Direct measurement of ultrasonic velocity of thin elastic layers
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This letter reports a simple new technique for the ulirasonic velocity measurement on thin elastic
lavers of fractiona] wavelength thickness using broadband ransdocers. An éxternal tigger W the
oacilloscope with continuously variable frequency and an intensity enhancing strobe signal allow
direct measurement of the wavefront time shift down to 13 ns, The technigue makes il possible to
measure the sound velocity of thin layers with the thickness down to 10 ", Using a pair of
2.25-MHe transducers, we have accurately measured the sound velocity of a 20-pm-thick aluminum
foil, @ (007 Acowstical Soclety of America, [SOO001-4966(97)0d | 12-X]

PACS numbers: 43.58.Dj, 43.200Ir, 43.35.7¢, 43.35.Cp |SLE]

INTRODUCTICRH

There are many situations of technological importance
in which one wishes 1o carry oul the elastc property charac-
terization of thin laver materials; for example, bonding layers
in structural materials, lavers in composile structures, and
thin film materials on thick substeate, Over the past 30 vears,
a wide variety of ultrasonic techniques have heen reported
For the measurements of wave velocities or the thickness of a
thin single elastic layver. Among all classical methods are
pulse echo,' resonance testing,” pulse interference methods,”
and laser ultrasonie methad® These traditional technigques
measure the tme delay in well-separated echoes, However,
as the laver thickness decreases. the time interval between
twr sugeessive cchoes from the Tront and back surfaces of
the specimen decreases. BEventually, all of the classical meth-
ods faill when the echoes become inseparable.

ln many applications, the thickoess of the elastic laver,
fi, i of the order of [0—100 wm, and may even be imbedded
inside a structure or blocked by unother object. 1F using the
well-separated pulse method e characterize such thin layers,
the frequency would have to be larger than 150 MHz, The
use of such a high frequency not only drastically increases
the cast, bul also limits the application o low loss materials
because of the wery short penetration depth of  high-
fregquency witves,

Several years ago, a frequency domain method” for ul-
rrasonic nondestructive evalaion of thin specimens was de-
veloped and nmproved by means ol combining the standard
FFT methods with conventional ultrasonic method, This
methad i based on the fact that a thin specimen in the tme
domain takes the form of a thick specimen in the frequency
damain. A time domain method for the measurement of ul-
trathin specimen was also developed in 1993 in which low-
frequency ulirasonic wave was also used" However, for
these frequency and time domain methods, digital oscillo-
seopes with o very high sampling rate and specialized dala
analyses are regquired. Sub-half-wavelength thickness thin
lawers can be measured using these methods down to 100" A

fn this letter we describe a new approach for the mea-
surement of @ thin elastic laver with the thickness in the
order ol 1} * &, The idea is w manipulate the riggering rale
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and the strobe sweeping to fully utilize the maximum sensi-
tivity of the oscilloscope. We call the iechnigue vanahle trig-
ger and strobe (VTS) method. Using this technigue, the time
shift caused by placing and removing the sample from the
acoustic pathway between lansmitling and receiving trans-
ducers can be accurately measured down to the maximom
capacity of the oscilloscope (0,01 ns For the one available
us). Since only the starting point of the ansmitted wave is
used, a low-frequency transducer can be used o measure
these samples, This gives us the advantase of deep penetras
tion and the ability o measure thin layers that are sand-
wiched in lossy materials,

I. THE ¥TS METHOD AND EXPERIMENTAL
PROCEDURE

A schemate of the experimental apparatus 15 shown in
Fig. 1. & pair of accurately marched hroadband water immer-
ston longitudina] wave transducers with a center frequency
of 225 MHz were used for generating and receiving the
ultrasonic waves, The distance between the two transducers
i adjusted 1o be equal to twice the Tocal length, and the
spectmen is placed in the focal region of the wansducers, The
incident wave ravels in the direction normal to the speci-
men. For a single-layver specimen, the displayed pulse signal
from the time ;. at which the received signal appears, w the
tme fy =27 will not have the effect of multireflection in-
werference, Therelore, we can gel the longitudinal velosity «
by measuring the time shift 47 of the starting paint of the
tramsroitted waves cunsed by including the specimen in the
acoustic pathway,

el A
ok ALY th
where & is the sample thickness and ¢, is the sound velocily
af witer (reference medinm). The time shift Ar can he eithar
positive or negative depending on i the ¢ s lasier or slower
than o,

Becunse the technigqoe s o compare the fravel time with
and without the sample in the acoustic pathway, 1115 insen-
sitive to other objects in the pathway since their contribu-
tons can be incloded in the ravel ime without the sample,
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FIG. 1. Schematie dingram of the experimental setup.

The only difference between having water as the base me-
divm or including other objects in the base medium 15 the
intensity level. Since the technique allows the use of rela-
tively low frequencies, it is possible to penetrate even lossy
materials in the pathrway. This characteristic makes the tech-
migue very useful for characterizing a thin layer in a sand-
wich structure, such as the bonding layer,

Although meost oscilloscopes have subnanosecond reso-
lution in the horizontal scale, it is not possible to use the
highest resolulion in most cases because of the limied dis-
play of time interval on the display window. Most of the
analog oscilloscopes, such as the one used in this experi-
ment, do not have ame delay lunction; therelore, it s mpos-
sible 1o follow the wavefronl when changing the horizontal
resolution. Cne way (o utilize higher resolution of the oscil-
loscope is 1o use higher external riggering [requency;, how-
ever, it will mix up the received pulse signals, making it
impossible o distinguish different echoes, Considering the
analog oscilloscope has an intensity regulating input, the se-
lected echo is highlighted by using a strobe signal from a
Matee 1228 decade dividers and delay generator, By reduc-
ing the background intensity, this selected signal can be
singled out for measurement using the high resolution scale
of the oscilloscope with high external triggenng frequency,

General procedure for the VTS method: As shown in
Figz. |, the Mateg 110-CW signal source is integrated with a
highly stable oscillator wmnable over a range of approsi-
mately from 11 to 52 MHz The frequency output of the

oscillator is divided by 100, and then is further divided by
LK} in the Matee 1228 decade dividers and delay senerator,
A more stable pulse signal with a frequency range of 1.1-5.2
kHz is obtained. This frequency is then used to trigger the
ISR DPR 33 pulserfreceiver and the Tektronix 2463 oscillo
scope, The received pulse signals are sent from the DPE 35
to the oscilloscope for display, The strobe from the Mateo
1228 is coupled 1o the 2 axis (intensily] of the oscilloscope
and the front portion of the first fransmitted wave signal is
brightened by adjusting the strobe delay, width, and ampli-
tude. The intensity of the oscilloscope muost be carctully ad-
Justed together with the strobe amplitude to obtain a proper
display of the front portion of the transmitted wave signal so
that the unwanted portion of the wave signal and the back-
sround sweep line will disappear. The front portion of the
transmitted wave 15 then expanded horizontally to the proper
resodution of the oscilloscope according o the level of tme
shift to be expected. The signal will be cut of the screen from
the rght-hand side as the reselution of the osceilloscope 0
creases, Mow the external trigger is switched [rom the Matec
LI signal source (o another scale which has 100 times
higher riggering frequency. The brightened front portion of
the first transmitted wave (or wave train) will reappear on the
screen. By adjusting the frequency of the signal source 1o
change the triggering frequency of the whole syatem, we can
place the starting point of the Front portion of the first trans-
mitted wave anywhere on the screen, As a rule of thumb,
place the signal on the lefi-hand side of the screen if the
wave speed in the specimen is faster than that in water, and
tor the oght-hand side if the compressional wave velocity in
the sample is slower than that in water. Alter the thin layer
sample is taken out of the ulrasonic field, the starting poind
ol the [ront portion of he first ransmitted wave shills o oo
new position, This shift can be directly measured by using
the scale bars on the sereen of the scope, Then the compres-
sional velocity in the thin laver of known thickness can be
calculated using Eq. (1), Vice versa, if the velocity is known,
the time shift can be wsed o measure the sample thickness.

Il. RESULTS AND DISCUSSIONS

The main objective of this work 15 to develop o simple
technique suitable for the chavacterization of ulteathin elastic
layers of only a fraction of a wavelength in thickness. We

TABLE 1, Wave speed measurement data Tor single clastic layers,

Speeimen Thickness {mnn Time shift Welosily sweespt speed
i Material 1 um (=] [mmyd s} ik (N,
I Cilass 1247 Glh4 5474 (15003 [ CHF
. PET 3230 ) ol 0, 1 &k b
3 Transparency 311K 24.55 2,294 0z 2
#1

El Trunsparencey RIS 1845 26N (AR ANR] 2
#2

Plastic

3 shopping (nOSE 16,55 2592 (.05} 14}
bap

[ Aluiminum (b2 13026 120065 (3.0 5
fiail
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TABLE L Wave speed measurement dita for elastic thin layers on subsiriles.

Specimen Coaling Ihickness () Time zhitt Velociy Sweep speed
Mo, matcril 3 m (s} L ) i (s TH |
1 Tinmsptreney #1 HRTIE) a5 2,321 (101 ¥
4 Transpatency 42 R LU 2146 010 1]

have meassured o number of specimens using the newly de-
veloped WTS method. The results for a single Tayer and fora
thin layer on a thick substrate are presented in Tables ©and
[1, respectively, All resulls were obtained under constant
temperature of 20 °C; thus the value of o, is laken as |A44%
mimf s, The substrate used for testing the coating specimen
are glass plates of 1247 mm in thickness,

Ay shown in Tables | and 11, the measurements werge
performed on several materials with thickness ranging from
0026 mm o 1.24 mm, The central frequency of the broad-
band transducer used in the experiments is 2.25 MHe, hence,
e thickness ramge corresponds (o 0008 A—0.503 A, From a
systematic error analysis (to be reparted Tater), we found that
the total error in the velocity measurement s less than 3%,
Since most of the materials measored do not have known
velocily values, we can only compare the longitudinal veloc-
ity of the alwminum foil which has been measueed in bulk
form,” Our measured value of 6206 mm/us is 3% smaller
than the bulk value of 6400 mm/us. Since this dilference 1s
wilthine our txp&rimant;il HUCUTACY, W Cannot attribute it 1o
the difference between bulk and Foil matenials. Generally
speaking, the VTS method works better For high sound ve-
locity materials which will lead to larger time shift, as shown
in Tuble 1. In other words, il is mere sensitive for metal,
ceramic, and glass than for plastic and polymer products.

As the thickness of the thin layer or the velocity differ-
ence hetween the sample and water decreases, we musl in-
crease the horizontal magnification on the scope. For the
ultrathin aluminom foil {specimen #6 in Table 1) with A/
=0.009, the vertical scale also must be enlarged in order for
the starting point to be located more accurately on the screen.

The signal source and decade dividers used are very
stuble; no drifling of the signal was observed, However, wa-
ler disturbance caused by removing the specimen out of the
ultrasonic field does canse the signal w oscillate, Therefore,
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il is necessary to remaove the sample slowly and (o wail & few
minutes before taking the comparison data.

For the ultrathin layers with /<1077, the noise in the
receiver output could affect the accuracy. Especially when
the wvertical amplitude has o be enlarged enough on the
sereen together with time axis expansion, the ambiguity ol
the starting point resolting from noise is the main error
source of wave velocily measarement Lor ulirathin lavers of
hin= 107 using this V1S technigue. It is expected that the
Y15 technique could be further improved by using digitizing
pscilloscope combined with numerical signal average tech-
nigues. Thiz lechnigue could be used 1o reflection mode il
the coupling betwesn the trunsducer and the sample is aceu-
rately controlled,
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