cleaned by post-processing of LUT, such as in the process of slab

manufacturing.

In order to verify the usefulness of the proposed method, the elastic

modulus of aluminum casting alloy was measured, where a Nd:YAG

pulse laser was used for generating ultrasonic wave and an interferometer

using photorefractive crystal was used for the detection of ultrasonic

wave. The measured results were compared with the results of the

conventional contact method and the destructive tensile test.

2. Methods

2.1 Generation of ultrasonic wave by laser

When a laser pulse is irradiated on the surface of material, absorption

of laser energy produces a local temperature elevation, which, in turn,

creates a local thermal expansion. This sudden thermal expansion

generates ultrasonic wave.8

In the thermo-elastic regime, the horizontal dipole force is acted at

the center of laser beam irradiated on the surface of material as shown

in Fig. 1(a), which contributes to the generation of ultrasonic wave, so

the shear wave is generally stronger than the longitudinal wave. In the

ablation regime, the reaction force of material removal in the vertical

direction as shown in Fig. 1(b) contributes to the generation of ultrasonic

wave, so the longitudinal wave is much stronger than the shear wave.3,9

Also, these two regimes have different propagation directivities for

longitudinal and shear waves.

Figs. 1(c) and 1(d) show the ultrasonic wave directivities theoretically

calculated for three different wave numbers in the thermo-elastic

regime and in the ablation regime, respectively, where the material is

aluminum alloy and k is the wave number.3 In the thermo-elastic

regime, the propagation direction of the shear wave is much closer to

Fig. 1 Laser ultrasonic wave generation mechanisms and the directivities of the generated ultrasonic waves in each regime: (a) thermo-elastic

regime, (b) ablation regime, (c) directivities of the ultrasonic waves generated in the thermo-elastic regime, and (d) directivities of the ultrasonic

waves generated in the ablation regime
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the normal direction (vertical direction in the figure) than the

longitudinal wave. Therefore, the shear wave will be much stronger

than the longitudinal wave when received at the opposite position of

the laser shot. However, in the ablation regime, the longitudinal wave

propagates along the normal direction, while the propagation direction

of the shear wave is quite far from the normal direction. Therefore, the

longitudinal wave will be more intensively received than the shear

wave when received at the opposite position of the laser shot.

Consequently, in this study, the shear wave in the thermo-elastic

regime and the longitudinal wave in the ablation regime are used.

2.2 Detection of ultrasonic wave by laser

Generally, laser interferometers such as Fabry-Perot interferometer

and Michelson interferometer10 can be used to detect ultrasonic wave,

however, their dynamic measurement ranges are usually lower than the

commonly used ultrasonic wave frequency of MHz-order, and they use

specularly reflected light so that it is difficult to detect stable signal if

the surface of tested material is not mirror-like. In order to overcome

these disadvantages, a laser ultrasonic detector using the scattered light

was adopted in this study. Fig. 2 shows the principle of ultrasonic wave

detection.

The detection laser source is divided into pump beam and object

beam by a beam splitter. The pump beam is directly incident on the

photorefractive crystal and the object beam scattered on the specimen

is incident on the photorefractive crystal. Scattered beam which

acquires phase shift is mixed in a photorefractive crystal with a pump

beam to produce a speckle. The phase difference between the beams

was recorded by the holographic effect in the photorefractive crystal,

which becomes a reference of phase displacement measurement. 

When the detection surface is displaced by ultrasonic wave, the

phase of the scattered beam will be changed in accordance with the

displacement of ultrasonic wave. Then, the difference from the phase

recorded in the photorefractive crystal is measured by the interference

effect.11 Consequently, output signal is displayed in proportional to the

displacement of the ultrasonic wave.

2.3 Measurement of elastic modulus

The elastic modulus of material can be obtained by measuring the

shear wave velocity (CS) and the longitudinal wave velocity (CL), as

shown in Eq. (1).1

(1)

Where, E is the elastic modulus and ρ is the density.

In this study, the shear wave velocity is measured in the thermo-

elastic regime first and then the longitudinal wave velocity is measured

in the ablation regime. Elastic modulus is then calculated from the

measured wave velocities with the known density.

3. Experiments and Results

3.1 Experimental setup

The material of specimen is an aluminum casting alloy (Al-Mn-Cu-

Si, density (ρ) is 2.4 g/cm3) and the size of specimen is 100 mm × 100

mm × 20 mm. For the generation of ultrasonic wave a Nd:YAG pulse

laser (wavelength of 1064 nm, time duration of 5 ns) was used as shown

in Fig. 3. Also, the laser ultrasonic detector (TWM, TECNAR, Canada)

whose dynamic measurement range is up to 30 MHz located at the

opposite position of the laser pulse shot was used in order to detect the

ultrasonic wave transmitted through the specimen. The shear wave and

the longitudinal wave were received in the thermo-elastic regime and

in the ablation regime, respectively, by adjusting the intensity of laser

irradiated on the specimen. The wave signal detected by TWM is

recorded in the digital oscilloscope (Lecroy, WS452).

Fig. 4 shows samples of the received signal. The received signal has

been averaged over 200 repeated measurements to improve the signal-

to-noise ratio. Fig. 4(a) was obtained at the laser pulse energy of 94 mJ

in the thermo-elastic regime, which shows that the shear wave (S) is

clearly detected but the longitudinal wave (L) is very weak. Fig. 4(b)

was obtained at the laser pulse energy of 142 mJ in the ablation regime,

which shows that the longitudinal wave is clearly detected but the shear

wave is very weak.

In figures, S1 and L1 are the first arrivals and S2 and L2 are second

arrivals. First arrival signal is the directly through transmitted wave,

and the second arrival is the wave reflected by the back and front

surfaces. There exists time difference between the first arrival and the

second arrival, which is corresponding to the time-of-flight (TOF) for

a round trip of the specimen thickness. Therefore, the velocity of wave

can be measured from TOF between the first and the second signal

with the known thickness of specimen. Finally, the elastic modulus is
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Fig. 2 Principle of the ultrasonic wave detection using holographic

interference in a photorefractive crystal

Fig. 3 Experimental setup of non-contact ultrasonic test
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calculated according to Eq. (1).

 Next, the conventional contact type experiment was conducted for

the comparison. The ultrasonic wave was transmitted and received by

a pulser-receiver (Panametrics, PR5500) as shown in Fig. 5. The pulser-

receiver generates a spike pulse and receives the ultrasonic wave

reflected from the back-surface of the specimen. A 5 MHz longitudinal

broadband transducer was used to measure the longitudinal wave

velocity and a 2.25 MHz shear transducer was used to measure the

shear wave velocity.

After the ultrasonic experiment has been finished, the destructive

tensile test was carried out for the comparison also. The tensile test

specimen was taken from the original specimen with a size of 80 mm

× 10 mm × 3 mm according to ASTM E8M standard. The tensile test

was performed at the tensile speed of 2 mm/min at the room

temperature by using MTS793 (Instron, USA).

3.2 Experimental results

Table 1 shows the result of velocities and elastic moduli measured

by three tests; the laser ultrasonic test, the contact ultrasonic test, and

the tensile test, in which the average and standard deviation of fifteen

measurements were presented. We can see that the velocities of the

longitudinal wave and the shear wave measured by the laser ultrasonic

test are similar to those measured by the contact ultrasonic test. Their

difference is only 0.3% in the longitudinal wave velocity and 4.3% in

the shear wave velocity. Although the deviation in the laser ultrasonic

test result is greater than that in the contact ultrasonic test, the absolute

deviation is less than 1%, which is sufficiently acceptable. Note that the

laser ultrasonic detector is more sensitive to the surface condition of the

tested material than the contact transducer, so that the larger deviation

in the laser ultrasonic detection is somewhat unavoidable.

As for the elastic modulus, all three test results are similar to each

other. When compared with the tensile test, the laser ultrasonic test

showed a difference of 2.1%, while the contact ultrasonic test showed

a difference of 5.1%. These results effectively verify the usefulness of

the proposed laser ultrasonic technique.

4. Conclusions

A fully non-contact method using the laser ultrasonic technique was

proposed for the measurement of elastic modulus. The uniqueness of

the proposed method is that the velocity of shear wave is measured in

the thermo-elastic regime first and then the velocity of longitudinal

wave is measured in the ablation regime. The regime change can be

achieved simply by switching the laser power. This method allows to

measure the longitudinal and shear wave velocities at the same position

without transducer alternation required in the general contact ultrasonic

method. The usefulness of the proposed method was verified by

comparing the measured elastic constant of aluminum casting alloy

specimen with the results obtained by the contact ultrasonic test and the

destructive tensile test. When compared to the tensile test, the laser

ultrasonic test showed a difference of 2.1%, while the contact ultrasonic

test showed a difference of 5.1%.

This method can be applied for measuring the elastic modulus of

Fig. 4 Sample of signal received (a) in the thermo-elastic regime and (b) in the ablation regime

Fig. 5 Experimental setup of contact ultrasonic test

Table 1 The results of ultrasonic velocity and elastic modulus measured

by three tests; the laser ultrasonic test, the contact ultrasonic test and

the tensile test

CL,

Longitudinal

wave velocity

[m/s]

CS,

Shear wave

velocity

[m/s]

E,

Elastic

modulus

[GPa]

Laser ultrasonic test 6574.9±37.4 3365.7±14.7 73.3±0.5

Contact ultrasonic test 6556.0±0.5 3227.3±1.4 68.3±0.05

Tensile test result - - 71.8±0.7
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high temperature material in in-line and for the automatic scanning to

measure the distribution of local elastic modulus.
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