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i LBSTRACT: Equipment was built to measure the Young's modulus ~f
fibers using ultrasonic pulses. Modull measured on single straight
strands cf aluminum and copper wire are in satisfactory agreement
with accepted values. However, modull measured on carbon fiber
yirns are as much as 45% lower than the static values. This dif-
ference arises because the individual filaments in the yarn are not
straight but are twisted into a helix. This conclusion 1s verified
by measurements on multiple stcranded copper wire and theoretical
calculations.
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PROBLEMS IN THE ACOUSTIC DETERMINATION OF THE MODUIUS OF FIBERS

This program is part of a continuling study on the physics of
materials carried out in the Nonmetallic Materials Division of the
Naval Crdnance Laboratory. This report describes experimental
work done on the speed of sound in fibers and the Young's modulus
calculated therefrom.

No special funding was provided for this project; it was carried

out as part of the continuing interest of this Division in the

propertlies of carbon filbers. The purpose of thls study was to

it see if an acoustic measurement would be quicker and more accurate
than the presently used static method.

The materials discussed in this report were obtained from commer- -
cial sources. Thelr evaluation by the Laboratory in no way implies F
Navy endorsement of these materials,

ROBERT WILLIAMSON II
Captain, USN
Commander
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INTRODUCTION

One of the most active fields of modern materials research
is that of fiber reinforced composites. In particular, carbon
fivers have great promise in numerous applications.

One aspect of this research is the measurement of Young's
modulus for carbon fibers. The modulus is used not only for
design purposes, but also for quality control and inspection.
Currently, the method of measurement used at the Naval Ordnance
Laboratory is a static test. A number of lengths of yarn are
laid side by side and impregnated with an epoxy resin, After
curing, the resulting "strand" is tested by applying a tensile
load at a slow rate and recording the resultan® strain, The
major disadvantages of this methoc are that 1t 1s time consuming
and that the cccuracy of 5% is often not as good as desired.

Other methods of measuring the Young's modulus of carbon
fibers have been suggested. In one method, the speed of sound in
the fiber is measured. It is well known® that if the wavelength
of the sound 1s much longer than the dlameter of the fiber, exten-
slonal waves wlll be propagated and Young's modulus, E, will Dbe
glven by

E = oV (1)

where p 1s tha density of the fiber and V is the speed of sound
in the fiber. Commercial equipment is avallable for these mesa-
surements, and the question was raised whether this &acoustic
method might be better than the static method. To answer this
question, the present study was undertaken,

An apparatus for measuring the sound speed of fibers was
constructed. The Young's modull determined with this apparatus
for aluminum and copper wires are in good agreement with litera-
ture values, For carbon fiber yarns, however, the acoustic moduli
are significantly less than the static values. This difference
occurs because the individual fllaments in the yarn are not
straight but are twlsted into a helix.

The following sections of this report will describe the
experimental equipment used, the results of checking out the
equipment, results on several carbon fibers. a comparison with
static measuremer:ts, an explanatlion for the dirference, and our
conclusions and recommendations for this project.
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EXPERIMENTAL

Electrcnics

All of the electronics needed for this project have been
described in detail elsewhere.® In brief, sinusoldsal electrical .
pulscs are generated at a frequency adjustable from 10 kHz to 680
kHz and at a repetition rate of 62 Hz. The length of these pulses
1s adjustable as 13 the phase of the beginning of the pulse. The
phase is adjusted so that the signal starts at a zero of the sine
wave rather than at a maximum or minimum. This eliminates unwanted
transients. A block diagram of the electronic setup used 1s shown
in Figure 1,

Acoustic System

Using the atove electronics, en acoustic sysvem was cdesigned
for use with fibers. 1In brief, the system consists of a trans-
ducer to convert the electrical pulse to a sound wave, a means of
getting the sound intc the fiber at one end and out of the fiber
at the other end, and a second transducer to convert the sound
wave back into an electrical signal. By measuring the transit time
through a fiber of known length, the sound speed can be found.

Various arrangements were tried, including holding the fiber
in both the vertical and horizontal directions, using different
amounts of tension, and a variety of attachments. A photograph of
the arrangement that was found to give the best results is shown
in Figure 2. Front and side views are shown in Figure 3., The
incident electrical signal 1s applied via a coaxial cable to the
top connector. From this connector, one lead is soldered directly
to the silvered face of the transducer, and the other lead is con-
nected to the aluminum rod via the support ring, The upper trans-
ducer is a lead zirconate-lead titanate crystal, 2.5 em (1.0 in.)
in diameter and 1 em (0.375 in.) thick. It has a resonant fre-
quency of 100 kHz,

The transducer 1s coupled to the aluminum rod by & thin layer
of silicone grease., The purpose of the aluminum rcd is to provide
a means of attachment for the ficer and to act as a resonator to
build up the amplitude of the sound wave. The resonant frequency
of the aluminum rod was 100 kHz, and this was the frequency used
in the meesurements reported here. Tc¢ prevent the sound from going
down the maln support rod rather than Jdown the fiber, the aluminum
rod is supported only by three pointed screws in the support ring.

the filber passes through a hole in the bottom of the upper
aluminum rod. To reduce the possibility of shearing the fibers,
the edges of the hole were carefully rounded. As the aluminum rod
oscillates, some of the motion is imparted to the fiber, and the
sound travels down the fiber. At the end of the fiber is another
aluminum rod. This rod has a small hole in its center into which

2
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the end of the fiber i3 inserted. Then a screw in the rod is
tightened to prevent the fiber from glipping out. The fiber end
ls prepared by coating with a few drops of fast drying cement and
then trimming with a scissors. The bottom tranaduzer is only 0.25 0
em (0.1 in.) thick in order to reduce the weight on the fiber,
This transducer is also a lead zirconate-lead titanate crystal, |
but because 1t is thinner than the upper transducer, it has & .
higher resonant frequency, 750 kHz. It is bonded to the aluminum b -
rod with an epoxy resin, One electrical lead 1s soldered to the
face of the transducer; the other 1s connected with a small wire
to the aluminum rod. Both leads ar2 then soldered to the lower
connector. A coaxial cable is connected from this point to an :
oscillloscope. !

Fiber length 1s measured, on the scale attached to the main
support rod, using the pointer., Fiber length is changed by tarn-
ing the take-up reel, which 1s ccvered with adhesive tape. The
pointer 1s then moved, after releasing the locking screw, until it
is even with the top of the lower aluminum rod and the locking
screw tightened again. Finally, the clamp is used to support the
welght of the aluminum rod when measurements are not being made.
During a measurement, the clamp 1s lcosened and the rod is allowed
to hang freely.

Measurement Technique

A stralghtforward measurement of the sound speed consists of
a measurement of the length of the flber and the time required for
the pulse to travel this length., An estimate of the trunslt time
1s found by measuring the time, on the oscilloscope, between the
beginning of the inclident pulse and the beginning of the received
pulse. This measurement is not accurate for two reasons. Firvst,
the above measured time includes the time required to go through
the two aluminum rods. Second, the received signal is very weak
and must be considerably amplified. Due to the resulting nolse,
it is very dirfficult to be sure wherc the beginning of the receilved
pulse 1s.

To avoid these difficulties, the measurements reported here
were all made in the followlng manner, A particular peak in the
recelved signal 1s singled out. While watching this peak on the
oscllloscope, the take-up reel is turned a i'ew centimeters. Then
the pointer is readjusted to be even with the top of the aluminum
rod. The difference in fiber length divided by the change in
transit time gives the sound speed., Higher accuracy is obtained
by repeating this process several times and averaging the results.
This is done by plotting fiber length vs transgit time and fitting
a stralght line to the data using the method of least squares.

The slope of thls line is the desired sound speed. (Since, in
this method, only changes in transit time are significant, the
zero of transit time can be set arbltrarily and this was done here
to make the readings on the oscilloscope more convenlent,)
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EQUIPMENT CHECKOUT

The accuracy of the experimental equipment and the measurement
technique was checked out first using metal wires. Results for an
aluminum wire are shown in Figure 4. The measurement ylelds an
extensional sound speed of 5130 m/sec. The literature value
depends somewhat on the particular grade of aluminum used, but
the nominal value® of the extensional sound speed is 5000 m/secq,
in good agreement with our measurements.

Results for a single strand of copper wire are shown 1in
Figure 5. 1In this case, our measurei sound speed is 350C m/sec,
while the nominal value® of the extensional sound speed in copper
is 3750 m/sec. Considering the variations in different grades of
copper, this agreement 1s consldered satisfactory,.

A final check was mede on a carbon fiber, The material was
Thornel 5¢ (& product of Union Carbide Corp.) in the form of a yarn
(i.e., many filaments twisted together into a compact bundle).

The results are shown in Figure ¢, For this material, two peaks
in the pulse were followed as the length was changed rather than
Just one, as usually done. The average sound speed measured for
Thornel 50 was 13,000 m/sec. A samplie of this sume material (not
from the same roll) was also sent to a ccmmercial company for
evaluation. Their measurement yielded‘ a value of 12,090 m/sec.
This agreement 1s considered good.

On the basls of the above three test runs we concluded that
our equipment was working properly, that we could measure exten-
sional scund speeds with an accuracy of *3%, and that our measure-
ment3 were as accurate as any of those made on carbon yarn.

ACOUSTIC MEASUREMENTS ON CARBON FIBERS

Measurements were then made on a serles of carbon fibers,
In Figure 7 are the results for HMG 50 (& product of Hitco Corp.).
For this yarn, the sound speed is 9820 m/sec.

Going to a low modulus yarn, results for VYB (a product of
Union Carbide Corp.) are shown in Figure 8, Here the sound speed
is only 51380 m/sec.

Measurements were also done on Courtaulds HM tow (a product
of the Courtaulds Co., Coventry, England, 1n the form of a thick
burdle). Part of the tow was stripped off and twisted into a
fite.m bundle, Two runs were made, each with two specimen lengths.
The averasgse of the two runs was 10,750 m/sec. From the same roll
of material used for the above tests, a tensile bar of Courtaulds
HM was prepared. This is the form u=sed for the static measure-
ments, and there was a question in our minds what effect the epoxy
resin would have on the sound speed measurements. The tensile bar
was then tested in the acoustic device by clamping the end to the
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upper aluminum rod and cutting pieces off to change the length.

The results are shown in Figure 9. The sound speed 1s 10,700
m/sec. Thus the presence of the epoxy made no difference in the
measurement, Thils is because the sound speed in the epoxy is

much lower than in the fiber. In our method of detecting the
Lecinning of the sound pulse, only the fastest sound speed matters,

P a‘_--r -:m

ACOUSTIC-STATIC MOLULUS COMPARISON !

Using the above measured sound speeds and manufacturers'
values for density (of a singlie filament), the Young's modulus
(Equation (1)) of all the materials tested 1s shown in Table 1.
Also given in Table 1 values of Young's modulus determined in
static tests. The static values for metals are literature values,®
the first three carbon flber values are from the manufacturer's
data, and the last value was deternined at NOL as an 1iverage of
five replicates cut from the same tensile bar that was used to
obtaln the acoustic modulus (Figure 9). (The value obtained at
NOL for Courtaulds HM is 4% higher than the manufacturer's value.)

The agreement between acoustic and statlc modulus for the
aluminum and copper wires is seen to be satisfactory while for the
curbon fibers the acoustic values are all lower than the statie
values. In particular, the most controlled tests were run on

Courtaulds HM and in this case the acoustic value is 45% lower
than the statle value,

e ot sk Al it o ekl X I St Y Bink
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EXPLLANATION OF RESULTS

The reason for the difference bhetween the acoustic and static
moduli is that the individual carbon filaments are twisted and do 3
not lle straight along the fiber direction. Starting with a sug-
cestion” to this effect, some measurements were done with multiple
stranded copper wlre to verify thls interpretation. Results for i
sound speed measurements on the multiple (seven) strand wire are K
shown in Figure 10, The average sound sreed for two separate
runs was 3330 m/sec. After making these measurements, the wire
was unwound and a single strand was tested. These results were
already glven in Figure 5. The sound speed measured on the single
strand was 3500 m/sec. Thus the multiple strand spced is I,9%
lower than it should be. The overall length of the stranded wire
was 65,35 cm, When unwound, a single strand had a length of 59.40
em, This represents a (.,4% change in lensth., Thus, to within the
accuracy of our measurements, sound speed measurements on a
twlsted wire are low just because of the twist., The sound wave i
fellows the path of an individual strand rather than stralght along
the wire. Thus the distance traveled by the sound wave is longer
than that measured in our test, and this leads to a lower calcu-
lated scund speed,
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wome work has already been done on acoustic propagation in
helical shapes., Wittrick® has given a detailed analysis cf elastic
wave propagation in helical springs which indicates that a helical
structure i1s highly dispersive and there is coupling between shear,
extensional and rotational modes. It 1s not clear whether this
theory can be applied directly to twisted fibers. Work very simi-
lar to ours was reported by Zorowskl and Murayama,” They measured
sound speed in a variety of fivers: nylon, polyester, acetate, and
viscose., These fibers were twisted known amounts, They then found
that the measured dynamic modulus decreased to as little as 30% of
the untwisted value when the fibers were twisted. In our case,
the problem is more difficult because the exact amount of twist is
not known and also because the fllaments are not always continuous,
However, some calculations were done using the simplifying assump-
tions that the sound propagates in a pure extensional mode along
each fiber and that each fibe - 1s continuous. While some broken
filaments are present, there are sufficient continuous fllaments
to glve a measurable signal so the broken ones can be ignored.

Assume the individual fllaments are twlsted into a circular

helix whose axis 1s the z axls, 1In parametric form, the equation
of the helix 1s®

X = a cos gpt, y = a sin at, z = Dbt (2)

where a, b, « are positive constants. The path length along the

helix 1is given by
s = /&'u\' + bR jdt (3)

where appropriate limits of integration are to be supplied, When

t =0, x=a, and z = 0, When t = 2n/,, x 1s again equal to a,

and z = 2+b/4y. Thus one complete turn of the helix occurs between
t =0 and t = 2rn/4w. Also the repeat distance, that 1s the distance
along the z axls for one complete turn of the helix, is Jjust r =

2ﬂb/(n . Then
v a? m’ + b® i‘ew/"u dt = 2'1/:_0 /8.3 w?  + bH®

o

4]
1}

i~

ﬁ"aaa + UpAbR /a8 = ﬂ?_’qa)° + r? (4)

[}

Note that the radius of the hellx i1s a. If a = 0, the helix
degenerates into a stralght line and s = r, as it shculd. I r =
J, tihe helix degenerates into a circle and s = 2na, 8s it should.

To apply the above to our case, s represents the filament
length and r represents the bundle length. The percent difference
in length 1s then
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s - T ¢/22na)2 +1r° - r (2ra/r) + 1 = 1
s ) -?Ena)a + ) /(2na/;7.+ 1 ) ?

For the metal wire, the repeat distance is about 5.1 mm (0.2 in.)
while the radius of the helix is about 0.32 mm (0.0125 in.). From

Equation (5), we would then expect a difference of 7.0%, close to
the observed value of 6.4%

For “he carbon fibers, a repeat distance of about 2.5 mm
(0.1 in,) 1is typical while the radius is again about 0.32 mm
20.0125 in.). From Equation (5), we would then expect a differ-
ence of 21% in the sound speed. By Equation (1), this would corre-
spond to a 33% difference in Young's modulus, close to the observed
value of 45% for Courtaulds HM. (Note that we had twisted this
material to make the measurements easier.) Changing the repeat

distarce slightly from the above value, one can calculate even
higher differences.

o Al AN ety Tne adide badaf 3y et R Vel e S8
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CONCLUSIONS

Based on the measurements done with metal wires and carbon
fiters, we have reached the followlng conclusions:

(1} The extensional sound speed in single metal wires can be
measured to an accuracy of about *3%,

(2) To a first approximation, an extensional wave propagated
in a multiple element bundle follows the individusl elements rather
than the bundle,

(3) An acoustic measurement of the Young's modulus of carbon
fibers in the form of a bundle of filaments is too low by an amount
proportional to the amocunt cf twist,

| SNty a2 50 ScnGRAANYS o it P 1

(4) If the amount of twist in a carbon fiber yarn 1s known,
a correction can probably be made (o the acoustic determination of
Young's modulus that would give results equal to the static value,
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Material

Aluminum
Copper
Thornel 50
HMG 50

VYB

Courtaulds HM

Density

(g/cr®)
.70
.96
.£3
.80
.32
.94

o

=

-
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TABLE .

V (ext
. m/se_Ci
5130
3500
13,000

9820
5120

10,700

Y (acoustic) ¥ (static)

B
b
4
i
E
K
. E
A
: J
AR ryere
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FIG. 4 FIBER LENGTH VS ACOUSTIC TRANSIT TIME FOR AN ALUMINUM WIRE
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FIG. 5 FIBER LENGTH VS ACOUSTIC TRANSIT TIME FOR A SINGLE STRAND OF COPPER WIRE
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FIG. 7 FIBER LENGTH VS ACOUSTIC TRANSIT TIME FOR HMG 50

A

24

CYRAs 3

—

é i
H
€
H
4
F
1
i

L Ty Ry T
b :

3
i

e N a

L e

— i d bt ol il i A RYa Shedn®

e

PRV

e i Bl AT A e b




o YT IR YRR TR SET T M S T T O U P 8 G TRRORE SRR ) [T ST 6L ey s, T v £ ¥ S aan) g T b L it Lindoh {
e —

i !
! NOLTR 72-149 i
) i
| i
| l ‘ i]
S 80 g
| ;
' K]
!
i
a6} |
;
|
a2} i
P }
[
! s E
; {
§ Vs 5180 M/SEC P
|
% 3 34} 7 i
‘ : i
-
o h
2 ) i
t ‘ B 30 b 3
[ c
w
| & !
_ w !
]
f 26} l
1.
{
22} '
‘ L 1 o i | [ 1
: o) 8 16 24 32 40 48
TRANSIT TIME , MICROSECONDS
! FIG. 8 FIBER LENGTH V'S ACOUSTIC TRANSIT TIME FORVYB
|
{
; 17
l
i




‘W-mm- {

NOLTR 72-149

i 21

68 |

64|

60}

56|

V= |0,700 M/SEC
sz}

FIBER LENGTH , CM

48r

44}
D W L A 1 ) )
o] e 2 6 20 24 8

'y s

TRANSIT TIME , MICROSECONDS

FIG. 9 FIBER LENGTH VS ACOUSTIC TRANSIT TIME FOR IMPREGNATED COURTAULDS HM
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