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Abstract: Ultrasonic attenuation measurements were conducted on cross-ply and quasi-isotropic
lay-ups of eight types of carbon-fiber reinforced composites (CFRPs) using through-transmission
methods with diffraction correction. Attenuation values were substantially higher than those of
unidirectional composites and other structural materials. Wave modes, fiber distributions, matrix
resins, and consolidation methods affected total attenuation. Transverse mode, quasi-isotropic lay-up,
and polyimide and thermoplastic resins generally produced higher attenuation. No clear trends
from the fiber distribution were revealed, indicating that it is not feasible presently to predict the
attenuation of various lay-ups from the unidirectional values. That is, direct attenuation tests for
different laminate lay-ups are needed. This work expanded the existing attenuation database by
properly determining the attenuation coefficients of two additional layup types of CFRP laminates.
Results showed the merit of ultrasonic attenuation measurements for quality control and structural
health monitoring applications. A crucial benefit of the through-transmission methods is that
they enable the prediction of Lamb wave attenuation in combination with software like Disperse
(ver. 2.0.20a, Imperial College, London, UK, 2013).

Keywords: ultrasonic attenuation; carbon-fiber reinforced composites; unidirectional; cross-ply;
quasi-isotropic lay-ups; longitudinal mode; transverse mode; damping factors

1. Introduction

Ultrasonic non-destructive evaluation (UNDE) provides tools for structural health
monitoring (SHM) of fiber-reinforced composite (FRP) structures and for quality assurance
during their fabrication [1-6]. For example, Philibert et al. [7] used Lamb wave transmission
amplitude to detect flaws in carbon fiber-reinforced composites (CFRP). It is crucial to
separate inherent attenuation from signal loss due to the presence of the flaws. If the latter
is much less, UNDE is ineffective. In contrast to structural metallic alloys, FRPs exhibit
highly anisotropic wave propagation behavior, and ultrasound waves are attenuated more
strongly by mismatched constituent properties and the presence of voids and interlaminar
flaws. Wave propagation and attenuation for FRPs have been studied for many years, with
some successes [8-29]. Williams et al. [11] obtained attenuation coefficients for unidirec-
tional CFRP. They also tried to explain them in terms of homogenized constituents, but
without theoretical justification. Ultrasonic attenuation results obtained using tilted-beam
transmission methods [18,19,23] were compiled in [29]. This method produced complex
stiffness tensors, and damping factors were found to be two to ten times those of isotropic
polymethyl methacrylate (PMMA) [18,19]. These results were generally comparable to
those from direct measurements using through-transmission methods [30,31]. However,
the samples in these early studies [18,19,23] were only identified as carbon-fiber (or glass-
fiber)-reinforced composites, making it difficult for quantitative evaluation. It is also noted
that most damping factors were deduced from secondary effects since interrogating waves
mostly traveled in the normal direction of the surface.

Two recent studies [30,31] reported ultrasonic attenuation results for large numbers
of engineering materials using through-transmission methods. Both longitudinal and
transverse wave transmission modes were evaluated in nearly 300 samples. These included
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results for laminated and pultruded FRP samples, but the types of lay-ups were primarily
unidirectional (UD) FRPs. Another study [32] examined the through-transmission meth-
ods in detail for the cases of ceramics and inorganic materials, comparing them with a
buffer-rod method standardized as ASTM C1332-18 [33]. This work [32] showed that the
buffer-rod method suffers from inconsistencies due to sample preparation, leaving the
through-transmission methods as the most useful approach presently. Another benefit
of the through-transmission methods arises from the inclusion of transverse attenuation
measurements. This, in turn, allows one to predict the attenuation of Lamb waves [34]. The
use of Disperse software (ver. 2.0.20a, Imperial College, London, UK, 2013) broadens its
applicability further [35], as discussed in [34].

This report supplements the CFRP measurements in these two studies [30,31] by
adding cross-ply (XP) and quasi-isotropic (QI) laminates as well as another UD CFRP.
That is, a total of eight carbon-fiber-reinforced composites (CFRPs) were evaluated. The
results were tabulated along with the previous attenuation data, with discussion on their
implications for UNDE. These test results for XP and QI lay-ups are needed since no report
of the ultrasonic attenuation on cross-ply and quasi-isotropic FRP laminates appears to
exist in the literature. The present study addresses the urgent need for attenuation data for
commonly utilized lay-ups of different types of CFRPs. At present, SHM studies cannot
incorporate anticipated signal loss into the design stage. By conducting attenuation tests
using the through-transmission methods, one can optimize sensor arrangements and other
factors, including transmitter excitation, receiver sensitivity, and so on. It should be noted
that the XP and QI lay-ups cover only a small fraction of current composite design practices.
However, the three lay-ups represent the basic elements of laminated composites. In
addition to the utility of UNDE, the present work is intended to motivate theoretical studies
of ultrasonic attenuation in FRP laminates, despite the significant obstacles of properly
accounting for fiber distributions, wave scattering, fiber-matrix mismatch, and interlaminar
refraction. Such theoretical studies were scarce, as reviewed in [29-31].

2. Materials and Experimental Procedures

Three CFRP lay-ups (UD, XP, and QI) of an identical set of constituents, AS4 carbon
fiber and 3501-6 epoxy, were used. All three AS4 carbon-fiber-reinforced composites were
supplied by the NASA Langley Research Center (Hampton, VA, USA) [30]. Two more
AS4 CFRPs had PMR15 polyimide and a polyphenylene sulfide (PPS) matrix. Both CFRPs
with thermoset PMR15 (UD and QI) and thermoplastic PPS (QI) resins were made at Rohr
Industries (San Diego, CA, USA). A T300 CFRP plate (QI) was obtained from Northrop
(El Segundo, CA, USA). Another QI-CFRP from Nippon Oil Co. (Yokohama, Japan) was
made from pitch-based carbon fibers, XN50 (Japan Graphite Fibers, Tokyo, Japan), with
Nippon Oil 25C epoxy resin. The fiber content was 56%. This XN50 grade has a tensile
modulus of 490 GPa, which is more than twice that of AS4 and T300 fibers. Previous
studies [30,31] also reported the results of G50 and T700 CFRPs, both of which were
made at UCLA laboratories from prepregs. Another T700 CFRP sample was made with
T700/UF3369 epoxy prepreg in the UD lay-up (Toray, Tokyo, Japan). Also tested was an
epoxy plate made from Epicote 828 resin and Epicote 878 hardener (Shell Epoxy, Tokyo,
Japan) at Aoyama Gakuin University (Tokyo, Japan). This aerospace-grade epoxy is referred
to as Epoxy?2 to distinguish it from previously used consumer-grade epoxy (Epoxy1). Table 1
tabulates sample parameters.

The through-transmission methods were used as in [30,31]. Two sets of longitudinal
wave transducers (Olympus V103 and V106, Olympus NDT, Waltham, MA, USA, and C16,
NDT Systems, Huntington Beach, CA, USA) were used with Vaseline couplant [30]. For
transverse mode tests, two sets of transverse wave transducers (Olympus V154 and V221,
Olympus NDT) were used with shear couplant [31]. The test temperature was 25 & 3 °C.
Attenuation tests combined the output frequency spectra (in dB scale) of two set-ups, direct
contact (Figure 1a) and through-transmission (Figure 1b), designated as Ry and R;. Here,
input and output signals were digitized using PicoScope 5242D (Pico Technology, St. Neots,
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UK) and digitized at an 8 ns interval with a 15-bit resolution using signal averaging mode.
A fast Fourier transform was performed to obtain R; and R; spectra using Noesis software
(Enviroacoustics, Athens, Greece, ver. 5.8). A typical test set-up is shown in Figure 1c.

Table 1. CFRP sample parameters.

Fiber E¢ GPa Matrix Lay-Ups Fiber Volume Size mm Supplier
AS4 235 3501-6 epoxy UD 56.8% 29.5 x 24.3 x 20.0 NASA Langley
AS4 235 3501-6 epoxy XP 56.8% 28.0 x 17.4 x 26.0 NASA Langley
AS4 235 3501-6 epoxy QI 56.8% 26.0 x 17.7 x 23.0 NASA Langley
G50 360 F584 epoxy UD 60.0% 29.0 x 19.9 x 289 Hexcel/UCLA
G50 360 F584 epoxy XP 60.0% 91 x 45 x 4.7 Hexcel/UCLA
AS4 235 PMR15 UD 58.4% 14.5 x 19.0 x 18.5 Rohr Industries
AS4 235 PMR15 QI 58.4% 16.6 x 16.6 x 14.9 Rohr Industries
AS4 235 PPS QI 63.6% 29.3 x 22.0 x 15.5 Rohr Industries
XN50 490 C25 epoxy QI 56.0% 18.1 x 19.4 x 14.0 Nippon Oil
T700 230 2501 epoxy UD 48.2% 23.7 x 18.8 x 15.6 Toray/UCLA
T700 230 UF3369 epoxy UD 59.7% 13.2 x 12.2 x 13.5 Toray/UCLA
T300 230 epoxy XP 59.0% 127 x 127 x 7.7 Northrup
Transmitter Receiver
a Direct contact
Sample
Transmitter Receiver

Pulser

b Through transmission

¢ Through-transmission test with V154
transducers and AS4-Ql (NASA) sample

Figure 1. Attenuation test set-up. (a) Direct contact arrangement. (b) Through-transmission arrangement.
(c) Transverse through-transmission test for QI AS4-epoxy sample in a surface-normal direction.

The attenuation coefficient, «, is given by
x=R; =Ry =D -T)/x, 1

where x is sample thickness, T = —20 log (4Z Z'/(Z + Z')?), with Z being the acoustic
impedance of the transducer face and Z’ the acoustic impedance of the sample. D is the
magnitude of diffraction correction, given by

D = —20 log ({[cos(27/s) — Jo(27t/s)]* + [sin(27t/s) — J1(27/9)]*102), )

where s = x v/f a?, with v being the wave velocity, f frequency, and J, Bessel function of
the first kind.

Figure 2 shows typical attenuation vs. frequency plots, and the slopes fitted to the
linear parts correspond to linear attenuation coefficients, Cq and Cgq; (in dB/m/MHz),
respectively. Attenuation coefficients, x and o, are given by & = C4 f and o = Cg f, with f.
Here, the longitudinal and transverse attenuation curves are plotted in solid blue and red,
and the fitted slopes are plotted in dotted blue and red lines. Also plotted are diffraction
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corrections for the QI and XP cases in light blue and brown, marked DC. DC effects were
large below 0.5 MHz but decreased to less than 10% of attenuation coefficients above 2
or 1 MHz for QI and XP, respectively. Even for highly attenuating CFRPs, DC cannot be
ignored in the sub-MHz region. In fact, the rising attenuation at low frequencies reported
in [11] was due to this DC effect. Also note that many SHM studies [2—4,7] use guided
waves in the sub-MHz frequencies, making it imperative to account for DC effects.
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Figure 2. Representative attenuation spectra for QI and XP AS4-epoxy CFRP samples. QI longitudinal
and XP transverse attenuation curves in solid blue and red. Fitted slopes are in a dotted blue line
with Cq = 301 dB/m/MHz and a dotted red line with C4; = 571 dB/m/MHz. Diffraction correction
(DC) curves for QI and XP samples are given in light blue and brown.

In some attenuation spectra, frequency-cubed components were present, and o and o
are given by
x=Cyqf+Csf° (longitudinal) (3)

o =Cqi f + Ca f°.  (transverse) 4)

This frequency-cubed attenuation was predicted by Biwa et al. [21,22], arising from
multiple scattering due to normally incident waves on parallel fibers. In the longitudinal
mode, the effects of multiple scattering were limited in some cases since C4 contributions
were large. However, Cs; values were large for the transverse mode in three cases (Sample
R24a, R43, and R44). See [30,31] for further details on procedures and other references on
attenuation measurement methods.

Error analysis of the through-transmission method was reported in [30]. Using nine
PMMA samples, Cq4 values were within £10%.

3. Results and Discussion

The results are summarized in Table Al in Appendix A. Sample numbers continued
from the previous studies [30,31], and newly added samples are designated from R37 to
R53 and 042, with the prefixes R and O representing reinforced composites and organic
materials. Samples R23-R25, R31, and R32 were additionally tested in the transverse mode.
Non-linear attenuation behavior was observed in 11 CFRP cases. The deviation from the
linear slope was fitted to the third power of frequency with coefficients, C3 and Cg;, for
the longitudinal and transverse modes, respectively. 1 = « v/7if is for the damping (loss)
factor with or without the t subscript for the transverse mode. FRP lay-ups were designated
by UD for unidirectional, XP for cross-ply, and QI for quasi-isotropic. Wave propagation
directions are indicated by L, T, and S. For XP and QI lay-ups, S represents the 4- and 8-fold
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symmetry axes, and L and T are interchangeable. Here, L direction is used for the nominal
0°-direction or the longer sample dimension. For the transverse mode, the direction of
shear polarization is given in Notes, using //F for the direction parallel to fibers and LF
for the direction normal to fibers. These can also be written in terms of L, T, and S, but
the polarization with respect to fiber direction is directly related to wave-fiber interaction.
Thus, this method is used here.

For AS4-epoxy CFRP, samples of all three lay-ups were evaluated, and the results are
given in the first 12 rows. For the longitudinal mode, attenuation values at 1 MHz (= C4 + C3)
in the L direction parallel to 0°-fibers (marked //F) increased in the order of UD, XP, and
QI by a factor of four. This is shown in Figure 3a with blue bars. In T directions normal
to fibers (_LF) and S directions normal to laminate surfaces, the corresponding increases
were smaller, but their C4 + C3 values were approximately twice that of UD-//F lay-up.
For XP and QI lay-ups, relative differences among the three orientations were neither
large nor small. For the transverse mode, attenuation values at 1 MHz (= Cq; + Cay) also
increased with changing lay-ups, but their relative changes were less, as can be seen in
Figure 3b. Notice also that the magnitudes of Cq; + C3; values were two or more times
those of C4 + C3 values. For QI lay-ups, results for S orientation were opposite between the
longitudinal and transverse modes. While C4 + C3 for S orientation decreased from L or T
orientations, Cq; + Cs; increased by one-third, going from L or T orientation to S orientation
in the transverse case. This trend was also present for XP lay-up, but the effect was smaller.
In the comparison of transverse attenuation, polarization effects on attenuation values were
averaged. Whether shear motion is normal or parallel to fiber direction is expected to affect
attenuation, and indeed, differences were observed as tabulated in Table A1 in Appendix A.
Since no theoretical basis exists for this effect, the averaged values were used in Figure 3b,
Figure 4b, and Figure 5b. For the prediction of guided wave attenuation in anisotropic
media [24,35], the two polarization directions are treated separately. Thus, Table A1 lists
attenuation values separately.

For the UD lay-up, five different types of CFRPs were evaluated, and the results are
compared in Figure 4a,b. These are AS4 fibers with epoxy or PMRI15 polyimide matrix,
G50-epoxy, and T700 fibers with two different epoxies (marked as T700 and T700uf). In
the fiber direction (L), indicated by blue bars, attenuation values were 77 to 155 dB/m or
527 to 807 dB/m at 1 MHz for the longitudinal or transverse mode. That is, transverse
attenuation was four times (for AS4 PMR) to eight times (for T700uf) higher for a given
CFRP type. In the surface normal (S) orientation, attenuation was the highest for all
types of CFRPs among the three orientations. For the longitudinal mode, AS4-PMR and
T700 showed substantially higher attenuation than AS4-3501, G50, and T700uf CFRPs,
especially for the S orientation. In these comparisons for T and S orientations, the results
of two polarizations (parallel and normal to fibers) were averaged, while the latter was
generally higher (except for T700uf). High attenuation appears to be due to the matrix
resins, although resin properties are unavailable for direct comparison. From the results of
two T700-epoxy CFRPs, consolidation methods appear to affect attenuation. T700 samples
were cured outside of an autoclave or without a hot press. In contrast, T700 uf samples
were made using a hot press. The lack of adequate curing pressure must be the source of
the highly anisotropic attenuation and a lower fiber volume observed in T700 samples.

Attempts to obtain neat resin samples were unsuccessful, but one epoxy sample of
composite grade (Epicote 828) was tested, and the results are listed in Table A1 as Sample
O42. Its attenuation values were higher than those of consumer-grade epoxy previously
reported (Sample O9). The O42 data were similar to the observed CFRP attenuation of
AS4-PMR15 and T700. In the case of transverse attenuation, even AS4- and G50-epoxy
samples had five-times higher values than the longitudinal attenuation. In contrast, AS4-
PMR15 and T700-epoxy samples had comparable attenuation between the longitudinal
and transverse modes. The T700 sample in the S direction had the 4th highest attenuation
value in this study. In contrast, T700uf samples behaved similarly to AS4-3501 samples.
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Figure 3. (a) Longitudinal attenuation of AS4-epoxy CFRP samples with unidirectional, cross-ply,
and quasi-isotropic lay-ups. Blue, red, and green bars indicate the wave propagation directions of L
(marked //F), T (LF), and S. (b) Transverse attenuation of AS4-epoxy CFRP samples. The values of two
polarization directions were averaged for LF and S. Bar height gives the attenuation value at 1 MHz.

For commonly utilized QI lay-up, four types of CFRPs—three with AS4 fibers and
one with XN50 fibers—were tested. Results are compared in Figure 5. Figure 5a showed
that the longitudinal attenuation generally increased from AS4-epoxy to AS4-PPS, but
AS4-PMR15 had the highest value in the L direction or the in-plane 0°-fiber direction (blue
bars). Changes in the S direction were larger, as shown in Figure 5a (green bars), with
AS4-PPS giving the highest Cy4 value of all at 1935 dB/m at 1 MHz. Between AS4 and
XNB50 fibers, the tensile Young’s moduli varied by a factor of 2.1. Yet, their attenuation only
varied by one-third, indicating the fiber modulus effect is weak. Results for transverse
attenuation are shown in Figure 5b. In contrast to the longitudinal cases, attenuation values
were similar among the four types of QI-CFRPs, with one exception. That is, AS4-PPS (L
orientation) had the highest value of 2082 dB/m. Again, the fiber modulus effect was weak.
These results indicated the absence of clear trends with respect to the value of attenuation
on the basis of orientation and fiber moduli. Again, high attenuation appears to originate
from the properties of the matrix materials, as the highest attenuation was observed in
L-oriented QI-AS4-PPS. Strangely, the S orientation of AS4-PPS showed low attenuation at
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nearly 1/4 of the maximum value for L //F. Again, the lack of neat resin samples prevented
experimental confirmation of the resin effect.

€ 1800
D 1600
T 1400
=

- 1200

Longitudinal

[Eny
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o
o

LTS

Longitudinal attenuation a

a AS4 3501 AS4 PMR G50 T700 T700uf

Transverse

1500
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300

Transverse attenuation at 1 MHz dB/m

b AS4 3501 AS4 PMR G50 T700 T700uf

Figure 4. (a) Longitudinal attenuation of unidirectional CFRPs of AS4-3501 epoxy, AS4-PMR15,
G50-epoxy, T700-2501 epoxy, and T700-UF3369 epoxy for propagation directions L, T, and S (in blue,
red, and green bars). (b) Transverse attenuation of CFRPs as in a. The results of two polarization
directions were averaged for T and S. Bar height gives the attenuation value at 1 MHz.

The present results failed to show definitive trends regarding the attenuation of XP and
QI lay-ups in relation to the UD data. This points to the need to experimentally evaluate
the attenuation behavior of CFRPs. However, this also implies that such attenuation data
can quantify the quality of manufacturing processes. For example, Figure 5a showed
substantial changes in attenuation of PMR15 and PPS CFRPs between L and S orientations.
It is difficult to attribute the variation to matrix properties alone if the fiber structures are
unchanged. The opposite trends on PMR15 and PPS matrices are possibly due to variations
in fiber distributions, which resulted from different consolidation steps. But these need
further investigation by matrix burn-off or other matrix removal methods.

From the attenuation coefficients and wave velocities, damping factors, n and 1, were
calculated and listed in Table A1, using n = av/7nf. Note that « needs to be converted
to Nepers/m units. Values of 1 ranged from 0.013 to 0.37 and n; values from 0.018 to
0.13. Since the damping factors are proportional to wave velocities, the 1 values for the
longitudinal mode tend to be larger, even though o values are usually larger than the
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corresponding « values. Wave velocities listed in Table Al can be converted to stiffness
tensor components using formulas given by Prosser [12], since the material symmetries
were limited to transversely isotropic and orthogonal in the present study. See also [31].
For stiffness tensor determination, it is necessary to properly rotate the coordinate system
so that the main symmetry axis coincides with the L orientation for UD lay-up and the S
orientation for XP and QI lay-ups, respectively.
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b

Figure 5. (a) Longitudinal attenuation of quasi-isotropic CFRPs of AS4-epoxy, XN50-epoxy, AS4-
PMR15, and AS4-PPS for wave directions L and S (in blue and green bars). (b) Transverse attenuation
of CFRPs as in a. For L orientation, two polarization directions are marked as //F and _LF, given in
blue and red bars, and S in green. Bar height gives the attenuation value at 1 MHz.

Damping factors of composite materials have been studied for many decades [36-38].
Because of structural vibration interest, vibration frequencies were primarily in the sub-kHz
domain, and mesoscale (or sub-millimeter) amplitude was commonly used. The use of dy-
namic mechanical analyzers (DMA) has become dominant [39,40]. Recent works reported
damping factors of CFRPs determined using DMA-type methods [41-45]. Note that shear
damping factors were not considered in these low-frequency damping studies since tor-
sional vibration generators are not readily available and their need was weak. Reported
damping factors were typically in the range of 0.01 to 0.1, although some values appeared
strangely off-scale. For example, Kishi et al. [41] obtained 1 = 0.0008 for a 12-ply T700 CFRP.
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This corresponds to the 1 of Al alloys and optical glasses, which resonate more than a sec-
ond when hit [30]. This value cannot be a reasonable estimate since no CFRP plate exhibits
such ringing. Elastic moduli for CFRP samples obtained from cantilever beam bending
were an order of magnitude lower in some studies, even for control CFRPs [46,47], requiring
thorough reevaluation. A possible source of the low modulus is excessive bending strain,
leading to resin flow. While the observed damping factors are in the same general range
as the values determined from ultrasonic attenuation, this apparent agreement cannot be
taken to indicate that a single mechanism operates over many decades of frequencies. In
the case of ultrasonic attenuation, strain levels are 1078 to 1010 [48]. These are at least
a million times smaller than the strain levels used in DMA [39,40]. A study covering a
wide range of frequencies is also needed, as was conducted for the polymer viscoelasticity
field [29,49]. Studies showed that the damping factor of polymethyl methacrylate changed
from 0.09 at 1 Hz to 0.01 at 1 MHz [29]. Molecular rearrangements are responsible for
increased damping at low frequencies.

Finally, the availability of ultrasonic attenuation data for three types of CFRP lay-ups
enables the calculation of Lamb wave attenuation using appropriate software, such as
Disperse [35]. A more advanced analytical procedure [24] is also available. The through-
transmission methods can be used for many different CFRP laminates, allowing for Lamb
wave attenuation characteristics for such CFRPs. Since the vast majority of CFRP uses plate-
like structures, the method used here can predict ultrasonic signal transmission behavior,
greatly advancing the fields of SHM and UNDE.

4. Conclusions

This study evaluated the ultrasonic attenuation of eight CFRP laminates, totaling
52 new tests. These included cross-ply and quasi-isotropic lay-ups and four new fiber-
matrix combinations: AS4-PPS, XN50-epoxy, T700-UF3369 epoxy, and T300-epoxy CFRPs.
Results were tabulated, and main features were compared for several different groupings.
In most cases, high attenuation levels were found, making conventional UNDE challenging.
Changes from unidirectional lay-up to cross-ply or quasi-isotropic lay-up added substantial
attenuation. However, this effect was smaller for the transverse mode, which always
produced higher attenuation than for the longitudinal mode. The observed changes are
strongly influenced by the fiber distributions, their stacking sequences, and the matrix
resins. Newer 2501-epoxy in T700 CFRP, PMR15, and PPS resins produced the largest
attenuation effects within the present study. New attenuation data from this work should
encourage additional systematic attenuation studies of various CFRPs together with matrix
resin samples. These are the essential base data, leading to a theoretical understanding
of wave-fiber interaction. The methods used here can be applied to any CFRP laminate,
allowing the prediction of Lamb wave attenuation through computational procedures. This
expands the scope of UNDE and SHM for typically plate-like CFRPs.
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Appendix A

Attenuation results are given in Table A1 below. Each row represents a test sample
with its number, grouped for longitudinal and transverse attenuation data, followed by
ratios of attenuation coefficients and damping factors, and by thickness, mass density,
and polarization direction for the transverse mode. Attenuation results from our previous
studies [30,31] were also compiled for comparison.
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Table Al. Attenuation coefficients of longitudinal and transverse modes of fiber-reinforced composites.

Test. Material Cq Cs v n Cat Cst Vi ¢ Cat/Cq /M Thickness Density Notes
No ?ﬁﬁ; /‘ﬁgg mm/ ps 713[/}?; /ﬁ{{r; mm/ s mm Mg /m3

R15 CFRP AS4UDL 91.0 9.32 3.11 x 1072 531 2.15 4.18 x 1072 5.84 1.35 36.6 1.53 pol= LF
R15a CFRP AS4UDL 91.0 9.32 3.11 x 102 621 2.15 4.89 x 1072 6.82 1.57 29.5 1.53 pol= LF
R16 CFRP AS4UD T 247 4937 3.16 2.86 x 1072 451 2.09 3.45 x 1072 1.83 1.21 24.3 1.53 pol=//F
Rl6a CFRP AS4UD T 247 4.937 3.16 2.86 x 1072 512 1.58 2.96 x 1072 2.07 1.04 20.0 1.53 pol=LF
R17 CFRP AS4UD S 196 3.15 2.26 x 1072 461 2.04 3.45 x 1072 2.35 1.52 20.0 1.53 pol=//F
R17a CFRP AS4UD S 196 3.15 2.26 x 1072 546 1.58 3.16 x 1072 2.79 1.40 28.0 1.53 pol= LF
R37 CFRP AS4XP L 301 8.24 9.09 x 1072 571 2.16 452 x 1072 1.90 0.50 28.0 1.53 pol=//F
R37a CFRP AS4XP L 301 8.24 9.09 x 1072 482 1.82 3.21 x 1072 1.60 0.35 17.4 1.53 pol= LF
R38 CFRP AS4 XP S 298 3.20 349 x 1072 645 1.76 4.16 x 1072 2.16 1.19 26.0 1.53 pol=//F
R39 CFRP AS4 QI L 384 7.74 1.09 x 1071 704 3.95 1.02 x 1071 1.83 0.94 26.0 1.53 pol=//F
R39a CFRP AS4QIL 384 7.74 1.09 x 1071 694 1.83 4.65 x 1072 1.81 0.43 17.7 1.53 pol=_LF
R40 CFRP AS4 QIS 306 3.18 3.57 x 1072 922 1.77 598 x 1072 3.01 1.68 24.3 1.53 pol=//F
R18 CFRP G50 UD L 110 11.30 455 x 1072 667 2.04 5.00 x 1072 6.06 1.09 13.3 1.58 pol = LF
R21 CFRPG50UD T 129 2.83 1.30 x 1072 603 2.16 4.77 x 1072 4.67 3.63 29.0/19.9 1.58 pol=//F
R21a CFRPG50UD T 129 2.83 1.30 x 1072 366 550.0 1.36 1.82 x 1072 2.84 1.40 29.0/19.9 1.58 pol= LF
R22 CFRP G50 UD S 148 2.79 151 x 1072 995 1.84 6.71 x 1072 6.72 443 28.9 1.58 pol= LF
R22a CFRP G50 UD S 148 2.79 151 x 1072 1050 1.30 5.00 x 1072 7.10 3.31 28.9 1.58 pol= LF
R36 CFRP G50 XP S 213 2.68 2.09 x 1072 709 1.62 4.20 x 1072 3.33 2.01 4.7 1.58 pol=//F
R23 CFRP AS4 PMR UD L 155 11.33 6.43 x 1072 637 1.52 3.55 x 1072 4.11 0.49 14.5 1.45 pol=LF
R24 CFRP AS4 PMRUD T 1052 279.0 2.17 8.36 x 1072 1037 1.60 6.08 x 1072 0.99 0.73 19.0 1.45 pol=//F
R24a CFRP AS4PMRUD T 1052 279.0 2.17 8.36 x 1072 790 2314 1.12 3.24 x 1072 0.75 0.39 19.0 1.45 pol= LF
R25 CFRP AS4 PMR UD S 865 151.4 2.30 7.30 x 1072 1308 1.74 8.34 x 1072 1.51 1.14 18.5 1.45 pol=//F
R25a CFRP AS4 PMR UD S 865 151.4 2.30 7.30 x 1072 911 473.1 1.11 3.71 x 1072 1.05 0.51 18.5 1.45 pol= LF
R41 CFRP AS4 PMR QI L 1205 7.25 3.20 x 107! 923 3.38 1.14 x 1071 0.77 0.36 16.6 1.45 pol=//F
R4la CFRP AS4 PMR QI L 1205 7.25 3.20 x 107! 1033 1.62 6.13 x 1072 0.86 0.19 16.6 1.45 pol=LF
R42 CFRP AS4PMR QI S 384 2.93 412 x 1072 516 1.66 3.14 x 1072 1.34 0.76 14.9 1.45 pol=//F
R43 CFRP AS4PPS QI L 1267 7.97 3.70 x 1072 635 1996 3.78 8.80 x 1072 0.50 2.38 5.26 1.48 pol=//F
R43a CFRP AS4PPSQIL 1267 7.97 3.70 x 1072 1584 1.33 7.72 x 1072 1.25 2.09 5.26 1.48 pol= LF
R44 CFRP AS4PPSQIL 970 7.13 2.53 x 1071 546 1536 3.24 6.48 x 1072 0.56 0.26 29.3 1.48 pol=//F
R44a CFRP AS4PPSQIL 970 7.13 2.53 x 107! 1041 1.36 5.19 x 1072 1.07 0.20 29.3 1.48 pol= LF
R45 CFRP AS4 PPS QI S 1758 2.32 1.49 x 1071 692 1.27 3.22 x 1072 0.39 0.22 2.6 1.48 pol=//F
R46 CFRP AS4 PPS QI S 1935 2.33 1.65 x 1071 645 1.27 3.00 x 1072 0.33 0.18 15.5 1.48 pol=_LF
R47 CFRP XN50 QI L 553 10.83 2.19 x 107! 18.1 1.57

R48 CFRP XN50 QI T 508 9.08 1.69 x 107! 1288 2.77 1.31 x 1071 2.54 0.77 3.45 1.57 pol=//F
R48a CFRP XN50 QI T 508 9.08 1.65 x 1071 994 1.41 6.16 x 1072 1.96 0.36 345 1.57 pol= LF
R49 CFRP XN50 QI S 383 2.63 3.70 x 1072 1341 1.27 6.93 x 1072 3.50 1.88 343 1.57 pol=//F
R26 CFRP T700 UD L 76.6 9.19 2.57 x 102 527 1.95 3.77 x 1072 6.88 1.47 23.8 1.48 pol= LF
R27 CFRP T700UD T 825 291 8.80 x 1072 661 1.92 4.65 x 1072 0.80 0.53 18.9 1.48 pol=//F
R27 CFRP T700UD T 825 291 8.80 x 1072 1596 1.38 8.07 x 1072 1.95 0.92 18.9 1.48 pol=_LF
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Table Al. Cont.

Test. Material Cq Cs v n Cat Cst Vi ¢ Cat/Cq /M Thickness Density Notes
R28 CFRP T700 UD S 1733 2.66 1.69 x 1071 1400 1.89 9.70 x 1072 0.81 0.54 15.5 1.48 pol=//F
R28a CFRP T700 UD S 1733 2.66 1.69 x 107 1857 1.64 1.12 x 107! 1.07 0.66 15.5 1.48 pol= LF
R50 CFRP T700uf UD L 99.5 9.50 3.46 x 1072 807 1.99 5.88 x 1072 8.11 1.70 13.4 1.55 pol=//F
R51 CFRP T700uf UD T 315 3.04 3.51 x 1072 701 1.97 5.11 x 1072 223 1.46 12.4 1.55 pol=//F
R51a CFRP T700uf UD T 315 3.04 351 x 1072 968 1.50 5.28 x 1072 3.07 1.51 12.4 1.55 pol=LF
R52 CFRP T700uf UD S 289 3.05 3.23 x 1072 886 1.97 6.40 x 1072 3.07 1.98 457 1.55 pol=//F
R52a CFRP T700uf UD S 289 3.05 3.23 x 102 645 1.54 3.64 x 1072 223 1.12 457 1.55 pol= LF
R53 CFRP T300 XP S 333 3.48 425 x 102 2040 2.00 1.50 x 107! 6.13 3.53 7.7 1.51 pol=//F
R1 GRP rod L 74.6 4.96 1.36 x 1072 478 1.71 3.00 x 1072 6.41 221 33.5 1.97 pol= LF
R4 GRP rod S 173 5.946 3.07 1.95 x 1072 952 1.64 5.70 x 1072 5.50 2.94 6.3 1.97 pol= LF
Rda GRP rod S 173 5.946 3.07 1.95 x 1072 944 1.76 6.10 x 1072 5.46 3.13 6.3 1.97 pol=//F
R5 GRP L 121 5.06 2.24 x 1072 650 1.80 430 x 1072 5.37 191 7.0 2.07 pol=//F
R13 GRP XP L 202 415 3.07 x 107! 1740 1.99 127 x 1071 8.61 0.41 7.0 1.81 pol=//F
R14 GRP XP S 441 2.84 459 x 107! 3030 1.65 1.83 x 1071 6.87 3.99 22 1.81 pol=//F
R34 KFRP S 1090 2.72 1.08 x 1071 1630 1.32 7.90 x 1072 1.50 0.73 9.2 1.34 pol=//F
01 PMMA 91.4 2.74 9.18 x 1073 253 1.40 1.30 x 1072 2.77 1.42 1.18

09 Epoxyl 274 2.75 2.76 x 1072 1030 1.38 5.21 x 1072 3.76 1.89 9.1 1.39

042 Epoxy?2 582 2.69 5.74 x 1072 1750 1.24 7.95 x 1072 3.01 1.39 29 122

L—parallel to 0° fibers; T—parallel to 90° fibers; S—normal to laminate or rod surface; UD—unidirectional; XP—cross-plies; Ql—quasi-isotropic; / /F—parallel to fibers; | F—normal to

fibers in the transverse direction; pol—the direction of polarization of transverse waves.
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