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Nondestructive Evaluation of Fiber Waviness in Thick Composites
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Abstract

In this study, the numerical and experimental investigations were conducted to understand
ultrasonic wave propagation and to evaluate the degree of fiber waviness in thick composites
nondestructively. The path, energy and traveling time of insonified wave were predicted by adopting
the ray and plane wave theories. In the analysis, the composites were assumed to have continuous
fiber with sinusoidal waviness in a matrix and were modeled as stacks of infinitesimally short
length off-axis elements with varying fiber orientation along the length direction. From the
experiments on the specially fabricated thick composite specimens with various degrees of uniform
fiber waviness, the energy distributions of received wave were obtain for the various positions of
transmitter. It was observed that the energy of wave was converged to the adjacent peaks of fiber
waviness. The location where maximum energy of wave was detected from the experiments showed
good agreement with the location obtained from theoretical predictions. Finally, the test procedure
was proposed to evaluate fiber waviness in thick composites by considering the energy of wave and
relative distance between transmitter and receiver.
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Fig. 1 Schematic drawing of a representative
volume of composite materials with fiber waviness
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Fig.2 Slowness curves of quasi-longitudinal and
quasi-transverse wave at /, i+1 path points
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Table 1. Stiffnesses of standard composites (GPa)

Cn Ci Co Cy Css
129.74 6.38 14.04 7.13 6.12
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Fig. 3 Schematic drawing of experimental set-up
and locations of transmitter and receiver (m)
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Fig. 6 Contour plots of energy distribution of
received wave for various ﬁber waviness

BRG] Qg JEAES 2 B
NG 229 =7 Ao EPAvErl A A
o AT FLF A & W HF E 9
uAe 713 st 4oy, 2347 &
B0 gs) N golA Foj EA2NEHI} X
A% Ad JdqUAE 7R st d&HE 4A%
dwrg FlEAHs) g2 BAAG SFvd #
dgEE d4¢ & ¢ 2o £3 sidaxe
go] oje ¢ixle] EAxnEA JAE A=
& 2o JFH0, EA2nE A8t Fe
dolFd LANE o]HE FEE E & Yok
747 9] NBolA BAAES FIFIF 245
VA7 313 A7 wdE 3 ez TP
HE 53¢ ¥ 7 Aok

Fig 72 o8 $ix¢ Edxngd dga 3
g duAs AEsE AN FHE H9
=g Al 2 $£4 304 AFg A MR A9l
&t naFc

2008

we— Computed Travetng Tme
I <ooa-.. MGG R Teaveing Time

o6

808

Traveling Time (s)
3

Te6

608

5¢-6
000 -0008 0006 -0004 -0002 0000 0002 0004 0006 0008 000
Tra smitter Poskio (m)

(@ a/A=0.011



2008 —— Comguted Travekg Time
sosured Travetng Tang
908
€
E Be8 R
'g 1ot . Pesiy 1
E Fapi
ses

So6
1000 0003 .0008 0004 0002 0000 0002 0004 0006 0008 000
Tra smitter Postio (m)

® a/A=0.034
2506 —e~ Com 11ed Traveling Time
‘... Measured Traveling Time
248
3 230
;
’g 220
2. 08
2068

4000 0008 0006 0004 0002 0000 0002 0004 0006 0008 000
Tra smitter Posktio x (m)

© a/A=0.059
Fig. 7 Plots of computed and measured traveling
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Fig. 7914 BZAR 237t 245 =
AZke} ¥gEol ARE EAE A} A4 FH
oz G gro] AYPdA EL aF I LA
& Hio. :LEM, Ed2nest gAY 93]
7} A% A FGA MY 2 #E A, F

£z Alole] Agrt AANE FEA 9 ®
f\lﬂol 238 FolAE AFS fASIHL
@ 4 )k ol A due JEAHAA
qde A59 Fugd did FAASFI 44 2
FA BAAFE M AHE XA gon,
A Fwe FAAASLI FRA o trEy] o
Bo] dAE Aoz AL}

5.8 B

B AFNAE BEHRY BF0] R T

& BUARINY 2&3e AR 54E %
Ui, =% A 1PN F2 F& D]
A4 A4e $953, A 7A9] nARE 2
Fulg e Aol dE e Fdse] Iy
G 71N agosd FIW WANNE

AR B 2e0e AREHE WY
ot 28m, BAAER 2367 AR g
Atd SR BRAR 239 4 F§ 992
A7t AFHE 990 o]FHE FAdAG.
AFF BRARY 23 7HF EfAEd o
¥ 2&9E o8¢ Hd ik 54& g&H
Z2.
1. EdxuEel JAurt @ A0 e
B, Ad duAst AEHE JA7 23R
39 Mo} Folmz, nPYRY TIZ F
e 24% + Ak
2. 424 39 A7 e dAE e
ARz} sagezs, B3R J0AY 23
7‘{}52 'ﬂ"&g T )»lq'
3. AEHE F9 oA EXE T A4
# 239 WgE ¥ad 5 g

m

g8

(1) H-J. Chun, 1. M. Daniel, J.-Y. Shin, "Noenlincar
behavior of thick composite materials with
fiber waviness", AIAA/ASME/ASCE/AHS/ASC
Structures, Structural Dynamics, and Materials
Conference and Exhibit. ST. LOUIS, MO,
12-15 APRIL, Vol. 1, 1999, pp. 467-474

(2) Shi-Chang Wooh, Isaac M. Daniel, "Wave
propagation in composite materials with fibre
waviness”, Ultrasonics, Vol. 33(1), 1995, pp.
3-10

(3) Kwang Yul Kim, Wei Zou, Wolfgang Sachse,
"Wave propagation in a wavy fiber-epoxy
composite material:Theory and experiment”, J.
Acoust. Soc. Am., Vol. 103(5), 1998, pp.
2296-2301

(4) Isaac M. Daniel, Ori Ishai, "Engineering
Mechanics of Composite Materials", Oxford
University Press, 1994

(5) Fedor 1. Fedorov, "Theory of elastic waves in
crystals”, Plenum Press. New York, 1968

(6) S. I. Rokhlin, T. K. Bolland, Laszlo Adler,
"Reflection and refraction of elastic waves on
a plane interface between two generally
anisotropic media", J. Acoust. Soc. Am, Vol.
79(4), 1986, pp. 906-918

—263—



