
A O-A093 812 CORNELL UNIV ITHACA Ny DEPT OF THEORETICAL AND APPL-ETC F/ 11/4
ULTRASON~IC NON-DESTRUCTIVE TESTING OF NATERIALS. (U)A-9SG DEC 80 W SACHSE, Y PAD F49620-78-C-0100

UNCLASSIFIED AFOSR-TR-80-1366 NL

END



AFOSR-TR, -3 366

Department of

Theoretical and Applied Mechanics

CORNELL UNIVERSITY
ITHACA, NEW YORK

0-

C)

L.U
..-J
LC--

Approved for public release;

distribution URLIted.

I 81 1 1 6 0 _7 ..



'cechnique and thc other is based on the Krainers-Kronig relation to firnd
dLie attenuation from measurement of th e dispersion, The new techniques
are expected to be especially useful for measureme~nts in highly absorbent

cmposite specimens. A firm basis for the technique has been established
and measurements with graphte-epoxy specimns are described. Good agreemnt

can be obtained between the various attenuation measurement techniques.
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1i'i 11 L'r1: sc:cuntiCIc rcport s;u:z:arizs thr' proi re;:; mai_ in the zoc-

"" :c. 0 _-, _ t ... [', wi .h th" i.Lltra3sorlio n , c t rue -vc

testin- of conzosite materials. This was to be the final year of the pro'-

ect as ori.inally scheduled (August 1, 1978 throulh July 31, 1980); however,

the original contract has now been amended to continue for one more year,

through July 31, 1981.

The o-'rall objective of this .Program is to investicate experimentally

and theoretically the dispersion and attenuation of ultrasonic waves in vari-

ous comnosite 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 implementation of new techniques for freauency-

dep endent 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 chanres in cross-

plied graThite/epoxy from ultrasonic dispersion and attenuation measure-

..,.Th ..r.ieal foundation of the Kramers-Kr'nir relation.

Detail: of thso investigations, some already, reported in the form of journ-

oa rr, ar, d,:;crihej in the ne2:t four sectinons.

,:earch er:onnel sunrorted by this contract in the second year included

the PrInr-ipal invstirator (w.,. Saehse, 1 month), co-principal investirator

(Y.H. Par, I month), an-I the following associates and assist,-nts:

-1-



L O:t J, OLjrtl as. oe[ lito:

H. re:iyer ( 2 monL i tn

:. Co ri-'Lo~ (I mouth.)

Graduasto Assist,,tnts:

C. Chan.- (I month)

C. Chen (I month)

D. Kishoni (i month)

G.C. Ku (2 months)

II. DISPLRSIO:; A111D ATTENUATION OF ULTRASONIC WAVES INC0,?OSIT- - A- -_

In the second year, the ultrasonic wave dispersion and attenuatien --n

urements have been made princinally in 32-ply 0/90' cross-plied] snecinenr

of granhite/enoxy (AS3501-5). The specimens were typically .17 in. (.,--

cm.) thick. W hile this restricted the testing geometry to ultrasonic neas-

urements normal to the ply-layers, 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 interva2

from approximately 1 to 10 Miz using the method of ultrasonic phase spectro-

scopy, a technique which had been developed, in part, under earlier AFOC?

sponsorshin. The basis of technique and its implementation have been retort-

ed in References 1 and 2 (see footnotes) and in the Scientific Reoort of '1 7 0 .

The basic formula for the frequency dependent wave niunber, k(f), of the

composite is determined from the Fourier phase spectrtun, (f), of a brca,,-

band ultrasonic pulse which has proparated through a sneciren of thickness

Z. The disrersion is given bcy

[I W. Cachse and Y.H. Pao, J. Appl. Physics, h9, 852-857 (197-9).

[21 W. Sachse, C.S. Tin and A. Hemenway, in Composite !Materials: '.esti-c
ani Des n', AS74 '7, 671, ed. £..Ta ppr. It;~? -17 CL
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:1St art, wn in a parti:ar .: siou-ri.r r!:mon t, re r,r.

laoion, follow the phase velocity, c =,f/, f), and crou eo" t.. ) -

dir(Jf/ak).

As mentioned in last ear's report, the dispersion relation for various

specimens of grarhite/eroxy - both uni-.ireatconal and cro -l - is near-

ly linear. The additional measurements conlted in the second "ear !ire in

aireement with those obtained previousby;. An ex.!rle is shown in

1(a) - (d). It is noted that the 7raphite fiber diameter in these soeclam.ens

is approximately 15w and this is about 6 times smaller than that of the boron

fibers in the specimens for which the dispersion was extensive, particular-

ly when the wave projnagetion direction coincided with the fiber direction,

as reported in our previous publications [1-21.

As described in the next section, the frequency dependent phase velocity

of a material is required in both of the new broadband attenuation measurenent

techniques developed under this contract. Algorithms were developed for a

least-square curve fitting of the measured phase velocity, c(f), in any

frequency sub-interval of the original measured data. The results obtained

from thirteen measurements on eight grrhite/epoxy. specimens are shcm in

"scares 2() - (b). The coefficients of the phase velocity polynomial ob-

tained for these tests ar in Table T. These results show the reproducabil-

it; of the d:n-rsion measurements which can be achieved.

2. Conv."ntional Measurements of Attenuation

This pro cram began by utilizing the conventioanl measurement techniques

to determine the frequency-dependent attenuation in comrosite soccimens.

In the second year, such measurements were made in the 32 f].,-0!900 cross-

plied srecimens of graphite/epoxy. The techniques which have boen us-I for
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Table I - Longit udinal Ph- : v. h t2-ply qrhie,/ EP:xy

(AS3501-5) 0/90' cross-pled

Phase velocity polynomial, c(f)

c(f) = c0 + c f + c f2

Specimen co c1  C2

Number

IP 0.2850643 0.0035786 -0.0001167

IPl 0.2970861 0.0025584 -0.0000792

2P 0.2957520 0.0026031 -0.0000832

2P1 0.2934446 0.0027297 -o.ooo0864

3P1 0.2918476 0.0030310 -0.0000959

4P 0.2941632 0.0025928 -0.0000301

5PI 0.2895339 0.0032158 -0.0001156

5P2 0.2937272 0.0030645 -0.0001072

5P3 0.2950088 0.0029550 -0.0001027

7P] 0.2882639 0.0032913 -0.0001114

7P2 0.2886748 0.0031782 -0.0001087

8Pl 0.2888710 0.0035110 -0.0001218

4PI 0.2937630 0.0027102 -0.0000845
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"he hr.:H;i !:.: k' i' 2'L' !)rt. r ] '' VI : :','.'+ <" :' *(2 .;I , " , ''.' ' . --. A !.:'. " . .

it -sr .ei a]l:, sultable for fronc-v-deindert atI ut ce'u:.'-:___:_. _,

h ... . ....bsortiv- aer,,-i-1, such as oits. Also, the"

technisue was implementedI in this',e'r. Dotils of thos. two t .. ,s

are described more fully in Section III.

Conventi t4t, nuation measurement techniues were de-cri n n'.

last annuail report, and ire contained in the follow~ nr- -i-.er - ---w -.--

by the Canr~lian 'ational Research Council at a recent sem>in-r:

D. o, "Discersion of Ultrasonic Waves: Acoustic Emissin.

.e .; s.u I Vltr.ar-,(nic Comuosite Materials Characterization", -roceeii:s

of the First Seminar on Advanced Ultrasonic Technology, G. B6.im, ed.,

Mat'n-N R..-' Con.1l (Canajda) 1, ontreal (1980, in press . (Refe'ence j

TI., rru!+s obtain-d with the r. f. burst and broadband attenuation meas-

ur,-..nt (. with the, other techniques) are difficult to compare quantita-

tiv,'., s!. - freriuency-de(Pndont attenuation curve is fit to a rol.n.-.al

f .tin. Fm, cm
" 

' "omoarisons, we fit a second-order pol.nomial in the leas

;qu%-,s I-::,t thl data in a selected frequency interval and compare the

rpsldt~n, ng solnomi al coefficients. It should be also possible to conpute the

sc.:i n 'o reronanee spectrun, and with the inverse Fourier-tra~nsform, the

tx..cted for a one-dimensional specimen and testin eo..etr..

whish "ar-oroximstes our testing config{uration. These results can then de ad-

*jmst,-d interactively for a best fit to the oritcinal spectrum or time wo':.-

fors. This now test prcdure has not yet been implemented but we shall i c

sm in the third year of this Program. Quantitative cornrisorx with the

polynomial coefficients between the above-mentioned attenuation measurement

techniques and the newly-developed techniques is riven in the next _ectcn.
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Figure 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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I
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0. I' 5.,0 01 . 0

'D 2.5

Li

Li

C".

~1:3 MEASUREMEZNTS

FREQUENCY (MHZ)

(b) PHASE VELOCITY - CURVE FiT [13 TESTS)

AVERACE OF ALL MEASUREMENTS

3 POLYNOMIAL FUNCTION

c(f) = 0.292 + 0.299 x 10- 2f - 0.989 x 10-4f 2

Li

2.5

& •1

9.0 9.0 10.Q 15.0 20. ,

FREQUENCY (NMIHZ)

Figure 2 - 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 I and 20 MHz.
Note the expanded vertical, phase velocity scale in (b).
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'When such a specimen is driven by a harmonic force with frecamency'. W,

. t
f (t) =F el"

0

the steady-state motion is ffiven by

-i(2/Z)IF casik nx i~t

nn

From this so] utlion one can calculate the pow.,ei resonance -,irvel foreahs'rl

male--, 'corr-.sponilnoir to erach k, and frcm these ,c'ra, one fi sfor the._

at,,riuation coefficirent (w=27r f)



n

elf' 1

D = ,---- (

:ax

w Wrerent; the Dower level at which the 1:bind width 2recified by

frecuenries f and f is measured, and W is the pe)a-k tower levcl1 2 max

(see Fif. 3). The quantity c(f) represents the measured phase velocit.y

value at the resonant frequency.

F; ure 3 shows ocheetically7 a resonance curve with multiple modes.

" naly:ing(1eff-rent resonances, the material damninc is deterrinci as a

function of frequency.

The application of this technique to make attenuation measurements in

AS .-.... 0/90" cross-Dlied soecimens is shown in Finure 4. In Firure 4(a)

is the snecimen resonance curve from which the transducer and eleotrnics

effects have been deconvolved. In Figure 4(b) are the attenuation value-

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 peak width Is measurel.

When each of the resonance peaks in (a) is analyzed in this war, the atten-

uation is found as a function of frequency, as shown in Fiture 4 (c). Details

of this investif,,ation will be given in the report:

P. Chen, %T. Cachse and Y.11. Pao, "Analysis of Continuous-wve Resonance

Spectra for Attenurition Measurements" (TIn ureparation).
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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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Figure 4 - Continuous-wave attenuation measurements in AS3501-5. (a) Power
spectrum, (b) Attenuation versus peak height for the peaks indicated
in (a), and (c) the derived frequency-dependent attenuation.
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year has seen its irmlermntation to attenua-tion -a::urm'.s tzinr '-*l

crahi/o , snecimens. The teehni 1 w i bnr dl on the Krrmers-KrOn.

lation relatin- the real (phase velocity) and imarinry narts (attenut4rn)

of the comple:.: wave number of a mater*al.. That is, the freauc-;-iTiuo:.-

attenuation is related to the -)ha:-e velocit.y/ by a pair of Hiliert tr-n-frr::

) - (C 1 I __(.L " = I r- (,) - -  '-

which can be rewritten as

a(w) = Aw + 2fw - I (7T 0 c(") c- 12 2-'

where A = (W/). Appearing in this equation is the phase velocity, c(s),

which is measured by the ultrasonic phase spectroscopy technicue.

While applying this formula to the n.easurement of a(w) of real materi-

als, we soon encountered difficulty. In the integral formula Eq. (3.8), the

constant A can c are the asymptotic values of a(w)/w and c(w) re-

spectively as t o =. They can presumably be estimated from a theoretical

model, or data of other experiments. The function c() 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

experiments.

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

two parts by selecting an intermediate frequency, W N* Thus the fornula

(3.8) is ehanred to
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c(w), 0 < w < w,; and the second inte,,ra] for > w s 'l.:

tically for an assume(I function of c(w).

As a first approximation, we assumed

c(d) = aC + b , t> wN{ .C

where a and b are two constants which can be determined by fittin- a

straight line to the experimental data in the range w > w This rose...

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

pressions for both a(w) and c(w) are known (see Interim Report, 179. The

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

c 2= (K + G)/p and T- (3K/4+G)/n.o 3

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

solid where the vertical scale fo. c(f) is greatly amplified to exhibi

the dispersion. We chose fN = wN/21 = 20, 30, 40, 50 MHz, and replace

the c(f) curve beyond fN by a straight line according to Eq. (3.10).

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

5(b). %! find hh'tt even the curve labeled by fR = 50 differs from

the exact theoretical value. The curve labeled by fN = 20 deviates fron the

f.- 50 eurv at high frequencies, but agrees closely when f < f,"

As can be seen from this example, the accuracy of calculated a(w) de-

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

tion of a function representing the c(w) eor w > wN* Details will be

given in the following report:

. . . .. . ... ... . t
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VOC- SOLID PHASE VELOCITY CT=I.0, C=D.53
2. 0

U
Li

w

U)

Li
(j)

0.0 10.0 20.0 30.0 40.0 50.0

FREQUENCY (MHZ)

Figure 5(a) Dispersion in a Voigt material. Phase velocity.
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K-K ATTENUATION CFCN)-20,30,40,50 MHZ)

30 MHz
20MHz

Lij
0.-
Li

<
I

0.0 10.0 20.0 30.0 40.0 90.0

FREQUENCY (MHZ)

Figure 5(b) - Attenuation in a Voigt material. Exact value and

Kramers-Krdnig method determined ones with different

data - analytic function transition frequencies.
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difficulties. The calculated attvautln efficient.: varleni dcl l - .

result of the choice of the -particu],Lr point, f, , at which the h

extrapolation begins. The final results are also sensitive to the nurQL'r

of points -son as the basis for the :trm.i7ht line extrcpolation.

An example of the results that can be obtained with the Kraners-rcoa

relation is shown -n Figuro 6 for the frequency-dependent attenuation of

longitudinal wave: in 32-rly .ra.hite/eooxy. In this examle, the -h-se-,

velocity data for frequencies above 6 N]Iz was extrapolated to fit a straight

line. This result differs significarty. 'rnm that measured by. other techninues.

Details will be given in the followinj rerort:

P. Chen and W. Sachse, "Broadband Ultrasonic Attenuation '...sure..

in Composite Materials" (in preparation).

IV. DETECTIOIN OF DEFOPMATIOU-TNDUCED MTC. OSTRUCTURAL CHANGES

Experiments were begun this year to evaluate the various frequency-

dependent velocity and attenuation measuroment techniques for use as an early

indicator of microstructural changes in comosite spetimens under arpl .i

load. Attenuation neasirements using the broadband nulse technique wr.r : .:.2

in 3?-nly cimens of AS 501 whil2 loaded to fnilure. An example with lonci-

ti,linal waves is shown in Figure 7.
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32-PLY GRAPHITE/EPOXY (K-K COMPUTATION)

(Iz

U
Z 0.5
.<I

U

I
-j

0.0 I I I I I I I I

15.~
FREQUENCY (MHZ)

Figure 6 - Hilbert transform, Kramers-Krdnig method application

for attenuation measurement in 32-ply graphite-epoxy.



18 -

32-PLY AS/3531 GRAPHITE/EPOXY (P-WAVED

o 9.1 KP

IL
Z

n.. 30.0 KPO
N.

l.l 2.5 5.0 7.2 .5.0

FREQUENCY (kMHZ)

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.

... . . . .. I - " I I I .... I I ' i i i i . .... i ... i i i ... . . . . .. ...



to that". lu0<, loa 1 of' no to 30K 2 123! a v

creases ol sli-,ltly between 1 and 10 T z. The specimens in t'-t e7.

were notched a beg an to fail at 3. 1 Vp (1.~ksi ; 127.0 "'a

nation as determined in a linear leas;t squares; Sense is~"

ditien, t'he aittenuation values determined from mnlvcis of' the- cn-r~.

wave resonance, curve of the unloaded onc toen are shown as daa o _t'ne

iur.These are in close ag7reement with the broadband t-te.'

mont results between 3 and 8 ~. The high values 0Catnut-' Tt"

for peaks above 8 11U1z anre~tar to be the result of' ultras;onic

limitations. At these- frenuencies in this test, the resonance pealks aire es

than 3 db above the minima.. The rensoc for the larfee attenua-tion~ow~

below 3 qIs is- net clear

Additional measurements with other specimen materials an]-I ith other

wave modes are still in progress. Resiilts will be retorted before the erAl

of this uroject. A tentative title, of the report will be:

U. acseandP.Chn,"Ultras5onic Me asureme-nt of Pleform-ticn-Tndu.ei

Micrstrr-tcalChnge-,s in Comosite Materials' t .

V.M7tc PC ( OYIDATTOUI OF TilL KPAI-'EPCKROMIG PLATTI N

It ws-cP-; ae in the Interim Peport 107r) thait thi rax!' t -r

lqtionn liron whic-h the- F1. (.)wan based, was a conseaiencr' of caal it-"':

-and- ioolniv nd whethe.r suc h ai relation existed, for inoognossm-

teral, uc a fier"cnoitsremainord to0 be- I ovest(igat, i. Tis

tigation was completed and reported in the following paper:
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