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Abstract

An enhanced two-stage inversion scheme for the determination of the viscoelas-
tic properties of orthotropic plates (e.g. fiber reinforced polymers) based on the
pulsed ultrasonic polar scan (P-UPS) is presented. A forward numerical model
for the P-UPS is combined with an efficient optimizer routine (particle swarm
optimizer, PSO) to inversely extract the complex orthotropic stiffness tensor, as
well as the orientation of the main axes of orthotropy. The developed inversion
technique is validated on synthetic data, yielding accurate results with small
deviations: elasticity tensor < 0.5%, viscosity tensor < 2% and main axes of
orthotropy < 0.03°. The inversion procedure has been further applied to ana-
lyze actual experimental P-UPS recordings on an aluminum plate as well as a
unidirectional [0]g carbon/epoxy laminate. The obtained inversion results yield
complex stiffness parameters which are in close agreement to reported values
in literature, and confirms the potential of the UPS technique and its inversion
optimization routine as an enhanced NDT technique to quickly and accurately
obtain characteristic material properties of composites.
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1. Introduction

In the last decades there has been a profound interest in the usage and de-
velopment of high performance materials such as carbon fiber reinforced plastics
(CFRP). The specific stiffness and strength of these (cross-) laminated materials
are exploited in primary components of for instance airplanes, automobiles, etc.
Naturally, the fiber orientation and the lay-up of these materials introduce the
supplementary complexity that their material parameters become anisotropic.
This turns the characterization of their stiffness parameters and the detection of
possible defects in such materials into a difficult task. Several non-destructive
techniques, mainly based on ultrasound wave propagation, have been developed
to infer the dynamic characteristics of orthotropic materials. Most of the ul-
trasonic techniques are based on the propagation of bulk waves inside the plate
exploiting the close relationship between elasticity and the time-of-flight (TOF)
[1H8]. However, the contribution of material viscosity is often neglected during
the analysis, potentially providing deceiving information on the investigated
material. Aside from the omitted influence of viscosity, bulk wave based tech-
niques suffer from several additional limitations which ultimately hampered a

real breakthrough of these techniques in further research and applications:

e The bulk wave approximation poses a limitation on the frequency range
that can be used during the experiments as bulk waves propagation re-
quires the wavelength (\) to be small compared to the thickness (d) of
the plate, i.e. A < d. On the other hand, there is also an upper bound
on the frequency due to both damping characteristics and the compulsory

condition of a homogenized structure.

e Bulk wave based techniques neglect effects arising from the plate bound-
aries as the bulk wave approximation assumes the plate to have an infinite
thickness [9] [I0]. This is particularly observed in the discontinuous phase
shift of the transmitted transverse bulk wave, as seen on Figure [I] which

emerges from the evanescent behavior of the longitudinal bulk wave when
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Figure 1: Numerical calculation of the transmission coefficient phase of the shear waves for
an aluminum plate (material properties taken from literature C11 = 110 GPa and Cys4 = 26
GPa) [12]. The sharp peaks correspond to the critical angles of the longitudinal (6 = 13°)
and the shear wave (0 = 28°).

passing the first critical angle (6..;; = 13° for aluminum). Although in-
dependent on both the frequency and plate thickness, it does induce an
additional time-delay which should be accounted for when using TOF data

to infer the elasticity constants [10] [T1].

e The bulk wave technique requires a-priori knowledge of the investigated
material as the inversion of the data is based on measurements along cer-
tain known in-plane angles. In an earlier publication, we have shown that
a mismatch of only a few degrees already results in large errors on the sub-
sequently inverted elasticity constants [10]. Hence, those methods a-priori
need to know the exact symmetry class and main symmetry orientations

of the investigated material.

The Ultrasonic Polar Scan (UPS) resolves the above mentioned limitations, and



has the potential to characterize the full viscoelastic tensor of orthotropic media
[13H15] without prior knowledge of the symmetry orientation. Moreover, knowl-
edge on the full tensor also offers the potential to detect damage in the material,
as any kind of microscopic damage in CFRP induces discernable changes in the
macroscopic material parameters which in turn affect the UPS measurement
[16]. The pulsed UPS (P-UPS) technique gathers information about the vis-
coelastic behavior of a solid plate through insonification of a fixed material
spot with a broadband ultrasonic pulse over a wide range of oblique angle pairs
U(0, o), where 6 and ¢ correspond to the familiar spherical coordinate angles
respectively depicting the out-of plane incidence angle and the in-plane direc-
tion (fig. . At each angle pair, the transmitted signal is captured resulting in
a vast amount of information on the investigated sample. These recorded time
signals are simultaneously analyzed to extract the maximum amplitude (ampli-
tude P-UPS) and the associated time instance (TOF P-UPS). The subsequent
mapping of these features on a polar diagram results in a local fingerprint of the
investigated sample. Straight lines (or spokes) through the center correspond to
a constant in-plane angle ¢ and variable incidence angle 6, whereas concentric
circles correspond to constant 6 and variable in-plane orientation ¢. Figure
displays a P-UPS recording for a unidirectional [0]s CFRP laminate. The P-
UPS image reveals characteristic patterns which relate to the material symmetry
class. Obviously, for an isotropic sample the patterns would all be concentric
circles. The stretched appearance shown in Figure reveals the transversal
isotropy of the investigated sample [I5]. Aside from an straightforward visual
inspection of the contours, one can further analyze the actual landscape (am-
plitude or TOF) of the P-UPS images in more detail using a numerical model
and arrive at an inversion procedure that allows the determination of the full
local orthotropic viscoelastic tensor.

The objective of the present study is to illustrate the performance of an
advanced characterization procedure based on a particle swarm optimization
(PSO) approach to extract the 18 orthotropic stiffness moduli (9 for elasticity

and 9 for viscosity) from a P-UPS measurement, simultaneously with the main
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Figure 2: Illustration of the UPS (P-UPS) principle (a). Experimental pulsed UPS measure-
ment (amplitude P-UPS) of a [0°]g carbon/epoxy plate at an fcd value of 5 MHz.mm, with a

colorbar that is normalized to maximum amplitude of the incident field (b).

symmetry orientations. The exploitation of evolutionary search algorithms has
already proven successful for the extraction of elastic moduli [10, [I8]. The in-
version algorithm consists of two-stages. Stage I employs the TOF landscape
(TOF P-UPS data) to extract a first guess on the elasticity constants. This first
stage has already been successfully employed on both numerical simulations and
experimental recordings of orthotropic media giving promising results [10]. In
the present study, we extend the inversion based on the TOF landscape to also
reveal the symmetry orientation at this stage. Stage II subsequently analyzes
the amplitude landscape (amplitude P-UPS data) to fine-tune the elasticity
constants and symmetry orientation from Stage I, and to extract the viscosity
constants. After a brief introduction of the P-UPS forward model and the devel-
oped two-stage inversion approach, we will show the efficiency of the developed
procedure to extract orthotropic viscoelasticity for a range of numerical and

experimental test cases.



2. Theoretical background

2.1. Harmonic wave propagation in anisotropic media
For a linear anisotropic medium one can combine Newton’s second law with
the general Hooke’s law to arrive at the equation of motion , describing the
general behavior of a wave propagating inside a material with density p and
elastic moduli Cji;. . 5
PaTI;Z = Cijleg;k- (1)
Here u; denotes the i-th component of the particle displacement, and Einstein
notation is used for indices j, k and [. A general solution for the anisotropic case
is not easily found. However, using the partial wave technique which assumes
the solution to be a linear combination of plane waves with wave vector K and
angular frequency w = 27 f, one can write down the wave propagation solution

in a simple expression where Einstein notation is used for index m.

u; = Z Ul.qej(Kqumfwt)‘ (2)
q

Inserting this expression into the wave equation leads to an eigenvalue prob-
lem known as the Christoffel equation . This equation provides a relation

between the polarization vector, wave vector, frequency and stiffness tensor.
(Cijleij — pw2(5i1)Ul =0. (3)

Where §;; denotes the typical Kronecker-delta function and Einstein notation
is used for indices j and k. Assuming that the axes are oriented such that
the x3 direction is perpendicular to the plate surfaces, we can determine two
of the three wave vector components (K; and Ks) using Snell’s law as it tells
us that the parallel components of the wave vector ought to be continuous.
Considering the fact that for an orthotropic material only nine of the Cj;i
are independent, we can determine the remaining unknown component K3 by
transforming the Christoffel equation into a bi-quadratic sixth order polynomial

in the K3 component.

Be(K3)? + Ba(K3)? + B2(K3) + Bo = 0. (4)



Equation represents the propagation of a set of 3 upward and 3 downward
going waves, each of them containing one quasi-longitudinal and two quasi-
transverse waves.

During an actual P-UPS experiment, the inspected plates are immersed in
water as this reduces the acoustic impedance mismatch at the interfaces and
allows sound to penetrate the sample more easily. In order to determine the
transmission coefficient, appropriate boundary conditions at the liquid/solid
and solid/liquid interface should be defined i.e. expressing the continuity of
the normal displacement (u3) and the normal stresses (0,3 for i=1,2,3) at each
interface. Working out the corresponding algebra we arrive at the expression
for the transmission coefficient ("), namely.

iY(A+S)
(S +iY)(A—iY)

T = (5)

Where A and S are respectively linked to the anti-symmetric and symmetric
guided waves propagating inside the plate, whilst Y describes the coupling be-
tween the immersing fluid and the solid plate [IT], [19]. Viscosity is included in

the theoretical model by considering the moduli to be complex valued, namely
Cijkl = Cz(jkl - icz(;’kl
where the real part symbolizes the elasticity and the imaginary part the viscosity.

2.2. Broadband pulsed wave propagation in anisotropic media

The fixed frequency transmission coefficient derived in the previous section,
however, is not sufficient to calculate the actual transmitted signal for a P-UPS
experiment which employs a broadband input signal I(¢) (Fig. . This can be
resolved by calculating the inverse Fourier transform of the incident spectrum
I(w) (Fig. multiplied by the frequency dependent transmission coefficient

for each specific incidence angle ¥ (0, ¢):

oo

T(0, 6, Cisptst) = / T(W)T(6, 6, Cogur, w)e™des (6)

— 00

The integral expression @ gives us the transmission signal in time domain
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Figure 3: Time signal (a) and frequency content (b)of the ultrasonic pulse delivered by a H5K
transducer (GE) during the experimental P-UPS recordings (center frequency f. = 4MHz).

which can be further analyzed as function of ¥(6, ¢). By evaluating the max-
imum amplitude of this signal at each angle, we obtain the amplitude P-UPS.
Likewise, the TOF P-UPS is retrieved by mapping the time delay associated
to this maximum amplitude with respect to a reference case where the plate is
absent. However, a small time correction (Eq. @) needs to be introduced as
the path (Dy) to the receiving transducer beneath the plate is longer (Fig.
than the radius (R) of the hemisphere:

teorr = 7 (1 —cosd). (7
Here, d is the thickness of the material plate, V; the speed of sound in the
bounding fluid and @ the incident angle. An example illustrating the necessity
of the correction term can be found in Figure 4b| where a spoke (a cross section
at constant ¢ angle) of a P-UPS experiment on an aluminum plate is compared
with simulation results obtained with and without correction. It is obvious that
the introduction of the time correction significantly improves the agreement
between simulation and experiment, especially for large incident angles 6.

The forward model is easily implementable on GPU architectures using
Mathworks MATLAB and takes less than 1 second to calculate both the TOF
and amplitude P-UPS for a plate consisting of a single anisotropic layer taking

into account 60000 angle combinations ¥(8, ¢).



3. Two-stage characterization procedure

Inversion procedure. With a suitable and fast assessable forward wave propa-
gation model for the P-UPS available, an optimization procedure can now be
introduced in order to determine the full set of orthotropic viscoelastic tensor co-
efficients of the solid plate in an inverse way. We propose a two-stage algorithm
in which both the TOF P-UPS and the amplitude P-UPS data is employed to
obtain our premise(Fig. [5]).

In stage I, the TOF data is used as a means to extract the elastic constants
[10]. Indeed, TOF information is closely linked to the phase velocity of the
traveling waves which, to a large extent, is determined by the material elasticity.
In the general case of orthotropic materials, nine coefficients of elasticity can be
determined in this way. For the viscosity coefficients during stage I calculation,
a random percentage (0.1%-15%) of the elasticity is used such that the weak
influence of viscosity on TOF data is captured to some extent. There is no
optimization of the viscosity coefficients at this stage.

In stage II, the amplitude P-UPS data is used to infer the unknown viscosity

— Simulation without correction
—— Simulation with correction

5 10 15 20 25 30 35
Incident angle 6 [deg]

(b)

Figure 4: (a) Cross-section of the lower hemisphere (radius R) of the UPS technique along a
fixed in plane angle showing the ray path of a wave with incidence angle . The dashed and
dotted line correspond respectively to the physical path and the path (D) of the simulated
wave. (b) Cross-section of an aluminum TOF P-UPS experiment at a certain in-plane angle ¢:
experimental recording (black), corrected simulation result (red) and uncorrected simulation

result (blue).
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Figure 5: Schematic of the developed two-stage inversion procedure. The first stage fits
the TOF P-UPS landscape to retrieve a best guess on the nine elasticity constants of the
investigated sample. The second stage uses the available amplitude P-UPS data combined
with the best guess results of stage one to determine the full set of the viscoelastic tensor

coefficients.

parameters. Indeed, amplitude data is particularly useful for the determination
of the viscosity parameters as the amplitude level of the transmitted waves is
determined by their energy loss when traveling through the plate and as such
provides a good representation for the material damping. The optimized elas-
tic parameters of stage I are used as input for the elasticity in stage II. This
'best guess’ assumption ensures that we capture the weak coupling that exists
between viscosity and elasticity in amplitude data. Hence, our 9-dimensional
search space (elastic tensor) of stage I is expanded to an 18-dimensional search
space (elastic and viscous tensor). In both stages of the inversion procedure
a least-squares function is evaluated measuring the difference between experi-
ment and simulation for a large set of randomly chosen incidence angles ¥(8, ¢)
simultaneously. The goal is to minimize this difference within the parameter
search space. As a benefit, the large number of target data points, randomized
within a polar plot, eliminates the need for a priori knowledge on the symmetry
class of the inspected material. Hence, an additional parameter ¢, representing
the main symmetry orientation angle is added to the search space totaling for

10 (stage I) or 19 (stage IT) parameters to be determined.
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Optimization algorithm. As a general orthotropic viscoelastic tensor has 9(18)
independent variables. Hence an efficient algorithm exploring this high dimen-
sional search space is required to accomplish the optimization [20]. Here, we
adopted the particle swarm optimization (PSO) approach for this task. Gener-
ally speaking, a PSO algorithm solves the minimization procedure by imitating
the common behavior of a flock of birds searching for food, where the positions
of the feed correspond to the minima of the function, and the amount of food
is associated to the depth of the minimum. Initially, the flock scatters over the
whole domain searching for food. When some birds find spots with more food,
the other birds will adjust their position accordingly. In the end, the whole flock
will congregate around the spot with the most food (i.e. the global minimum
of the function is retrieved). As a PSO algorithm is stochastic, a statistical
analysis on multiple runs of the inversion procedure needs to be performed in
order to retrieve a correct set of material properties. For each of the test cases
discussed in this study, the inversion procedure has been run 100 times, and

relevant statistics have been applied on the output of these runs.

Inversion parameters. The initial set-up of the inversion procedure requires
several model parameters to be supplied. First a rough estimate of the search
space needs to be provided. For instance, for the synthetic P-UPS test-case using
simulated data, we assume that the search space is bounded for the elasticity
tensor to +60% of the actual values. In addition, the viscous part is estimated to
lay between 0.1% and 15% of the elasticity tensor for all of our test-cases. This
is a reasonable assumption as most materials considered in our studies do not
exceed these percentages for the viscosity. The last search space parameter is the
deviation angle ¢. for which the bounds are set to -80° and 80°. However, due
to the orthotropic symmetry, the in-plane angle ¢ can be constrained between
0° and 90°. At the start of stage II, the mean value of the optimized elasticity
parameters from stage I (over 100 runs) is used as input. The search space for

the elasticity parameters in stage II is then automatically taken equal to twice

11
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Figure 6: TOF P-UPS plot(a) and amplitude P-UPS plot(b) corresponding to a simulation for
an artificial unidirectional plate (d = 1.1mm). The TOF colorbar is displayed in ps, whereas

the amplitude colorbar is normalized to the maximum amplitude of the input signal.

the standard deviation of the optimized elasticity parameters from stage I, i.e.

gtageII = mean(cjetagel) + 2Std( ;tagel)‘

Besides the search space bounds, the only other parameters to be defined are:
the inversion stop criteria, the number of random incidence angles (¥) to be
randomly chosen, the number of individuals used during a single run and the
number of separate inversion runs. In the presently used implementation, the
stop criteria during the test-cases requires the inversion run to terminate when
either no change in the least-square value is detected for at least 20 iterations
or when the maximum number of 200 iterations is exceeded. The number of
individuals is set to 600, the number of randomly chosen incidence angles is

fixed at 3000 for synthetic data and 6000 for experimental recordings.

4. Results and discussion

4.1. Characterization for an orthotropic plate based on synthetic P-UPS data

In order to test the performance of the newly developed two-stage inversion
scheme, we simulate P-UPS data for a synthetic orthotropic material (p =

1528kg/m?, d = 1.1mm) with known viscoelastic parameters (Table [1) upon

12
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Figure 7: Difference TOF P-UPS plot (a) and difference amplitude P-UPS plot (b) displaying
the absolute value of the difference between the forward P-UPS simulation based on the actual
viscoelastic constants and the simulation using the inverted elastic and viscoelastic constants
of respectively stage I and II. The colorbar of the TOF differences is expressed in ps. The
amplitude differences are expressed in V, where 1 V refers to the maximum amplitude value

of the signal.

which the inversion procedure is performed. For the forward simulation an
incidence angle grid ¥ (6, ¢) with 6 going from 0° to 75° in steps of 0.1° and ¢
ranging from 0° to 360° in 0.5° angle steps is chosen. In addition to the targeted
viscoelastic properties we have added an in-plane deviation angle ¢, of 23° such
that ultimately an inversion search space consisting of 19 dimensions needs to
be explored. The input time-signal for the P-UPS simulation is chosen to be the
same signal used during an actual P-UPS experiment (Fig. and resembles
a Gaussian damped cosine. Figure [0 displays the simulated P-UPS data for
both the TOF landscape and the amplitude landscape. During the inversion
procedure of synthetic data we thoughtfully avoid the problem of the 'inverse
crime’ [2I] by adding a random value between (-0.1° and 0.1°) to the incidence

angles and to the input signal used during the inversion.
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Table 1: PSO inversion results of stage I and II based on a numerically simulated P-UPS

dataset for a plate with an orthotropic nature, density 1528 kg/m3 and thickness 1.1mm. The

statistics (mean and standard deviation) were performed using the output on 100 individual

PSO runs.
Actual values Output stage I ~ Deviation | Output stage II Deviation

Cn Ciy 122.73  130.89 (+23.33) 6.65 % 122.64 (£1.53)  0.07 %
(GPa) CY7; 8.59 / / 8.77 (£1.23) 2.14 %
Cha Ci{y 6.57 6.50 (£2.03) 1.03 % 6.42 (£0.79) 2.26 %
(GPa) Cf, 0.46 / / 0.40 (+0.20) 12.81 %
Cis Ci3 6.57 6.27 (£1.83) 4.58 % 6.49 (+0.70) 1.14 %
(GPa) CY; 0.46 / / 0.46 (£0.02) 0.18 %
Cao Cly, 1347 13.60 (£+1.50) 1.03 % 13.45 (+0.18) 0.13 %
(GPa) C%, 0.94 / / 0.92 (£0.06) 1.90 %
Cas Chs  6.55 6.30 (£1.02) 3.86 % 6.55 (£0.15) 0.12 %
(GPa) CY, 0.46 / / 0.45 (£0.04) 1.70 %
Css Cls 1347 13.40 (£1.20) 0.51 % 13.47 (£0.20) 0.07 %
(GPa) C¥, 0.94 / / 0.95 (+0.01) 0.29 %
Cua Ciy  3.40 3.17 (£0.40) 6.64 % 3.40 (£0.01) 0.04 %
(GPa) CY, 0.24 / / 0.24 (40.01) 0.64 %
Css Cl; 5.86 5.77 (£0.51) 1.55 % 5.86 (£0.01) 0.04 %
(GPa) C¥; 041 / / 0.41 (£0.01) 0.03 %
Cee Cle 6.25 6.27 (£0.41) 0.38 % 6.25 (£0.01) 0.03 %
(GPa) Cj; 0.44 / / 0.44 (+0.01) 0.09 %
De / 23.00°  22.57° (£1.55°)  0.43° 23.01° (£0.03°)  0.01°

Stage I: inversion of the elastic tensor

The inversion results for stage I, using only the TOF landscape as input,

are represented in column 4 and 5 of Table [[I The values of Stage I reveal

that acceptable results (max.

6% deviation) are obtained. Furthermore, a

deviation angle of 22.57+1.55° is retrieved which is in good agreement with the

14



actual targeted value of 23°. The quality of the inversion results is graphically
supported by the difference TOF P-UPS plot in Figure [7a] which displays the
absolute difference between the TOF P-UPS data computed with the known
stiffness tensor and the ones computed with the inverted stiffness tensor at stage
I. We notice that the difference is quite low (<0.02ps) except for the regions
around the characteristic contours. These deviation can be attributed to the
fact that the contours in TOF data are sharp discontinuities which are hard to
fit as small changes in C-tensor values will induce large errors on the location

of these contours.

Stage II: inversion of the viscoelastic tensor

The results of stage II are given in the last two columns of Table[I]and visual-
ized in Figure[r] An excellent agreement for the elasticity part is found as most
deviations are well below 0.5%, only the C15 and Ci3 have deviations around
1-2% which can be attributed to the lower sensitivity of these parameters to P-
UPS measurements in the 1-2 plane. This is also noticeable in the deviations of
the viscosity as the imaginary part of Ci2 exhibits a 12.81% deviation whereas
the other viscous properties have deviations below 2%. In addition to the excel-
lent results for the complex stiffness tensor, an in-plane angle of 23.01 +0.03° is
found which is fully in agreement with the input value. The difference amplitude
P-UPS plot (Fig. shows absolute error deviations well below 0.002V for the
majority of the incidence angles W. Higher errors (> 0.006V) are only noticed
close to the characteristic contours which is again due to the fact that the con-
tours are very constricted, and as such yield large errors for small deviations in

the C-tensor.

4.2. Characterization for an aluminum plate based on real experimental P-UPS

data

In this second subsection, we employ the inversion procedure on the exper-
imental P-UPS recording (input signal of Fig. for an aluminum plate with
thickness d = 1.5004-0.002mm and density p = 2700kg/m?. The appearance of

15
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Figure 8: Experimentally obtained amplitude P-UPS plot for an aluminum plate of thickness
d = 1.500 £ 0.002mm and density p = 2700kg/m3. Note the circular patterns suggesting an

isotropic symmetry.

circular patterns on the experimental amplitude P-UPS plot in Figure[§suggests
that the aluminum sample has an isotropic symmetry. This makes aluminum a
good test-case to investigate the influence of material symmetry class knowledge
on the outcome of the two-stage characterization technique. Hence, we apply
the inversion procedure once with the suggested symmetry class (i.e. isotropy)

and once without a priori knowledge on the symmetry class (i.e. orthotropy)

Stage I: inversion of the elastic tensor
During the inversion, regardless of the symmetry class assumption, the elas-

ticity search space is bounded at +£60% of the literature values of aluminum



(Cr1=22=33 = 110 GPa, Cy4—55-66 = 26 GPa, and thus Cja—23-13 = 58 GPa)
[12]. In the isotropic case, no deviation angle is set as this parameter contains
no information. When postulating isotropy, we notice that the inverted results
(column 3 of table[2)) are accurately determined with very narrow error margins
(standard deviations) and mean values that are in excellent agreement with the
elasticity values found in literature. Ignoring the isotropic assumption in the in-
version procedure (i.e. postulating general orthotropic symmetry) gives results
(column 5, Table 7 which are comparable to the results obtained using the
isotropic assumption and to the literature values. Note however that there is
an increased standard deviation on the inverted coefficients and that Cs3 shows
the largest discrepancy between postulated isotropic or orthotropic symmetry
inversion. Overall, these inferred values indicate that the aluminum sample in-
deed has an approximate isotropic nature which is even further evidenced by
the universal elastic anisotropic coefficient AY [22] which equals 0.0283, where
a value of zero corresponds to isotropic symmetry. In addition, the deviation
angle value resulting from the orthotropic symmetry inversion provides addi-
tional foundation to the isotropic symmetry statement as the large standard
deviation on ¢, suggests a wide range of potentially valid orientations of the
experimental reference frame which evidently can only be the case whenever

isotropic symmetry is present.

Stage II: inversion of the viscoelastic tensor

The results of stage II, presented in columns 4 and 6 of Table[2] indicate that
both assumptions (isotropic and orthotropic) are able to successfully extract the
literature elasticity values of an aluminum material from the experimental polar
plot data. The difference plots for both assumptions are shown in Figures [9a}
OBl Again, evidence for the isotropic material symmetry class is recovered in
the orthotropic case as AV = 0.013. This is further supported by the large
error margin on the deviation angle. The viscosity values (imaginary C-tensor
parts) are within reasonable bounds for an aluminum plate (0.1% to 2% of

the real C-tensor parts) which is known to be a basically low-viscous material

17
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Figure 9: Difference amplitude P-UPS between the experimental polar plot for an aluminum
plate (d = 1.500+£0.002mm) and the forward simulations based on the results of the inversion
procedure for the isotropic (a) and orthotropic (b) cases. The colorbar is normalized to the

maximum amplitude of the input signal.

[23]. However, note that the isotropic symmetry is broken in the viscous tensor
(AY = 3.17) of the orthotropic assumption as the extremely low value of the
imaginary part of Cs3 does not align with the more elevated viscosity values
of C17 and Cas. This deviation can potentially be attributed to the rolling
process during manufacturing of the aluminum sheet which may have altered
the viscosity in the 3-direction. The inferred deviation from isotropy for the
viscosity is masked in the amplitude P-UPS image (Fig. as the inverted
viscosity tensor is close to the one of a transverse isotropic material with the
isotropy plane coinciding with the 1—2 plane. Hence, experiments are effectively
done in the isotropy plane of the material. The large standard deviations on
the elastic C12 and Cgg parameters in the orthotropic case can be attributed to
the lower sensitivity of the inversion procedure towards these parameters. This
results from the fact that C1o and Cgg are mainly linked to the propagation of
shear horizontal waves which cannot be excited by the P-UPS technique for a
(quasi-) isotropic material. Upon closer inspection of the difference amplitude
P-UPS (Fig. E[)7 the best result is found when assuming general orthotropic

symmetry for the inversion as the overall difference (< 0.0057V) is much lower
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Figure 10: Cross-section (¢ = 0) of the TOF P-UPS experiment (red) for an aluminum plate of
thickness d = 1.500 = 0.002mm, together with the results of stage I of the inversion procedure

for respectively the isotropic (black) and the orthotropic symmetry assumption (blue).

than in the isotropic assumption (< 0.011V). Most of the deviations between
experiment and inversions for both cases can be located in the vicinity of the
characteristic contours. In addition to the difficulty of exactly matching the
TOF discontinuities and amplitude extrema, as discussed earlier in the first
subsection, there is also a contribution to the errors in this zone which are
attributed to the fact that the UPS forward model assumes plane waves and
does not take into account the integrating effect resulting from the finite size of
the used H5K transducer.

The better match of the inversion based on the orthotropic symmetry pos-
tulation can be attributed to the larger search space that corresponds to this
assumption (19 parameters) allowing a greater flexibility to the algorithm to ad-

just for any small divergence from a true isotropic symmetry, in either elastic or
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Table 2: Inversion results for both stages of a P-UPS experiment performed on an aluminum

plate of thickness d = 1.500 £ 0.002mm and density p = 2700kg/m3 assuming either an a-

priori isotropic or general orthotropic symmetry. Note, the excellent agreement with literature

values (C11=20=33 = 110 GPa, Cya=55—66 = 26 GPa, C12=13=23 = 58 GPa).

isotropic assumption

Output stage 1

Output stage 11

orthotropic assumption

Output stage I

Output stage II

Cn Ch
Ct
Crz Cla
Cts
Cis 13
Cls
Ca2 C3a
C3s
Cos Cis
Cos
Css Css
Css
Cua Cla
Cla
Css  Cis
Css
Cos Cés
Cés
e /

109.31 (43.04)

/
56.53 (49.93)

/
56.53 (+£9.93)

109.31 (43.04)

/
56.53 (+9.93)

/
109.31 (43.04)

/
26.39 (£6.84)

/
26.39 (46.84)

/
26.39 (£6.84)
/
/

108.13 (41.45)
1.72 (40.28)
56.12 (£1.47)
1.25(+0.55)
56.12 (£1.47)
1.25 (£0.55)
108.13 (41.45)
1.72(40.28)
56.12 (+£1.47)
1.25 (£0.55)
108.13 (41.45)
1.72(40.28)
26.01 (+£0.13)
0.24 (£0.02)
26.01(£0.13)
0.24 (£0.02)
26.01 (£0.13)
0.24(£0.02)

/

114.23 (£25.76)

/
51.68 (£18.26)

/
60.03 (£13.40)

/
110.88 (£21.18)

/
59.45 (£11.55)

/
119.74 (£7.59)

/

26.42 (45.67)
/
25.63 (45.95)

/
28.98 (+8.70)

/
-11.94° (+46.89°)

108.56 (44.10)
3.21 (+1.02)
52.39 (+£25.73)
1.12 (41.06)
57.95 (+4.16
1.55 (£0.50)
108.35 (42.56)
3.05 (£0.96)
57.5 (£3.39)
1.45 (+0.46)
111.91 (+1.83)
0.11 (£0.01)
25.42 (+1.65)
0.63 (£0.23)
25.29 (+1.98)
0.64 (£0.24)
27.67 (£13.09)
0.86 (£0.49)
-22.00° (446.90°)

viscosity tensor. This is evidenced by the viscosity tensor which —by necessity-

breaks the isotropic symmetry to allow a better fit, and is further illustrated

in the cross-sectional plot of Figure where a better match between the ex-

periment and the forward simulation is noticed for the orthotropic assumption
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Figure 11: TOF P-UPS plot(a) and amplitude P-UPS plot(b) corresponding to a measurement
on a unidirectional [0]4 C/E plate (d = 1.200 & 0.006mm). The TOF colorbar is represented

in ps. The amplitude colorbar is normalized to the maximum amplitude of the input signal.

(no a-priori knowledge). The mismatch for the isotropic symmetry assumption
at small incidence angles (prior to the first minimum) can be attributed to the
viscosity of the C33 parameter, which is a factor of 15 larger compared to the or-
thotropic assumption. However, a decrease in the viscosity of the Cs3 parameter
implicates a reduction in the material attenuation over the entire range of the
incidence angles, subsequently increasing the maximum transmitted amplitude.
This larger amplitude has to be compensated for by increasing the viscosity of
the other parameters. The amplitude spike near the Rayleigh wave (0 = 30°),
present in the isotropic assumption is attributed to low viscosity values for the
Cy4, Cs5 and Cgg viscosity and has to be increased (factor of 3) to match the

experimental P-UPS recording.

4.8. Characterization for a carbon/epoxy plate based on real experimental P-

UPS data

The third and last case study of this paper deals with the inversion of the
material properties for a unidirectional [0]4 carbon/epoxy plate based on exper-
imental P-UPS data. The plate has a thickness d = 1.200 4+ 0.006mm, density
p = 1528kg/m? and a fiber volume fraction Vf of 55%. This sample has been
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Figure 12: Difference TOF P-UPS (a) and Difference amplitude P-UPS (b) between the ex-
perimental polar plot for a unidirectional [0]4 carbon/epoxy plate and the forward simulations
based on the results of the inversion procedure. The TOF colorbar is represented in ps. The

amplitude colorbar is normalized to the maximum amplitude of the input signal.

autoclave manufactured according to the specification of the supplier. In the
perfect case (perfectly aligned fibers and lay-up), one expects that the sample
belongs to the transversal isotropic symmetry class with 5 independent tensor
coefficients. In reality, the autoclave pressure cycle, the manual layer stacking
and local distortions in the prepreg material may cause a deviation from the
expected transverse isotropic symmetry. Therefore, no assumptions on the sym-
metry is taken a priori, and a general orthotropic symmetry class is considered
for the inversion procedure. The experimentally obtained TOF and amplitude
P-UPS plots are shown in Figures [I1a] and [IIB] respectively. An initial visual
inspection clearly reveals the anisotropic nature of the carbon/epoxy plate and

the presence of a deviation angle ¢, in the neighborhood of -30°.

Stage I: inversion of the elastic tensor

Identical bounds as in the first test-case are chosen for the elasticity search
space. The results for the stage I inversion are given in the third column of
Table [3| and yield values within expectation for a carbon/epoxy laminate. The
in-plane deviation angle ¢, is found to equal —29.81 4+ 0.34° which is in good
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agreement with the visual estimate (= 30°). The difference TOF polar plot
in Figure clearly shows that although the overall deviation is low (TOF
mismatch below 0.05ps) there are still zones with large errors (> 0.1ns). These
errors are mainly situated in the vicinity of the characteristic contours and can

again be attributed to the mismatch factors mentioned in the earlier cases.

Stage II: viscoelastic characterization

The results following the second stage of the inversion are summarized in
the fourth column of Table [3] and the match between the experimental polar
plot and prediction based on the inversion parameters is visualized by a dif-
ference amplitude polar plot in Figure [[25] A comparison of the associated
elastic engineering constants (in the notation E;;, v;; and G;;) with values ob-
tained and estimated from literature [24H26] (last three columns of Table [3))
reveals that the inverted elasticity constants are within the expected range for
a unidirectional carbon-epoxy material. In the study of Degrieck [24], these en-
gineering constants are obtained through tensile tests of a UD C/E plate with
a similar fiber volume fraction V; of approximately 55% as used here. Italic
values represent estimations of parameters which cannot be determined by the
experimental technique. The elasticity values taken from the studies of Sevenois
[25] and Soden [26] are respectively determined through contact ultrasound and
indirect measurements (e.g. biaxial tests) for a UD C/E plate with V; of 60%.
The FE;; values in the latter studies are consistently higher, whereas the values
for G;; tend to match well. The complementary viscosity constants that can be
inferred with our two-stage inversion approach display values that are within
the reasonable range of 2% to 8% of the elastic constants [1, B, 27]. Addition-
ally, the inverted in-plane deviation angle was found to be —30.064+0.01°, which
seems a highly accurate result given the small error bounds. Figure[12|confirms
that the inverted values form a good representation of the investigated material
as the deviations shown in the difference plot are well below 0.05V over most
of the incidence angles ¥, aside from small zones with larger errors (> 0.05V)

around the characteristic contours. These divergences have a similar nature
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Table 3: Viscoelastic C-tensor inversion results for stage I and II based on a P-UPS experiment

performed on a unidirectional [0]4 carbon/epoxy plate of thickness d = 1.200 £ 0.006mm and

density p = 1528kg/m3. The transformation to engineering constants is obtained with the

output of stage II. The last three columns represent literature C-tensor measurement values

on UD C/E materials. Italic values are estimated parameters.

Output stage I~ Output stage II | Engineering  P-UPS values Degrieck [24]  Sevenois [25] Soden [26]
Ch O, 11876 (£20.3)  113.24 (£3.49) | B Bl 108.87 (£2.56)  119.13 135.37 (£1.08)  138.00
(GPa) C¥, / 7.89 (£1.54) (GPa) E!  6.51 (+1.36) / / /
o 1, 7.29 (£1.32) 6.86 (£0.51) B, B, 9.61 (£0.09) 8.85 11.36 (£0.24)  11.00
(GPa) C7y / 0.64 (£0.08) (GPa) F4  0.42 (+0.03) / / /
Ci3 Ci3  6.73 (£2.31) 6.46 (+1.14) Es El 10.04 (£0.06) 8.85 11.53 (£0.29) 11.00
(GPa) CY5 / 0.58 (£0.06) (GPa) FEY  0.31 (£0.01) / / /
Cy  Clhy 1213 (£228)  13.21 (£0.10) | Gas be 3.2 (£0.02) 3.00 3.23 (£0.05)  3.93
(GPa) CY%, / 0.49 (£0.04) (GPa) bs  0.15 (£0.02) / / /
Coy Oy 6.48 (£1.4) 6.92 (£0.29) G Iy 5.15 (£0.02) 5.50 5.40 (£0.28)  5.50
(GPa) CY | 0.11 (0.03) (GPa) G"; 0.30 (£0.01)  / / /
Css  Cly 14.84 (£0.76)  13.73 (£0.38) | Gio ', 5.11 (£0.01) 5.50 5.40 (£0.35)  5.50
(GPa) C%; / 0.36 (£0.01) (GPa) 5 0.30 (£0.01) / / /
Cu  Cly 346 (£0.91) 3.29 (£0.02) VeV 0.37 (£0.02) 0.31 0.20 (£0.06)  0.28
(GPa) C%, / 0.15 (£0.02) 0 V0.9 (£0.31) / / /
Oss Ol 520 (£0.73) 5.15 (£0.02) vis Vs 0.28 (£0.07) 0.31 0.17 (£0.06)  0.28
(GPa) C% / 0.30 (£0.01) 0 VL 1.30 (£0.34) / / /
Css  Clg 521 (£0.87) 5.11 (£0.01) Vos iy 0.49 (£0.01) 0.48 0.37 (£0.02)  0.40
(GPa) Cfs / 0.30 (£0.01) 0 vhs 0.21 (£0.08) / / /
e / -20.81° (£0.34°) -30.06° (£0.03°) | ¢. / -30.06° (£0.03°) / / /

as explained in the previous section. Regardless of these small deviations, it

can be concluded that the results of this study demonstrate that the two-stage

approach is effectively able to determine the full viscoelastic properties of any

given material having at least orthotropic symmetry.
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5. Conclusion

An enhanced two-stage optimization procedure on the basis of the Pulsed
Ultrasonic Polar Scan (P-UPS) is introduced for the determination of the vis-
coelastic properties of orthotropic plates. The optimization procedure uses a
particle swarm optimization approach to search for the optimal parameter set
in a 19-dimensional parameter search space: i.e. 9 parameters for the elastic
tensor, 9 parameters for the viscous tensor and 1 parameter for the main axis
of orthotropy. The first stage of the optimization procedure exploits the TOF
P-UPS landscape to obtain good estimates for the orthotropic elastic tensor and
the main axes of orthotropy. The second stage of the optimization procedure
uses the amplitude P-UPS data, combined with the output from stage I, in
order to determine the full orthotropic viscoelastic tensor. The procedure has
been first validated on synthetic data yielding an excellent agreement between
targeted and the inverted complex stiffness tensors, with relative errors on the
elastic tensor below 0.5% and on the viscosity tensor below 2%. The optimiza-
tion procedure has further been applied on experimental P-UPS for an aluminum
plate as well as for a [0]g carbon/epoxy laminate. The inversion results for the
aluminum are in close agreement with values reported in literature, and show
the robustness to postulations about symmetry classes. The optimized stiffness
tensor for the unidirectional carbon/epoxy laminate is within the expectation

values, and agrees well with partial datasets available from tensile tests.
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