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The impulse excitation technique (IET), which is presently a precise and reliable technique for 
measuring dynamic moduli at room temperature, has been adapted to measure dynamic flexural 
modulus at temperatures in the range of 25" to 300 "C. This modified technique involves a sensitive 
microphone and electronics to record and analyze the sound waves emitted from a specimen 
vibrating in the fundamental flexural mode. The fundamental resonant frequency and geometry 
of the specimen are used to obtain the modulus. The location of the microphone relative to the 
specimen is critical and is a major factor once the specimen is placed within the heated 
environment. Problems were identified and solved, and test data for aluminum are presented to 
support the modification of the IET for use at elevated temperatures. 

INTRODUCTION 

Young's modulus is a property needed to describe a materi- 
al's behavior in elastic deformation. Knowledge of a materi- 
al's modulus as a function of temperature is particularly use- 
ful for designing parts for high-temperature applications. A 
new method has been developed to obtain dynamic modulus 
as afunction of temperature by adapting an acoustic measur- 
ing device known as the impulse excitation technique 
(IET) ' to measure flexural modulus at elevated tempera- 
tures. For materials that are essentially isotropic the values 
of flexural modulus and Young's modulus are equal. The 
IET is used to obtain dynamic modulus by measuring the 
fundamental resonant frequency of flexural vibration of a 
specimen after it has been excited by a light mechanical im- 
pulse (tap). The specimen is supported at its nodes of reso- 
nance (0.224L from each end, where L is the specimen 
length) and excited. A microphone located beneath the 
specimen receives the sound waves and passes the signals to 
the electronics box for Fourier analysis (Fig. 1). Within 3 s 
the fundamental resonant frequency is identified and then 
displayed in digital form. The frequency, and the length, 
thickness, and density of the material are used in the follow- 
ing equation2 to calculate Young's modulus: 

where p = density (kg/m3), L = specimen length (m), 
f = frequency (Hz), T = a shape factor (dependent on Pois- 
son's ratio), and t = specimen thickness (m). In this re- 
search, values of modulus at moderate temperatures were 
obtained by strategic placement of the microphone outside 
an electric furnace to analyze sound waves from a specimen 
tapped inside the furnace. 

I. DEVELOPMENT OF THE MODERATE 
TEMPERATUREAPPARATUS 

The adaption of the IET to measure modulus at elevated 
temperature was carried out by obtaining an electric tube 
furnace and designing a special jig to hold the specimen with 

thin steel wires within the furnace. The furnace heating 
chamber was a 36-mm-diam horizontally split tube 300-mm 
long. The key factor in obtaining the modulus measurements 
successfully at moderate temperatures was the placement of 
the microphone outside the furnace. The routine arrange- 
ments for measurements at room temperature with the IET 
had the microphone located directly beneath the center of 
the specimen (Fig. 1 ) . The distance from the microphone to 
the specimen was approximately 8 mm. The first question 
posed was whether the sound waves from a vibrating speci- 
men inside a long cylindrical tube would propagate to the 
open ends without being altered. Several tests were per- 
formed with a cardboard tube (which simulated the furnace 
tube) and the microphone mounted securely on one end of 
the tube, and with the specimen and its support jig placed 
inside the tube. The results indicated that the waves would 
propagate with adequate intensity to the ends of the tube. 
The next step investigated was the performance of the same 
test with a furnace. The microphone was mounted at one end 
of the furnace tube (Fig. 2). A hole was drilled in the top of 
the furnace and a tube inserted to allow a means of exciting 
the specimen with small steel balls (of typical mass 250 mg). 
Again, several tests were performed at room temperature 
and these indicated that the detected signals were not consis- 
tent. Therefore, an L-shaped length of steel piano wire ( 1.6- 

FIG. 1. The recommended setup for the operation of the impulse excitation 
technique (IET) at room temperature. Thesmall projectile (such as a bead 
or small steel ball) causes the specimen to vibrate in the fundamental flex- 
ural mode and the microphone detects the resulting vibrations. 
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FIG. 2. The first arrangement explored for operation of the IET at  moderate 
temperatures. The microphone is positioned on the end of the furnace tube. 

FIG. 3. Another test arrangement using a steel wave guide to transmit the 
acoustic vibrations from the specimen to the microphone outside the fur- 
nace. 

FIG. 4. The arrangement that proved to give the most reproducible results 
for dynamic modulus measurements at moderate temperatures with the 
IET. Themicrophone is located directly underneath the center of the speci- 
men. 
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FIG. 5. Experimental dataobtained with the IET and with the PUCOT (pie- 
zoelectric ultrasonic composite oscillator technique) for 99.99% pure alu- 
minum over the temperature range 25" to 300 "C. 
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mm diameter) was placed between the specimen and the 
microphone to act as a wave guide (Fig. 3 ) .  More testing led 
to the conclusion that the wave guide was incapable of carry- 
ing the sound waves to the microphone effectively. A deci- 
sion was made to drill another hole in the furnace, directly 
beneath the specimen. This allowed the sound waves to trav- 
el on a straight, open air path to the microphone. The final 
arrangement of all the parts for the IET at moderate tem- 
perature is shown in Fig. 4. The distance between the micro- 
phone and the bottom surface of the specimen is approxi- 
mately 12 mm. The tests showed that metallic specimens of 
approximate cross section 12 X 8 mm with lengths over 75 
mm produced consistent results. 

II. TYPICAL RESULTS 

Measurements were made at room temperature with a 
pure aluminum specimen ( 99.99% ) . The results for 
Young's modulus agreed with published data3 to within 0.25 
GPa. Data at temperatures up to 300 "C were then obtained 
with the aluminum specimen and compared directly with 
data obtained on the same specimen using the PUCOT (pie- 
zoelectric ultrasonic composite oscillator t e c h n i q ~ e ) . ~ ~  A 
graph showing the results from both techniques and the lin- 
ear relationship between modulus and temperature is pre- 
sented in Fig. 5. Linear regression analysis for the two sets of 
data yielded 

IET: E = 7 1.308 - (0.0398 X T )  

R = 0.994, SEE = 0.125 GPa; (2a) 

PUCOT: E = 71.483 - (0.0406X T )  

R = 0.990, SEE = 0.550 GPa; (2b) 

with E in GPa and Tin "C. The abbreviations R and SEE are 
the coefficient of correlation and the standard error of esti- 
mate, respectively. The imprecision in the value of the dy- 
namic modulus obtained with the IET was estimated using a 
calculation method described by Kline and McClintock.' 
The results of this analysis showed that the imprecision in 
the value of the modulus was f 1 %. 
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