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damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.
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Abstract—Five elastic stiffness coef� cients of UD-GFRP were estimated by using a laser iso-angular
scanning method. Four stiffness coef� cients C33, C11, C66 and C44 (direction 3 being the � ber
direction) were � rst accurately determined by using phase velocities of longitudinal and shear waves
in the � ber and � ber-normal directions. The stiffness C13 was estimated by iteration so that the
slowness curve of quasi-shear waves computed to an assumed C13 best matches the measured one.
The estimated stiffnesscoef� cients agreed quite well with those estimated by the through-transmission
method in water.

Keywords: UD-GFRP; laser iso-angular scanning method; quasi-shear wave; elastic stiffness coef� -
cients; through transmission method in water.

1. INTRODUCTION

Accurate estimation of elastic stiffness coef� cients of an anisotropic medium is
important for integrity and damage inspection by ultrasonic and acoustic emis-
sion (AE). Extensive researches on the elastic stiffness estimation have been con-
ducted so far. Some researchers utilized the orientation dependency of surface
acoustic wave (SAW) velocities, and some that of bulk waves. The procedure for
determining (recovering) the stiffness coef� cients from the measured phase veloc-
ities of bulk waves has been addressed in detail by Every [1]. It is based on the
Christoffel equation [2], a relation between the phase velocity and stiffness coef� -
cients. However, the wave energy is propagated with group velocity and, in general,
the phase velocity is different from the group velocity both in direction and magni-
tude.
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122 M. Iwasawa et al.

Recently a point-transmitting and a point receiving system (a PT/PR system)
was demonstrated to be a convenient method for measuring group velocities [3, 4].
Chai and Wu [5] estimated the elastic stiffness coef� cients of a unidirectional glass
� ber reinforced plastic (UD-GFRP) using the SAW group velocities, measured by
a focused laser beam and a small aperture transducer located on the surface of
medium. Castagnede et al. [6] generated bulk waves by a point-focused laser and
received by a miniature piezoelectric transducer of 1.3 mm aperture or a miniature
capacitive transducer of 3 mm diameter. This method, called iso-angular scanning
(abbreviated as IAS hereafter), measures the group velocity of longitudinal (L-),
shear (S-) and quasi-shear (QS-) waves in a symmetric plane by scanning the
receiver along the � ber direction. As the bulk waves are generated and measured
on the opposite surfaces of GFRP plate, the IAS method needs only one plate-
shaped specimen, but requires an optimized inverse scheme of the group velocity
anisotropy or slowness curve of three bulk mode waves. Inverse processing of group
velocity anisotropy tends to produce a large error and result in wrong properties due
to falling in local minimums during inverse processing. Due to � nite aperture and
waveform distortion by couplant, and also due to a limited specimen size, accurate
determination of the arrival times of S- and QS-waves appears to be dif� cult. We
once attempted to monitor the QS-waves by the IAS method; however, we could
not monitor them due to many re� ected wave peaks.

Park and Calder [7] utilized the phase velocity anisotropy of Rayleigh waves of
graphite/epoxy composites. They excited the Rayleigh waves by a line-focused
pulse YAG laser 15 mm long and monitored by a dual pinducer with 2.4 mm
outer diameter. This system enabled a measurement of in-plane phase velocity
anisotropy of the Rayleigh wave. The contact problem of a pinducer remains,
but it can be minimized by utilizing a laser interferometer. Rose and Pilarski [8]
recovered elastic stiffness coef� cients of UD- and cross-ply CFRP by numerical
analysis of the SAW velocities in the off-axis directions. Combined utilization
of bulk, surface and subsurface waves are recommended by them. We estimated
� ve stiffness coef� cients of UD-CFRP, utilizing both the phase velocities of the
Rayleigh wave and SSCW (surface skimming compressive wave) [9]. A point
laser SAW system, consisting of a line-focused Nd-YAG laser and a heterodyne-
type laser interferometer with an argon probe laser enabled us to determine the
phase velocities of SAW. The laser interferometer measured the SAW on the mirror-
surface CFRP; however, we could not measure the transmitted S- and/or QS-waves
through rough surface GFRP. An advanced interferometer with a high power probe
laser, applicable to rough surface, was needed for GFRPs with sprayed coating.

Other ultrasonic techniques employed so far are the immersed through-transmis-
sion [10] and double through-transmission method [11, 12]. Here, the arrival times
of L-, S- and QS-waves transmitted through a medium set in water were measured
as a function of the sample’s rotation angle and receiver position. This technique
requires a sophisticated computer controlled swivel table and a linear slider for
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Estimation of � ve elastic stiffness coef�cients by laser generated ultrasonic 123

the receiver. A relatively thick medium is preferred for this method. Ultrasonic
microscopy has recently been used, but this is limited to small media.

In this research, we aimed to measure the � ve stiffness coef� cients of UD-GFRP
with 60 mass% � ber content, using the laser IAS (LIAS) method. Here, we used
a point focused pulse YAG laser (breakdown of silicone painted on the surface) as
a transmitter and a heterodyne-type laser interferometer with a diode-pumped YAG
probe laser as a receiver. The latter � rst enabled us to measure the S- and QS-
waves embedded in many re� ected waves. We measured group velocity anisotropy
of L-, S- and QS-waves using four types of sample with different � ber orientations.
We propose a simpli� ed inversion scheme which can accurately determine the � ve
stiffness coef� cients and avoid the ill-condition (fall in local minimum) during
inverse processing.

We � rst determined four stiffness coef� cients: C11, C33, C44 and C66 (direction 3
being the � ber direction). Here, C33 and C11 were explicitly determined from the
phase velocities of L-waves in the � ber and � ber-normal directions, respectively,
C44 and C66 from the phase velocities of S-waves in � ber and � ber-normal direc-
tions. The coef� cient C13 was determined by iteration so that the group velocity
anisotropy calculated to an assumed C13 and predetermined four coef� cients best
matches the measured group velocity anisotropy (slowness curve) of QS-waves.

Next, we examined the accuracy of stiffness coef� cients recovered, by comparing
with those estimated by the immersed through-transmission method. We used two
types of sample for this method, and estimated four stiffness coef� cients (C11, C13,
C33 and C44). We propose a new method to determine two coef� cients (C13 and C44)
correctly. The four coef� cients determined by the LIAS method agreed well
with those determined by the through-transmission method. The coef� cient C66,
however, could not be determined by the through-transmission method.

2. TEST SPECIMEN AND EXPERIMENTAL METHOD

A UD-GFRP plate, 10.1 mm thick, was prepared by a � lament winding method of
E-glass � ber rovings (6400 � bers of 15 ¹m diameter single � ber) and vinylester
resin. Fiber content of the specimen was measured as 60 mass% and density as
1844 kg/m3. UD-GFRP is a transverse isotropic material with a symmetric axis
in the X3 direction. Five elastic stiffness coef� cients are formulated in a matrix
format (1):

2

66666664

C11 C12 C13 0 0 0
C12 C11 C13 0 0 0
C13 C13 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C66

3

77777775

: (1)
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124 M. Iwasawa et al.

Figure 1. Laser iso-angular scanning method (LIAS).

Here C12 D C11 ¡ 2C66. We de� ne µ as the wave energy propagation direction with
respect to the � ber axis: µ D 0± designates the � ber direction and µ D 90± indicates
the normal to the � ber axis.

Figure 1 shows the LIAS method. A Q-switched pulse YAG laser of half-height
duration 50 ns was irradiated onto the specimen surface painted with silicone. Bulk
waves, excited by a breakdown of silicone, were measured at the aluminum-coated
opposite surface by a heterodyne-type laser interferometer with a diode-pumped
YAG probe laser. Output of the laser interferometer, triggered by the incident
YAG laser, was digitized by a fast A/D converter at sampling interval 4 ns with
4096 points. Digital data were fed into a work station. Wave propagation direction
was changed by moving the stage with both a mirror and plano-convex lens for
incident YAG laser. It was controlled by a computer controlled stepping motor at
2 ¹m spatial resolution. Four types of sample with different � ber orientations were
used. These are shown in Fig. 2. Here, the angle Á denotes the angle of transmitter-
receiver direction relative to the surface normal of samples. Types 3 and 4 are the
same sample, but just inverted with respect to each other.

Figure 3 shows the immersed-through transmission method. We generated, by
using a high damping compression-type PZT transmitter (Panametric, 10 MHz
resonant, 10 mm aperture diameter), a longitudinal wave into water (25±C) and
monitored the transmitted waves by a pinducer of 2.4 mm diameter, located at
41.7 mm from the transmitter. The pinducer enables us to determine the receiver’s
positions accurately. It was scanned by a computer controlled linear stage at 0.5 mm
steps from the original position (s D 0 mm) to receive the wave with the largest
amplitude. The sample was rotated through an angle Ã by a swivel table in 2± steps.
The output of the pinducer was digitized at 10 ns with 4096 points. Two types of
sample, Types 1 and 2 in Fig. 2, were used to determine the phase velocity of L- and
QS-waves.
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Estimation of � ve elastic stiffness coef�cients by laser generated ultrasonic 125

Figure 2. Four types of sample with different � ber orientations.

Figure 3. Immersed through-transmissionmethod with typical wave propagation paths.

The phase velocities Vp of L- and QS-waves were calculated by equation (2).

Vp.’/ D
µ

1
V 2

w

¡
21t cos µr

hVw

C .1t/2

h2

¶¡1=2

;

1t D t ¡ tg; (2)

’ D arcsin

µ
Vp.µr/ sin µr

Vw

¶
:
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126 M. Iwasawa et al.

Here ,Vw designates the velocity of longitudinal wave in water, and is measured as
1495 m/s; h refers to the sample thickness (10.20 mm for Type 1 and 24.69 mm
for Type 2). 1t is the time difference between the � rst wave arrival through and
without sample. µr is given in equation (2).

3. RESULTS

3.1. Elastic stiffness coef� cients determined by laser iso-angular
scanning (LIAS) method

Figure 4 represents waveforms obtained for Type 1 and Type 2 samples. Symbols L,
QS and S near the waves designate the arrival time of longitudinal, quasi-shear and
shear waves. Symbols a, b and c are the predicted arrival time of re� ected waves
by three paths shown in Fig. 5. Here, the arrival times are calculated using the
recovered stiffness coef� cients shown in Table 1. Symbol a means the re� ection of
L-wave in thin Type 2 sample. Symbol b indicates the re� ection at upper surface
for Type 1 and Type 2 samples. Symbol c denotes the side-edge re� ection observed

Figure 4. Waveform obtained by LIAS method for Type 1 and Type 2 samples.
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Estimation of � ve elastic stiffness coef�cients by laser generated ultrasonic 127

for Type 2. Other peaks without symbols appear to be due to more complicated
re� ection paths.

Characteristic features of waves in Fig. 4 are: (1) peak amplitudes of the � rst
arriving L-wave are larger near µ D 0± and 90± , while (2) peak amplitudes of
QS-waves are larger in the range of 35± < µ < 55± , and (3) two QS-peaks are
observed at µ D 35± , 40±, 50±, 55± and 60± .

Traveling time of the L-wave was determined by zero-crossing time, but those of
the QS- and S-waves were governed by peak times. Figure 6 compares waveforms

Figure 5. Predicted paths of re� ected waves and propagation length; p.l and time; t.

Table 1.
Elastic stiffness coef� cients of UD-GFRP estimated by TT method (GPa)

C33 C11 Cl3 C44 C66

46.6 18.8 7.8 6.0 —
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128 M. Iwasawa et al.

Figure 6. Waveform obtained by LIAS method for Type 3 and Type 4 samples.

Figure 7. Orientation dependency of L-wave group velocity.

monitored for Type 3 and Type 4 samples. For the Type 4 sample, we can monitor
clear QS-waves at µ > 60±. Orientation dependency (slowness curve) of the L-wave
group velocities is shown in Fig. 7. Data from all types of sample agrees well within
the maximum error of 1.7% at µ D 25±. Using the L-wave phase velocities at µ D 0±
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Estimation of � ve elastic stiffness coef�cients by laser generated ultrasonic 129

Figure 8. Orientation dependency of QS- and S-wave group velocity.

(5020 m/s) and 90± (3179 m/s), we determined C33 and C11 as 46.5 and 18.6 GPa,
respectively. The solid line designates the slowness curve calculated from the � nally
determined � ve stiffness coef� cients (Table 1). A good coincidence demonstrates
the accuracy of the estimated stiffness coef� cients.

Figure 8 represents the slowness curve of S- and QS-waves. Maximum deviation
of the S-wave velocity from the calculated slowness curve was 4.4% at µ D 15±.
Using the phase velocities of S-waves at µ D 0± (1821 m/s) and 90± (1611 m/s),
C44 and C66 are determined as 6.1 GPa and 4.8 GPa, respectively.

The slowness curve of QS-velocity shows two cusps at around µ D 40± and 60±.
We determined C13 as follows. Orientation dependence of phase velocities of QS-
waves are given by equation (3):

1
VQS

D

s
2½

.a ¡ b/
;

a ´ C11 sin2 µ C C33 cos2 µ C C44; (3)

b ´ [f.C11 ¡ C44/ sin2 µ C .C44 ¡ C33/ cos2 µ g2 C .C13 C C44/2 sin2 2µ]1=2:

As four coef� cients, C33, C11, C44 and C66, have been determined, we � rst calcu-
lated the orientation dependency of QS-wave phase velocities to an assumed C13,
and then converted them to group velocities. Figure 9 shows curve � tting to � nd
the most suitable C13. Among three C13 values assumed, a curve computed to
C13 D 7:8 GPa best matches the experimental data in the range 40± < µ < 60±.
The slowness curve, calculated by using C13 D 7:8 GPa (Fig. 8), best � ts the ex-
perimental data. Estimation accuracy of C13 is generally poor. It might be better to
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130 M. Iwasawa et al.

Figure 9. Orientation dependence of QS-wave group velocity anisotropy.

Table 2.
Elastic stiffness coef� cients of UD-GFRP estimated by LIAS method (GPa)

C33 C11 C13 C44 C66

46.5 18.6 7.8 6.1 4.8

say that C13 appears to be around 7.8 GPa. Five stiffness coef� cients are shown in
Table 2. An anisotropy factor ´.D 2C44 / (C11 ¡ C22)) is calculated as 0.25.

Castagnede et al. [6] reported an intersection of S- and QS-slowness curves in the
anisotropic plane (1–3 plane) of UD-GRRP. This appears to be due to erroneous
recovery of stiffness coef� cients, by using the measured group velocities as the
phase velocities. No intersection of S- and QS-slowness curves is reported for CFRP
by Rose and Pilarski [8].

3.2. Elastic stiffness coef� cients determined by the through-transmission method

Figure 10 shows an example of waves monitored for Type 1 sample at Ã D 6±

(the top). This was obtained by the pinducer at position s D 2:5 mm as shown in the
bottom � gure. Phase velocity of P-wave was determined using the time difference
.t ¡ tw/ between two peak times of P-waves measured through a sample t and
without a sample tw, and also µ D 76:9±, µr D 13:1±. Due to the complicated
waveform, we could not determine the arrival time of the S-wave, possibly arriving
at around 27 ¹s. Shown in Fig. 11 are waves monitored for Type 1 sample for
34:6± < µ < 90±. The L-wave amplitude decreases with decreasing µ (top to
bottom in the left � gure), and diminishes at around Ã D 18±, while we observe
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Estimation of � ve elastic stiffness coef�cients by laser generated ultrasonic 131

Figure 10. Wave monitored by through-transmissionmethod for Type 1 sample at 9 D 6± (top) and
change of the � rst L-peak (bottom) with s.

clear QS-waves at µ from 34.6± to 58± (in the right � gure). Figure 12 shows the
waves monitored for Type 2 sample.

The slowness curve of L- and QS-waves are represented in Fig. 13. C11 and C33

are determined from L-wave phase velocities at µ D 0± and 90± as 46.6 and
18.8 GPa, respectively. Solid lines are the computed slowness curve of the phase
velocities using the stiffness coef� cients in Table 1.

In this method, we estimated C13 and C44 from QS-wave velocities by the
following scheme. We � rst examined the effect of C13 and C44 on the velocity
anisotropy. Figure 14a shows QS-phase velocity distributions to three C13 values
and Fig. 14b those to three C44 values. It is noted that the maximum velocity of QS-
wave is signi� cantly affected by C13, while it is not affected by C44. Contrary to this,
the width of distribution changed depending on the C44 as shown in Fig. 14b. Thus
we � rst determined the C13 so that the maximum velocity � tted the measured value
by using appropriate C44. We estimated C13 as 7.8 GPa. Then C44 was determined
as 6 GPa. This method enabled us to determine C13 and C44 from limited QS data.
However we could not determine C66, since we could not measure the velocity of the
S-wave in the � ber normal direction by any method. We attempted to measure the
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132 M. Iwasawa et al.

Figure 11. Waves monitored for Type 1 sample.

S-wave velocity by a counter contact method of two S-wave transducers; however,
we could not determine the arrival time due to a long trailing P-wave.

A good agreement of the four stiffness coef� cients in Tables 1 and 2 demon-
strates the usefulness of the proposed LIAS method using four types of sam-
ple.

4. CONCLUSIONS

We have recovered � ve elastic stiffness coef� cients of a unidirectional glass � ber
reinforced plastic (direction 3 being the � ber direction), utilizing a new inverse
method of group velocity anisotropy of bulk mode waves measured by the laser
iso-angular scanning method. The proposed method needs four types of samples
with different � ber direction; however, this enables an accurate determination of
� ve stiffness coef� cients. This method can reduce the uncertainty often observed
during conventional inverse processing of slowness curve. The estimated stiff-
ness coef� cients were compared with that estimated by the through-transmission
method.
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Estimation of � ve elastic stiffness coef�cients by laser generated ultrasonic 133

Figure 12. Waves monitored for Type 2 sample.

Figure 13. Orientation dependence of the phase velocity of L- and QS-waves.
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134 M. Iwasawa et al.

Figure 14. QS-phase velocity distribution as a function of C13 (a) and C44 (b).

Results are summarized below:

1) A laser iso-angular scanning (LIAS) method, consisting of a point pulse YAG
laser transmitter and a hetero-dyne type laser interferometer with a high power
YAG probe laser, enabled us to measure the group velocities of longitudinal (L-),
shear (S-) and quasi-shear (QS-) waves of UD-GFRP with rough surface.

2) We used four types of sample with different � ber orientations, and measured
the phase velocities of L- and S-waves in the � ber and � ber normal directions.
C33 and C11 were accurately determined from the L-wave phase velocities in the
� ber and � ber normal directions, respectively. We also determined C44 and C66

from the phase velocities of S-waves in the � ber and � ber normal directions,
respectively.

3) The coef� cient C13 was determined by iteration so that the slowness curve of
QS-wave group velocities, calculated to an assumed C13 and predetermined four
stiffness coef� cients, best matches that of the measured curve.

4) We proposed a new method to recover the four stiffness coef� cients, C33,
C11, C13 and C44, from the through-transmission data obtained from two types
of sample with � bers in parallel and perpendicular to the sample surface.
C33 and C11 were determined from L-wave phase velocities in � ber and � ber
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Estimation of � ve elastic stiffness coef�cients by laser generated ultrasonic 135

normal directions. C13 and C44 are recovered so that the maximum velocity
and velocity distribution of computed QS-wave velocity anisotropy matches the
measured data. The coef� cient C66 could not be determined since the S-wave
velocity in the � ber normal direction could not be measured by any method.

5) Four stiffness coef� cients estimated from the through-transmission method
agreed quite well (within the maximum error of 1.7%) with that estimated by
the LIAS method.
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