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Abstract

Composites are widely used in aerospace, shipbuild-
ing, automobile industry and other fields. Reliability and ef-
fectiveness of composites whose primary structural com-
ponents are fiber-reinforced material need a significant
demand for nondestructive testing.

Mathematical modeling has evolved as an important
tool to providing an aided analysis and optimize experi-
mental setups [1]. Modeling will help to reveal the quan-
titative features relationship in ultrasonic physical phe-
nomena and to accelerate the development of new NDT
techniques. Gaussian beam superposition technique has
been developed for homogeneous anisotropic materials
and extended to simulate in inhomogeneous structures
[2]. Modeling the transducer generated sound beam in
composites is very difficult, especially when the geom-
etry structure and the material component are complex.
However, methods based on the paraxial approximations
that model the transducer wave field with a superposition
of Gaussian beams are computationally efficient and well
behaved[3]. In this paper, the multi-Gaussian beam model
for calculating ultrasonic acoustic field in anisotropic mate-
rial is introduced and developed to calculate the propa-
gation and penetration of Gaussian beams in composite
materials. It is presented that numerical simulations and
experimental results of transmitted ultrasonic field for com-
posites with different thickness are effective. Accuracy of
the proposed model is verified by comparing model-based
predictions with experimental results.

Automated ultrasonic scanning technology by means
of immersion tank and squirter has been extensively ap-
plied in composite quality inspection [4]. But the reliability
and repeatability of inspection results are strongly depend
on the understanding of ultrasonic propagation model in
composites [5].
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Streszczenie

W pracy przedstawiono wyniki symulacji komputerowej
i wyniki pomiaréw rozktadu cisnienia akustycznego fal
przechodzgcych przez ptyty kompozytowe o réznych gru-
bosciach. Symulacje wykonano dla gtowicy ogniskujgcej
pracujgcej w zanurzeniu. Wptyw kompozytu na ksztatt
wigzki przejawia sie gtoéwnie w skroceniu dtugosci ogni-
skowej. W badaniach eksperymentalnych zastosowano
gtowic o czestotliwosci 1 MHz pracujgce w zanurzeniu,
a badaniu podlegaty rozktady pola akustycznego po
przejsciu fal przez zbrojone wtoknem weglowym prébki
kompozytowe o grubosciach od 10 do 25 mm.

W drugiej czesci przedstawione sg wyniki badania za-
krzywionych prébek kompozytowych zawierajgcych wady
sztuczne. Badania wykonano metodg przepuszczania
gtowicami ze sprzezeniem strumieniem wody. Gtowice
prowadzone byty przez dwa wspotpracujgce roboty.
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Theory

Multi-Gaussian beam model is used to simulate
a sound field of immersion transducer radiating into an
anisotropic solid. Most transducer beam models that
use a superposition of Gaussian beams rely on works
of Wen and Breazeale [6], who showed that the wave
field of a circular piston transducer radiating into a fluid
could be accurately synthesized by as many as 10 to
15 Gaussians.

Ultrasonic field model
Using MGB technique, sound pressure distribution
of piston transducer in water is:
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where: 4, B are complex-valued expansion coeffi-
cients that need to be determined to match the velocity
field on the face of the transducer; a is radius of the
transducer; k = 27/ 1 is the wave number; x =ka’/2 is the
Rayleigh distance.

Gaussian Beams in Anisotropic Media

In an anisotropic medium, we can write down the
wave field from a piston transducer, where:

Viu0) _$h , NIV ), g, £ e UM,
PiGVo w=1 det[Mjc4 (0}],, m=1 det[M~( }],,
+] 1 "
xcxp[iw Zfﬁ‘-+§y [W"."I(Sm.)].‘Y)}

m=1 G

T7uv g the transmission coefficient at

mim+l

Where,

the interface of layer m and m+1, ¢ '» is the speed of
wave y in layer m (m=1, 2, ..., M), s, is the wave propa-
gating distance in layer m.

Fig. 1. Ultrasonic field simulation (X-Z plane): a) ultrasonic field
simulation in water, b) transmitted ultrasonic field behind 10 mm car-
bon fiber composite plate, c) transmitted ultrasonic field behind 20
mm carbon fiber composite plate, d) transmitted ultrasonic field be-
hind 25mm carbon fiber composite plate

Rys. 1. Wyniki symulacji pola ultradzwigekowego (ptaszczyzna X-Z)
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We used a focusing probe whose center frequency is
5 MHz, crystal diameter is 12.7 mm and focal distance
is 76.2 mm in following experiments. Fig. 1 shows the
probe’s ultrasonic field in water and in the composite
plate. It can be seen clearly that the focal distance in
composite material is shortening, mainly because that
the speed of ultrasonic wave in the composite plate is
much bigger than in the water.

Experimental results
and discussion

Fig. 2 shows that the focal distance behind compos-
ite plate is shorter than in water. It is because of sound
velocity in metal and composite plate is faster than in
water. This is consistent with the previous simulation
in Fig. 1.
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(@) X-Z plane ultrasonic field measurement results

{d) Transmitted ultrasonic field behind 25mm carbon fiber composite plate

Fig. 2. X-Z plane transmitted ultrasonic field measurements
Rys. 2. Wyniki pomiaréw pola ultradZzwiekowego w ptaszczyznie X-Z

Inspection of part with curvatures

Curved surface trajectory

In order to ensure more ultrasonic signals transmit-
ted through composites, the transducer should auto-
matically move along the curved surface (as shown in
Fig. 5). Therefore, surface following can be described
as a scanner’s ability to do a controlled displacement of
one or multiple axes, with the objective to move around
a curved, round, or inclined surface [7]. Performing an
automatic inspection must be based on the knowledge
of the composites geometry. This can be achieved us-
ing different techniques ranging from manual teaching
of the surface coordinates by using ultrasonic signals,



optical or mechanical apparatus, or through the use of
the workpiece design drawings. Once the surface co-
ordinates and orientation are known, the motion control
technology may calculate a scanning path in which the
ultrasonic transducer can move along.

Fig. 3. Curved surface trajectory
Rys. 3. Trajektoria gtowic wzdtuz zakrzywionej powierzchnii

Experimental results

Ultrasonic inspection was performed on an area of
curved glass fiber composite part (500 mmx500 mmx5
mm) containing artificial defects. This sample was in-
spected using two 1 MHz focused transducers (F = 1.5”)
with a diameter of 0.5".

Fig. 4 displays the twin-robot ultrasonic testing sys-
tem. An automatic inspection was performed with sta-
ble water path and proper probe orientation. C-Scan

Conclusions

A MGB model described the wave field in compos-
ites has been given. By measuring transmitted ultra-
sonic filed, focal distance has been calculated. In order
to ensure more ultrasonic signals transmitted through
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Fig. 5. C-Scan images of curved composites
Rys. 5. Wyniki badania zakrzywionych kompozytéw w postaci
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