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II. Effect of Lamination Angle for Layered Materials
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Synopsis

Ultrasonic longitudinal wave velocities in layered materials were measured as a func-
tion of the lamination angle at several temperatures. It was found that the longitudinal
wave velocity versus lamination angle curve maintains the same shape (for a given ma-
terial) for temperatures between 25 and 125°C. Furthermore, it was found that the
wave velocity versus lamination angle curve can be predicted to within 2%, by a theoreti-
cal equation involving only the lamination angle, 8 (taken as the angle between the grain
of the sample and the direction of sound propagation); ¢ (0°), the measured wave veloc-
ity at an angle of 0°; and ¢ (90°) the measured wave velocity at an angle of 90°. Finally,
it was found that the longitudinal wave velocity of certain materials varies as much as
259, between lamination angles of 0° and 90°, while other materials show less variation,
and some none at all.

Introduction

It is often necessary to evaluate the dynamic response of materials to
high-pressure, short-duration loadings. Of primary concern in under-
standing the propagation of shocks is such information as the high-pressure
equation of state which allows one to determine the shape and amplitude of
shock waves as they are altered in progressing through various materials.
An understanding and determination of the velocity of sound is an impor-
tant factor which is necessary as an input in determining the Griineisen
ratio as it applies to the equation of state formalism normally utilized.

This work, in particular, describes the determination of ultrasonic
longitudinal-wave velocities through nose cone materials at several tem-
peratures as a function of lamination angles for three typical nose-cone
materials. The lamination angle is defined as the angle between the plane
of the layers and the direction of incidence of the ultrasonic signal and can
best be explained by reference to Figure 1. As shown in the figure, the
interwoven layers are extremely nonuniform (exaggerated here) so that it is
difficult to define an exact lamination angle 8. However, the procedure
followed in this investigation was to determine an average angle of incidence
by averaging the fluctuations of the layers.
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Fig. 1. Typical sample showing lamination angle 6 and typical nonuniformities of the
individual layers.

The present study is a continuation of the research effort to deseribe
the ultrasonic properties of selected common plastics and nose-cone mate-
rials.!

Experimental Method

In brief, a time mark generator (Hickok Model 1817) is utilized to simul-
taneously trigger the sweep of a cathode ray oscilloscope (Tektronix Model
555) and a pulsed oscillator (Arenberg Model PG-605C). The pulsed
oscillator produces a sinusoidal signal several cycles long with a frequency
of 3.0 Mc./sec. which is displayed on the oscilloscope, and simultaneously
applied to a lead zirconate-lead titanate crystal on the sample. The
crystal generates an ultrasonic signal in the sample, and an identical PZT
crystal receives the delayed signal after transmission through the sample.?
The time lag between the arrival of these two signals is measured by use of
the time-delay mechanism of the oscilloscope, which is calibrated with the
use of time marks from the time-mark generator.

The velocity is obtained by mounting the samples between two aluminum
buffer rods in a bonding clamp described elsewhere® and measuring the
transit times of the combination with and without the sample inserted
between the buffers. The wave velocity in the sample is then calculated as
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csample = Thickness Of Sa’mple/(Attotal - Atbufk"ers only) (1)

One advantage of this method over those previously employed is that only
one sample is needed to obtain the wave velocity through a material.
Measuring velocities with such a single-sample technique eliminates the
complications involved in preparing different samples of the same angular
orientation. A disadvantage of this method is that there are not the same
number or types of interfaces present when making the two measurements.
The error thus introduced, however, has been found to be less than 19
for samples 20 mm. or greater in thickness. The standard deviation for
the entire system is less than 29,

Results

The materials studied have longitudinal wave velocities which show
a large, moderate, and small dependence on the lamination angle; these are,
respectively, phenolic fiber glass (PFG), phenolic carbon (PC), and tape-
wound phenolic nylon (TWPN). Wave velocities in these three materials
were studied as a function of lamination angle at several temperatures
between 25°C. and 125°C. These data are available elsewhere in numeri-
cal form.? The majority of measurements of wave velocity of PFG
(density 1.91 g./cc.) versus lamination angle were made at 30°C. Meas-
urements at angles of 1°, 23°, 44°, and 89° were also made at temperatures
of 50 and 93°C. to show the consistent shape of the velocity versus lamina-
tion angle curve as a function of temperature over this range (Fig. 2).
Wave velocity measurements were not made above 95°C. because the
material emitted water vapor. It was thought that this emission eould
eause changes in the mechanical properties of the material and thus affect
wave velocity measurements.

The change in wave velocity as a function of lamination angle in PC
(density 1.48 g¢./cc.) (Fig. 3) is less than the change observed in PFG.
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Fig. 2. Phenolic fiber glass wave velocity vs. lamination angle at various temperatures
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Fig. 3. Phenolic carbon wave velocity vs. lamination angle at various temperatures.
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Fig. 4. Tape-wound phenolic nylon wave velocity vs. lamination angle at various temper-
atures.

For this reason there is more uncertainty in drawing a unique curve to fit
the data points. The chosen curve, however, appears to fit all data points
better than any other simple curve.

In TWPN (density 1.21 g./cc.) there is almost no dependence of wave
velocity on the lamination angle (Fig. 4). For this reason, a straight line
is used to fit the data points in Figure 4. However, a curve with the same
shape as the PFG and the PC curves, only with less vertical variation,
also fits the TWPN data.

Analysis

The similar shapes of the PFG, the PC, and the TWPN wave velocity
versus lamination angle curves led to an attempt to predict these curves
theoretically. Horio and Onogi® have derived an expression from general
elasticity considerations, giving the elastic modulus as a function of
lamination angle in ideal layered materials. Campbell® extended this
derivation to the prediction of velocity in layered media and found that
the velocity as a function of lamination angle should be given as

¢2(0°) ¢2(90°)
¢*(90°) cos? 8 + c? (0°) sin%f

c2() = 2)
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Fig. 5. Wave velocity for phenolic fiber glass at 30°C. showing the relation between the
observed values and those calculated by using eq. (2).

where 6 is the lamination angle, ¢(f) is the wave velocity for an arbitrary
angle of incidence 8, ¢(0°) is the wave velocity for parallel incidence, and
c(90°) is the wave velocity for normal incidence. With a knowledge of
the wave velocity at 0° and 90°, eq. (2) fits the present experimental data
to within 297,. The calculated curve and the observed curve for PFG
are shown for comparison in Figure 5. Considering that these nose-cone
materials are very irregular in layer thickness and orientation, the fit to
Campbell’s expression is quite good.

It should be noted that the wavelengths of the sound waves in these
materials are larger than the layer spacing at 3.0 Mec./sec. The thickness
of a complete layer is 0.22 mm. for PFQG, 0.33 mm. for PC, and 0.43 mm. for
TWPN, where a complete layer is a layer of the main material and a layer
of phenolic binder. The wavelength at 3.0 Mec./sec. and at normal in-
cidence is 1.1, 1.25, and 0.9 mm. for each material, respectively.

Application

A rather important application of ultrasonic velocities is in the deter-
mination of certain parameters occurring in the equation of state of solid
materials under shock-loaded conditions. The equation of state of shocked
materials can be given by the Hugoniot equation of state obtained from
several Hugoniot curves. A Hugoniot curve is the locus of pressure,
volume, and internal energy points obtained from a series of shocks applied
to a material initially in a specified state.” The relationship between the
pressure and density thus obtained can be expressed as®*

P = Au + Bu? + Cu® + (TpE/py) 3)

where u is the compressibility, u = (p/ps) "1, A, B, and C are constants,
E is internal energy, I' is the Griineisen ratio, I' = (1/p) (dP/OE),, and
p is the density.

The constant A can be expressed as

A = (QP/du)o = po (cr* — 4/3cr?) @)
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in the Maclaurin expansion, where c;, and ¢, are longitudinal and transverse
wave velocities, respectively. Similarly, the Griineisen ratio can be
thermodynamically related to the bulk modulus and consequently to the
ultrasonic sound velocities

I = (8/Cp) (cz* — 4/3¢r?) (5)

where 3 is the volume coefficient of thermal expansion and Cp is the specific
heat at constant pressure. This relationship, derived for isotropic mate-
rials, is found to give Griineisen coefficients which agree closely with those
obtained by other methods. For anisotropic materials, such as finely lay-
ered media, reasonable results can now be obtained using the velocities
obtained for any angle of incidence. A more thorough theoretical inves-
tigation is being conducted to relate the angular dependence of velocity
to any deviation of the Griineisen coefficient.

The authors wish to thank A1C Robert D. Goligowski for aiding the construction of
the equipment and for making many of the measurements.
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Résumé

Les vitesses de propagation d’une onde longitudinale ultrasonique dans des matériaux
stratifiés ont été mesurées en fonction de ’angle de laminage 4 de nombreuses tempéra-
tures. On a trouvé que la vitesse de propagation longitudinale de Ponde en fonction de
cet angle garde la méme allure (pour un méme matériau) & des températures variant de
25 4 125°C. En outre, on a trouvé que la vitesse de ’onde en fonction de cet angle peut
étre prédit endéans 29, par une équation théorique qui comporte uniquement 'angle de
laminage (pris comme angle entre le fil de ’échantillon et la direction de propagation du
son); c¢ (0°), la vitesse de 'onde mesurée pour un angle de 0° et ¢ (90°) la vitesse de
I'onde mesurée pour un angle de 90°. Finalement, on a trouvé que la vitesse de propaga-
tion de I'onde longitudinale d’un certain matériau varie jusqu’a 25%, entre des angles de
0 & 90°, alors que pour d’autres matériaux la variation est inférieure et pour certains
entidrement nulle.

Zusammenfassung

Die Geschwindigkeit longitudinaler Ultraschallwellen in Schichtmaterialien wurde als
Funktion des Laminieurungswinkels bei mehreren Temperaturen gemessen. Es zeigte
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sich, dass die Kurve der longitudinalen Wellengeschwindigkeit gegen den Laminieurungs-
winkel bei einem gegebenen Material fiir Temperaturen zwischen 25°C und 125°C
dieselbe Gestalt beibehilt. Weiters wurde gefunden, dass die Kurve der Wellengesch-
windigkeit gegen den Laminierungswinkel innerhalb 29, durch eine theoretische Gleich-
ung vorhergesagt werden kann, welche nur den Laminierungswinkel 6 (gemessen als
Winkel zwischen dem Probenkorn und der Richtung der Schallfortpflanzung); ¢ (0°),
die gemessene Wellengeschwindigkeit bei einem Winkel von 0° und ¢(90°), die gemessene
Wellengeschwindigkeit bei einem Winkel von 90° enthélt. Schliesslich wurde gefunden,
dass die longitudinale Wellengeschwindigkeit gewisser Stoffe sich zwischen Laminier-
ungswinkeln von 0° und 90° um bis zu 259, dndert, wihrend andere Stoffe eine gerin-
gere Anderung und einige tiberhaupt keine Anderung zeigen.

Received September 27, 1965

Revised November 30, 1965
Prod. No. 1326



