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technique and the other is based on the Kramers-Kronig relation to find

we attenuation from measurement of the dispersion. The new techniques

are expected to be especially useful for measurements in highly absorbent
camposite specimens. A firm basis for the technique has been established

and measurements with graphite-epoxy specimens are described. Good agreement
can be obtained between the various attenuation measurement techniques.
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This Interin scientiric report sunmarizes the procrecs male in the cee-
ond roar o0 the recearsh project bhalings with She witrasonic non-tdestructive
testing of conmposite materials. This was to be the final year of the proj-
ect as oririnally scheduled (August 1, 1978 throuph July 31, 1980); however,
the original contract has now been amended to continue for one more year,
through July 31, 1081.

The overall objective of this vrogram is to investigate experimentally
and theoretically the dispersion and attenuation of ultrasonic waves in vari-
ous composite materials. For the second year, the research has focused on:

1) Ultrasonic measurement of dispersion and attenuation in unreinforced

epoxy resin and cross-plied graphite/epoxy.

2) a. Development and implementatioﬁ of new techniques for freauency-

dependent ultrasonic attenuation measurements in composite specimens.

b, Critical comparison between the various techniques for measuring
the frequency~dependent attenuation in composite specimens.

3) Detection of deformation-induced microstructure changes in cross-

plied gravhite/epoxy from ultrasonic dispersion and attenuation measure-

ments.

h) Mathematienl foundaticn of the Kramers-Kronis relation.

Dotails of these investigations, some already reported in the form of journ-
al parero, are deseribed in the next four sections.

Recenarch torsonnel sunnorted by this contract in the second year included

the principal investirator (W. Sachoe, 1 month), co-principal investisator

(Y.H. Pan, 1 menth), ani the following nssociates and assistonts:
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Fout doctoral associnton:
R. Weaver (12 montho)
A, Corrarlu (L month)
Gradunte Assistants:
C. Chanr {1 month)
C. Chen (1 rmonth)
D. Xishoni (1 month)

6.C. XKu (2 months)

IT. DISPERSIOCH AND ATTENUATION OF ULTRAZONIC WAVES IN COMFPOSI

In the second year, the ultrasonic wave dispersicon and attenuation mezzi-
urements have been made principally in 32-ply 0/90° cross-viied sveciman:z
of graphite/evoxy (AS3501-5). The specimens were typicallv .175 in. {(.L1=0
cm,) thick. While this restricted the testing geometry to ultrasonic mezz-
urements normal to the ply-layvers, this is, in fact, typically how structures
fabricated of such materials are inspected.

1. Measurements of Dispersion

The phase and group velocities were measured in the frequency interval
from approximately 1 to 10 MHz using the method of ultrasonic phnse spectro-
scopy, a technique which had been developed, in part, under earlier AFOCE
sponsorshin. The basis of technique and its implementation have been rervort-
ed in References 1 and 2 (see footnotes) and in the Scientific Rerort of 1970,
The basic formula for the frequency devendent wave number, Kk(f), of the
composite is determined from the Fourier phase spectrum, ¢(f), of a breai-
band ultrasonic pulse which has proparated t%rough a svecimen of thickness

2. The dismersion ic siven bty

(1} Ww. Sachse and Y.H. Pao, J. Appl. Physics, 49, 852-857 (1978).

[2] Ww. Sachse, C.S. Tinr and A. Hemenway, in Corposite !ateriais: astine
#ny, AGTM 2T ATh, ed. S.W. Tsal, po. 105-1773 (14737,
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As mentioned in last vear's repert, the Zispersion relaticn for variouc
specimens of graphite/epvoxy - both uni-iirentional and eroco-vlicd - i neur-
ly linear. The additional measurements commlated in the second year are in
agreement with those obtained previousl:y. An examtle is shown in Fi-uren
1(a) - (d). It is noted that the rraphite fibter diameter in theze specirens
is apvroximately 15u and this is atout € tirmesz smaller than that of the boron
fibers in tl= specimens for which the dispersion was extensive, particulzr-
ly when the wave propasation direction coincided with the fiber direction,
as reported in our previous publicationz [1-27.

As described in the next secticn, the freguency dependent vhase velocity
of a material is required in both of the new broadband attenuation measurement
techniqu2s developed under this contract. Algorithms were developed for a
least-square curve fitting of the measured phase velocity, o{f), in any
frequency subt-interval of the original measured data. The results obtained
from thirteen measurements on cight rravhite/epoxy specimens are shown in
Tirures 2(1) - (b). The coefficients of the rhase velocity polynomial ob-
tained for theso tests are in Table T, These resultc show the reproduceabil-~
ity of the divpersion measurements which can be achieved.

2. Conventional Measurements of Attenuation

This prosram bepan by utilizineg the conventioanl measurement techniques

to determine the frequencv-dervendent attenuation in commosite srecimenz,

In the scecond vear, such measurements were made in the 32 11:/-0/90° cross-

plied srtecimens of graphite/eroxy. The techrniques whiech have been used for




Table 1 - Longitudinal Ph=sn-

alest-

LT

in 22-oly Arachite/Eroxy

(AS3501-5) 0/90° cross-plged
Phase velocity polynomial, c(f)
c(f) = ¢, + cf + c,f?
Specimen Co C1 cz
Number
1P 0.2850643 0.0035786 -0.0001167
1P1 0.2970861 0.0025584 -0.0000792
2P 0.2957520 0.0026031 -0.0000832
2P1 0.2934446 0.0027297 -0.0000864
3P 0.2918476 0.0030310 -0.0000959
Lp 0.2941632 0.0025928 -0.0000801
5P1 0.2895339 0.0032158 -0.0001156
5P2 0.2937272 0.0030645 -0.0001072
5P3 0.2950088 0.0029550 -0.0001027
7P1 0.2882639 0.0032913 -0.0001114
7P2 0.2886748 0.0031782 -0.0001087
8pP1 0.2888710 0.0035110 -0.0001218
Lp| 0.2937630 0.0027102 -0.0000845
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it esvecially suituble for freauencv-devcendent attenuation mescurarments o
hichly abisorntive materianla such as commositesn, Also, the laz-renticrel
technique was implemented in thic wvear. Details of these two —echniaucs
are described more fully in Section ITI.

Conventicnal attenuation measurement techniagues were deceritsi in -te

last annual report, and are contained in the followine ¢

5 nr

by the Canndian Jational Research Council at a recent seminar:

W. Cnense, "Disversion of Ultrasonie Waves: Acoustic
ments anil Tlsrasonic Comwosite Materials Characterization',
irst Seminar on Advanced Ultrasonic Technolosy, G. 2égin, ed..

Naticnal Beseareh Couneil (Canada), dontreal (1980, in press). (Refersnce

Thee »eanlts obtained with the r.f. burst and broadbzni attenuation mezs-
urcments (a0 with the othior techniques) are difficult to compare gquantitsz-
tivlry unleas 2he freauency-derendent attenuation curve is fit to a volynomial
function. TFor our comparisons, we fit a second-order polynomial in the least
saunres sence o the data in a selected frequency interval and compare the
residting polynomial coefficients. It should be also possible to compute the
Sperimen's reconance cpectrum, and with the inverse Fourier-transform, the
time oicnals expected for a one-dimensional specimen and testing seometry,
which anprozimates our testing configuration. These results can then re ai-
Jnuoted interactively for a best fit to the oriminal spectrum or time wave-

.

for~. This new test procedure has not yet been implemented but we shall 1o
2y in the third year of this program. Guantitative corrarisonz with the
polynomial coefficients between the above-mentioned attenuation measurement

techniques and the newly-developed techniques is given in the next Zecticn.
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Figure 1 - Ultrasonic phase velocity measurements in 32-ply graphite-epoxy.
(a) Longitudinal broadband pulse, (b) Magnitude spectrum, (c) Dispersion
relation and phase velocity, and (d) group velocity.
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Phase velocity determination in graphite-epoxy. (a) Results
obtained from measurements of 8 specimens (13 tests). (b) Average
of all measurements shown in (a) and the least-squares fit poly-
nomial function to the phase velocity data between | and 20 MHz.
Note the expanded vertical, phase velocity scale in (b).
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it 15 rossivle to derive an eanation polai iy - 0l T ' .
te the resonance poaX wiidtn 4t ans oo er, DU
 Voist solid, the cauation of wonisy 0 i v oelad i R -
is siven by
- -
Y I ' .
.o 1 b 37y S
(z-\.+—:-f7)3?l+§'n — = ¢ E
- 3% dx oY 3t
Yois the material's bulk modulus, G shesr meduwlan, 7 the 2070
ont of and p the masc density. The stress-stirain relation 27
this material is
v = (Z+hG/3)e + (Wn/3)e 5 e = du/dx B
When such a specimen is driven by a harmonic force with frequencr w,

£(t) = Fe (2.2)
the steady-state motion 1s piven by
~i(2/2)F cozk ¥ R
R o) n lwt A
ufx,t) = o = = = e (3.%)
. c . ~ L
(Un/3)wk +i{pw - (K+ha/3) Ik
n n
whore £ is the thickness of the specimen, nnd Z.s Gn are constants.
From this solution one can calculate the power resonance curves for easch normal
mode, correoponding to onach kn, and from these curves, one Tinis for the
attenuation coefficient  (w=20wr),
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where W revrecents the power level at which the bind width svecified by

frequencies f, and f is measured, and W is the peuk Tower lovel
1 2 max :
(see Fig. 3). The quantity co(f) represents the measured phase velocity

value at the resonant freguency.

Fioure 3 shows cchemetically a resonance curve with multirle nodes.

Zy analvzing different resonances, the material dampine is determined as &
function of frequency.

The application of this technique to meke attenuntion measurementis in
AS3501-5 0/9C° cross-plied specimens is shown in Figure 4., In Firure L(a)
is the specimen resonance curve from which the transducer and electronics
effects have been deconvolved. In Figure L4(b) are the attenuntion valuer
determined from a detailed analysis of the peak width as a function of frac-
tional peak height for three of the resonance peaks indicated in (a). The
results show that for each resonance peak a distinct attenuation value can
be found regardless of the power level at which the pveak width is meacurel.
Yhen each of the resonance peaks in (a) is analyzed in this wayr, the atten-
uation is found as a function of frequency, as shown in Fi~ure 4(e). Details
of this investisation will be given in the report:

P. Chen, . Oachse and Y.H. Pao, "Analysis of Continuous-wave Resonance

Stectra for Attenuation Measurements” (In preparation).

[N
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Figure 3 - Implementation of the new continuous-wave resonance method

for attenuation measurements in highly absorptive composite
materials. (a) Testing configuration; S - source, R - receiver;

(b) Data reduction from the measured resonance curve.
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2.0 Attemanion frowm the Sramers=Tranic Foeegle

The Hilbeor:—transrorm bechnique foe detorminios tho foomrner— oo noas
attonuntion wanr deveiaped in o vle: Tioot e o b
year has seen its implementation to attenuation measurcments in 3
erachita/erowr crecimens. The techniaque is based on the “ramers-irédni-~ ro-
lation relating the real (phase velocity) and imarinary par+ts {zttenuation)

of the complex wave number of a material. That is, the frequencr-den-n.cio

attenuation is related to the vhase velocity by a pair of Hiltert trans’-ron

nlw) @y =X o1, df ST
® we T 1 Tew Ye(5) Tt t-u
which can be rewritten as
2 2« 1 ag -
alw) = Aw + PRI [E(S) - ;—] e (2.2}
o s < _w

where A = (a/w) . Appearing in this ecquation is the phase velocity, clw),

o0

which is measured by the ultrasonic phase spectroscopy technicue.

While applying this formula to the measurement of a{w) of real materi-
als, we soon encountered difficulty. In the integral formula Eq. (3.8), the
constant A can ¢ are the asymptotic values of alw)/w and c(w) re-
spectively as w » «». They can presumably be estimated from a theoretical
model, or data of other experiments. The function c{w) in the integrand,
however, must be supplied from the measurements of phase velocity over the
entire range of frequencies 0 < w < «». This can never be achieved in actual
experinments.

To alleviate this difficulty, we break the interval of integration int

two parts by selecting an intermediate frequency, Wy + Thus the formula

(3.8) is chanred to




- 13 =
. (1)

- Al ., T

. ! 2 R 1 1 if
alw! = & + —n (f +f o = =) =
™ o w., clf) ¢ e
i w o -y

The ficct inteerral 1o evaluated namerioally bhased on wotuw] moaoomermeo o

clw), 0 <w< w_3 ond the second intesral ror ¢ > Wy i85 eviaiuatol anal -

tically for an assumed function ot c(w).

As a first approximation, we assumed

c(€)=a~5+b,i>wN {

[§V]
-
(3]
~ -

where a and b are two constants which can be determined by fitting =2

straight line to the experimental data in the range v > W+ This proceiure

is tested against the theoretical model of the Voigt body for which exszc ex-

.

pressions for both alw) and c{w) are known (see Interim Repor:, 1279, Tre

results are shown in Figure 5 for y = 0.25 em/us, T = 1 sec. , where

ci = (K + % G)/p and T2 = (3K/L+G)/n.

Figure 5(a) shows the theoretical phase velocity curve c(f) of a Veist

solid where the vertical scale for c(f) 1is greatly amplified to exhibiz

the dispersion. We chose fN = mN/Qﬂ = 20, 30, L0, 50 MHz, and revlace

the e¢{f) curve beyond f, by a straight line according to Eq. (3.10).

N

The curves for alf) as calculated by formula (3.9) are shown in Figure

5(b). ue find that even the curve labeled by Ih = 50 differs from

the exact theoretical value. The curve labeled by fN = 20 dJeviates frem the

Len= 50 curve at high frequencies, but aprees closely when [ < fﬂ'
i 4

As can be seen from this example, the accuracy of calculated afw) de-

pends on the range of measureable c(w), the choice of w and the selec-

N°®
tion of a function representing the c(w) for w > wy - Details will be

given in the following report:
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Figure 5(b) - Attenuation in a Voigt material. Exact value and

Kramers-Kronig method determined ones with different

data - analytic function transition frequencies.
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3

elationg measurod in actual commanite nnecimens b rointed o oo qrdeoeerns

difficulties. The caleuluted attenustion coefficiconts varied widely o <t

result of the choice of the particular point, f, at

qs @ which the nirn-rTreny

extrapolation begins., The final results wure also sensitive to the number

r

of points chesan as the bacis for the siraeirht lirns extrepolation.

An example of the resul*ts that can be obtained with the Kramers-¥ronis
relation is shown in Figfure 6 for the frequency-dependent attenuation cf

longitudinal waves in 32-ply sravhite/evoxy. In this example, the phrze

ac

velocity data for frequencies above 6 MHz was extrapolated to fit a straight
line. This result differs significarily
Details will be given in the following revort:

P. Chen and V. Sachse, "Broadbaond Ultrasonic Attenustion Measuremenic

in Composite Materials" (in preparation).

IV. DETECTION OF DEFORMATION-INDUCED MICROSTRUCTURAL CHANGES

Experiments were begun this year to evaluate the various frequency-
dependent velocity and attenuation measurement techniques for use as an early
indicator of microstructural changes in composite specimens under avpplia:d

load, Attennation measurements using the broadband pulse technique werc

.
v

in 32=nlv specimens of AS3501 whil: loaded to failure.

An example with lonri-

tuiinal waves is shown in Figure 7.

PRPISSORRN

“rom that measured by other techninuez.
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32—1F2LY CRAPHITE/EPOXY (K-K COMPUTATION)
- W'

8.5 ¢

ALPHA CHANGEINP/CL)

8.0 3 3 N 4 3 M P
. + — + ~+ }

18.¢ 15.8

5.0
FREQUENCY CMHZ)

Figure 6 - Hilbert transform, Kramers-Kronig method application

for attenuation measurement in 32-ply graphite-epoxy.
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3%;BLY AS/3501 GRAPHITE/EPOXY (P-VWAVE]

2.5 KP-FAILURE

° 3J4&L_///

ALPHA (NP/CM)
N
L4]

0.8 +—t——t—t—r— e
e.8 2.5 5.8 7.5 16.0
FREQUENCY (MHZ)

Figure 7 - Measurement of deformation-induced attenuation changes
in graphite-epoxy. The solid lines represent data
measured by the conventional broadband ultrasonic tech-
nique, the data points were obtained from the new

continuous-wave resonance technique at zero load.
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to that under lomds of up to 3.0 Kp (22.1 keiy 152,73 MPa); tha< is, it in-
creases only slishtly between 1 and 10 Mz, The specimenc in thes: tect:z
were notchied and bepan to fail at 3.1 ¥p (18.L ksiy 127.0 '™a). The atvano
uation as determined in a linear least sauares zense 1s 2.722% wn/o2m. Tn i
diticon, the nttenuation values determined from anzlyvsic of the continusii-

wave resonince curve of the unloaded gpecimen are shown n2s data voints in <he

igure., These are in close arreement with the broadband 4+

ment results between 3 and 8 Mz, The hish values of attenuztion determinsd
for peaks above 8 MHz anpear to be the result of ultrasonic sirnsl-to-ncize
limitations. At these frequencies in this test, the resonance peaks zre les:zs

than 3 db above the minima. The reason for the larre attenuation walue

0

below 3 MHz ic not clear

Additional measurements with other specimen materials and with cther
wave moders are still in progress. Results will be revorted before the erni
of this projret. A tentative title of the report will be:

W. Sachse and P. Chen, "Ultrasonie Measurement of Deformation-Tndu~ed

Mierostructural Changes in Composite Materials®,
V.o MATHEMATICAT, FOUNDATTON OF THE KRAT-T?S—KRE’T‘IIG RELATTION : #

Tt waas mentisned in the Tnherim Report 1979 that the Kramer-troni~- r--

latinn, uron which the Bg. (32.09) was based, was a conseanencr of causaliss

. . . k3
and homorencity, and whether such a relation existed for inhomoseneous ma-
terinlz, cuech as fiber-romnosites, remained to be investigated, This invesa-

tigation was completoed and reported in the followineg paper:
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ssies in Julr. A swuemary of the paver i3 riven below,

wave rrorasatine unidivectionally in + 2z axis is rerre-

ros

et the wave nurbor K(y)  is a well defined auantity,

and the renl rart (%o 3) and the imasinary part  (In ) of V() define

alw) = In ¥

For an inhomojpneous

ot

ically average wave
ccherent vart »f the

A theorenm of the
() iz anal~ie in

a3 i o> o 13 bounde

coovelacicr el,)  and attenuation constunt  alw),

medium, the ¥{w) 1is the wave number for the statis-
firld in the medium, and A{w) 1is the amplitude of the
Wive.

theary of comnlex variables states that if the function
the upper half of the complex w-plane and if ¢ = cla)

4, the Tm K and Re ¥ are related by n pair of Hilbert

transforms. The ofw) is then related to cl(w) as shown in Ba. (3.7),

whish is known as the Framers-¥roni~ relation in solid state phyrics.

*®* Copy attached to

this remnort.
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ne rigerous proof au piven In this paper removes =ny doubt o3

the Kramers-Hronie formula can be arrlied to compnsite matericls, The 1:771-

pplrias it to comnosite materials ac mentioned in Tection I71-0
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VI. OULDMARY

ments of comros
dependent. attenmtion measurements were made in gsravhite/epnwy materiazl:c.

The resul*s of “he disyercicn peaciuvements are in arreement with earlier

o

measurements made on similarmaterials, For guantitative comrarisons o

persicn and attomiation data, lenst square-fit alrorithns were implementai

inta the ulsraconie sirnal proecensine system for fittine volynomial vele:ol
and attenustion funections to the measured data points. Reproducible meszsure-
menbs in rravhite/enoxy have been obtained.

Two new Sroaneoncy-depondent attenuation measurement techniaues were Io-
valoned for enmposite materials. One is a continuons-wave resonance menzuro-

ront technicgue in which the resonance peaks of a specimen are analyoed at

ve - -

various nower levela. The other utilines tLhe Kramers-fronis relation tc Tind

e

ce Varsz

the material attenuntion from meacurements or the disversion, or v
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