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ABSTRACT

U trasonic waves suffer energy flux
devi ation in graphite/epoxy because of
the |arge anisotropy. The angle of
deviation is a function of the elastic
coefficients. For nonlinear solids,
these coefficients and thus the angle
of deviation is a function of stress.
Acoust oel astic theory was used to node

the effect of stress on flux deviation
for wunidirectional T300/5208 wusing
previously measur ed el astic

coefficients. Conput ati ons were made
for uniaxial stress along the x5 axis
(fiber axis) and the x; axis for waves
propagating in the x.xo plane. These
results predict a s%i?t as large as
three degrees for the quasi-transverse
wave. The shift in energy flux offers
a new nondestructive technique of
eval uating stress in conposites.

I NTRODUCTI ON

In anisotropic nedia, the energy
flux associated with an elastic wave

does not propagate along the sane
direction as the normal to the
wavefront except along symetry

di rections. This effect is known as
energy flux deviation. Bot h Musgrave
[ 1] and Love [2] derived the
relati onship between the energy flux
and the elastic coefficients of the
mat eri al

In conposite materials which are
hi ghly anisotropic, the anount of
energy flux deviation can be quite
| ar ge. Kriz and Ledbetter [3]
cal cul ated the flux deviation angle as
a function of fiber orientation for
uni di rectional conposites. They al so
showed the influence of fiber content

on the flux deviation. Experi nment al
nmeasurenent of the flux deviation has
been nade by Kriz and Stinchcomb [4]
and Prosser [5] anong others while
measuring the elastic coefficients by
ul trasoni ¢ net hods. Kriz [6] further
showed that since the flux shift was a
function of the elastic coefficients,
it could be used to nonitor changes in
the <composite elasticity. Thus
noi sture absorption by the matrix and
fi ber degradation which altered the
el astic coefficients coul d be
determ ned by nmeasurements of the
energy flux shift.

In this research the effect of
stress on energy flux deviation was
nodel ed. Due to nonlinear elastic

effects, the energy flux deviation was
shown to be a function of stress.
Second and third order el astic

coefficients for uni di rectional
T300/ 5208 gr/ep, previously measured by
Prosser [5] and Wi and Prosser [7],
were used in these nodel cal cul ations.
The effect of wuniaxial stress along
both the fiber direction (x3) and
perpendi cular to the fibers along the
|'am nate stacking direction (x71) was
cal cul ated for waves propagating at
various angles with respect to the
fiber direction in the xqxg plane.

THEORY
Assuming linear elasticity the
energy flux vector (E;) can be

expressed in terms of he 1inear
elastic stiffness coefficients (Cijkl)
as
Jdui Iy,
E = -Ciju — —— (1)
ox, ot

where u; is the displacenent vector [1



2]. The angle between the energy fl ux
vector and the normal to the plane wave
front is the energy flux deviation
angl e.

However, if nonlinear elastic
effects are included, the effective
el astic stiffnesses becone functions of
the applied stress. An effective
stiffness tensor (cnij) can be derived
from acoustoelastic theory and was

presented by Barnett [8]. It is given
by

Criij = Kniij + Opjdi (2)
where o.i 1is the applied stress,
assuned tJ be within the linear elastic

regine, o ; is the Kronecker delta, and
is a conbination of second and

Knj i
tnir& order coefficients given by

Kntij = Cniij * Criijénr * Cnsij€s
+ Cnipj€ip * Cnlig€iq T CnlijuvEuv

(3)

* CriijuvEuvEnr T CnsijuvEuvels
+ Cnipjuv€u€ip t Cnliquveuv€q

In this expression, Cijkluy 2are t he
third order stiffness coef*icients and
g,y are the applied strains which are
reYated to the applied stresses by

€j = Sijkl Okl (4)
wher e Si ikl are the linear elastic
conpliancés.

Thus, if t he li near el astic
stiffnesses and conpliances, the third
order stiffnesses, and the applied
stress are known, an effective
stiffness tensor can be cal cul ated.

These can be then used to predict the
energy flux deviation as a function of
applied stress.

MODEL CALCULATI ONS

The material nmodeled in this study
was uni directional T300/ 5208
gr aphi t e/ epoxy which was assuned to be
transversely isotropic. The fiber
direction was taken to be the x3 axis
and the |l am nate stacking direction was
chosen to be the x; direction. The
five independent i near el astic

stiffness coefficients are listed in
Table 1 along with the linear elastic
conpliance coefficients. Listed in

Table 2 are the nine independent third

order elastic stiffness coefficients.
GPa aPat
c S
11 14. 26 11 0. 092
c S .
12 6.78 12 0. 042
c S .
13 6.5 13 0. 003
C S
33 108. 4 33 0. 0096
C S
44 5.27 44 0. 190
Table 1. Linear elastic stiffness and
conpl i ance coefficients.
GPa GPa
C
112 '89 0344 -47
C
113 -4 0133 '236
C
12365 €335]-829
C144 -33.4
Table 2. Third order elastic stiffness

coefficients.

Propagation of acoustic waves was
consi dered for waves propagating in the
XqXg plane. In this plane, three nodes
o% pr opagati on are predicted. The
first is a pure nonde transverse wave
(PT) at all angles. Even though it is
a pure node, it suffers energy flux
devi ati on except for propagation along
either of the axes. The second node is
a quasi-transverse mode (QI) and the
third is a quasi-Ilongitudinal node
(Q). Both of these nodes al so suffer
energy flux deviation in this plane.

For fiber orientations of |ess than
60 degrees, the Q. node propagates with
a faster velocity and deviates toward
the fiber direction while the QT npde
deviates in the opposite direction.
Bet ween 60 and 90 degrees, these npdes
transition with the Q. beconing the QT
and vice-versa. Because of the
conplexity in this cross over region,
it was excluded from this study.



Two cases of uniaxial stress were
consi der ed. The first was that of
| oadi ng al ong the xq axis. To estinmate

the maxi mum effect, the stress |evel

was taken to be 1.0 GPa which is
approximately 70 percent of the
ultimate tensile strength of this
mat eri al . The flux deviation angles

were calculated as a function of fiber
orientation at this stress level. The
flux deviation at zero stress was then
subtracted from these values to yield
the energy flux deviation shift for the
three modes at t his | oad.

The second | oadi ng case was that of
uni axi al stress along the x; direction
which is perpendicular to the fibers.
In this case the maximum stress was
taken to be 0.1 GPa and again the
change in flux deviation fromthe zero
stress state was cal cul at ed.

RESULTS AND DI SCUSSI ONS

The flux deviation angles of the
three npdes as a function of fiber
orientation at zero stress are plotted
in Figure 1. The fiber orientation
angle is the angle that the fibers make
with respect to the direction of
pr opagati on. Thus, a negative flux
devi ation shift indicates a shift back
toward the fiber axis while a positive
shift deviates away from the fibers.
Over the 0 to 60 degree range the Q
and PT waves deviate toward the fiber
direction while he QI deviates toward
the x or the |Ilam nate stacking

direction. The magnitude of the shift
of the Q. and QT waves is quite |large
while the PT suffers nmuch smaller
devi ati on.

In Figure 2, the energy flux
deviation shift is shown for the three
nodes for the case of 1 GPa. stress
al ong the fiber axis. The QT node
suffers the maxi mum flux shift reaching
3 degrees at 20 degrees fiber

orientation. The PT wave suffers a

sonmewhat smaller shift while the Q
node suffers alnbst no flux deviation
A larger shift in the QI node as

conpared to the QL nopde m ght be
expected if the ratio of the nonlinear
coefficients to the linear elastic
coefficients is considered. The
magni tudes of cqq4 and cqqo are over an

order of magnitude larger than cq4 and

Cqo- These coefficients dom nate the
propagation of the QT wave. The
magni t ude of the third order

coefficients along the x5 direction is
much smaller relative to the |inear
coefficients in the sane direction even
though they are Ilarger than the
nonlinear coefficients along x4. Thus
the relative effect of nonlinearity
along the fibers which controls the
flux shift of the Q. wave is snmaller.
The work by Kriz [6] on the effect of
matri x degradation on flux deviation
shift al so showed that the QI wave nbde
was nost affected with the Q. show ng
al rost no shift.
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Figure 1. Flux deviation as a function
of fiber orientation under condition of
no applied stress.

The flux shifts due to stress along x;
are shown in Figure 3. Again the QT
node exhibits the [ argest shift.

However, the magnitude of the shift is
sonewhat snaller as the stress level is
snaller. It is interesting to note

that the direction of shift is in the
opposite direction fromthe case of
stress along the fibers.

These cal cul ati ons denonstrate the
ef fect of stress on the energy fl ux
devi ation of ultrasonic waves due to
nonlinear elastic effects in conposite
materials. The nodels indicate the
angl es of fiber orientation and wave
nodes that suffer the maxi num shift



which will enable future experinental
confirmation of this effect.
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Figure 2. Flux deviation shift due to
1 GPa stress along fiber direction
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Figure 3. Flux deviation shift due to
0.1 GPa stress perpendicular to fibers.

The shift, particularly in the Qr
node, should be measurable with a
linear array transducer if a large
enough di stance of propagation is used.
Al t hough the nodels presented were for
bul k waves propagating through a thick
conmposite material, the sanme effect is
expected for plane plate waves

propagating in thin plates. The |onger

propagati on paths across plates would
make the effect nore nmeasurable and
thus could improve the stress
resol ution possible. This effect could
be used to devel op a new nondestructive

met hod for nonitoring stress in
conposites.
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