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Abstract. Many factors can cause residual stresses in industry, like rolling, welding and coating. Residual stresses can have
both benefits and shortcomings on components, so it is important to find the residual stresses out and enhance its benefits
part and get rid of its harmful part. There are many methods for residual stresses detection and ultrasonic method turns out
to be a good one for it is nondestructive, relative cheap and portable. The critically refracted longitudinal (LCR) wave is
widely used for it is regarded most sensitive to stress and less sensitive to texture which can influence detection results.
Ultrasonic methods for residual stresses detection are based on time of flight (TOF) measurement, but because the
measurement should reach nanosecond to show stress change, there are many other factors that can influence TOF, like
temperature, texture of the components and even the thickness of the couplant. So increasing the TOF’s sensitivity to stress
is very important. In this paper the relationships between velocity and frequency are studied experimentally[6] for different
Lamb modes, under various stress loadings. The result shows that the sensitivity of different modes various a lot, the A1
mode is the most sensitivity, compared to S0, S1 and A0 modes; if the force is added to 100 MPa, the change stress of A1
mode can be as large to 80 m/s, which is about 10 times more sensitive than the traditional bulk wave. This makes it as a
good choice for residual stress detection.

INTRODUCTION
Residual stresses [1-4] are self-equilibrating forces which can exist in most industry components. Figure 1 shows
an example how residual stress generates and maintains, forces are added to a thin plate, when the forces are large
enough that over the plate’s elastic field and reach plastic field, even then the forces are gone there are still some
stresses left in the plate which are called residual stresses. There are mainly three factors can cause residual stresses:
mechanical factor, like rolling and grinding; thermal factor, like welding and quenching; chemical factor, like coating
and nitriding. Residual stresses have both beneficial and detrimental influence on components. Compressive stresses
are usually beneficial, like compressive residual stress on the surface of the glass can prevent crack growth; tensile
stresses are generally detrimental [3]. Fracture and fatigue can both be caused by tensile stresses. So it is very important
to find residual stresses out, enhancing beneficial ones and get rid of detrimental ones.
There are a lot of methods can be used to measure stress, like X-ray, neutrons, contour and slitting. Ultrasonic
method [5] turns out to be a good one [6-7]: it is nondestructive, inexpensive and easy to perform. Ultrasonic velocity
will change linearly with the stress based on the elastic constants, but the acoustoelastic effect is not that sensitive,
time of flight (TOF) should accurate to nanoseconds to acquire the stress change [8]. Temperature, texture of the
material and grain size call can have TOF change [9] at nanosecond level, which can interfere stress measurement.
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For residual stress measurement, it is very important to enhance the sensitivity of velocity to the stress and on
the other hand decrease other factors that can change the velocity, as mentioned above. Nowadays one popular
ultrasound approach is to use longitudinal critically refracted (LCR) waves [10-11], which are also referred to as
creeping waves in some literatures [12]. For a fluid loaded surface the LCR wave is generated at the first critical angle
of the incident longitudinal wave, which gives waves that propagate below, yet close to the surface of the specimen.
The theory of LCR method is based on that the longitudinal wave in the same direction with the stress is most sensitive.
For LCR method, if the change of strain is 200 P m / m , the change of velocity is around 5 u 10 ( 'v / v ) [1].
That’s to say the accurate of TOF measurement should reach to nanosecond, which is not easy especially when other
factors (texture, grain size etc.) can make contribution to TOF.
4

FIGURE 1. Schematic of rolling process, which can induce residual stress in steel.

On the other hand, the theory of acoustoelasticity has been successfully used to bulk wave, but for dispersive
plate wave, there are limited literature, form both theoretical and experimental aspects. N. Gandhi and etc. [13] offered
a completely theoretical work of acoustoelastic Lamb waves, they showed how phase velocity change with the angle
between the direction of stress and the direction of velocity. Some experiment data are also offered to verify the
theoretical results. Annamaria Pau and Francesco Lanz di Scalea [14] presented a model to describe wave propagation
in prestressed plates. Three different stress statuses are considered in the paper: the stress in the direction of the wave
propagation, stress orthogonal to the direction of wave propagation and plane isotropic stress.
In this paper the Lamb waves for residual stress detection is discussed from the experimental aspect. The
circumstance that considered in this paper is the direction of the stress and the direction of velocity is orthogonal to
each other. Turn burst system is used to generate ultrasound signal, with the aim to generate signal for a relatively
small frequency range. Contact oblique wedges are used to generate Lamb waves, incident angles are chosen to acquire
certain Lamb modes based on the dispersion curve. The result show that with the turn burst system, the “near cut-off
frequency” mode can acquire successfully. For the S1 mode near the cut-off frequency, its velocity’s sensitivity to
stress is about 10 times higher than the traditional bulk longitudinal wave. This is really good for residual stress
detection with more sensitive wave.

LAMB WAVE’S MODES SENSITIVITY WITH STRESS
In this paper we focus on the case the direction of the stress vertical to the direction of the velocity. As shown in
Fig. 2, the thickness of the plate is 1mm, the direction of stress is along y axis and the direction of the velocity is along
x axis. Based on this model, the dispersion can be expressed as [13, 15]:

h
tan[k p (1  D1 ) ]
2
h
tan[ kq (1  D1 ) ]
2

070009-2

[

( kq2  k x2 )
4k x2 k p kq

]r1

(1)

where

k

2
p

U0Z 2
 k x2 , kq2
2
R(1  D1 )

U0Z 2
 k x2 ;
2
G (1  D1 )

R (O  2 P )(1  4D1  D )  2 P (D1  D )  2(l  2m)(2D1  D )  4m(D1  D ) ;
G (O  2 P )(2D1  D )  P (1  2D )  m(2D1  D )  nD / 2 ;

FIGURE 2. Schematic of aluminum plate under uniaxial stress

For more detail work about the dispersion curve, here is our previous work. The following Fig. 3 and Fig. 4 show
the dispersion curve with and without stresses. Comparing the two figures it is hard to find out any differences, then
the change of the velocity are drawn, as shown in Fig. 5.

FIGURE 3. Dsipersion curve for 1 mm thick aluminum plate under 100 MPa unixaial stress
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FIGURE 4. Dispersion curve for 1 mm thick aluminum plate without stress

FIGURE 5. The change of group velocity of S0, S1, A0 and A1 modes with stress under and at a normalixed thickness –
frequency combination, 3MHz-mm in an aluminum plate

As it is shown in Fig. 5, under 3MHz-mm the strain for A1 mode changes most compared to S0, S1 and A0 modes.
That’s to say this mode is more sensitive to stress. If comparing this result with the traditional bulk waves [1], it is obvious that the
A1 mode is about 10 times more sensitive than the traditional longitudinal wave, which is really good for residual stress detection
with this method.
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EXPERIMENT SYSTEM SET UP
For the experiment preparation, one old system in our center (Fig. 6) is redesigned for our new measurement, the
new system is shown in Fig. 7.

FIGURE 6. The old experiment system in our center used for texture measurement

FIGURE 7. The old experiment system in our center used for texture measurement

The new measurement system is composed with loading system, oscilloscope, oblique wedge, 2.25MHz
transducers, 2mm thickness aluminum plate and a tune burst signal generator. Some cables are used to connect them
together.

GENERATING S1 MODE AROUND ITS CUT-OFF FREQUENCY

FIGURE 8. The oblique wedge to generate Lamb waves
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FIGURE 9. The common signal that received by the system

It is shown that the S1 mode is about 10 times more sensitive than the traditional longitudinal wave under 3 MHzmm, which is around the cut-off frequency of the S1 mode. For the experiment, the incident angle of the oblique
wedge (Fig. 8) is identified based on Snell’s law and dispersion curve to generate the A1 mode. The common signal
that gets by the system is shown in Fig. 9: there should be four modes (A0, S0, A1 and S1) with the incident angle
and frequency that used. The last part of the signal is regarded as S1 mode (In the red rectangle, it is the slowest in the
four modes bases on group dispersion curve, around 3000 m/s).

FIGURE 10. Tone burst generator used for the experiment system

Adjusting the frequency of the Tone burst generator (Fig. 10) and observing the change of the signal on the
oscilloscope, stop changing the frequency when the S1 mode signal almost gone. That’s to say it is reach the cut-off
frequency. (Figure 11, changing frequency from 1.83MHz to 1.77MHz)
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(a)1.83MHz

(b)1.81MHz

(c)1.79MHz

(d)1.77MHz

FIGURE 11. Adjusting tone burst generator to get A1 mode near to “cut-off” frequency

CROSS CORRELATION METHOD USED FOR MEASURING THE CHANGE OF TOF

FIGURE 12. Cross correlation method for TOF calculation

Cross correlation function comes from signal processing field. It describes the degree of correlation of two signals.
Supposing there are two signals x(t) and y(t), the cross correlation function of these two signals is expressed as
Rxy (W ) :
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By applying cross correlation method, the change of TOF can be get accurately, the following Fig. 12 is the
typical signal for cross correlation method.

THE SENSIVITY OF S1 MODE TO THE STRESS

FIGURE 13. Strain gage is used to calculate the strain

By using the A1 mode that generated near the “cut-off” frequency, the difference of TOF is calculated by cross
correlation method; the velocity without stress is identified by measuring the distance between two transducers and
TOF. Then the relative change of velocity can be obtained. Changing the strain (Fig. 13) from 0 HP to 800 HP with
the step 200, the result is shown in the Fig. 14:

FIGURE 14. The relationship between strain and the relative change of velocity

It is shown in Fig. 14 that for the S1 mode, the relative change of velocity change linearly with the strain, it is
about 4 times more sensitive than that the longitudinal bulk wave, which is good for industry application.
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CONCLUSIONS
The sensitivity of the guided waves (S1 mode) to the stress (strain) has been studied by experiment method. A
tone burst generator is used to acquire S1mode near its “cut-off” frequency, as suggested by the theoretical result.
Strain gages are used to get the accurate strain during the measurement. Cross correlation method is used to get the
accurate difference of TOF. The measure results show that the S1 mode is about 4 times more accurate than the
longitudinal bulk wave, which is good for industry application: other factors that can influence TOF, like temperature,
texture grain size and etc, would have much smaller influence to the result, which can enhance the measure accuracy
of stress (strain). One the other hand, the accuracy of the S1 mode is not that sensitive as it is predicted by the
theoretical method (about 10 times more sensitivity than the longitudinal bulk wave). The reason may be the frequency
of S1 mode is not close enough to the “cut-off” frequency. Further experiment will be done to figure it out.
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