VOL 18, #1 THE JOURNAL OF UNDERGRADUATE RESEARCH IN PHYSICS 9

DETERMINATION OF THE TEMPERATURE DEPENDENCE OF
YOUNG'S MODULUS FOR STAINLESS STEEL USING A
TUNING FORK

Lisa Bates*, Timothy Bea¢rand Maya Arnott
Physics Department
University of Wisconsin - River Falls

River Falls, WI 54022
received June 7, 1999

ABSTRACT
Tuning forks have been used as high quality frequency standards for decades. Musicians are well
aware of the effect that temperature has on the tuning of their instruments. Those effects are generally
attributed to either a change in the speed of sound in air (for wind instruments) or thermal expansion
for string and percussion instruments. We show that in the case of a tuning fork, thermal expansion is
a minor consideration. The primary source of the temperature dependence of the tuning fork is caused
by a temperature dependence in the Young’s modulus of the material out of which it is made. The
stiffness of the fork changes slightly with temperature, causing a change in the resonant frequency of
the tuning fork. We use this effect to determine an empirical formula for the temperature dependence
of stainless steel.

INTRODUCTION however, does not have much to say about the temperature
The first person to tune musical instruments with a tuninglependence of tuning fork&#
fork was Pythagoras in the sixth century BC. It is believed
that he created the diatonic musical schi®lost applica- Musical instruments have pitches that vary with tempera-
tions of tuning forks use the fork as a frequency referencire. The variation of pitch for percussion and string
standard. Musicians usually tap a tuning fork to geta  instruments is generally attributed to the thermal expan-
fixed pitch, against which they tune their instruments.  sion of the instrument. For wind instruments, variations in
the velocity of sound in air cause the frequency variation.
At one time, physicists used tuning forks as frequency The variation in pitch is very noticeable in wind instru-
standards. Now, the physics of tuning forks is interestingnents of the flute type. Consequently, wind instruments
in other ways. Research is done on the modes of vibrationst be ‘warmed up’ before tuning; the player’s breath
or the nonlinear motion of the tinésThe literature, will determine the actual temperature within the instru-
ments. Before air conditioning for auditoriums, orchestras
would adjust the pitch of their instruments to match the
Lisa is a physics and mathematics double major and pjano, because the pitch of the piano does not have much

has a minor in chemistry. She graduates from the | temperature dependence. Even so, the piano itself must be
University of Wisconsin - River Falls in December of tuned at some temperature.
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A The temperature dependence of the expansion of the bars
can be modeled as:
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wherew,, Lo andp, are the dimensions and density at
temperaturdy, q; is the linear coefficient of thermal
expansion, and, = 3q; is the volume coefficient of

. thermal expansion.
Figure 1 P

S_chemr_itic diagram of the tuning fork showing the relev Mthe small temperature range of this experiment, the
dimensions. The trademark etched on the base was no oefficients of thermal expansion are approximately

identified in any of our database searches. constant, so Equations 3 can be written as:
hanging from the tines decreased fundamental stem _

motion.6 Surprisingly little information on the tempera- W(T) = v [1 (T - 0)]

ture dependence of the tuning fork resonance frequency L(T) =L, [1 +0,(T= O)] @)
can be found. A previous experiment done by University o

of Wisconsin - River Falls students found that the resonant pPM=f— 25 .

frequency decreased as a linear function of temperature in [1 +ay(T —To)]

the temperature range between 24 C and 30 C. When Equation 4 is inserted into Equation 1, the tempera-

Thermal expansion, which is generally cited as the causdure dependence of the frequerfgfT), becomes:

of the shift in frequency for percussion and string instru-
ments, cannot account for the shift of the resonant fre-
guency. The temperature dependence of Young’s modu
has been demonstrated to be the dominant effect in

determining the temperature dependence of the resonar 1.0003 pd
frequency of small tuning forks made of materials such ¢ '
crystalline silicon and zirconiurd. In this paper, we
extend this research to show how the temperature depe
dence of Young’s modulus affects ordinary tuning forks.

1.0002

THEORY
A simple tuning fork, such as the one shown in Figure 1,
can be thought of as two straight bars, each of which is
clamped at one end. From an examination of how the b
bend when they vibrate, the resonant frequefcgan be
shown to be8

1.0001

Relative Frequency

1.0000
f =_T ﬂ\/?cn’ ) 20 40 60 80
nT164/3 L2V P Temperature (Celsius)

wherew andL are the width and length of the tuning fork

tines;E is Young’s modulusp the density of the material; Figure 2

n, is the mode number, an integer greater than Oggisd A numerical prediction of the effects of thermal expansion

a multiplication factor that depends on the modegis on the resonant frequency, ignoring any possible

represented by the sequence: temperature dependence of Young’s modulus. Note the
very modest increase in frequency.
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f () [1 +a,(T —To)] Temperature determination
f = (®)  The temperature of the tuning fork was determined by an
ne [1 +ay(T - 0)] oven controlled by a variable auto transformer. Ther-

Wherefnyo is the frequency at temperataf'@ Figure 2isa mistors!l were used to m(?r“tor the temperature. One was
plot of the relative frequency over a temperature range Placed on a dab of glycerin on the metal plate clamping the
used in this experiment for our tuning forks. The slope ofuning fork in place. A second thermistor was suspended
the line is positive, with a value of 5 parts/million/C whicHn the air of the oven to measure the air temperature. The
is essentially zero. The actual behavior of the tuning foriéalibration data supplied by the manufacturer were fit to an
shows a decrease in frequency of 1 percent as the temp@Riropriate series and used to convert the thermistor

ture increases in this range. Hence a simple thermal ~ 'esistance, measured by a multiméein kQ into

expansion model does not predict the correct temperatuf@mperature values in C.  The uncertainty in our tempera-
dependence. ture values was0.1 C.

In the derivation of Equation 5, we assumed that yOunggNe monitored both_the air temperature and the tuning fork
modulus is independent of temperature. Includinga  temperature to avoid thermal lag. We found that the best

possible temperature dependence for Young's modulus Way to minimize the thermal lag was to heat the oven and
gives: to regulate its rate of cooling by gradually decreasing the

voltage supply. Using this technique, the two temperatures

f(T) _ [1 +o,(T —TO)] E(T) remained within 2 C of each other.
froo ] VB

o |1 +o(T-T) ©

whereE(T) is Young’s modulus at temperatur@ndE, is Separation of Detector and
Young’s modulus at temperatufg. The results shown in Driver Coils was = 3 cm
Figure 2 imply that we can ignore the thermal expansion
terms. Rewriting Equation 6 gives:

BT _(f ML o= ) i@
é):( i ))[ | - N TL S

o o ) |1 +ayT-To)| :

We use Equation 7 to transform our values of relative
frequency into relative Young’s modulus. Detector/Driver
Coils mounted
THE EXPERIMENT on wooden
Alloy determination blocks capable
The tuning fork we used was made of an unknown of variable
composition steel. A search of physics catalogs and a position
computerized trademark (see Figure 1) search of registere
companies as well as discussions with the music depart- Wire-wound
ment were fruitless in determining the composition of the coils with
steel used in the manufacture of the forks. So, we decided permanent
to determine the particular stainless steel by determining magnet cores,
its density. L/ oppositely poled

To determine the density of the tuning fork, we employed
a technique used by geologists to find the density of o~ L

irregular objects known as a Jolly balance. We measured N © @
the weight of the tuning fork in a/;,, and in distilled

water,Wyater The density is found as:
Stern clamped to wooden
W, —W,

P = Puater TM =7.767 £ 0.006 g/cn? . (8 block mounted on base board

air

AN I N
L1

wherepyater= 0.998203 g/cih  We compared this result
with density information on various types of stainless Figure 3
steel.10 We concluded that the tuning fork was most  Schematic diagram of the apparatus. All components were
probably formed from a cutlery stainless steel. The cutlefyjounted on a wooden base such that the relative positions
stainless steel included 0.2% to 0.4% C, 0.2% Si, of the coils and the tuning fork could be controlled. The
g.SS%Mn and 12% to 15% Cr; the remaining content is inset shows an end-on view of one of the driver/detector

e. coils.
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the oscilloscope is an ellipse that seems to rotate, the two

o LS5 — — frequencies do not match. The reference frequency then

=9 Reference Decaying is adjusted to freeze the Lissajous pattern, indicating that

S Signal Signal the two frequencies are the same. However, the decay of

§ 10 J the signal input from the damped tuning fork presents the

= A A\ / illusion of rotation in the Lissajous figure, even when the

2 0.5 two frequencies are identical. Thus, we had to modify the

\ A \ / )< technique and adapted one usually used for measuring

< 0.0 relative phase between two signabs.

% \ Y \ \ \ The oscilloscope is set into a time base mode and the

w05 7 \Vj reference signal is used as the time trigger for the sweep.
/ \/ \‘/ This eliminates effects of a changing reference signal.

5o 10 Figure 4 is a sketch of the oscilloscope face showing the

§ ) reference signal and the decaying signal produced by the

< damped tuning fork. The tuning fork initially is set into

> 15 oscillation by connecting the driver coil to the reference

-10 8 6 4 2 0 2 4 6 8 10 signal. The frequency of the reference signal is set close to

Timebase of oscilloscope the_ resonant frequency of the_tuning fork._ Th_e tuning fork
. quickly builds up a large amplitude of oscillation. The

. Figure 4 . driver coil is then disconnected from the reference signal
Representation of the oscilloscope trace. The signal ._and the tuning fork allowed to freely oscillate at its natural
generator prpwded a stable referenpe 5'9”6?'- As the SO0 8konant frequency. If the resonant frequency does not
from the tuning fork decays, any mismatch in frequency g, sl match the reference frequency, the two signals will
will result in a lateral shift of the decaying signal. steadily accumulate a phase shift with respect to each

other. This is seen on the oscilloscope face by a drift in
. ) the displayed signal from the pick-up coils near the

Driving the tuning fork _ oscillating tuning fork. The frequency of the reference is
We used electromagnets salvaged from a pair of old  5qiysted to ‘freeze’ the horizontal drift of the signal from
earphones to drive and record the motion of the tuning  the tuning fork. When the oscilloscope trace is ‘frozen’,
fork tines. Each earphone contained two antiparallel coilg,q two frequencies are the same. The limit of the preci-
each wrapped around a permanent magnet core. The  gjon of this technique is governed by the precision of the
mounting system and coils are shown in Figure 3. The grequency generatd# and the amount of time that the
earphones were mounted so that the polarities of the drivR{-aying signal can be monitored before it disappears into
coils were opposite to the polarities of the detector coils. ihe noise. We were able to track the resonant frequency of

The earphones could be clamped in various locations  gpout 128 Hz as a function of temperatureGd03 Hz.
relative to the tuning fork to allow us to tune the response

of the system for optimal performance.

127.8
When an alternating current is sent through the driver coil L le 1213.10!2 _' 0.!018154T[
the oscillating electromagnetic field interacts with the 127.6 N (£0.002) (£ 0.00004)7
ferromagnetic material in the tuning fork. The resulting N
vibration of the tines in the electromagnetic field of the 7 1274 Y
detector coil produces eddy currents, which in turn induce = N
current in the detector coil. This system, unfortunately, 1272
was very sensitive to background electromagnetic noise. &
We had to turn off all the fluorescent lights inthe labto  § 127.0
minimize the detection of noise. In principle, this system &
could be used to drive and measure the motion of an & 1268
aluminum tuning fork, but the response was too small for
us to measure. 126.6 AN
Measuring the resonant frequency 126.4
Given the leisurely pace of this experiment (to avoid 200 30 40 50 60 70 80 90
thermal lag), we felt free to use a leisurely method of Temperature (°C)
measuring the resonant frequency. We used a variation .. Figure 5

the Lissajous figure technique where one channel &fyan :
oscilloscope is fed a reference frequency and the other Results of frequency measurements in the temperature

channel is fed the signal. If the figure drawn on the face ?fpge?]ggncc et?/vi?] g'ngggti%reaggsgows an almost linear
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EXPERIMENTAL RESULTS 2. T. Rossing, et. al, “On the Acoustics of Tuning Forks”,
Figure 5 shows our measurements of the resonant fre- Am. J. Phys.60, (July 1992), pp. 620-626.
guency of the tuning fork as a function of temperature. 3. D.W. Schindel, D.A. Hutchins and D.T. Smith, J.
The frequency vs temperature graph appears almost linear Acoust. Soc. Am.102, (1997), pp. 1296-1308.
with a slope of -0.01854.00004 Hz/C. 4. D.W. Schindel, private communication.
5. A. Wood,The Physics of Music, 6th ed, Methuen &
The data shown in Figure 5 are transformed into a graph ofCo., Ltd., (1962), pp. 49-50.

the relative dependence of Young's modulus using 6. J. Woo, http://home.hkstar.com/~joewoo/rayleigh.html,
Equation 7. The reference frequerfgy, was picked as July 1998.

the frequency at ‘room temperature’ of 18.88 C (a rather 7. J. Kalk, M. Jorgenson, B. Zadler, private communica-
chilly lab); 127.72%0.003 Hz. We ignore all thermal tion.

expansion factors. Figure 6 shows the measured relativ8. P. Morse and K. Ingar@theoreticalAcoustics,
values of Young's modulus as a function of temperature.  McGraw-Hill, ( 1968).
The temperature dependence is best fit by a quadratic 9. CRC-Handbook of Chemistry and Physics, 46th ed.,
function: Chemical Rubber Co., ( 1964), p. F-4.
E(T) 10. Metals Handbook, American Society for Metals,
E - (1.00501 + 0.00005) — (1939), p. 537. A )

© g1 82 T2 11. PASCO TD-8559 Thermistor Probe, PASCO Scien-
(2'7:'5i_0'02)X1_0 c T_(4'51 0.2)x1_0 S ) © tific, PO Box 619011, 10101 Foothills Boulevard,
which is consistent with the nearly linear behavior of the Roseville, CA 95661-9011.

frequency vs temperature graph shown in Figure 5. Thege  Hp 34401A Multimeter, Hewlett Packard Co8000
results show that Young’s modulus for stainless steel has a Hanover Street, Palo alto, CA 94304.

quadratic dependence on temperature between 20 C and 80 yser Manual - 2212 Digital Storage & Analog

C. Oscilloscopes, Tektronix, Inc., Beaverton, OR, (1992),
pp. 3-18.
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Figure 6
Temperature dependence of Young's modulus expressed as
a ratio relative to the value at 18.88 C.



