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1. INTRODUCTION

1.1 Summary

It is well-known that components made of composite materials
-suffer complex damage when they are subjected to either monotonic

or fatigue loading. We submitted a three year proposal to develop
ultrasonic nondestructive techniques to measure the damage
states in fiber-reinforced composite materials (Texas A&M
Research Foundation Proposal No. RF-84-34). The objective of this
Annual Technical Report is to summarize the progress made during
the second year of the grant period.

When the damage occurs it has two effects upon the propaga-
tion of a mechanical wave through the composite: (1) It decreases
the stiffness, and therefore, the speed of wave propagation; (2)
It increases the attenuation of the wave. Thus by measuring the
speed and attenuation as functions of frequency at various known
levels of damage, we propose to establish the necessary calibra-
tion curves for damage.

The central objective of this research is to develop exper-
imental techniques for ultrasonic nondestructive evaluation of
damage in fiber-reinforced composite materials.

j ..- 1.2 Work Proposed in the Original Proposal.

We include below an excerpt from the original three-year pro-
posal in which we defined the work to be performed during this
grant:

o 0
" Let Cijkl and Cijkl be the stiffness of an undamaged

(virgin) and a damaged composite, respectively. Corresponding to
each of these there is a wave-type and an associated wavespeed
and attenuation. We will measure the speed and attenuation as

c. function of frequency over a very broad range of frequencies. The
speed measurement will yield information concerning stiffness and
stiffness degradation; the attenuation measurements will provide
information concerning defect type, size, and population. This is
precisely the type of information needed for the development of
the damage models.

*Instead of obtaining voluminous results, our research philos-
ophy will be to gather accurate, reliable, and reproducible
results for a few carefully selected cases."

.0-*
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2. RESEARCH COMPLETED TO DATE

2.1 Summary of completed research

The following research has been completed during the second
year of the grant period:

1. Several cross-ply laminates were subjected to tensile
loading so as to produce transverse cracks. Wavespeed and
attenuation in the thickness direction were measured as functions
of frequency and "extent of damage". As expected, the wavespeed
(or stiffness) was insensitive to transverse cracking. On the

Zother hand, the attenuation was found to be a rather sensitive
function of transverse cracking (Appendix I and II).

2. The technique used in item (1) above works only for rela-
tively "thick" laminates ( at least 16 ply or about 2 mm thick).

S However, we foresee a substantial use of "thin" laminates. With
. this in mind we have developed a new technique which works for

thick as well as thin laminates. Using this thin-laminate tech-
nique we have interrogated the growth of transverse cracks in
10-ply laminates. As in [1] the attenuation was found to be a
sensitive function of transverse cracking ( Appendix III ).

3. The technique described above measures through-the-
thickness parameters. In order to measure the in-plane stiffness
components, we have examined the application of Lamb waves. The
wavespeed in the axial direction was measured both before and
after damage. A significant reduction in the wavespeed ( or axial
stiffness ) was observed.

2.2 Propagation of Longitudinal Plane Waves in the Thickness
Direction

The theory supporting this experimental technique was devel-
oped during the first year of the grant period and the details
may be found in our 1985 annual report . For continuity of
reading we reproduce here the final results of our calculations.

Consider a composite coupon immersed in water. Let a plane
longitudinal wave be incident upon the coupon. Let f(t) and s(t)
be the front-surface and the back-surface reflections, respec-
tively. Let F*(w) and S*(w) be their Fourier Transforms,
respectively. It is shown in Appendix I that

. aR2 lexp(-i2kh)=S (w)/F (w) (1)

where

a=T1 2T2 1/R 2 R1 2
R1 2=Reflection coefficient in water from composite
R2 1=Reflection coefficient in composite from water
T1 2 =Transmission coefficient from water into composite
T2 1 =Transmission coefficient from composite into water
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h=coupon thickness
w=circular frequency, radians/second.

Thus, the only unknown in Eq.(1) is the complex-valued wave-
number k=kl+ik 2 . From k, one can calculate the wavespeed: c=w/kl;
k2 is the attenuation of the wave. Furthermore, it is well-known
that

c2 =E/p

where E is some appropriate stiffness and p is the density
of the specimen. Thus, measurement of k, is equivalent to a
measurement of some element of the stiffness matrix. Further, let

be the wavelength (c=wA/2r), then we define a dimensionless
attenuation k2A. Physically, k2A is attenuation over one
wavelength. The motivation for this particular choice of
dimensionless parameter is that for a liner viscoelastic material
k2 is independent of frequency. ( For more details see THEORY OF
OPERATION, p.12, Appendix I). It is noted that this technique
assumes that the front-surface and back-surface reflections can
be separated in time domain. Therefore, it is good for relatively
"thick" specimens. Several cross-ply layups were tested and the
results have been documented in Appendix I. Here we include only
one set of data which typifies the results reported in
Appendix I.

The particular damage mode chosen is transverse cracking.
This mode was chosen because it is the most common damage mode in
most practical layups. The layup for which we report the results
here is [0690402]s. The laminate was subjected to simple tensile
loading in small discrete steps. At the end of each load-step the
coupon was removed from the Instron machine, subjected to an

ut ultrasonic examination and returned to the Instron for the next
load-step. Edge replications were taken at each load-step to
record the transverse cracks. In Figure 1 we have plotted attenu-
ation as a function of applied load (and hence of damage) at
three discrete frequencies. Line drawings of the edge replications
showing the damage state are also included. It is noted that the
edge replication shown is that portion of the total replica which
is insonified by ultrasonic beam (10 mm). The total number of
cracks "seen" by the beam is also shown. We make the following
observations:

1. Attenuation increases monotonically and significantly with
transverse cracking.

2. Attenuation decreases with frequency.
3. Appearance of a single additional crack in the path of the

sound beam increases the attenuation by a measurable amount.

Since for the particular layup all cracks are of equal length
(in the direction of wave propagation or in the thickness
direction) their contribution to the total attenuation is
identical. This allows us to define a cumulative crack length as
the total number of transverse cracks encountered by the sound
beam multiplied by the crack length which, for the present cc-,se
is 0.5 mm (four 90 -plies). This allows us to consolidate the
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Fig. 1. Attenuation increases dramatically with transverse
cracking in a [0690402] s Laminate at all three
frequencies tested. The extent of damage is shown
in the edge replication sketches.
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data on each edge replication into a single cumulative crack
length. In Fig. 2 attenuation is plotted versus cumulative crack
length at three different positions along the length of a coupon.
In an "ideal" experiment with an ideal material all three curves
would have reduced to a single "master" curve; as it is they are
within the error of measurement (about ±5%).

These results are quite encouraging. With some more refine-

ment in the experimental technique, we hope that these curves
will fall even closer together to form a master curve. In the
next phase of our research we hope to produce such master curves
for a wide variety of layups. These will then constitute a damage
metric for transverse cracking i.e. a measurement of k2A will
yield the cumulative crack length, provided, of course, that is
the only damage mode present.

We have also tried to seek an experimental answer to the
following question. As a coupon is gradually loaded to failure,
is it possible to predict the LOCATION of the final failure

* fairly early in the loading history? The technological implica-
tions of this question are obvious. We took the following
approach. A coupon was loaded in discrete steps. After each load
step, it was subjected to an ultrasonic examination at several
locations along the length. The results are shown in Fig.3 where
we have plotted attenuation versus applied stress at various
locations. The line drawings of edge replications are also

-.. included. Now, this set of experiments was based on the following
conjecture. If there is a position where damage will localize,
then the attenuation there should be highest. Thus the curve fora. that particular location will form an upper bound on the remain-
ing curves. The experiments did not corroborate this conjecture.
We conclude, therefore, that from an ultrasonic examination one
cannot predict apriori the location of the final failure for this
type of specimen. In fact, from the edge replication it is clear
that the damage spreads in a fairly random manner and that it
does not localize in any particular location. This is consistent
with the prediction of the shear-lag model of the formation of
transverse cracks[6].

The attention is now turned to k1 . Recall that c=w/kl. The

* stiffness in the thickness direction is given by C3 3 =pc 
2 . The

longitudinal wavespeed as a function of applied stress for speci-
men B1 (same as in Fig.l) is shown in Fig.4. Within the error of
measurement, ±0.5%, the wavespeed remains unchanged with damage;
see Fig.l for edge replications. This may be explained as fol-
lows. A crack has least amount of influence on stiffness in the
direction parallel to the crack faces and this is confirmed by
the results presented here.

~~~~.. . * .. . ~* . ~ . ~ . .. . . ~ .. . ~)
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2.3 Propagation of Lamb Waves in the axial direction.

A It was shown in the previous section that the speed of sound

in the thickness direction is insensitive to transverse cracking.
Now, if a longitudinal wave is propagated in the axial direction,
the wave propagation will be normal to the crack faces and hence
a strong crack-wave interaction will result. The scattering
cross-section of the crack in this mode of wave-motion is much
higher than when the wave propagation direction is in the plane

of the crack faces. Therefore, one should observe larger changes
in stiffness and attenuation for the case of axial wave
propagation. These waves travelling in the plane of the plate are
called Lamb Waves. They have been used quite successfully as NDT
tools for isotropic materials. We have extended the use of Lamb
waves to composites. Since Lamb waves can be generated just as
easily in curved plates, this mode of measurement has a definite
potential for field applications.

A preliminary study has been made to measure the changes in
wavespeed and attenuation as the damage is induced in the
specimens. It was found that the attenuation increases whereas
the stiffness decreases with damage.

2.3.1 Theoretical Analysis

The governing equations for the Lamb wave propagation in
isotropic plates both in air and in water were given and analyzed
by Viktorov [2). The dispersion relations for plates in water
have been analyzed by Merkulov[3]. When the plate is immersed in
a liquid the Lamb wave radiates acoustic energy into the liquid.
These radiated waves have been named Leaky Lamb waves in the

. literature. In his analysis Merkulov assumes that the density of
the plate material is large compared to the density of water. He
obtains the dispersion curves and the attenuation by a first
order approximation. The governing equations for the Lamb waves
in composite plates in air have been given by Habegar et.al in
[4]. These are complex transcendental equations and hence cannot
be solved analytically. The equations yield multiple roots which
correspond to the various Lamb wave modes. We have extended the
analysis to composite plates immersed in liquid to obtain
numerical solution in the form of dispersion equations. The
detailed derivation of these equations is given in section 2.3.5.
A computer program is being developed for the calculation of
wavespeed and attenuation of Lamb waves in composite plates in
water.

2.3.2 Experimental Procedure

The block diagram of the experimental setup is shown in
Fig.5a. The pulse generator/function generator combination
produces a tone-burst of about 10 cycles of sinusoidal signal.
This signal is amplified by an amplifier to drive the
transmitter. The waves received by the receiver are amplified by
the signal amplifier anu fed into the digital oscilloscope. The
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oscilloscope digitizes, averages, stores and provides the
necessary data to the computer for analysis.

The specimen is mounted in the grips attached to a turntable
which is graduated to 0.20 angle. The transducers are mounted on
precision travelling mechanisms graduated to 0.001 inch.

For the purpose of exciting and detecting Lamb waves the
transducers and the specimen are positioned as shown in Fig.6b.
The transmitter emits a toneburst signal shown as 1 in the
figure. This signal strikes the specimen and generates Lamb waves
in the plate. Since the plate is immersed in water, leaky
waves ,3, are setup in water. The receiver is kept well away from
the line of sight of the transmitter so that the directly
transmitted waves ,2, do not interfere with the leaky Lamb waves.
The amplitude of the signal received by the receiver is recorded
as the angle of incidence 8

i is changed. Lamb angles are
identified by the peaks in the recorded signals. The wavespeed of
the Lamb waves is calculated from the Snell's Law

cw/cx = Sin(ei)/Sin(et) (2)

where ei= Angle of incidence
"* et= Angle of refraction, r/2

w Longitudinal wayespeed in water, and

cx= Lamb wave wavespeed

Thus,

cx=Cw/Sin (Ei ) (3)

4: "2.3.3 Results

An aluminum specimen was tested first, as a check for the
experimental setup and data collection program. The received

°. signal amplitude as a function of the angle of incidence is shown
in Fig.6. The first peak occurs at 10.5 ±0.2. This corresponds to
the first antisymmetric or flexural mode of vibration (a1 ); thetheoretical value for this mode is 11.80 [2]. In view of the fact

that the theoretical value is for the case of aluminum in air,
while in the experiment the plate is immersed in water, the
agreement between the theory and experiment is considered very
good; this serves to calibrate our experimental procedures. Next
the same procedure is applied to the testing of the composites.

The layup of the composite tested is [0/904],. This test was
conducted at a frequency of 5 MHz. The received amplitude as a
function of angle of incidence, 9i is shown in Fig.7. From the
ntheoretical calcu l ations for compositeoin air it can be deduced

that the dominant peak at about 28 is the lowest order' antisymmetric mode (a0). In going from the undamaged to damaged

state, the peak shifts by 1.5 degrees from 28 to 29.5 . By
Snells Law, Eq.(2), the Lamb wavespeed changes from 3.17 mm/psec

A
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to 3.02 mm/psec . Now, pc2 = Cll/(l-vl2v2 1 ),where Cll is the
axial stiffness, v12 is the Poisson's ratio with load in the
axial direction and the strain in the transverse direction, and
v2 1  is the Poisson's ratio with the directions reversed.
Furthermore vj2v2lO.006<<l, hence pc 2 _Cll. The axial stiffness
is 15.37 GN/m for the undamaged specimen and 13.95 GN/m 2 for the
damaged specimen; the reduction is about 10% which is consistent
with similar data reported in the literature [5]. These
preliminary results have demonstrated the efficacy of the Lamb
wave method to monitor damage via the degradation of axial
stiffness.

2.3.4 Future goals

.8 A computer program is being developed which will enable us to
calculate the various Lamb modes of the composite plates in
water. Specimens of various layups will be made and the wavespeed
and attenuation in the dominant modes will be measured as a
function of the damage. The overall stiffness degradation of the
specimen will be measured and related to the amount of damage in
the specimen.

2.3.5 Detailed derivation of Lamb Wave Equations for Composites
in Liquid.

Generally, all the layups for composites used in practical
situations are symmetric and balanced where there is no coupling
between the extensional and bending coefficients of the stiffness
matrix. In the following, we restrict our analysis to such cases.

The stress strain relation for a composite material is given
by

rij= Cijklckl for i,j,k,l=l,2,3 (1)

where the strain displacement relation can be written as

cij=(Ui,j+Uj,i)/ 2  for i,j=i,2,3 (2)

The coordinate directions used here are the ones used
commonly in the literature. Directions 1 and 2 are in the plane
of the plate and 3 is normal to it.

The equation of motion in an elastic medium is
3

E-- -j j=pUi i=i, 2, 3 (3)
j=l1"

We assume a plane strain condition for the wave propagation.
Under this condition the displacement U2 and all derivatives
with respect to 2 vanish. Substituting Eqns.(l)&(2) in Eq.(3) and
changing to the contracted notation for the stiffness matrix, the
following equations are obtained;

pU1=CiU,11+C13U3,31+CSS(Ul,33+U3,13) (4)

Uv
.5 .8 8 . ~ * ~ V.-

4 4 \ ..- '8-
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pUs=CssUs,3s+CsUI,1s+Cbs(UI,1s+Us,11) (5)

We now seek plane wave solutions of the form

Ui=Uioexp[i(k]x+kzz-wt)) (6)

U s =U 3 o exp [ i (kxx+k z z--t) ] (7)

where Uio and Uso are the wave amplitudes

Substituting Eq.(4)&(5) in Eq. (6)&(7)

pUow =C, Uok)+(Cs6+Cs)Usokxkz+CssUiokz (8)

PU30W 2 C6aUso4+(CS5+Cls)Uiokxkz+CsUsokz (9)

Let us define R as

R=Uso/Uio=(pw 2 -Ciik-Csskz)/(CrS+CIs)kxkz (10)

Eliminating U, 0 and Us0 from Eq. (8) & (9) we get a quadratic
equation for kz in terms of k. and the elastic constants as

22 2
kz=kx[-BSQR(B -4D) ]/2 (11)

,- where B=[(Css/p) (CI1/p-W2/kx)-(C1s/p) (2Cr6+Cls)/p

-Cs swO2 1pk] /( ( c ,3Css ) /p 2 )

(W 2 5/ (22.' 'D = ( 21 k x _ s s p ( / k x -_ C l *Ip ) l ( (C 3 3 C s S ) I/ P 2 }

h Let us define kzp and kzm as the two values of kz obtained

from Eq. (10) with + or - signs. Also Rp and Rm be the value of R
when kzp and kzm ,respectively, are substituted in Eq.(10).

The equations derived above are for bulk waves travelling in
an unbounded medium. Now we analyze these bulk waves travelling
in a plate subject to the proper boundary conditions so that the
plate wave solution is obtained.

The two possible plate wave solutions will have the
following forms

Ui=exp(i(kxx-wt)) [Mexp(ikzpz)+Nexp(-ikzpz)+Pexp(ikzmz)

6 +Qexp(-ikzmz)] (12)

U3=exp{i(kXx-wt) )[Rp(Mexp(ikzpz)-Nexp(-ikzpz))

+Rm{Pexp(ikzmz)-Qexp(-ikzmz))] (13)

where M,N,P,Q are arbitrary constants.

The boundary conditions to be satisfied for a plate of
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thickness 2b, for the plate mode of wave-motion to exist are

ad 73=CssU3,3+CsU1,1=-p at z=+b (14)p"n r3=C&UI,s+CSUs,1=0 at z=±b (15)

i.e, the normal stresses in the plate are equal to the fluid
pressure and the shear stresses on the plate surface can not
exist as the fluid does not sustain shear. The displacement
boundary condition is that the normal displacements in water, WL,
and the plates at z=±b, have to be equal ,or

U3=WL at z=±b (16)

Substituting Eq.(12) & (13) in Eq.(14) & (15)

M GpX + N Gp/X + P GmY + Q Gm/Y = ip (17.1)

M Gp/X + N GpX + P Gm/Y + Q GmY = ip (17.2)

M HpX - N Hp/X + P HmY - Q Hm/y =0. (17.3)

M Hp/X - N HpX + P Hm/Y - Q HmY =0. (17.4)

where Gp,m=Csskzpm+Cl3kx ; Hp,m=kzp,m+kxRp,m

and X=Exp(ikzpb); Y=Exp(ikzmb)

The wave motion in water satisfies the following wave
equation

a 2 L a +kn="(18)

ax 2  8z 2 +L=O.

Vwhere kL=w/cI is the wavenumber for the wave in water and cL
is the wavespeed in water.

The form of the potential OL in water to satisfy Eq.(18) is

OL = ¢oexp[i(kxx+kzz-wt)] (19)

substituting Eq.(18) in Eq.(17) we can easily see that

kz=kL- k x

The potential OL corresponds to a wave in liquid which
Nu propagates along the plate in the x-direction and decays expo-

nentially along the z-direction. This wave in liquid has to fit
in with the Lamb wave in the plate. This means that this wave
must pursue a path along the x-axis with a velocity equal to the
phase velocity of the Lamb Waves. At the plane z=±b the two waves

.,. ."'.must have equal normal displacements. The displacement in water
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WL can be calculated from the potential as

aOL

Wj,= a =ikzoexp Ci (kxx+kz z -t) (0

applying the boundary condition Eq. (16) we get

mM+nN+rP+sQ=ikzooexp (ikzb) (21)

-nM-mN-sP-rQ=-ikzqooexp (-ikzb) (22)

where m=Rp exp(ikzpb); n=-Rp exp(-ikzpb)

r=Rm exp(ikzmb); s=-Rm exp(-ikzmb)

and from Eqns. (17.3) & (17.4) we can write

aM-bN+cP-dQ=O. (23)
and bM-aN+dP-cQ=O. (24)

From Eqns.(23)&(24) we get

N=[ (ad-bc)P+(bd-ac)Q]/(a 2+b 2)=N1*P+N2*Q (25)
and,

M=[ (bd-ac)P+(ad-bc)Q)/(a 2+b 2 )=N2*P+Nl*Q (26)

where Nl=(ad-bc)/(a 2+b 2 and N2=(bd-ac)/(a 2+b 2

Substituting the values of M and N into Eqns.(21)&(22) we can

write

(g+h) (P+Q) =iko Cexp (ikzb) +exp (-ikzb) 1(27)

where g=mN2+nNl+r and h=inNl+nN2+s

Similarly substituting the values of M and N into Eq. (17.1)
and Eq. (17.2)

P+Q=i~p(z=b)-p(z=-b) )/(i'l+F2) (28)

where Fl=N2+'Gp*X+Nl*Gp/X+Gm*Y; F2=Nl*Gp*X+N2*Gp/X+Gm/Y
comparing Eqns. (27) and (28)

p(z=b)+p(z=-b) kz~o (exp (ikzb) +Exp (-ikzb)]
____ ___ ____ __ ____ ___ - -(29)

Fl+F2 (g+h)

The pressure in the fluid can be calculated from the
potential OL from the relation

a 2 L a 2 L
p=A(- + -

Y8X 2 8z2
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which gives

p(z=b)+p(z=-b)=-XL (kx+kz) Oo[exp (ikzb) -exp (-ikzb)]

(30)

substituting Eq.(30) in Eq.(29)
2 2 2,I

SQR(kL-kx) pL
Lx =0. (31)

g+h FI+F2

Simplification of F1+F2 and g+h and substitution into Eq.
(31) and rearranging the equations gives for the symmetric modes

( .

Tan (kzpb) Gp*Hm ipLW Tan(kzmb) Hm
+2 2 [- Rp+Rm] =0.

. Tan(kzmb) Gm*Hp p (Gm/p) SQR (kx-kO Hp

Symmetric Modes (32)

Similarly, we can show that for the antisymmetric modes the
governing equation is

. 2

Tan (kzmb) Gp*Hm ipLW Cot (kzpb) Hm
+ p [- Rp-Rm] =0.

Tan(kzpb) Gm*Hp p(Gm/p)SQR(kk-kj) Hp

Asymmetric Modes (33)

It is quite laborious but not difficult to reduce these
equations to the equations derived by Viktrov if the stiffness
matrix of an isotropic material is used.

The solution of these equations is not possible in a closed
form. Also, these equations change their form depending on the
value cf kx in Eq. (11), where B2-4D can become negative and

thus make kzp and kzm complex. Hence, these equations have to be

written for different ranges of the values of kx . The solution

method is basically a search method where for a particular
frequency, the wavespeed is slowly incremented and at the
solution points the value of the equation changes sign.
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ABSTRACT

The Application of Ultrasonics to Assess

Damage in Composite Materials (December 1985)

John Gregory Eden, B.S., Aerospace Engineering

Texas A&M University

Chairman of Advisory Committee: Dr. Vikram K. Kinra

A recently developed method involving the use of Fast

Fourier Transform (FFT) signal processing to calculate wave

speed and attenuation was applied to the analysis of damage

. in continuous fiber composite materials. Several extraneous

factors that affected the precision of the measurement

3 technique were eliminated. Wave speed and attenuation can

be measured with a precision of ±0.1% and ±1.0%, respect-

tively.

n Graphite/epoxy laminates were monotonically loaded and

at each step the wave speed and attenuation were measured

at 2.25, 5.0, and 7.5 MHz. The wave speed showed no

apparent decrease as the damage (transverse matrix cracks)

increased. However, the attenuation did increase with

-[ increasing damage. It was found that attenuation values are

not reliable until there is an even distribution of damage

within the area being examined. Although at 2.25 MHz

greater changes in attenuation were recorded it is believed

ik that the 7.5 MHz attenuation results give a better repre-

sentation of the damage within the composite.

~ ~. . . . . .
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INTRODUCTION

Since the application of composite materials has

become widespread, accurate qualitative as well as

quantitative techniques have been developed to evaluate

their performance. One focus of the applied research has

been to correlate the life of the composite component to

the amount of damage accumulation due to fatigue or mono-

tonic loading. The development of damage in composite

materials is a cumulative process. Damage growth can be

described as a coalescence of damage modes which develop

and interact in a manner subject to the orientation of the

plies in the laminate, the loading history, and the current

state of damage in the laminate. Reifsnider [1] describes

damage in terms of 'critical elements' and 'subcritical

elements'. Critical elements are defined as damage which

results in the final failure of a laminate (i.e., 0 degree

ply failure in tensile loading, unstable plies that have

not buckled under compressive loading, etc.). Subcritical

elements include porosity, microvoid growth, matrix crack-

ing, matrix/fiber debonding, and matrix splitting along

fiber directions. It is likely that the degree of sub-

critical damage in a composite component will influence the

final failure modes of damage. Thus, it becomes apparent

that monitoring subcritical damage growth and its behavior

This thesis follows the format of the Journal of

Composite Materials.
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may lead to better predictions of the expected life of

composite parts.

'I Recently there has been considerable work done in the

use of ultrasonics. Reasons for this are quite easily

explained. The connection between speed of sound in a

material and its elastic stiffness is well known [2,3].

In the case of composite materials, as the subcritical

damage, accumulates the stiffness of the laminate will

decrease. Another basis for ultrasonic evaluation is the

scattering of energy when a wave passing through the the

composite interacts with the newly created damage surfaces.

. This scattering will cause a relative decrease in the

amplitude of the wave. Therefore, one may be able to detect

damage growth by monitoring changes in wave velocity and

attenuation.

A technique to accomplish this is being developed in

qthe Wave Propagation Laboratory in the Department of

Aerospace Engineering at Texas A&M University. The method

involves the use of Fast Fourier Transform (FFT) signal

processing to calculate the wave speed and attenuation

pthrough a given specimen. It is the purpose of this thesis

~to implement the technique in the area of fiber reinforced

composite materials. Since the method is relatively new it

took some time before actual experimental results could be

obtained. Many of the test results did help to produce a

reliable measurement system.

.°



SURVEY OF LITERATURE

The methods for detecting damage may be separated into

two categories: 1) Destructive testing, and 2) Nondestruc-

tive Testing and Evaluation (NDTE). An example of destruc-

tive testing is the deply technique [4]. Composite test

specimens are pyrolized after being impregnated with gold

chloride diethylether solution. Upon unstacking, the

laminate damage due'to loading may be viewed with the use

of a stereo microscope and fluorescent lamp. Destructive

testing has one obvious drawback - the specimens are

destroyed. Therefore, NDTE techniques are much more

desirable from the veiwpoint of field applications.

Reifsnider, et al. [5] define NDTE as '...that

activity associated with experimental schemes used to

interrogate the state of stress and state of the material

*without influencing either of those states or altering the

strength, stiffness, and life of the laminates being

* evaluated'. A complete description and comparison of NDTE

techniques is given by Sendeckyj [6]. Nondestructive

techniques such as surface replication, X-ray radiography,

vibrothermography, holography, and liquid crystal coatings

have been applied to composite materials by Stalnaker [7],

Dance [8], Jones [9], Maddux [10], and Charles [11],

respectively.

The main focus of the present research concerns the

application of ultrasonics to assess damage in composite

74.A
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materials due to fatigue or monotonic loading. Much work

has been done in the area of Acoustic Emissions (AE).

Whenever a micro-failure takes place (i.e., fiber breakage,

matrix cracking, etc.) stress waves are emitted from the

source. By monitoring a test specimen under loading with a

triangular array of transducers one may locate the failure

site by using the arrival times of the stress pulses

received at the transducers. Bailey, Freeman, and Hamilton

[12] used the above technique in conjunction with X-ray

radiography to correlate AE signal amplitudes with

different types of damage progression in fatigue loaded

[,[ composite plates. R. Williams [13] has combined AE and

thermography to monitor damage growth in boron/epoxy and

boron/aluminum specimens subjected to fatigue loading.

Arora and Tangri [14] used AE techniques to detect and

continuously monitor subcritical crack growth in Zr-2.5%

p. Nb. Block [15] tested a number of composite specimens and

determined that AE events generated by fiber fracture have

substantially higher peak amplitudes than those generated

by resin-controlled mechanisms. Ulman [16] observed that an

increase in AE count rate coincided with the onset of

matrix plasticity and also damage development at high loads

in metal matrix composites.

As reported by Williams and Egan [17] AE results

contained in much of the literature are largely qualitative

even though quantitative measures are often presented.

Comparison of AE research is almost impossible due to the
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insufficient reporting of the technique used. Also, due to

the complexity of the problem, even within a single

specimen a small change in stress may result in a number of

AE events, some of which may initiate from different

sources. Therefore, comparison of single AE events to one

another will most likely not lead to source mechanism

. . discrimination. However, by combining individual AE

spectral densities to derive 'mean' normalized densities

which in turn could be statistically analyzed, Williams and

Egan were able to provide quantitative discrimination

between AE from 10, 90, [±45,±45] degree specimens during

tensile loading.

Another type of ultrasonic evaluation is the C-scan.

* Blake [18-21] has reported the application of C-scan

digital systems to NDTE of composite materials. The

technique involves coupling a transducer to the specimen

and propagating longitudinal waves through the thickness

direction. The same transducer is used to receive the

reflected sound waves. The received signal may now be

pprocessed by analog or digital methods. Analyzing the

signature formed by digitally monitoring the amplitude of a

particular segment of a received ultrasonic waveform can

lead to information regarding material discontinuities.

Time domain representations of the wave form can be used to

correlate discontinuities which appear similar in the

amplitude signature. If an analog system is being used, the

gated portion of the total waveform is peak-height

IIQp, : " -'?- ///.?<-*.?- <.2.?'"? '.2. 2''32 " "?' '' '- -. .<-' ''' .



analyzed. In other words, the peak output is discretized to

ten levels in 0.1 volt increments. Each increasing level

P- corresponds to a darker shade of gray when transmitted to a

* pen amplifier. The pen burns the surface layers of an

ink-impregnated, electrically conductive paper to produce a

picture of the material integrity of the specimen.

-Alternatively, as in Blake's research, 3ne could digitize

the received signal. The digitized signal can then be

processed by a computer. Peak data lvotages5, are sent

through a microprocessor which performs gray scale

conversions and in turn sends the data to either a dot

- matrix prirter, an analog conductive paper system, or a

color graphics system. Chang, et al. [22,23] have developed

* an in-service inspection system (ISIS) which can produce

hard-copy real time plots and post-inspection C-scans to be

- used in production hand scanning. Post-inspection flaw

p magnification, flaw-amplitude listing, and RF (radio

frequency) waveform digitization are the major advantages

of the ISIS. Kiraly and Meyn [24] have developed a computer

controlled scanning system to monitor the initiation and

progression of local damage patterns in composite specimens

*- under tensile loading. While scanning a specimen, a 16-

level gray scale image is displayed on a CRT and stored on

- a floppy disk. The images may be stored in sequence of load

step which can be played back to create a movie showing

damage growth as a function of loading. Daniel [25] has

.. conducted C-scan evaluations of fatigue loaded specimens
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with temperature and moisture variations to monitor flaw

growth in graphite/epoxy laminates containing initial

flaws. Liber [26] has used C-scan to determine damage

IM behavior in flat and cylindrical composite specimens with

pre-existing flaws. The limitation of the C-scan technique

is that it only works with relatively large delamination

flaws; it yields little information about other flaw types.

However, the technique is useful in that it provides a

:pictorial view of specimen quality.

In the work done by Dreumal and Speijer [27,28] a

.technique called Polar Scan was developed which can

generate an image that is a unique fingerprint of a

specific laminate. The technique involves rotating the

w particular specimen of interest between two transducers and

monitoring the amplitude of the through transmitted

ultrasonic wave. In this way layer orientation and stacking

sequence may be determined. In the same manner as C-scan,

the signal is transformed into brightness modulation to be

viewed on a video screen.

In a series of papers Vary and his co-workers [29-37]

have studied the ultrasonic stress wave factor (SWF) and

- its relation to material characteristics. This technique

works on the principle of energy dissipation in a material.

During the failure of composites stress waves are generated

which interact with the different plies to promote

microcracking and crack extension. The effect of the stress

waves is restricted by the amount of scattering,

-4 -- 1 t



dispersion, and reflections due to microstructure and

boundary conditions of the specimen. Broad-band ultrasonic

pulses are propagated at normal incidence to the specimen

by a transducer. A stress wave is excited by the pulses and

travels in the lengthwise direction where it is received by

another ultrasonic transducer. The received signal consists

of a great number of oscillations due to multiple reverber-

ations in the specimen. In order to analyze the signal Vary

defines the SWF as E=(R)*(T)*(C). SWF is a measure of the

efficiency of stress wave energy transmission, R is the

a pulse repetition rate, T is an interval of time predeter-

mined for the reset timer of the receiver circuit, and C is

the number of ringdown oscillations exceeding a preset

threshold voltage. Vary has shown that microvoid content,

ultimate tensile strength, cure pressure, and interlaminar

shear strength all effect the value of SWF. Also, the SWF

was determined at various positions along specimens and the

location of minimum values of SWF correlated with the

actual failure sites when the specimens were loaded to

failure.

Following Vary, Williams, et al. [38-42] have studied

the effect of fatigue and impact loading on SWF and

attenuation. In earlier works with metals, Truell and

Hikata [43] established a relation between the attenuation

and number of recorded fatigue cycles in aluminum. Joshi

and Green [4 4 ] have successfully used attenuation to

. monitor fatigue damage in polycrystalline aluminum and
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.9 steel specimens. Williams and Doll [38] have monitored

attenuation and wave velocity in the frequency range of 0.5

I to 2 MHz in compression-compression fatigue loaded

unidirectional composites. Within ±5% accuracy, no change

in wave velocity as a function of fatigue was detected.

However, initial attenuation above 1.5 MHz was found to be

a good indicator of relative fatigue life. Williams and

Lampert [42] determined that impact damage in graphite

fiber composites can be assessed quantitatively using

either the through the thickness attenuation or the SWF.

Williams, Hashemi, and Lee [41] conducted a complete study

of ultrasonic attenuation and velocity in AS/3501-6

composites. In the range of 0.25 to 14 MHz they found the

wave velocity to be frequency independent although

attenuation was frequency dependent. Williams, Yuce, and

Lee [39] measured the attenuation at 4 MHz through

composite specimens which varied in cure temperature and

pressures and found good correlation with the number of

fatigue cycles to failure and an increase in attenuation.

Hayford, et al. [45] dete rmined correlations between

initial attenuation and shear strength in graphite

polyamide composites. Henneke, et al. [46] have also

studied the relation between SWF and fatigue life in

composite materials. Talreja [47] has applied spectral

frequency analysis and obtained close agreement between

spectral density and stiffness changes. Nimmer [48] has

used attenuation and wave velocity to monitor damage

"'
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accumulation in composite flywheel disks. Hemann [49] has

conducted a study of the effect of stress on ultrasonic

pulses in fibrous composites. The velocities were found to

be frequency dependent, but weakly dependent on the stress

in the specimen.

The anisotropy of composite materials can greatly

complicate the interpretation of the received ultrasonic

signal. Kriz, et al. [50-52] and Kinra and Eden [53] have

applied the solutions of the Christoffel equations [54] to

graphically depict stiffness, longitudinal wave velocity,

and shear wave velocity variations in specified planes for

graphite/epoxy laminates. Deviations between wave

propagation direction and energy propagation were found to

be as large as 60 degrees. This has some rather interesting

implications concerning the interpretation of received

ultrasonic pulses. Kriz [51], Tauchert and Guzelsu [55,56]

.q have experimentally determined elastic moduli by relating

wave velocity measurements in various propagation

directions to stiffness.

The previous velocity measurements in composites have

relied on monitoring the time-of-flight of a through

transmitted pulse. This technique works well if the

specimen is thick. If it is too thin, then multiple

reflections within the composite from the front and back

surfaces may interfere with the received wave packet. In

order to alleviate this problem a new technique, ultrasonic

spectroscopy, has been investigated. Chang, et al., have

4, A2 - - % 4Z4'



utilized the connection of resonance and frequency to

determine wave velocities in thin composite specimens

within ±2% [57].
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THEORY OF OPERATION

U A complete derivation of the governing equations is

given in Reference 58, but for continuity in the discussion

of the measurement technique a brief summary is presented

here.

First, consider a compressional wave travelling

through medium 1 (for our case medium 1 is water) striking

the specimen, medium 2, as shown in Figure 1. A portion of

the wave, f(t), is reflected at the front surface, and the

rest enters the specimen and is reflected at the back

surface, s(t). Of course, multiple reflections propagate

back and forth between the two surfaces, but for now

consider only s(t). From Ref. 58 if we let S (w) and F (w)

be the inverse Fourier Transforms of s(t) and f(t),

respectively, then it can be shown that

F =aR21 e

-where ~T T
21 12a = (2)

R R
21 12

pC -pC

R - 11 22 R -- R (3)
12 21 12

5 PC +-P C
1 1 2 2

2pC 
(4)T 12 P IC 1 + P 2C 2 3 1 2 T1

N %

Id ~ ~
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U

Medium Medium Medium
1 2 3

S(t)

f(t)

t

. f(t

h

ia Figure 1. Problem description.
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k is the complex wave number (k-k,+ik.), h is the

specimen thickness, R,, is the reflection coefficient in

medium 1 at its interface with medium 2, and T, 2 is the

transmission coefficient from medium 1 into 2; R., and T2

have similar interpretations. C is the wave speed, and p is

the density.

Substituting for a into equation 1, and recognizing

the real and imaginary parts of S (w) and F (w) we have,

Me " T2,T,2e - i2 kh (5)

Siwhere

IS*(w)I
M and (6)

IF* (w)I

0 is the phase difference between the second reflection and

the first reflection.

Substituting k-k,+ik 2 into equation 5, where k,-2vf/C,

k. is the attenuation, and f is the frequency, we have,

Me-. = T~~ 2k2he-i2 klh. 7

4.

Next, equating the amplitudes and then taking the

natural log of each side gives .,

k ,  0 */2h = 2wf/C (8.)

o% %
% W,

61 6:n
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or

I wave speed - C - 4wh/(O/f) , and (9)

attenuation - k2 - [inM - ln(T,,T, 2 )J/2h. (10)

In this study attenuation is expressed in terms of the

normalized quantity k2A, where X, the wavelength, equals

C/f.

Therefore, to calculate the wave speed one must take

the Fourier transforms of the first and second reflections,

- extract the phase information from each, calculate the

phase difference between the two, and then plot this phase

Idifference versus frequency. From this plot the slope O/f

is obtained and used in equation 9, to calculate the wave

speed.

The attenuation is calculated using the amplitude

information given by the Fourier transforms. These data are

substituted into equation 10 for M.

"V.

S
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EXPERIMENTAL PROCEDURE

S Equipment Setup

-' Figure 2 is an overview of the equipment used. The

experiment is initiated at the pulser/receiver (Panametrics

Ultrasonic Analyzer Model 5052UA). The analyzer is a

broadband ultrasonic device which includes a pulser, a

receiver, a stepless gate, and an assortment of damping and

*" energy controls. The analyzer sends a broadband pulse of

approximately 300 volts peak-to-peak to the transducer at a

repetition rate selected by the operator. At the same

instant (taken as time t-O) a triggering pulse is sent to

the digitizing oscilloscope (Data Precision Model Data

6000). The transducer launches a compressional wave in

water towards the specimen. The same transducer is used to

receive the reflected signals from the specimen. The

p signals are then sent back through the analyzer where the

stepless gate is used to isolate the desired portion of the

waveform from the spurious signals. From the analyzer the

gated waveform is sent to the Data 6000 for signal

processing. All Fast Fourier Transform (FFT) computations

are performed at the Data 6000 and the results are sent to

the Minc PDP 11/23 through an IEEE 488 bus line at which

time the data are used to calculate the wave speed and

attenuation.

Figure 3 is a picture of the water tank. Although not

shown, the tank was insulated with 3/4 inch styrofoam for

I
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better temperature control. Located at the bottom of the

gtank are three thermostatically-controlled submersible

heaters. The heaters were used to maintain the tank's water

temperature within ±0.5 0 C during the tests. The tank was

also equipped with a small electric fan which was used to

stir the water and eliminate temperature gradients. The fan

was always turned off prior to a measurement and ample time

was given for the water to become quiescent. Temperature

" was monitored using a Tektronix 501A Digital Multimeter and

its associated platinum tipped probe.

Specimen Preparation

All composite specimens were fabricated using

IMagnamite AS4/3502 graphite prepreg tape supplied by

Hercules Incorporated. The prepreg tape came in the form of

12 inch wide rolls and was stored at 00 C until use.

Magnamite AS4/3502 is an amine-cured epoxy resin reinforced

with unidirectional graphite fibers. The fibers are

Hercules continuous type AS4 (high-strength) graphite

filaments that have been surface-treated to increase the

composite shear and transverse tensile strength. Hercules

3502 resin was developed to produce improved mechanical -

, properties in temperature environments of 350 0 F. 7

Specimen layup geometry was chosen on the basis of a

somewhat controllable damage mode (i.e., transverse matrix

cracking). Also, it was the purpose of this investigation

. to determine how damage affects the propagation of

p , . ~ .-.. / - _;- .,.. ,. ... %' - , -. --. .,. ....
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longitudinal waves. Therefore, complicated layups would

yield a more complicated damage mode making it difficult to

correlate specific changes in wave speed and attenuation to

certain damage states. It was for the above reasons that

only [On,90n]s specimens were manufactured because whenN
loaded the primary source of damage is transverse matrix

cracking in the 900 plies. Table 1 , page 21, gives a

listing of the geometries chosen.

The laminates were layed up in accordance with the

method used by the Vought Corporation. The press used for

the curing process was designed at Texas A&M University

from a similar press located at General Dynamics Ft. Worth

Division. The press is controlled through a microprocessor

j which regulates temperature, pressure, and vacuum. The

microprocessor was programmed to perform the manufacturer's

curing profiles in Figure 4. After curing, the composite

plates were cut into 1 inch wide by 11 inch long test

specimens using a Precision slicing and dicing diamond saw

made by Micromech MFG. Corporation. The edges of the

specimens were then polished with 0.5pm and then 0.1pm

alumina powder in order to produce better quality edge

replications. The ends of the specimens were tabbed with

cross-ply fiberglass so as not to damage them during

loading.

Loading Procedure

All loading of the specimens was performed on an

- ~ ..'. |
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Table 1. Specimen Geometries

Specimen Number Layup

A2 1O2/908/021

A 102/901/0 2J

Bi 1 10/901/021]S

B2 106/901/0 2J

po
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Instron Model 1125 equipped with a twenty thousand pound

load cell. The tests were conducted at a crosshead speed of

0.05 in/min. The loading direction is given by Figure 5.

Two inch wide wedge grips were used to hold the specimens

in place. After loading, the specimens were reloaded to

1000 lb and edge replications were recorded. Replications

were made by presoftening the replicating tape with acetone

and then pressing this softened tape against the polished

Vedge of the specimen. Upon hardening the tape was peeled

off and could be viewed under a microfiche reader. Edge

replications were taken from both edges at the end of each

load step.

B Transducer Selection

As stated earlier, the technique used for making wave

speed and attenuation measurements involves the distinction

between the front and back surface reflection from the

specimen being analyzed. Since no previous work had been

done, the choice of the transducer from which the best

signal (i.e., clarity and pulse separation) would be

obtained was done on a trial and error basis. The trans-

ducers which were examined for use in this investigation

were 1.0, 2.25, 5.0, 7.5 and 10.0 MHz center-frequency.

Figure 6a represents the signal from a [0/90a]s 8-ply

laminate when analyzed by a 10.0 MHz transducer. It is

obvious that the first reflection interferes with the

second. Figure 6b is the signal from a [0/90,]s 10-ply
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Figure 6b. Response for 80 ply at 10 MHz.

VOLTS 
A

a. ,W-a a. - 4L so-

Figure 6c. Response for 10 ply at 1.0 MHz.
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specimen. The beginning and ending points of the first two

reflections are impossible to locate. Figure 6c is the same

specimen as above, but now the transducer being used is 5.0

MHz. The signal is very clear, but it is still impossible

to separate the two pulses. Figure 6c led us to believe

that if a thicker specimen were used, then perhaps the

front surface reflection would die out before the second

reflection arrived. Accordingly, a 16-ply, [02/90212s

specimen was made to check the above conjecture. At 10.0

MHz, Figure 7a, separation was still very poor. However,

when at 5.0 MHz transducer the signal received signal with

the 16-ply specimen showed good clarity and fairly clear

separation (Figure 7b). For continuity the 16-ply specimen

was examined using a 2.25 and then a 1.0 MHz transducer

(Figures 7c and 7d, respectively). The response for the

2.25 MHz indicated clarity was not a problem, but the

separation was indistiguishable. At 1.0 MHz the signal

became completely undefinable.

With the success of the 16-ply-5.0 MHz combination an
18-ply, [0/902],s and a 24-ply, [0,/903],s were made in the

hope of improving the signal at the other frequencies.

Figures 8a and 8c show the response for the 18 and 24-ply

specimens at 5.0 MHz. Clarity and separation are both

acceptable. Figures 8b and 8d again show the responses for

the 18 and 24-ply, but this time at 2.25 MHz. Both have

acceptable clarity, but for the 18-ply separation of the

K two reflections is difficult. However, the 24-ply shows
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excellent separation. The 24-ply was then examined at 7.5

MHz (Figure 9). Clarity and separation were excellent.

The responses for the 24-ply specimen at 10.0 and 1.0 MHz

were still unacceptable. Therfore, in this study only 24-

ply specimens were tested at 2.25, 5.0, and 7.5 MHz due

to tke consistent nature of both clarity and pulse

separation. It should be mentioned that when we say the'd .

signal is unacceptable we mean that it is unacceptable for

the pulse-echo technique under consideration. The signal

still contains information about the specimen.

4.

Transducer Modification
In order to insure that each transducer was interro-

gating the same area, a slight modifi.cation of the trans-

ducer's piezoelectric crystal was necessary. The transduc-

ers used had circular piezoelectric crystals of different

0g diameters. Two problems arose from the circular crystals.

The most obvious was that the larger diameter crystal would

be examining a larger area on the specimen which could

contain damage not seen by the smaller diameter transduc-

ers. This would make comparison of the results from each

transducer impossible. Secondly, suppose a crack appeared

at the edge of the transducer viewing area as opposed to

the center (Figure 10). The crack at the edge would appear

to be a smalldr than its true length.

To alleviate the above problems a square window was

attached to each transducer (Figure 11). The material used

I
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Specimen Crack at center

qviewing area a

a, > a2

g Crack at edge

a2

Figure 10. Effect of circular piezoelectric crystal
on crack size.
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Figure 11. Square window modification.

2; -



i 33

to make the window had to be able to completely block all

S the signal not passing through the square window. It was

found that by mixing PMMA polystyrene crystals with 382

Medical Grade Elastomer (room temperature curing silicon

rubber) the signals at 2.25, 5.0, and 7.5 MHz would be

totally blocked. This may be attributed to the comparable

size of wavelength and PMMA particle size.

I,,

Wave Speed and Attenuation Measurements

Once the specimen had been loaded the last phase was

to measure the wave speed and attenuation. First, the

specimen was placed in the water bath and positioned at the

desired location for measurement. Air bubbles that were

attached to the specimen were swept off using a small paint

brush. It was found that if one used one's finger to remove

the bubbles this would leave a thin film of oil on the

specimen. Figure 12a shows the multiple reflections from an

aluminum specimen at 5.0 MHz. The stepless gate within the

pulser/receiver is then used to isolate the front-surface

reflection and the first back-surface reflection (Figure

12b). In order to process each signal individually a point

of separation between the two reflections had to be chosen.

From earlier tests with the 16 and 18-ply specimens at 5.0

MHz it was determined that picking a point closer to the

end of the first reflection would prevent other problems

from occurring as the loading progressed. For example,

Figure 13a shows the response from an undamaged 18-ply
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specimen at 5.0 MHz. The end of the front and the beginning

of the back reflection are fairly distinguishable. Figure

13b shows the same specimen at 5.0 MHz, but here the

specimen had been loaded to approximately 80% of its

ultimate strength. Now there is no point of separation

between the first and second reflections. What has happened

is that the second pulse, which sees the inside of the

specimen, has spread out due to its initeraction and

scattering with the large amount of damage in the interior.

The above problem was another reason why only the 24-ply

specimens were tested. The 24-ply specimens provided more
pr

room for the second reflection to spread out without

interfering with the first reflection due to the increased

pulse separation shown earlier.

The next step prior to running the program was to

determine the range of frequency to be used when

Pcalculating the wave speed and attenuation. As stated

earlier, the wave speed is computed using the slope of the

phase vs. frequency plot. For demonstration, Figure 12c

shows the FFT of the front surface reflection from the

previous (Figure 12b) aluminum specimen at 5.0 MHz. The

range chosen should be close to the center frequency to

insure the response of the transducer outside its normal

operating range will not be used. A generally good rule to

follow is to pick a range where the magnitude is 25% of the

center frequency on each side. Figure 14 shows the phase

versus frequency plot for the aluminum specimen. The range
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of frequency used to evaluate the slope was from 3.4 to

p 5.75 MHz, as given by Figure 12c. At each position on the

specimen the range for each transducer was chosen prior to

loading and remained constant throughout the loading

history.

All attenuation results are reported in terms of the

quantity k2 A where k 2 is the complex part of the wave

number k and X-C/f (see theory of operation). At the start

'of the tests it was believed that the same range of

frequency (for a particular transducer) used in computing

wave speed could be carried over to the attenuation

calculations. Figures 15a, 15b, and 15c show the plots of

k 2X vs. frequency for a 24-ply specimen at 2.25, 5.0, and

7.5 MHz, respectively. The solid lines indicate the

frequency range used in the determination of the wave

speed. It is evident that over these ranges the attenuation

varies greatly making it impossible to assign a specific

value for kA. For this reason the ranges were narrowed to

eliminate some of the scatter. The new ranges are indicated

by the dashed lines. The * indicates the averaged value of

k 2A and is assigned to the mid-point of the frequency

range. Figure 16 depicts the three values of k2A determined

from the previous figures.

.3°
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IMPROVEMENT OF MEASUREMENT TECHNIQUE

The main objective for using FFT signal processing was

to achieve a very high level of precision in wave speed

measurement (±0.1%) and attenuation measurement (±1.0%).

The reason that FFT analysis is so powerful as opposed to

time delay or amplitude measurements is that the FFT makes

use of the fact that each point within the wave form

contains information about the specimen. Time delay and

amplitude measurements usually involve monitoring the

position of only one point within a wave packet. In order

to utlize the effectiveness of FFT signal processing all

extraneous factors that affect the measurement technique

had to be eliminated, if possible. To this date we have

identified five major sources of error: 1) temperature, 2)

water absorption, 3) positioning of the specimen, 4)

9 repetition rate, and 5) FFT window choice.

Temperature

It is well known that in most materials the stiffness,
44

and therefore the wave speed depends upon temperature. In

order to carry out a well controlled experiment it was

.6 deemed essential to study the temperature dependence of the

wave speed in composite materials. The temperature range

investigated was from 6 to 30 0C. Specimen 16-5, [02/9022s,

was used for this investigation. From Figure 17 it was

observed that over the temperature range of 6 to 30 0 C there

S%
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was an approximately 2% decrease in the wave speed. The

straight line is the result of a linear least squares fit.

In the present set-up we have the capability to control the

temperature to ±0.5 0 C. From Figure 17 it was found that a

0.5 0 C change in temperature corresponded to only a 0.05%

change in wave velocity- the temperature contribution to

the total error is about 0.05% which in view of the overall

objective of ±0.1% is an acceptable figure.

Water Absorption

For [On/90n] geometry laminates the major form of

damage created by tensile loading is transverse matrix

cracking. Since this technique involves water immersion it

was of some concern that the damaged composite may be

absorbing moisture via the newly created cracks. It was

found that for highly damaged specimens water absorption

during measurements could cause variations of ±3%. In order

to eliminate this problem the specimen was dipped into a

strippable rubber coating, made by Dupont, prior to

submersion. The coating would dry in about 5 minutes and

then could be peeled from the top and back surfaces leaving

the edges sealed. This precaution measurably eliminated the

problem.

Positioning

Due to the inconsistencies within a composite (i.e.,

matrix or fiber rich regions, thickness variations, surface2 J
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marks, etc.) a means for reproducing the same position of

the transducer relative to the specimen was developed.

Figure 18 represents the end result. First, the location

tabs must be mounted on the specimen (Figure 19). These

tabs allow for exact reproduction of three horizontal

positions located on the specimen. The guides on the

fixture keep the vertical position constant. The transducer

location is permanantly fixed as well as the specimen

holder. One-hundred gram weights were used to keep the

specimen completely flat and also to insure the specimen

did not move during the measurement. It was estimated that

the position accuracy is within ±.001 inches.

Repetition Rate

As mentioned earlier a repetition rate is selected by

the operator. In the early stages of this work, we selected

a repetition rate of 5 kHz, for no particular reason. This

means that the experiment was repeated every 0.2 milli-

seconds (ms). Random errors as high as ±5% were observed. A

careful examination of the experimental procedure revealed

the following source of error. Suppose the transducer is

energized at time t-O. It will take some time (say t.)

before the mechanical energy, propagating in the form of

waves, will be completely dissipated. If the subsequent

experiment is initiated at some time t<t,, the results will

be erroneous: the waves left over from the previous

experiment will interfere with the waves of the present

!q
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9N

experiment. This phenomenon sets an upper limit on the

3 repetition rate (lower limit on the time between two

experiments). By trial and error we found the upper limit

on repetition rate to be 1 kHz. To eliminate the problem

completely we chose a repetition rate of 500 Hz (i.e., time

interval of 2.0 ms).

FFT Window Choice

The most common window used in FFT signal processing

is the Hanning window. The Hanning window is a cos 2

weighting function which smooths out the starting and

stopping points of the signal to be processed. Through the

course of technique preparation it was determined that the

position of the pulse within the total signal length would

greatly affect the output from the FFT. For example,

suppose we have one pulse whose frequency contents we wish

to examine. For brevity, Figure 20a shows only three

positions along the signal length at which we have stopped

to analyze the pulse. Figures 20b, 20c, and 20d are the

corresponding FFTs for the three signal positions. It is

apparent that the amplitudes of the frequency distributions

reach a peak value at the center of the total signal. To

determine how this affected wave speed measurements the

above analysis was repeated using the front and back

reflections fi'om a piece of aluminum and then a composite.

Wave speed was measured at constant intervals as the two

pulses were moved along the signal length. Figures 21 and
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22 show the results for the aluminum and composite

3specimens, respectively. Both plots indicated a strong

dependence of wave speed on position at the beginning and

end of the total signal length. The relatively constant

behavior of the wave speed towards the center led us to

believe that the cos' tapering effect of the Hanning window

was the problem. Since the signals used in this investiga-

tion are well behaved (i.e., no jump discontinuities it was

assumed that a rectangular window would yield better

results because there would be no tapering. To verify this

the above experiments were repeated using a rectangular

window instead of a Hanning window. The rectangular window

proved to eliminate position along the signal length as a

source of error in wave speed measurements.

VK
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'A TECHNIQUE CALIBRATION

In order to calibrate the technique the longitudinal

wave speed in aluminum was measured first. The surfaces of

a block of aluminum (6.35 mm) wer.e polished to a O.1pm

finish. The water bath temperature was held fixed to

±0.I 0C. A transducer with a 5.0 MHz center frequency was

used. The specimen was held fixed at one place and the

results of five measurements are shown in Figure 23. The

reproducibility of the measurements is ±0.02% (i.e., two

parts per ten thousand). Solid lines indicate the error

bounds. Next, we studied the effect of removing, drying,

and replacing the specimen (simulating the corresponding

i events for an actual composite specimen). The results are

shown in Figure 24. The precision is reduced from ±0.02% to

±0.08%.

The attention is now turned to a graphite/epoxy

specimen. This was a 24-ply specimen that had been loaded

to 30% of its ultimate strength. As before, when left in

place the precision in wave speed measurement was ±0.02%.

When removed, dried, and replaced the precision was reduced

to ±0.08% (Figure 25).

The attenuation was checked in the same manner as

above and it was determined that after removing, drying,

and replacing the specimen, the precision in measurement

was ±1.0% (Figure 26).

In summary, the technique has been developed to a



53

+1 E

L

0

0 E)

E 
:

L l

0 v

IN -4
0 co

L 0

CMl

U 0
'-IC.

U*) MI -m 0) N UNTm m m

(Sfl/ww) 033dS BAYM IVNioflhIONOI



CD E
+1

00

.C-

.04Q)

m

0

0D En p

L

-4

CMj

0 06

3c 0)

in, Cr -0)N

m m m

(sfl/ww) 033dS 3AYM 1VYNiof.LioNO-1

gUl
L x" 

- .111 -ll



55

0

-C,

> 0 a
0 0d
E M C

01) 2 )

ob

00

CL

u H )

C' 0 0 '

v-4

ws/w 3d AV VinIN-



56

p in

00

0-0 
0)

m 
0 z.

a

L 

-

0r 0 0
X W -4 4

1 
0 as

~-Lo

coI 0

L.'.0

Ln a)

CL bL

0

in) m r
mmm N ~ M NM

- - - Y-4 -2H

N S S S S S S



57

point where the wave speed and attenuation can be measured

with a precision of ±0.1% and ±1.0%, respectively.
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RESULTS AND DISCUSSION

At the end of each load step the wave speed and

attenuation were measured at each position using 2 .25, 5.0,

and 7.5 MHz transducers. The results are presented in two -

parts. The wave speed data are explained in the first

section and then the attenuation results follow.

Wave Speed

Before examining the results of this section the

original goal of this investigation should be mentioned.

First, si-.ce the level of precision for this technique is

much higher than those of earlier methods it was hoped

that the detection of damage growth at very low load levels

could be detected. Much of the original work for this

thesis concerned only the measurement of longitudinal wave

speed and its direct correlation with stiffness. Test

results not reported here, inaicated that the wave speed

through the thickness direction was not affected by damage.

However, at higher load steps a rather disturbing

observation was made: the wave speed increased. Actually,

the wave was interacting with the damage in the interior

and becoming more and more scattered. Since the second

, reflection was spreading (explained previously) it gave the

perception that it was returning faster from the back

surface. For completeness, a few of the wave speed results

.. are presented here, but, as will be observed, no change

!L
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within the experimental error could be detected.

Figure 27 first shows the wave speed versus frequency

for three positions (see Figure 19) along specimen A3 prior

to loading. The wave speed exhibits a slight dependence

upon frequency. Next, Figures 28-31 are the plots of wave

speed versus stress level for each position (i.e., the

stress at which the specimen had been previously loaded;

all measurements were taken under zero load conditions).

Figure 32 displays the final damage states for each

position. Position 1's final damage state explains the

large increase in wave speed at the last stress level as

indicated by Figure 28 and 29. The second reflection has

become so scattered that an accurate measurement of wave

speed is impossible. Positions 2 and 3 show no consistent

trend regarding their final damage states.

Figure 33 shows the wave speed data at position 1 for

the other geometry tested, namely, [0,190,O 0]s, specimen

BI. Here, the wave speed is slightly more dependent upon

k: frequency than it was for specimen A3.

In summary, no definitive dependence of the

through-the-thickness wave speed on damage could be

= C

established.

Attenuation

Having given up on the wave speed as an indicator of

damage we now turned our attention to attenuation. During

previous tests involving only wave speed measurement it was

0
%~
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Position 1

rrttn

Position 2

Position 3

Figure 32. Final damage states for specimen A3 at
positions 1, 2, and 3.
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consistently noted that as the damage increased within the

Wspecimen the amplitude of the second reflection would

decrease. At first, a canonical approach was taken to
4.

correlate damage to attenuation. We wanted to determine the

effect of a single isolated transverse crack and then apply

this information to higher damage states. Much of the work

was aimed at capturing one crack in the insonified area.

Unfortunately, efforts to measure experimentally the

scattering cross-section of a single crack failed; the

reasons are explained later. However, results do indicate a

definite trend in attenuation with frequency at higher

*. damage states. In the following, the attenuation of the

undamaged specimen was .btracted from that of the damaged

specimen; thus, the difference is due only to the damage

state.

Specimen A2 is a good indicator of the problems

associated with trying to measure the effect of one crack.

Figure 34 depicts how one crack under the transducer can be

misleading. Each line represents a different position on

the specimen, each having one crack in a different area of

the transducer window. The cracks associated with positions

1 and 3 (Figures 35a and 35c) are located near the edge of

the window while the crack associated with position 2 is in

the center (Figure 35b). It is obvious that crack position

under the transducer is affecting the attenuation results.

Two possible explanations for'the above problem are: 1) It

is assumed that the compressional wave that was launched
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Figure 35a. Crack location f'or position 1, specimen A2.

Figure 35b. Crack location for position 2, specimen A2.

qElM

Figre 5c.Crack location f'or Position 3, specimen A2.



- - - - - - -- - - - -

70

from the transducer was of constant amplitude across the

face of the transducer. If the amplitude was not constant,

perhaps peaking in the center [59], then cracks near the

edge would have less energy to scatter making them appear

to have a smaller effect, and 2) When the wave and crack

interact, the energy from a center-crack would see a larger

Vdecrease than a crack near the edge (Figure 36). This

problem was again identified with specimen A3. Figure 37 is

another plot of the effect of crack position, but this time

there were groups of cracks instead of a single one.

Figures 38a, 38b, and 38c indicate the position of the

crack groups. From Figures 34 and 37 it is obvious that

when the crack appears in the center the attenuation

response is similar (i.e., attenuation decrease with

increasing frequency), but the edge cracks give results %

that are inconsistent.

The attention is now turned toward the multiple crack

problem. The preceeding figures are the plots of attenua-

tion versus frequency for three positions along each

specimen. Each curve in the figures indicates a higher load

step. The numbered load steps indicate steps at which new
a-

cracks appeared within the insonified area. After each plot

of kA versus frequency there is a set of photographs

(damage states, DS) that correspond to the numbered load

steps. Figures 39-44 are the plots of kA versus frequency

and corresponding damage states for specimen A2. Unfortun-

4%

ately, for this particular layup, [02/90,/02]s, it was

Ii ; "" " " " " " " - ' " ', - ", . "" - - "" ."". -'" . -"--" • " . " .. -. -."". .."' -'" " "". -"" ' - "' ' .
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Energy

* Energy returning

for crack near the
edge

Specimen 2-,0

Figure 36. Effect of crack position on the energy
returning to the transducer.
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Figure 38a. Crack location for position 1, specimen A3.

1MM'

Figure 38b. Crack location for position 2, specimen A3.

Figure 38c. Crack location for position 3, specimen A3.
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4.4

Daaestate 4

Daag -

Damage state5

Figure 40. Damage states for position 1 at load steps
14 and 5, specimen A2.
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IM

Damage stat e 2

MM,,

-'-I

Damage state 4

Figure 42.. Damage states for position 2 at load steps
2, 4, anid 5, specimen A2. 4
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-MM

Damage state 4

MMC

Damagestate

'S

Figure 4J4. Damage states for Position 3 at load stepsI

44 and 5, specimen A2.
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difficult to capture a steady increase in damage growth

during loading and hence the fifth load step shows a sudden

jump in attenuation. From position 1 the last load step

shows the same trend in attenuation response as that for a

single central crack, namely, the attenuation decreases

with increasing frequency. The damage for position 1 at the

last load step (Figure 40, Damage state 5) is evenly

distributed. On the other hand, position 2 shows the effect

of not having an even damage distribution (Figure 42,

Damage state 5). Figures 43 and 44 are the attenuation and

corresponding damage states for position 3. Again, the same

trend in attenuation is observed as the damage state

becomes more balanced at the final load step.

j It was considered desirable to repeat the same series

of tests for another specimen of the same geometry, A3. The

attenuation plots and corresponding damage states are

*recorded in Figures 45-50. The trend of attenuation

decrease with increasing frequency for evenly distributed

damage cases is apparent and thus reconfirms the previous

results.

The next step was to examine the effect of scaling of

crack length. For this, a 24-ply specimen with layup

geometry [0,/90/02]s-B1 was tested. The damage growth in

this specimen was much more gradual than that in the

previous one, allowing for a complete depiction of damage

growth versus attenuation changes. Figures 51-53 show the

attenuation results obtained and the corresponding damage

- %- - - - - - . . -. ". % " °.b% . -. -
.

.'- -. '- -.. % . - - . o. % ". , o ° ',. " , -. . s '
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I i

Damage state 3

Figue 4. Daagestats fr poitinDag stae 4tp

3,4,an 5 secme A3
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°Q I

p

Damage state 4

S

Damage state 5

-..

*Figure 48. Damage states for position 2 at load steps
4 and 5, specimen A3.
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Damage state 4

Damage state 5

Figure 50. Damage states for position 3 at load steps
~4 and 5, specimen A3.
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Damage state 3

Damage state 4

Damage state 5

Figure 52. Damage states for position 1 at load steps
3, 4, and 5, specimen B1.
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pictures at each load step for position 1. The results

indicate the same trend in attenuation as before. Similar

S results were obtained for positions 2 and 3 (Figures

• " 54-59). Another specimen, B2, of the same layup was tested

and the results from B1 were reconfirmed (Figures 60-66).

To check if the results were consistent when going

from the 8-90o ply groups to the 4-901 ply groups a method

for comparison was required. It was hoped that we could

compare the effect of one crack on attenuation, but since

crack position led to erroneous results this was

impossible. The other alternative was to compare the higher

damagestates. Since at this point in the investigation the

only visible damage is transverse matrix cracking we chose

j to use the total crack length, a * N, as a means for

comparison (a is the crack length in the direction of the

wave propagation-Figure 67, and N is the number of cracks

p within the transducer window). From the previous results

presented, it is fairly well established that one cannot

begin to correlate crack length with attenuation changes

until the cracks have become evenly distributed within the

transducer viewing area. Unfortunately, in the case of the

e: [0./90,/02] specimens the cracks did not become evenly

distributed until the last load step. This would provide

only one point on an attenuation versus crack length plot.

Also, specimen A3's final damage state contained many

curved cracks. It may be conjectured that curved cracks

L 2 will attenuate the wave more than the straight cracks, but
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K7

'V;

Damage state 2

is~

Damage state 4

Damage state 5

Figure 55. Damage states for position 2 at load steps
.}1, 2, 4, and 5, specimen B1.
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Damage state 6

Damage state 7

Damage state 8

Figure 56. Damage states for position 2 at load steps
6, 7, and 8, specimen B1.
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*

Damage state 3

.,.,Damage state 4

Damage state 5

Figure 58. Damage states for position 3 at load steps

. 3, 4, and 5, specimen B1 .
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Damage state 4

MV

Damage state 5

Figure 61. Damage states for position 1 at load steps
4 and 5, specimen B2.
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Damage state 1

p-.7

*Damage state 3

Now

Damage state 4

Figure 63. Damage states for position 2 at load steps
1, 3, and 4, specimen B2.
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Damage state 5

Figure 64. Damage state for Position 2 at load step 5
specimen B2.
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MMJ

Ikq

Damage state 2

Damage state 4

Damage state 5

Figure 66. Damage states for position 3 at load steps
2, 4, and 5, specimen B2.
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Lhgo= Thickness of 90' 2

ply group
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Figure 67. Definition of crack size, a. "'
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since the relation between the attenuation of straight and

curved cracks is not clearly understood a comparison of the

two would be misleading. It was for the above reasons that

- any sort of comparison technique between the 8-900 ply

group and the 4-90 0 ply group specimens was abandoned.

However, as shown earlier, specimen BI did exhibit a

0, steady growth in crack number as the loading increased.

Figures 68-70 are the plots of k 2A versus crack length at

2.25, 5.0, and 7.5 MHz, respectively. Each line represents

the data from a different position along BI. The data for

each position are listed in Table 2. The scatter at the

start of each plot is probably due to the uneven

distribution of cracks in the beginning. What is important

i in the plots is the amount of scatter at the end. Since at

each position the cracks have become evenly distributed

and almost equal in total crack length one would assume

that the values of k2 X would become similar as more cracks

appear. From Figure 68 the data at 2.25 MHz indicate a

variance in k 2X of approximately 100% at the larger crack

lengths. At 5.0 MHz, Figure 69, the scatter is reduced to

about 40%, and at 7.5 MHz, Figure 70, the attenuations

Zfall within 10% of each other at the higher damage states.

These figures indicate that even though larger attenuation

changes were recorded at 2.25 MHz the values obtained may

not give an accurate description of the actual damage that

was present. However, as the frequency is reduced the data

seem to give a better representation of the damage state.

2_
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Table 2. Specimen B1 / Crack Length Data

Position Load Step Crack Length Change in k2 Lambda measured at

(mm) 2.25 MHz 5.0 MHz 7.5 MHz

1 4 1.5 .0202 .0084 .0103

5 2.5 .0266 .0139 .0135

6 3.0 .0426 .0197 .0217

7 5.0 .0621 .0316 .0278

8 8.5 .1208 .0509 .0374

2 4 1.5 .0036 .0029 .0018

,5 2.5 .0290 .0085 .0061

A"6 3.0 .0497 .0189 .0126

7 3.5 .0581 .0260 .0199q 8 7.5 .0769 .0490 .0318

3 4 2.0 .0296 .0078 .0107

5 2.5 .0297 .0078 .0077

6 3.5 .0617 .0172 .0206

7 3.5 .0691 .0210 .0210

8 7.5 .1154 .0356 .0330

1. % %.k 'N
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A possible explanation is that the wavelength, A, of the

rn investigating pulse is becoming comparable to the actual

crack length, a. For specimen BI, a-0.5 mm. The wavelength

at 2.25 MHz, X2 , through this particular composite specimen

is 1.36 mm. At 5.0 MHz A5 -0.61 mm, and at 7.5 MHz

i X,-0.41 mm.

4.

4'.

p
.
P

p
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CONCLUSIONS

The first sections of this thesis mainly concern

technique development and implementation. Although not

titled as 'results' the data obtained for these sections

served as starting points for each new test. As in the

development of any new technique many unexpected problems p

arise that have to be studied, explained, and eliminated if

* possible. Therefore, one of the major results would be the

production of a reliable measurement system. The wave speed

and the attenuation can be measured with a precision of

±0.1% and ±1.0%, respectively.

Two composite layup geometries were studied: 1)

[0,/90,/0.]s, and 2) [O,/90/O2]s. The specimens were

.0. monotonically loaded and at each step the wave speed and

attenuation were measured at 2.25, 5.0, and 7.75 MHz.

* No definitive conclusions can be made regarding the

influence of damage on wave speed.
p.

For attenuation, the problem of crack position within

the transducer window proved to be significant. The results

show that only at higher load levels, where the transverse

cracks are evenly distributed, can the attenuation values

be expected to exhibit a reproducible trend with frequency

(i.e., attenuation decrease with increasing frequency).

The attenuation data at 2.25 MHz consistently indicat-

ed a larger increase with increasing damage than the 5.0 or

7.5 MHz data. However, when the results were compared with

- 4.!v. . - * - -*'
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the total crack length it was observed that the 7.5 MHz

results gave a better depiction of the actual damage in the

composite.

-ld.

Li
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RECOMMENDATIONS

U, The reason for choosing the layup geometries tested

was to establish a relationship between crack size, a, and

its corresponding attenuation. It was hoped that these data

could be extended to the multiple crack problem. Since this

information was unattainable due to the problems previously

discussed it is recommended that new specimens be made that

PON contain smaller 900 ply groups. Even though a single crack

may not be detected the damage growth would probably be

more consistent.

Also, a more precise specimen holder needs to be

manufactured. From experience, it is believed that

reproducing the exact specimen position from test to test

is the most critical source of error.

p:

5;o
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ABSTRACT A fully computerized technique for the measurement of"
wavespeed and attenuation has been developed. The tech-

nique can be applied to a thin specimen . It has been used to me-
asure damage in specimens made of Magnamite AS4/3502 Graphite/
Epoxy. It has been observed that attenuation is a reliable mea-
sure of damage due to microcracks. To the best of our knowledge
this is the first technique which can be used to interrogate very
thin specimens.

INTRODUCTION It is well known that fiber-reinforced composite
materials develop a complex damage state when sub-

jected to mechanical or thermal loading. The residual strength or
fatigue life depends upon the current state of damage. When the
damage occurs, it has two effects upon the propagation of-a mech-
anical wave through the composite:1.It affects the stiffness and,
therefore, the speed of wave propagation; 2.It increases the
attenuation of the wave. Thus the ultrasonic parameters,wavespeed
and attenuation, are a measure of the damage of the composite.

A new technique of ultrasonic NDE of composites is present-
ed here. Ultrasonic NDE has been around for years. However, none
of the existing techniques work satisfactorily for thin laminat-
es for the following reason: the wave reflection from laminate
faces are too close in the time domain and interfere with each
another. A new technique has been developed based on the follow-
ing theorem of the theory of Fourier transforms: the closer two
events are in the time domain, the farther apart are the corres-
ponding events in the frequency domain. The technique developed
here yields accurate measurements of wavespeed (or stiffness) and
attenuation (or damping) of longitudinal and shear waves in the
thickness direction.

The development of the technique and some results from its
application to fiber-reinforced composite,Graphite/Epoxy AS4/3502
laminates, of a variety of stacking sequences are presented.

* Grad Student Aerospace Engg.,Texas A&M Univ.,Coll. St. TX 77843

** Assoc. Prof Aerospace Engg.,Texas A&M Univ.,Coll. St. TX 77843
*** Engineer,Adv.Methods Gr.,General Dynamics,Fort Worth TX 76101 i



THEORETICAL ANALYSIS Consider a plate of a linear viscoelastic
material sandwiched between two half-spaces

of perfectly elastic materials. Consider also, a finite duration

pulse,ray 1,incident at the viscoelastic plate as shown in fig.1.

S j

Fig.1 Pulse reflection and transmission by a plate.
Due to the mismatch in the acoustic impedence of the three

materials, there will be an infinite series of reflected and tra- %

nsmitted pulses. These pulses contain information about the acou-

stic properties of the viscoelastic material.
Lptcthe displacement field along the incident ray 1 be given

by u -f(wt-k 0 x), where f(s)EO for s<O and w and k are
-ircular frequency and wavenumber of the first half-space,res-

pectively. The total reflected field is the sum of the following

rays, with (h-b-a and s-wt+k0 x).
u2-R 2 f(3-s 2 ); s,-2k a
uO-T, 2 R,,T,1 f(s-s.); s6 -2koa+2kh

u10oT1 2R2 R,,R 2,T21f(s-so); S1 o-2koa+4kh
where T -Transmission coefficient from medium i to j

RiJ=Reflection coefficient from interface of media i&j
ijwith wave incident in medium i

The sum of these rays is

u R,,f(s-2kea)+T,,RTa,,(R,2R)-f(s-s ;sm 2kam2kh (1)
, m-O m

Similarly, the sum of the transmitted field can be written

as t
U -T1 2T1,,(R 2 ,R,3) f(s-S M); s =a(k 0 -k,)+h[(2m+1)k-k 3J (2)m-O m m

It is to be noted here that k for a viscoelastic plate is a

complex wavenumber.
",. If we consider a plate immersed in water then in the above

analysis, the two half spaces are identical and the equations (1)

and (2) reduce to 0 2m1
u =R,,f(s-2koa)+TR 2 ,T2 ,R 21 (-f(S-S) sm2koa+m2kh

t _2mu -T1 2 T21 jR2 1 f(s-S ); smmh[(2m+1)k-ko]
m-O m m

Let us define the Fourier Transforms as

F1 iZf(t)e-iWtdt

Fo()2 _ fo(t)e - dt

,



from these we get

* 12koa * .w
F0 ()e F ()inc

If the incident field is u -fo(wt-kox),the reflected field
is given by u rRf,(wt-kox-2koa) where R-(poco-pc)/(poc,+pc). Let
the reflected signal as sensed by the transducer be f(t), then
f(t)-fo(wt-2koa). It can be readily shown that at x-0, the total
reflected field is given by .

r (0-) Fo(w)dwelwt[Rie 2 koa+ B ei{2koa+2Mkh)3

where 8m=Tj2RjjT 2 R rn-i

Let ur (Ot)-g(t) and G (w) be the Fourier transform of
g(t), then *

*G

e- 12mkh. [-;e -koaR 12 (3)m-1 F12-
mince 1+z*z2+Zl* ----- /(I-z) for Iz<i

Equation (3) can be written in thl formG

2-i12kh 
.z

Re - where $-all-(4)
* F

By measuring F ( FFT of the front surface reflection and G
(FFT of the total signal with all reflections) the complex valued
k(w)-k1 +ik 2 can be obtained from eq.(4).

Similarly, from the transmitted field it can be shown that

-ih(k-ko) (w)
-- -* (5)

-i2kh
1-R2,e T 1 2 T 2 1 F (w)

Here F is the FJT of the signal at the receiver when
there is no sample and G is the FFT of the total signal after
the sample has been introduced in the path.

The preceeding analysis is useful even when the sample is
thin and the pulses in the received signal are indistinguishable
from each other. However,if the pulses can be seperated out then
any two pulses can be used to obtain

G -12kh
-; -I-T 1 2 T,1 e (6)
F

where F is the FFT of the first pulse and G is the FFT of
two pulses. Substituting k-k,+ik, into eq.(6), where k,-2nf/c, k,
is attenuation, c is wavespeed and f is frequency and comparing
the real and imaginary terms on the two sides we get
k,-2flf/c-O/2h or c-4Hh/(O/f) and, attenuation k.-ln§-ln(T1 2 T,1 )j
where 0 is the phase of G /F -1 and M-IG IF -11.Deta1led
derivation of these equations is given in [1].

TECHNIQUE DEVELOPMENT Keeping in view the tremendous speed and
reliability which can be achieved by using

computers for collection and analysis of data, the equations dev-

Uo
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eloped above were interpreted in a way most suitable for computer
analysis. Several potential sources of errors were studied next.
These are:(1) Sampling interval,(2) Frequency resolution,(3) Tra-
nsducer response and (4) Adequacy of pulse seperation. The first
factor is the digitizing interval for the signal. FFT of a 10 MHz

signal at 10ns(100 MHz), 20ns(50 MHz) and 40 ns(25 MHz) sampling
intervals was studied. It was observed that at 10 or 20 ns the
frequency content of the signal is essentially the same. However,
at 40 ns sampling interval the signal loses some of its high fre-
quency content. The second factor considered was the resolution
of the signal in the frequency domain. A sampling frequency of 50
MHz or higher is being used and a resolution of 0.1 MHz or less
on the frequency domain is considered adequate. The third factor
considered was the useful range of the transducer frequency
response. The FFT of the first pulse is shown in Fig. 2b. It was
found that satisfactory measurements can be obtained over a freq-
uency range given by 25% of the peak amplitude. Fourthly, with
reference to Fig.2a, another source of error is that the operator
has to decide where the first pulse ends and the second one
starts. Hence as described in the theoretical analysis section,
methods have been developed where the full signal is analysed as
given in eqs.(4) and (5). For further details see [1]. The work
presented here is for specimens where the two pulses can be
seperated.

t S.

T'11 -Sec) Frejutnry lmmz) Frequency (M z)

Fig.2 (a)Two gated pulses of the reflected signal (b)FFT of First
pulse (c) Phase vs frequency for aluminum specimen.

EXPERIMENTAL PROCEDURE The block diagram of the experimental

setup is as shown in fig. 3a. The speci-
mens were fabricated using Magnamite AS4/3502 graphite prepreg -
tape made by Hercules Inc. All specimens were of 11"x1"x variable
thickness. The specimens were loaded on Instron Model 1125. The
tests were conducted at a crosshead speed of 0.05 in/min. Edge
replication was done with the specimens under a nominal load to
open up the transverse cracks.

In order to insure that each transducer was interrogating
the same area, a square window was attached to the circular
transducer as shown in fig.3b. These windows were made of room-
temperature-curing silicone-rubber mixed with PMMA particles. To
ensure that the tests were not affected by the temperature varia-

tions, the bath temperature was controlled to ±0.5 0 C. To elimina-
te the water absorption by microcracks, the edges of the cracked
specimens were coated by strippable lacquer ( Sherwin Williams ).

p To avoid the spatial irregularities of the composite (ie matrix

11W1



or fiber rich regions, thickness variations, surface marks etc),
to effect the measurements, tabs were provided on tne specimen to
replace it in the water bath to within ±0.001 in., after each
mechanical loading.

A.7

-- - "- .. I_

Fig.3(a) Block diagram of the experimental setup.
(b) Window attachment on the transducer.

RESULTS The technique developed here was first applied to an
aluminium sample. Fig.2a shows the first and second gat-

ed pulse for the aluminium sample and the phase vs frequency plot
is shown in fig. 2c. The phase as calculated by the computer is
modulo 211. It is converted to a continuous phase by adding 21"
after each cycle completion. Slope of the phase vs frequency
plot gives the group velocity. It was found that for the samples
tested,the group velocity was very close to the phase velocity as
the phase vs freq. plot was essentially a straight line. The wav-
espeed calculated from this plot was precise to ±0.02% when the
specimen was not moved. If the specimen was removed between tests
and replaced the precision is reduced to tO.1%. The same tests
were repeated with heavily damaged composite specimen and the
precision of the tests was found to be ±0.2%.

The errors in the measurement of attenuation were larger. It
was found that the attenuation could be measurement with a
precision of ±1.0%. All the results are presented with

,' attenuation in the non-dimensional form ie k2A. Fig.4 shows the
edge replications of the damage states and the corresponding
attenuation vs frequency curves. At lower frequencies the
attenuation is more sensitive to the damage than at higher freq-
uencies. It is observed that the attenuation gives a very good
measure of the extent of microdamage in the off-axis plies.

Fig.5 shows the variation of the attenuation as the crack
length increases. Here,the crack length is the measure of the
number of cracks and is the total length of the cracks in the
field of measurement.

When there are less cracks in the specimen then there is
some amount of scatter in the attenuation measured, but as the
total crack length increases the measurement becomes steady. For
details of these results see [2].

CONCLUSIONS A new technique for the measurement of wave speed and
attenuation of ultrasonic waves has been developed.

To the best of our knowledge this is the first technique that
gives satisfactory results even for very thin specimen.



The technique has been applied to fiber-reinforced composite

material specimens. It was found that whereas the wave speed ( or

stiffness) is rather insensitive to transverse cracking, the

through-the-thickness attenuation is a sensitive measure of the

damage state and hence is a potential damage metric. , h 6,

kaes. %U4.

I"- . -I -

q. . . _..., 4 -. : .

:e g stat 4

Fig. 4 Edge replications of damage state and attenuation vs
" frequency plot. L

A

n Pts. - II

zrack Length ,s

Fig.5 Attenuation vs crack length for a graphite/epoxy specimen.
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ABSTRACT

V' Wavespeed and attenuation, the ultrasonic parameters are
affected by the Internal structure or damage of the material.
Accurately measured ultrasonic parameters, In a composite coupon
are thus an- Indicator of the extent of the cumulative damage in
the coupon. A through-transmission water-immersion technique has
been developed for the measurement of the iltrasonic parameters.
The method utilizes the-Fast Fourler Transforms to convert the
time-domain signal to the Frequency domain signal. Computers are
used for the acquisition and analysis of data, for accuracy and
speed. This technique can be used to measure the ultrasonic
parameters of coupons of any thickness and material. The
technique presented here has been used to measure damage In
specimen made of Magnamite AS4/3502 Graphite/Epoxy. It has been
observed that attenuation Increase due to microcracks Is a
reliable measure of the damage In the composites. To the best of
our knowledge, this Is the first technique which can be used to
Interrogate specimens of any thickness.

N." INTRODUCTION

"iber-Reinforoed-Composites have been In use as structural
members for a considerable amount of time and various methods are
available for their testing. A detailed review of the methods and
techniques available may be'found in (1).

The complex damage state developed due to the loading
(mechanical or thermal) of composite materials. changes the
stiffness and the damping characteristics of the material. When
an ultrasonic wave is-passed through the composite, the wavyspeed
and attenuation measurements give the stiffness and damping of
the material. Changes tn wavespeed and attenuation are thus a
measure of the damage In the composites. It is our endeavour to
develop techniques to measure these" ultrasonic parameters
accurately. repeatably and quickly. We have used computers for
the collection and analysis of data, with least human

I



Intervention, so that the techniques can be automated.

The tonoburst method has been the most baslo method of the

wavespeod measurement. Since broad bursts or the alSnal(about 5
cyoles ) are used in, this method. It cannot be used when the
roflootions tram the front -and back surtaces of the specimen
Interfere. A computerised pulse technique was presented In 12)
for the measurement of wavespeed and attenuation. This method
also depends on- the separation of pulses and though thinner
specimens could be tested, since a single pulse is being used.
the technique failed when the pulses started interfering.

We present here a technique which can be applied to
speooimn of any thickness. A pitch-oatah signal pulse of a 1 MHz
transducer iS shown in Fig Ia. When a 10 ply composite specimen
Is Introduced In the path. tne tbtal signal received is shown-In
Fig lb. The technique presented here Is capable of calculating '4

wavoSpWod and attenuation from the signals of Fg I.g

. ....... .

TIM C. (V

Fig. a. PLtch-Catch signal of a 1 MHz transducer. b. Signal when
a 10 ply composite specimen Introduced In the path.

The development of the technique and some results from its
application to tiber reinforced composite Graphite/Epoxy AS4/3502
laminates with stacking sequences [0.904], are presented.

THBORSTICAL ANALYSIS

Consider a plate of a linear viscoelastic material sand-
wiched between two halt-spaoes of perfectly elastic materials.
Consider also, a finite duration pulse.ray 1,incident at the
viscoelastLo plate as shown in Fig 2.

0 Co  .pc 0 3 C 3

12

9
t 6 '4

Fig.? A sories of Pu1s4 reflected and transmitted by a plate.
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Due to the mismatch in the acoustic impedence of the three
materials, therswlll be an Infinite series or reflected and tra-
nsmitted pulses. These pulses contain information about the acou-stio propertiesor the vLacoelastLo material. 3

Lrt the displacement field along the Incident ray I be given
by u n-f(at-koz), -where f(s)ao for s(O and o and ke are
circular frequency and wavenumber of the. first halt space. The
total reflected field i the-- sum of the -following rays,' with
(h-b-a and s-wt~k.x). "

us-R1 ,f(s-sa)i sa-2kea
uG-TaR,,Taaf(*5se); s,-2ka.2kh
u1 $°TlzaogR1 Tj1 f(s-a 1 o); So-2k a4kh

where Tij-Transmission coefficient from medium I to j
IRN Reflection ooefficient from Interface of media L&jI with wave Incident In medium I

The sum of these rays Is
u rlsf(e_2kea)*T,,Ra:? T %(RsR,,)m'!lf(&am)32kamh(1m!O S-m ;s*-2koa*m2ich (1)

m-O
Similarly, the sum of the transmitted field can be written

as u t-T..Rgi (Rn R. )f(-s )a s) .-a( .-k.) h[(2m.)k-k, (2)

m-O

o t Is to be noted here that k for a vLscoolastic plate is acomplex wavenumber. '

i we oonsider a plate immersed In water then in the above

analysis, the two half spaces are identical and the equations (1)
and (2) reduoe to

u Raf(s2koa)*TaRaTaT R'M )- s2ke a m 2 k a

U m
t 2m in-1

u TcaTaaLR .4f(-3 a; 5 hC(23*1)k-k93

Lot us deflne the Fourier Transforms as

F (0-712i-Zf:(t)s-I" dt

from these we get

F:(.).,i2 k.a,*(.)

if the icident field is u tn-(ot-kox).the reflected field
is given by u -Rfo(ot-kx-2koa) where R-(poco-po)/(poCG.pc). Let
the refloted signal as sensed by the transducer be f(t). then
f(t)-fo(wt-2koa). It can be readily shown that at x-0, the total
refleoted field is given by

Ur(O.t) 2kZ,(ud1iwtRImei kh

where m..T,.,,, I)

Let ur(ot)-g(t) and G*(w) be the Fourier transform of
g(t), then

Pr.*5



I+

is 0"12mkh-[_;0
2 Ik~a R

Beala 121

Since 1*sa+2 -a -. l/Cl- ) for IzI(l

Equation (3) can be written in th ftorn
" 1, ° ' h  . ; I h r SA LA &. [ -G

i. where I  
e

SBy measuring r°( FFT of the front suprface reelection and G*[

,J(FFT of the total signal with all reflections) the complex valved

W(m)-k,#Lka can bo obtained from eq.(M.

Similarly, from the transmitted field it can be shown that

o-'Lh(k-k,) G() )

1 212
T ag T akr (an)

Here F is the FrgT of the signal at the receiver when

there Is no sample and 0 Ie the FT of the total signal after

the sample has-been Introduced In the path. Detailed derivation

of these equations is given In (3).

Equation (5) can now be written in the following form

Z 2 ZY-00 O" where Z0 -I n k (6)

k'M 1 elk 2

k2-coetflcient of attenuation

Y-(T,*Ta/Ra)(? /G )Z.

ksowavenumber in.the elastic mediums.

in (6) both Z and T are-complex.

In the water Immersion case whioh is the one we are

going to use for the tests. Zo can be easily oaloulated If the

wavespeed In water is accurately known. The transmission and
reflection coefficients can be caloulated if the densities of the

two mediums and longitudinal wavespeeds In them art known. But
the wavespeod in the plate is the unknown which we want to
measure. Hence to overcome this dilemma, an iteration procedure
Was followed where an approximate wavespeed is provided as an
input to estimate the various reflection and transmission
coorfloLents. TIM quadratic equation (6) Is then solved to give
two roots of*Z. The correct root is chosen based on the fact that

50 the freuenoy Increases as the phase of Z decreases. The
wvespeed is calculated from the phase of Z. This wavespeud is

then used to re-estimate the reflection* and transmission
coeirrieents. This iterative procedure converges rapidly to the
correct waveSpod. It was estimated that even with an Initial
doscrepancy or g3o In wavespeed. the solution converged in rower
than 5 Iterations.

, .. . - • - . . R' '
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The block diagram of the experimental setup In as shown in
fig 3. -

Fig.3 Block diagram of the experimental setup.

The analog signal Is collected by the Pulser-Receiver
(Panamotrics 5052 ISA) and is fed Into the Digital Oscilloscope
(Data-6000). The signal Is digitized in the oscilloscope. The
signal -processing unit of this oscilloscope- then performs' Fast
Fourier Transform on the signal. The useful portion of the
transformed signal ts then acquired by the computer for the
calculation of the wavespeed and the attenuation.- In these steps
several potential sources of errors can affect the results. These
&ret (1) Sampling interval. (2) Frequency Resolution altd (3)
Transducer Response. The first factor is the digitizing Interval
of the acquired signal. F?? of a I Mitz signal at 10.20,4O,100 nS
sampling Intervals was studied. It was observed that at 10;20 or
40r-nS sampling Interval the frequency content Of the signal Is
essentially the sae. However, at 100 nS sampling Interval. the
signal loses some of its high fr~equency contents. The Useful
digitizing intervals depend on the frequency of tthe transducer
being used. For example for 10 MHz frequency. at 40 nS Interval
some of th6 high frvquency cOntonts are lost. The second factor
considered was the resolution of the signal in the frequency
domain. A sampling interval of 40 nS or less with a frequency
resolution of 0.05 MHz or loe is considered adequate. This
factor is also transducer frequency related. The third 'factor
Considered was the useful range of the transducer frequency
response. It was found that satisfactory measurements can be
obtainedlover a frequency range given by 25%-of the peak response
amplitude. For further details see (4).

The specimens were fabricated using Magnamite AS4/3502 graphite
prepreg tape made by Hercules Inc. All specimen were of llxl'z
.050 size. The specimens were loaded. on Instron Model 1125. The
tests were conducted- at a croshead speed of 0.05 in/Lin. The
transverse cracks were opened by a nominal load on the spebimon
and edge replications were taken to keep a record of the cracks.
To eliminate the water absorption by the miorocracks while
testing-by ultrasounds, the edges Of the cracked specimens were
Coated by Strippable Lacquer (Sherwin Williams).

RESULTS

First of al, the accuracy of the measurement technique
reported here was estimated. The technique was applied to a
heavily damaged composite speoimen. This wsi done to Account for

c-s



easurements under the worst conditions o damage. It was
estimated that the precision of the measurement was "±0.3% for
wavespeed and *1.5% for attenuation. It Is to'be noted here that
the accuracy ot" 'the measurement will depend on the accuracy at
the predetermined input parameters viz. the densities o the
water and specimen and the wavespeed of ultrasound in water.

The results presented here are tar Gr/Epoxy [0/90,J5 speoi-
mens tested by a broad band 5 MHz -transducer. In the results
presented, attenoatLan k2 has been non-dLmenaLbnalized to k21.
Line sketches ot the edge replications, where the measurements
were made, are shown In tig 4. The variation of attenuatior, as
the aprplLed load is Increased, is shown In Fig 5. Numbers on the
curves denote the location number on the specimen.- The specimen
were surveyed along the length-tar each load step to Identity any
preferred localization o detects. It was observed that tar the
layup tested, the damage was evertly distributed. As Is evident
tram the edge replications, very few cracks are developed for
stresses upto 35 ksa, and hence the increase in attenuation is
also low. When the stresses were Increased further, multiple
cracks developed and this resulted In a largo Increase In the
attenuation values.

- ' ' 2 I I
I I I

3= . -

I I I I •

Fig 4. Line sketch of the edge replicstions of a [0t9041a
Or/Epoxy Specimen. LAR denote left tright sides of
the specimen

IN I

fig 5. Variation o Attenuation as a function of Applied Stress
at 6 different locations of the specimen.
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3 It can be seen from the edge replications that the damage is
evenly distributed along the specimen and no proffered sites of
damage were observed. The speoLmen failed near the grips.

As expected. for the teats oonduoted. no significant
variation in wavespeed was observed. The. reason I* that in thisconfiguration of the testing, the wavefront Is perpendicular to
the plans of the crack. or the-wave propagation direction is in

the plans of the crack. Hence, the cracks do net change the
wavespeed appreciably.

CONCLUSIONS

A new technique for the measurement of wave speed and
attenuation ot ultrasonic waves has- ben. developed. This
technique Is fully computerized and does not need any human
interference except the placing and removlng the specimen from
the ultrasonic path. To the best of our knowledge this* is the
first technique that gives satisfactory results for specimen of
any thickness.

The technique has been applied to fiber-reinforced composite
material specimens. It was found that whereas the wave speed C or
stiffness) is -rather insensitive to transverse cracking, the
through-the-thickness attenuation is a sensitive measure of the
damage state and hence Is a potential damage metric.
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