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Generation of elastic waves from line and point sources by a high- 
current pulse method 

Kwang Yul Kim and Wolfgang Sachse 
Department of Theoretical and Applied Mechanics, Cornell University, Ithaca, New York 14853 

(Received 23 August 1988; accepted for publication 12 May 1989) 

This paper describes a method of generating both line and point sources of acoustic emission 
(AE) signals by a powerful, transient Joule heating of a thin, conductive film deposited on an 
insulating plate or a small diameter metal wire buried inside it. Point-and line-source AE 
signals are generated by heating a short or a long section of thin film, respectively. The 
versatility of this method is demonstated by the diversity of AE signals that can be produced 
by simply changing the rise time, magnitude, and duration of the current pulse that provides 
the heating. An analysis shows that both the line and the point AE sources are of dipolar type 
for the case of the heated thin film. The line source resulting from an imbedded long, thin wire 
appears to be a two-dimensional center of dilatation. Short-duration current pulses generate a 
step source whose rise time is approximately equal to that of the input electrical power pulse 
while long-current pulses produce a linear ramp source that resembles the temperature rise of 
the heated conducting film or wire. 

PACS numbers: 43.88.Ar, 43.40.Le, 43.35.Ud 

INTRODUCTION 

The generation of acoustic or elastic waves accompany- 
ing the transient, short-duration thermal heating of a materi- 
al is rapidly becoming a powerful tool for the characteriza- 
tion of materials and the imaging of their microstructures. 
Point-source ultrasonic signals can be produced by using Q- 
switched laser beams to strike a small spot on a specimen's 
surface. Several reviews have appeared summarizing the 
work with laser-generated ultrasound. •-3 Detection of the 
acoustic signals near a specimen placed in an intensity-mod- 
ulated laser beam forms the basis of the photo-acoustic spec- 
troscopy (PAS) technique. 4 Similarly, the use of a pulsed or 
modulated continuous wave laser beam in a scanning mode 
over a specimen surface has been adapted to image material 
microstructures. 5'6 Other thermal sources have also been 

used to generate acoustic signals. Reported has been the use 
of pulsed or modulated beams of electrons in an electron 
microscope ? and ions 8 with detection of the signals by a pie- 
zoelectric transducer or an optical beam deflection tech- 
nique (c.f. Refs. 9 and 10). Kim and Sachse •'•2 have used an 
intense, pulsed x-ray beam for the generation of thermoelas- 
tic waves and discussed its potential application [0 materials 
characterization problems. 

It is then quite natural to expect that thermoelastic 
waves can also be generated by a transient electrical Joule 
heating of a localized zone in a material. Localized heating 
can be achieved with the deposition of a thin metal film of 
narrow width on an insulating plate such as glass, a semicon- 
ductor, or a ceramic material, or with burying a thin metallic 
wire inside an insulator and finally by sending a high-current 
pulse of various durations and magnitudes through it. Al- 
though the principal motivation of this research was to in- 
vestigate the adhesive and thermal characteristics of thin 
films deposited on a substrate, in this paper we are dealing 
with the generation ofthermoelastic waves and a determina- 

tion of their source characteristics. The results of our investi- 

gation on the adhesion of thin metal films on a substrate will 
be presented in another paper. 13 

The advantage of using an electrical power to generate 
elastic waves in solids lies in its simplicity and versatility in 
generating waves of various shapes and amplitudes through 
control of the electrical excitation rise time, duration, and 
magnitude, and its relatively low cost in comparison with the 
other methods mentioned above. It is also expected that a 
variety of thermoelastic waves of different sources can be 
generated by using ingenious patterns of thin films deposited 
on a substrate. Such patterns are readily realizable by mod- 
ern semiconductor fabrication techniques. 

In the following section we describe the experimental 
setup used to make the measurements. The objective of Sec. 
II is to formulate the theory of a dipole source of acoustic 
emission and the thermoelastic waves it generates. In Sec. III 
experimental data are presented, analyzed, and compared 
with the theory by using the results of Sec. II and a signal 
deconvolution technique. The source-time functions of the 
dipolar sources are discussed in Sec. IV in terms of the mis- 
match of thermal expansions between the thin film and the 
substrate. In the final section are some concluding remarks. 

I. EXPERIMENT 

Essential for the generation of detectable thermoelastic 
waves is a powerful current pulse generator that can deliver a 
pulse strong enough to cause a temperature rise of an order 
of a few tens of degrees (in øC) over a time interval ranging 
from submicroseconds to several tens of microseconds. A 

high, nearly constant current pulse generator that can de- 
liver a maximum power of 20 kW for a time interval up to 0.5 
ms with a repetition rate of 10 pulses/s was especially de- 
signed and fabricated in our laboratory for this. The condi- 
tion of constant current for a long-duration pulse, whose 
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,FIG. 1. (a) Schematic of the thin-film layout on the substrate for generation 
of elastic waves. (b) Location of the capacitive transducers. 

duration is longer than 10/•s, is desirable because it facili- 
tates a theoretical analysis of the temperature behavior of the 
heated zone. It is not, however, an essential requirement for 
generating thermoelastic waves or for investigating their 
source characteristics. 

The insulating material chosen as the substrate for the 
thin-film deposition was a glass plate, 15 cm long, 15 cm 
wide, and 0.968 cm thick. As shown in Fig. 1, several identi- 
cal, parallel, thin-film strips, about 10 cm long and 0.5 cm 
apart from each other, were deposited on the top side of the 
plate. While it is possible to use medium conductivity mate- 
rials such as titanium, nickel, or chromium for the thin films, 
the materials used for deposition were chosen for their high 
electrical conductivity which minimizes the total resistance 
of the film and thus permits delivery of maximum power to 
it. One of the films was silver, 2 mm wide and 0.5/•m thick, 
deposited on a glass plate by sputtering. The other was alu- 
minum, 1.5 mm wide and 1/•m thick, evaporated onto the 
plate. The entire bottom side of each plate was coated with a 
0.3-/•m-thick chromium film to serve as a ground plane for 
the capacitive displacement transducers used to detect the 
normal surface motions caused by the thermoelastic waves 
propagating through the plate. ,4 Two capacitive transducers 
were used with one located at epicenter and the other located 
at 2H away from epicenter. Here, H is the plate thickness. 
The diameter of the circular electrode of the capacitive 
transducer used was 3 mm. The specimen surface facing the 
capacitor electrode is essentially traction-free and no diffrac- 
tion of elastic waves was observed in the detected signals due 
to the presence of the capacitive transducers. Two small pol- 
ished brass plates were attached on top of the same thin-film 
strip by using a silver epoxy cement. The spacing between 
them (or the two brass plates) on the silver thin film was 2 

mm for the point source and about 10 cm for the line source 
obtained with the thin film of aluminum. Each brass plate 
has two electrodes with one used for the excitation current 

and the other for the potential measurement. 
The block diagram of the entire electronic measurement 

system is shown in Fig. 2. A high-current pulse with magni-. 
tude ranging from several to 100 A and with duration rang- 
ing from a few to 100/•s was fed from the generator to the 
thin film. The magnitude of the current flowing through the 
film was measured by an ac current pr6be that had a band- 
width from 120 Hz to 60 MHz. The output of the current 
probe and the voltage across the thin film were both digitized 
in a two-channel waveform recorder that was operating at a 
30-MHz sampling rate with 10-bit resolution. The output of 
the capacitive transducers was amplified by charge ampli- 
fiers whose bandwidth extended from 10 kHz to 10 MHz 

and their output was digitized by a second digitizer operat- 
ing at the same sampling rate as the first. Both digitizers 
were operating in the post-trigger mode in synchronization 
with an external trigger pulse derived from the current pulse 
generator. In this mode, the detected signals are recorded 
after the arrival of the trigger signal. The recorded wave- 
forms in the digitizers were displayed on an x-y scope and 
were transferred to an interactive microcomputer-based 
data acquisition system for data storage and their analysis. 

It was observed that the initial portion of the capacitive 
sensor signals lasting less than 2/•s around the first P- (longi- 
tudinal) wave arrival were corrupted with an electromag- 
netic pickup apparently caused by the mutual inductance 
between the capacitor elements and the thin-film circuit 
when the excitation current was suddenly applied. This 
problem was circumvented by reversing the current flow 
through the film, which gave rise to an electromagnetic noise 
signal of equal magnitude but of opposite sign. These two 
signals, corresponding to the forward and reverse currents, 
were subsequently added in order to eliminate almost entire- 
ly the electromagnetic noise from the detected signals and it 

J AC Current J 

J•J Trigger Out I + J ..•Probe / /•7•' /J J JHigh Current C:J /'• //Thin• er 

J [Pulse Generator _ I /. Filrr•,A E • Transient 
C• Charge•'--'• 

Transient Digitizer 

Ext. I 
Trigger In I• 

Micro- 

Computer 

i 
Data Storage 

Disk 

FIG. 2. Electronic block diagram of line- and point-source AE generation 
and their detection system. 
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is this resulting signal which is shown in all the results to 
follow. 

II. THEORY 

A thin metal film, heated by the resistance to the flow of 
an electrical current, will expand freely in the absence of a 
substrate. However, when the film is attached to a substrate, 
the thermal expansion of the film is constrained by the film/ 
substrate interface. If the linear coefficients of thermal ex- 

pansion of the metal film and a glass substrate are denoted by 
af and as, respectively, then the force exerted by the film on 
the glass at the interface per unit length of the film is given by 

f= [cdEf/(1 -- Vf)](Otf--Ots)Of, (1) 
where Of, E f, v, and w are the temperature rise, Young's 
modulus, Poisson's ratio, and the thickness of the film, re- 
spectively, and c is a dimensionless constant very close to 
unity. This outward force acts in a direction perpendicular to 
the film strip as indicated in Fig. 3, thus constituting a hori- 
zontal dipole force. The horizontal dipole force acted as an 
acoustic emission (AE) source which excited various wave 
modes, including longitudinal, shear, and Rayleigh waves. If 
an AE sensor is located on the thin-film side of the specimen 
plate, the Rayleigh wave arrival is expected to be a dominant 
mode in the detected signal. The thickness of the thin film d 

should be thin enough ( such that d,• x/k f t, where k f is the 
thermal diffusivity of the film material) to ensure the uni- 
form temperature through the thickness in the time interval 
of interest, resulting in an excitation of the horizontal dipole 
source only. A conservative estimate for most metals is that 
d< 10/•m. 

Brass 

• ,:'..,• .:'..'.,/'.':;, 

Metal 

Thin Film :" 

'7--,, - 6loss 

• •X 

FIG. 3. Diagram showing a dipole force generated as a result of abrupt 
heating of the thin film. 

The temperature rise in the film, given by Of, for the case 
of a long strip operating as a line source, can be computed 
theoretically from a solution of heat balance equation in 
which the effects of the brass electrodes at both ends of the 

film are neglected and by assuming that the temperature is 
uniform throughout the film. The latter is probably well jus- 
tified since the film is less than 1/•m thick. If A, C•,, and R, 
respectively, denote the total area, bulk specific heat, and 
electrical resistance of the thin film between the two brass 

electrodes, then the balance of heat energy requires that 

c90• 
I2R = C•, c)t d- A(hOf d- k s [VOs ]z=o), (2) 

where t represents time, h is the surface heat conductance, ks 
is the thermal conductivity of the glass substrate, [ VOs ] z = o 
is the temperature gradient at the film/substrate interface, 
and I is the current flowing through the film. Here, Os de- 
notes a temperature rise in the substrate. 

In this paper we are only interested in the solution of 
Eqs. ( 1 ) and (2) over a time interval corresponding to the 
duration of the heating pulse. In our case this was less than 

100/•s, for which the thermal diffusion distance •s t in glass 
is 7.5/•m, where •q = 0.0056 cm2/s is the thermal diffusivity 
of glass. If the origin of the coordinate system is taken to be at 
the surface of the film and the z-coordinate axis points into 
the substrate while the x-coordinate axis is perpendicular to 
the film strip as shown in Fig. 3, then the term [ V0s ] z = o in 
Eq. (2) can be replaced by O90slo9z at z = 0, since x/•sst is 
much smaller than w, the width of the film. Writing the 
resistance of the film R in the form 

R = Ro(1 + yOf), (3) 
where Ro is the initial resistance of the film and 7/is the 
temperature coefficient of unit resistance, one obtains, from 
Eq. (2), 

•0s ( •Os) I2Ro(l+y0f) =Ce o9t +A hOf+ks• z=o ' 
(4) 

Since there is no heat source or sink in the substrate, 

820s 80s 
=tCs (5) 

o9z 2 o9t 

holds in glass with initial conditions Of = 0s = 0 at t = 0. 
Equations (4) and (5) are coupled and the increase in the 
temperature of the film is obtained from their solution at 
z = 0. The solution can be conveniently found by employing 
a Laplace transform technique as discussed in Chap. 12 in 
the text of Carslaw and Jaeger. 15 

When the current I remains constant during the dura- 
tion of the current pulse, an analytical solution can be easily 
obtained from which the bulk specific heat of the filml6'17can 
be found: 

Cv = I2Roy/R • (O), (6) 

where R 6 (0) denotes dR/dt at the initial time at t = 0. 
When I is a slowly varying function of time, it can be ex- 
pressed in polynomial form and the solution to Eqs. (4) and 
(5) can again be found using the Laplace transform tech- 
nique. For a short-duration current pulse, whose analytical 
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form is difficult to express, an alternative is a numerical tech- 
nique by which the solution can be obtained. The actual tem- 
perature rise in the thin film is easily obtained from the ex- 
perimentally measured resistance data R (t) and using Eq. 
( 3 ). Since the analytical solution for R (t) is not required for 
study of the generated elastic waves, it is not pursued further 
in this paper, although it is recognized to be an important 
element in investigations of the thermal properties of a thin 
film and a substrate. 

A horizontal dipole associated with a point source hav- 
ing a short section of the film length Al, located at y, should 
scale with the forcefofEq. (31) and the film width w. This 
can be written as 

D• (y,t) AI = f w AI 

-- c[E•/( 1 -- v•) ]wd Al(a• - a•)O•(t). 
(7) 

We note that a horizontal dipole function per unit length of 
the film in the x direction, D• (y,t), is independent ofy be- 
cause of the homogeneity of the film and its uniform width 
and thickness along its length. A normal displacement 
u,e(r,t) at location r and at time t resulting from a Point 
dipole D,• (t) AI can be expressed by means of the Green's 
function according to •'•9 

u•(r,t) D• (y,t)Al G • = •,• (r,y; t - •) d• 

= D• (t)AI,G e (r,y; t) (8) xz,• • 

where G e represents the Green's tensor associated with a 
point source and ß denotes a convolution integral in time. 
The displacement u•(r,t) resulting from a line source of 
length l is given by 

u• (r,t) = D•(t),G v •,• (r,y; t)dy 

=D•(t), G • (r,y; t)dy •Z, • 

=D•(t)*G • (r,t) (9) xz, x • 

where 

G • (r,t) • G e •.• •,• (r,y; t)dy. (10) 

When l is sufficiently long, G • (r,t) can be approximated 
by G •,• (r,t), which is the Green's function corresponding 
to an infinitely long line source. If the time of interest is 
limited up to the arrival time r•, corresponding to the first P- 
(longitudinal) ray emanating from the ends of the line 
source, then, 

G • (r,t) = G © (r,t) for 04t4r•. (11) 
To maximize r• in Eq. ( 11 ), the acoustic sensors should be 
located at points midway between the ends of the long line 
segment of the film. In our experiments, this corresponded 
to a value of r• of approximately 9 •s. 

Algorithms for computing the Green's function of the 
plate, which appear in Eq. (8), have been developed for the 
nearfield of a source by Ceranoglu and Pao 2ø using a general- 
ized ray theory. To compute the values of G • xz, x we made use 

of Eq. (10), even though using Eq. ( 11 ) would be more 
convenient for times less than r• if G xø•,x were available. 

The Green's function for an epicentral receiver corre- 
sponding to a dipolar point source is shown in Fig. 4(a), 
while the Green's functions corresponding to a line source 
and receivers on the opposite side of the plate at the epicen- 
tral and 2H receiver positions are shown in Fig. 4(b) and 
(c), respectively. They are the displacement responses at the 
receiver point due to an impulse (&function) excitation. 
The longitudinal (P) and shear (S) wave speeds of glass 
used for calculating the above results were 0.582 and 0.350 
cm/tts, respectively. The first longitudinal and shear wave 
arrivals are marked with P and & respectively, in the figure. 
Finally, the dipole source-time functions, Dx• (t) appearing 
in Eqs. (8) and (9) were calculated using a deconvolution 
technique both for point and line sources and for short- and 
long-duration excitation current pulses. 

III. EXPERIMENTAL DATA AND RESULTS 

A. Short pulse response 

Shown in Fig. 5 (a) and (b) are the measured excitation 
current pulse and the computed electrical power pulse equal 
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FIG. 4. Plate Green's functions. (a) Horizontal point dipole source, receiv- 
er at epicenter. (b) Horizontal line dipole source, receiver at epicenter. (c) 
Horizontal line dipole source, receiver at 2H away from epicenter. 
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FIG. 5. (a) Excitation current pulse of short duration applied to a short 
section of silver film. (b) Excitation power pulse of short duration. 
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to 12Ro, respectively, which were applied to a short section of 
the thin silver film which was 2 mm wide, 0.5 •tm thick, and 
only 2 mm long between the two brass electrodes. This rela- 
tively short length of film acts as a point source of acoustic 
emission when excited by the current pulse. A dipole time 
function Dxx (t) obtained from Eq. (8) by means of decon- 
volution of the experimental displacement signal at epicen- 
ter, shown in Fig. 6(b) as a solid curve, with the theoretical 
Green's function shown in Fig. 4(a), is plotted in arbitrary 
units on the ordinate axis in Fig. 6(a). It should be noted 
that in all figures having the ordinate axis label "Uz--Dis- 
placement," the ordinate actually corresponds to the output 
of the charge amplifier expressed in units of volts, which is 
proportional to the normal displacement of the specimen 
surface Uz (t). Likewise, it is understood that the magnitude 
of all the source-time functions appearing in the relevant 
figures is given in terms of arbitrary units. In the work de- 
scribed here, the exact magnitude of these quantities is not 
required because we are interested only in their temporal 
behavior. It is noted that the source-time function in Fig. 
6 (a) is generally a step function with a rise time of about 1.0 
•ts, which approximately equals that of the input power 
pulse as shown in Fig. 5 (b). This suggests that the tempera- 
ture rise and hence the thermal dilatation of the film instan- 

taneously follows the input power increment associated with 
the rising portion of the power curve, whereas the nearly fiat 
portion (with only small variations) of the source-time func- 

FIG. 6. (a) Point source dipole time function associated with the short- 
current pulse. (b) Detected and recovered AE waveforms due to the point 
source described in (a). 

tion after the ramp may be the result of a slow thermal diffu- 
sion after the input power begins to decrease abruptly. A 
similar behavior was observed in the source function asso- 

ciated with Q-pulsed laser heating. • The theoretical, synthet- 
ic waveform obtained by convolving the dipole source func- 
tion with the Green's function shown in Fig. 4(a) is 
displayed as a dotted line in Fig. 6(b). The agreement 
between the calculated and measured results is seen to be 

quite good. 
It should be pointed out that the contributions to the 

epicentral displacement for the case of a point source comes 
not only from Dx•, but also from Dyy, a horizontal dipole 
aligned in the y direction, which arises because of the brass 
electrodes that were attached to the silver film. Since at epi- 

center both (D•*G v ) and (Dyy.G v ) yield identically xz, x yz, y 

the same displacement signals, differing only in magnitude, 
the overall temporal behavior of the source-time function in 
Fig. 6(a) is not expected to be affected by the Dyy dipole 
contribution. 

Similar procedures were used for analyzing the line 
source responses for the aluminum thin film. Both excitation 
current and input power pulses are, respectively, displayed 
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in Fig. 7 (a) and (b), where the maximum applied power to 
the film is found to be about 15 kW. The Green's functions 
used for the corresponding analysis are those displayed in 
Fig. 4 (b) for the epicentral response and in Fig. 4 (c) for the 
off-epicentral response. The source function determined 
from the epicentral response is in Fig. 8 (a). It is again ob- 
served that the rise time of the source-time function is ap- 
proximately equal to that of the input power pulse as shown 
in Fig. 7 (b). Synthetic waveforms, generated by the method 
mentioned previously, compare well to the measured wave- 
forms. The epicentral response is shown in Fig. 8(b) while 
the off-epicentral response is in Fig. 8(c). Regardless of 
source type, be it a point or a line source, the short pulse 
excitation produces essentially the same source-time func- 
tion, since it is principally determined by the temporal re- 
sponse of the thermal dilatation of the film. 

B. Long pulse response 

A long-duration, excitation current pulse flowing 
through a short section of the silver film and the voltage 
measured across it are shown in Fig. 9(a) and (b), respec- 
tively. The pulse duration is seen to be about 17/rs in both 
figures. The electrical impedance is obtained by dividirlg the 
voltage by the current signals and this is displayed in Fig. 
9 (c) as a solid line whose sharp initial transient may be the 
result of an inductive reactance. It is seen that after the initial 

SHORT-DURATION EXCITATION 

Long AI Film 

E 0.50 

0.00 *• 

0.0 1.0 2.0 3.0 4.0 
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- , I 
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• 1.0 
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0.0 1.0 2.0 ;5.0 4.0 5.0 
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FIG. 7. (a) Short-duration, excitation current pulse applied to a long sec- 
tion of aluminum film. (b) Short-duration, excitation power pulse. 
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FIG. 8. (a) Line source dipole time function associated with the short-dura- 
tion current pulse. (b) Detected and recovered waveforms at epicenter due 
to the line source shown in (a). (c) Detected and recovered waveforms 2H 
away from the epicenter due to the line source shown in (a). 

transient, the electrical resistance increases with the film 

temperature until the current decreases abruptly at the end 
of the pulse when the transient inductive pick up becomes 
evident again. Between the two transients at both ends of the 
pulse lies the contribution of the pure resistance whose tem- 
poral behavior was fit with a quadratic polynomial deter- 
mined by a least-squares method. The polynomial was ex- 
trapolated to the time of the arrival of the excitation pulse to 
permit a determination of the initial electrical resistance Ro 
of the film. This is shown as a dotted line in Fig. 9(c). Ex- 
pressing both R and t in units of (ohms) and (/•s), respec- 
tively, the result of the curve-fitting yields 

R (t) = 0.2283 -3- 0.003 543 t 

--0.000057 4 t 2 (ohms) (12) 

with a value of the initial resistance, Ro = 0.2311 •, deter- 
mined at the arrival of the pulse that occurs at t = 0.800/•s. 
This value of Ro is in good agreement with that determined 

88O J. Acoust. Soc. Am., Vol. 86, No. 3, September 1989 K.Y. Kim and W. Sachse: Generation of waves by high-current pulse 88O 



(a) 
LONG-DURATION EXCITATION 

2.50 Short Ag Film 

1.25 

0.00 
0.0 5.0 I0.0 15.0 20.0 25.0 

Time (p,s) 

(b) 

(c) 

1.00 
Short Film 

0.50 

O.001.J! i i i I i i i • I i •1 
0.0 5.0 I0.0 15.0 20.0 25.0 

Time (,u.s) 

5.00 - 

2.50 

0.00 
0.0 

Ag FILM IMPEDANCE 

I I I I I l 

5.0 I0.0 15.0 20.0 25.0 

Time (p.s) 

FIG. 9. (a) Long-duration current pulse applied to a short section of the 
silver film on a glass substrate. (b) Voltage pulse measured across the silver 
film. (c) Electrical impedance of the silver film as a function of time. 
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FIG. 10. (a) Long-duration, excitation current pulse applied to a long sec- 
tion of aluminum film on a glass substrate. (b) Voltage pulse measured 
across the aluminum film. (c) Electrical impedance of the aluminum film as 
a function of time. 

via a static dc measurement. 

The same procedure was used to obtain the electrical 
impedance characteristics of the long aluminum film line 
source. The excitation current and voltage across the long 
film are displayed in Fig. 10(a) and (b), respectively. The 
determined electrical impedance is shown in Fig. 10(c). The 
result of the curve fit, plotted as a dotted line in Fig. 10(c), is 
given by analytical expression 

R (t) = 3.680 -I- 0.038 86 t 

- 0.000 860 5 t 2 (ohms), (13) 
from which one obtains for the initial resistance at the initial 

pulse arrival, Ro = 3.712 fl. 
The temperature rise 0f in the aluminum film, which 

has a temperature coefficient of resistance 7' = 4.31 mfl/fl/ 
øK, can be obtained from Eq. (3) at any time during the 
pulse excitation. From the results shown in Fig. 10, the value 
of Of was determined to be 23.7 øC at t = 17/zs when the 
excitation pulse abruptly drops to zero. 

It is evident from Eqs. (12) and (13) that the tempera- 
ture increase and hence the thermal dilatation of both the 

silver and aluminum films is almost linear with time with 

only a small parabolic term present. The source-time func- 
tions of the dipole sources associated with both films are 
therefore expected to be almost linear functions of time. As 
Figs. 11 (a) and 12 (a) show, this was observed both for the 
silver and for the aluminum films. The results were obtained 

by deconvolving the measured epicentral displacement sig- 
nals with their respective Green's functions shown in Fig. 
4(a) and (b). A small parabolic contribution is apparently 
buried in the source-time function because of the numerical 

noise introduced in the deconvolution process. A compari- 
son between the experimental waveform measured at epicen- 
ter and that computed theoretically for a point source in the 
silver film is shown in Fig. 11 (b). Similar comparisons are 
made for the case of the aluminum film line source both for 

the epicentral as well as for the off-epicentral responses. The 

881 J. Acoust. Soc. Am., Vol. 86, No. 3, September 1989 K.Y. Kim and W. Sachse: Generation of waves by high-current pulse 881 



(a) POINT SOURCE: Recovered Source-time Function 

. 

I.O 

O.O 
O.O 2.5 5.0 7.5 

Time (p.s) 

(b) 
2.50 

THERMAL POINT SOURCE' Epicenter 

e 1.25 

._ 

I 
N 

O.OO 
O.O 

Measured ../ 

L. ,'1 I I I I • • I I I I I I I 
2.5 5.0 7.5 

Time (p.s) 

FIG. 11. (a) Point dipole time function associated with the long-duration 
current pulse. (b) Observed and recovered waveforms due to the point di- 
pole source in (a). 
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results are shown in Fig. 12(b) and (c). In all cases, the 
agreement between measured and computed waveforms is 
found to be excellent. 

FIG. 12. (a) Line dipole time function associated with the current pulse of 
long duration. (b) Observed and recovered waveforms at epicenter due to 
the line source in (a). (c) Observed and recovered waveforms at 2H away 
from the epicenter due to the line source described in (a). 

IV. DISCUSSION 

We have presented convincing evidence that elastic 
waves generated by Joule heating are thermaelastic waves 
caused by a thermal dilatation source. The thermal strain is a 
typical example of a more general transformational strain 
described by Eshelby. 2l The transformational strain is some- 
times called a stress-free strain that does not result in a stress, 
as for instance, inside the heated region of a substrate. It is 
this transformational strain that characterizes the acoustic 

emission (AE) source of Joule heating. Other AE sources 
that can be described by the transformational strain include 
some phase transformations and plastic deformations. The 
thermal dilatation source was very well described with a di- 
pole approximation. 

A short-duration excitation pulse gave rise to a dipole 
source-time function that resembled a step function with a 
short rise time equal to that of the input power pulse. A long- 
duration excitation pulse resulted in a source-time function 
that was almost linear in time. If one approximates the 

source-time function associated with the short-duration ex- 

citation pulse by a Heaviside step function, whose integra- 
tion over time yields a linear ramp function, then the re- 
sponse corresponding to a long-duration excitation pulse 
will simply be the integration of the short-duration pulse 
response over time. This fact was confirmed when the dis- 
placement curves shown in Figs. 6(b), 8(b), and 8(c) ob- 
tained with a short-duration excitation pulse were integrat- 
ed. The results closely matched the overall shape of the 
responses obtained with the long-duration excitations 
shown in Figs. 11(b), 12(b), and 12(c). The integrated 
curves are not shown in the figures. 

The dimensionless constant c in Eq. (7) is left undeter- 
mined in this work. However, it can be obtained by perform- 
ing a simple calibration experiment as described in Ref. 22. 
Immediately before or after a current excitation pulse is gen- 
erated, a glass capillary is broken at a point on the top surface 
of the plate without disturbing the detection system. The 
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maximum load applied to the glass capillary, measured at 
the time of fracture, is recorded. The time function of the 

unloading is essentially a Heaviside step function. Then the 
value of the dipole strength corresponding to a thermal dila- 
tation of the excitation pulse can be calculated by the proce- 
dure detailed in Section 3.4 of Ref. 22. Since all the quantities 
in Eq. (7), except for c, are known, it can then be easily 
determined. Conversely, once the constant c and the dipole 
strength have been determined from an analysis of the emit- 
ted signals, the temperature rise of the film can be computed. 

Up to now we have discussed the generation of elastic 
waves from the Joule heating of a thin film. In a similar 
manner, a small diameter metal wire, which is buried inside 
an insulator, is expected to also generate a thermoelastic 
wave when it is suddenly heated. In this case, the source type 
should be a two-dimensional center of dilatation, lying on a 
plane perpendicular to the current flow, or a combination of 
a horizontal and a vertical dipoles, each having equal 
strength. The time function of such a center of dilatation is 
also expected to follow the temporal behavior of thermal 
dilatation, which depends on the mode of excitation as de- 
scribed previously in Sec. II. An example of the waves de- 
tected at epicenter is shown in Fig. 13, which was obtained 
when a short-duration current pulse was used to heat a 
0.127-mm-diam platinum wire running midway through an 
epoxy plate of dimension 7.6 cm long, 7.6 cm wide, and 1.27 
cm thick. Because the epoxy plate exhibits a strong viscoe- 
lastic behavior for which the plate Green's function is not yet 
available, a detailed analysis of this signal is not yet possible. 

A determination of the thermal properties of the film 
and the substrate may provide information that is of impor- 
tance to semiconductor and integrated circuit structures. 
For investigation of this, it is desirable to have a constant 
current source whose rise time and associated inductive 

transients are as short as possible so that an analytical 
expression can be obtained for the temperature behavior 
during the pulse excitation, even though the temperature 
behavior could be obtained with a rigorous numerical meth- 
od. Such a source would minimize the errors associated with 

o 0.0 

Line Source Epicentral Waveform; Epoxy Plate 

I ', /e, i , , ! , i .i 5.0 7.5 

Time (•s) 

FIG. 13. Observed waveform at epicenter due to a line source located in the 
middle of an epoxy plate. 

the initial resistance value which, in this work, was obtained 
by extrapolation. Such an excitation would also result in a 
source-time function which closely resembles a Heaviside 
step. Efforts are presently under way to improve the con- 
stant current pulse generator so that it can achieve pulse rise 
times that are less than 0.1 Fs. 

V. CONCLUSIONS 

Based on the work described here, the following conclu- 
sions can be drawn about thermoelastic waves generated by 
Joule heating sources. 

(1) A localized, transient Joule heating generates a 
thermoelastic wave whose source type is characterized by a 
dipole or a combination of dipoles. 

(2) A short-duration current pulse generates a source 
whose time function is characterized as a ramp step for 
which the rise time is approximately equal to that of an input 
power pulse. 

(3) A long-duration current pulse excites a source 
whose time function corresponds to the temperature in- 
crease of the thin film, exhibiting an almost linear behavior 
in time with a small nonlinear contribution. 

(4) The source characterization method described here 
can be used to study thermal properties of materials and to 
predict the temperature rise of a heated conductor. 
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