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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Ole Thomsen Composites have become the material of choice in a wide range of manufacturing applications. Whilst ultrasound
inspection is a well-established non-destructive testing (NDT) technique, the application to composite imaging
presents significant challenges stemming from the inherent anisotropy of the material. The fibre-volume fraction
(FVF) of a composite plays a key role in determining the final strength and stiffness of a part as well as influ-
encing the ultrasonic bulk velocity.

In this work, a novel FVF determination technique, based on the angular dependence of the sound velocity
with respect to the composite fibre direction, is presented. This method is introduced and validated by inspection
of pultruded carbon fibre reinforced polymer (CFRP) panels commonly used in the manufacture of high-power
wind turbine blades. Full matrix capture (FMC) data acquired from a phased array (PA) ultrasonic probe is used
to generate calibration data for samples ranging in FVF from 60.5% to 69.9%. Sample velocity, as a function of
propagation angle, is used to estimate the FVF of samples and ensure they fall within the desired range.
Experimental results show values of 61.1, 66.1 and 68.3%, comparing favourably to the known values of 60.5,
66.3 and 69.9% respectively.

The work offers significant potential in terms of factory implementation of NDT procedures to ensure final
parts satisfy standards and certification by ensuring any FVF inconsistencies are identified as early in the

manufacturing process as possible.

1. Introduction
1.1. Composite materials and wind turbine blade design

Composite materials are becoming increasingly prevalent in a vari-
ety of engineering and manufacturing applications demanding high-
performance materials [1]. A fibre reinforced polymer composite is
formed by the combination of load-bearing fibres and a resin matrix,
holding these in a fixed structure. These fibres can be made from glass,
carbon, or natural materials such as hemp or cotton, and are often ar-
ranged in layers with alternating orientations so that the final material’s
elastic properties are constant in at least one plane. Driving factors
behind this shift, away from more traditional metal alloys, are the high
modulus and/or strength-to-weight ratio, improved fatigue perfor-
mance, toughness and durability, as well as the ability to construct
complex-geometry parts from fewer individual sections [2,3]. The
aerospace industry has been key in developing the manufacture of such
materials as well as their application into high-value components that
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fulfil stringent structural integrity and safety standards [4,5].

Whilst composite materials were pioneered in aerospace, before
spreading to automotive and marine applications, they are now also key
in the rapidly growing renewables sector. The best example of this being
in wind turbine blade construction. Renewable energy targets set by
numerous European governments mean that the size of installed wind
capacity will continue to grow exponentially over the coming years [6].
As of 2020, wind energy accounted for 24% of total electricity genera-
tion in the UK with a roughly even split between onshore and offshore
installations [7]. It is predicted that nearly 40 GW installed capacity will
be necessary by 2030 if the UK is to meet its legally binding targets of net
zero greenhouse gas emissions by 2050 [7-9].

Modern wind turbine blades are manufactured using a combination
of both glass and carbon fibre reinforced polymer (GFRP and CFRP) and
possess complex geometries, aerodynamically optimised to simulta-
neously increase efficiency, and reduce loading on the structure. Whilst
the root is optimised for strength, sections further from the hub are
designed primarily for aerodynamic efficiency [10]. Wind-turbine
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blades are now approaching 100 m in length with nameplate capacities
exceeding 8-10 MW per turbine [11,12]. During blade manufacture,
additional strength and stiffness is often given to GFRP main aerofoil
sections using two beams running up the centre of the structure. These
beams are manufactured from pultruded CFRP panels and subsequently
incorporated into the glass fibre layup process as shown in Fig. 1. Pul-
trusion is a low maintenance process where carbon fibres are saturated
as they are pulled through a resin bath. The result is a single-ply panel.
Similar components are also found as reinforcement in steel and con-
crete structures [13,14].

1.2. Fibre volume fraction

The fibre volume fraction is the percentage of the composite taken up
by the fibres and typically in the range of 50-70%. From a geometric
analysis, FVFs higher than 90% are impossible, due to the gaps occupied
by resin, even if fibres are arranged in a triangular sequence, achieving
the maximum FVF. A square stacking gives a maximum of 78% and both
these cases are illustrated in Fig. 2. In practice even this is difficult to
achieve with values higher than 70% not commonly found in unidirec-
tional fibre composites [1].

The practically achievable FVF is dependent on this fibre architec-
ture as well as the method of manufacture, principally the pressure
applied during the curing process, with typical CFRP laminates having
FVFs around 60%. Investigations of achievable FVF for both woven and
unidirectional fibres using no consolidation pressure, vacuum infusing
and high-pressure autoclave treatment, found that only with unidirec-
tional fibres, in the form of plies or simple pultrusion, and 5-7 bar
autoclave infusion could FVFs in the 60-80% range be achieved [15].

FVF is one parameter key in understanding the mechanical proper-
ties of carbon composites [15-17]. Effect of FVF on stiffness and
strength, fracture toughness, typical damage mechanisms, as well as
their evolution, are detailed in Refs. [15,18-21]. A FVF of 60-70% in
CFRP has been shown to result in optimal mechanical properties [22].
This was demonstrated for an automotive application in the design of a
composite suspension in Ref. [15]. Increasing the FVF from 40% to 70%,
yielded a linear relationship between tensile properties. A greater FVF,
within this range, giving a greater strength in the final composite ma-
terial since the fibre strength is greater than that of the matrix material.
However, beyond 70% there was decrease in the strength owing to
insufficient resin to wet the fibres producing a more brittle part [15].

FVF is commonly determined through destructive means. This can be
achieved by measuring the weight of a small sample before and after
burning the resin away using acid digestion [23]. The sample is exposed
to a highly oxidising acid, at elevated temperature, until the resin matrix
has completely dissolved. FVF determination is then a case of weighing
the remaining fibres and expressing this a proportion of the total com-
posite volume [24,25]. The most common chemistry used for compos-
ites of this type are polyesters, vinyl esters, polyurethane, and epoxies.
These substances are usually very inert towards most solvents making
chemical digestion difficult. The industry standard, ASTM D3171-22; to
determine FVF, is based on this method [26]. After digestion, ignition, or
carbonization, by one of eight procedures, the fibres are essentially
unaffected. This allows for calculation of weight and volume of both
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Fig. 2. Schematic giving a cross-sectional view of composite fibres with ge-
ometry calculations yielding maximum FVFs.

constituents. Using the composite density compared to these volume
fractions also yields the void content and the level of porosity as a
percentage [27]. The standard details a second method, applicable only
to laminate materials of known fibre weight, and calculates reinforce-
ment or matrix content using the thickness of the laminate [26].

Conventional FVF measurement is a form of destructive testing and
possesses inherent drawbacks. Firstly, it is time-consuming, thus making
it completely unfeasible to integrate seamlessly into a manufacturing
workflow. Resin burn-off typically takes one day of preparation before
the testing can be carried out. Acid digestion is an even longer process
taking two days until only the composite fibres remain. Both methods
involve hazardous chemicals, bringing with them additional safety
concerns and procedures. For glass fibres, digestion can be performed in
one step. However destructive FVF measurement of carbon fibre com-
posites requires two distinct stages. Step one is carried out within an
inert atmosphere where the matrix is degraded to carbon ash. The sec-
ond step performed in air, is to remove this residual ash. Regardless of
which method chosen, it is challenging to take additives or fillers into
account. FVF can only be determined precisely if the exact content of
these is known.

Alternatives exist and are described in Refs. [16,28-30]. These
include optical microscopy or the use of carbonization instead of acid
digestion. The result of carbonization is the same, in that only the fibres
remain for weight and volume determination. Optical microscopy-based
techniques allow for the FVF to be determined by image analysis but
again this is a destructive technique and involves cutting a section of
sample. These methods are also time consuming, and in most cases, only
take a small sample size into account, thereby reducing confidence
levels across a larger component.
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Fig. 1. Schematic of wind turbine blade internal structure and use of pultruded CFRP panels in structural beam.
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1.3. Ultrasonic NDT

Non-destructive testing (NDT) is an important stage of any
manufacturing process and ultrasonic inspection is a commonly used
technique used to analyse the interior structure of a component. Ultra-
sound refers to any sound waves beyond the 20 kHz limit of human
hearing. In NDT, sound frequencies in the range of 100 kHz to 20 MHz
are used, depending on the sample material and type of inspection [31].
It is particularly attractive as a NDT technique due to reliability, volu-
metric inspection capability and a proven track record [32-34]. Ultra-
sonic NDT has its advantages over other methods such a thermography,
acoustic emission and shearography, when applied to composites. These
include good resolution, flaw detection capabilities, as well as the ability
of in-situ usage [35]. Using signal processing techniques information
regarding the geometry, material characteristics or presence of any de-
fects within can be acquired, allowing the user to build a highly accurate
representation of an object [36,37]. The current state of NDT applied to
composite wind turbine blades both at the manufacturing stage and once
in service has been reviewed in detail in Refs. [38-40].

Ultrasonic inspection can be carried out using single element trans-
ducers or by phased array ultrasound testing (PAUT) [41]. Phased arrays
contain many individual piezoelectric transducers, arranged in a linear
or matrix fashion. These can be individually addressed in both trans-
mission and reception with programmable differential time-delays
allowing the resulting ultrasound beams to be steered to, and focussed
at, specific locations [42]. Phased arrays can facilitate beam movement
electronically without the need to mechanically move the array. A, B
and C scans are the fundamental ultrasound data presentation formats,
key to understanding general ultrasound imaging and the characterisa-
tion of features. An A-scan displays the amount of energy received as a
function of time, the basis for more complex imaging. B and C-scans are
two-dimensional representations showing the cross-sectional or
plan-view of a parameter, respectively. Defect detection capabilities are
also enhanced using PAUT. A variety of imaging modalities and
post-processing algorithms exist, which are not applicable to
single-element probes [43]. For example, full-matrix capture (FMC)
collects data from every reception channel, whilst firing each element in
turn, resulting in a matrix of all possible transmission and reception
combinations. This allows for decoupling of the acquisition and recon-
struction stages [44,45]. One example of an imaging technique applied
to FMC data is the total focussing method (TFM). This employs time
delays, based on sample geometry and ultrasonic velocity, to give an
image in which every point is in focus.

The TFM method can also be applied to composites. However, ray
tracing and imaging algorithms must account for the angular depen-
dence of ultrasound velocity. If this inherent anisotropy is not consid-
ered, then defects can be missed, or their location incorrectly identified
[46,47]. The velocity has a strong dependence on the angle made to the
composite plies and therefore the TFM algorithm must be modified to
include this direction-dependent velocity profile [3]. Anisotropy can
also cause issues in ultrasonic imaging of metals. Anisotropic stiffness
maps have been shown to result in significant improvements in ultra-
sonic inspection of welds in Ref. [48]. A second example of this problem
in practice was presented in Ref. [49], where defects in a single crystal
titanium alloy could only be imaged to a high standard once material
anisotropy was accounted for.

1.4. Contributions to knowledge and layout

In this work, a novel method to determine the FVF of CFRP panels,
used in wind turbine blade construction, is introduced, developed, and
validated experimentally. In its current form, the method is intended as
a screening technique, during manufacture and assembly, to ensure the
FVF falls within a desired range and thus the mechanical properties of
the material are consistent. It is shown that ultrasonic velocity, as a
function of propagation angle, is a reliable and repeatable measurement
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parameter that can give accurate estimates of FVF. Thereby, the aniso-
tropic nature of CFRP is exploited to allow one to distinguish between
samples of varying FVFs.

A phased array transducer acquiring FMC data, enables time of flight
measurement across a range of transmit and receive elements, giving
angular variation with respect to the fibres, used to generate calibration
curves. Validation tests can then be carried out, compared to these
calibration curves, and estimates of FVF generated. The data volume
required for this procedure is minimal and thus could be implemented as
part of a conventional ultrasonic inspection, without significant impact
on the frame rate and consequent inspection resolution or scan speed. At
this stage, the focus is on the reliability and repeatably of FVF deter-
mination rather than the absolute quantitative values. This is with a
view to application as a screening process in the manufacturing
environment.

The paper is structured as follows: The introductory section has
highlighted the increased use of composite materials and reviewed the
current methods of FVF measurement as well and the effect of this
parameter on mechanical properties. A background to ultrasonic mea-
surement and NDT of composites has also been given. Next, the math-
ematical theory behind ultrasonic FVF measurement is detailed in
Section 2. This includes a ray propagation model, on which the calcu-
lation of effective velocity as a function of angle made to the fibres is
based. The hardware used is outlined in Section 3 and includes relevant
inspection parameters. Alongside practical work, computer simulation is
also carried out in Section 4. Results are presented in Section 5 and the
paper concludes with discussions, recommendations for improvement,
as part of any future work, and a conclusion.

2. Ultrasonic FVF measurement theory

A brief introduction to the sample and ultrasonic inspection hard-
ware is now given. This is necessary at this stage to clarify the param-
eters referred to in the ultrasonic FVF measurement theory. A more
thorough description of CFRP panels inspected and experimental set-up
is given later after the measurement theory is detailed. A CFRP sample,
from the previously described turbine construction process, Fig. 1, is
used to demonstrate the mathematical theory. PAUT is carried out using
a self-contained water-delay line and dry-coupling medium to transmit
ultrasound into the sample. Fig. 3 shows a schematic of the inspection
set-up, parameters of which are referred to in the following paragraphs.
The mathematical theory behind the proposed approach for ultrasonic
determination of FVF, is based on a ray propagation model of this
schematic. The model is applicable to any phased array inspection
comprising a delay line, coupling and sample with known thicknesses
and ultrasound velocities, with the example shown here using the
application presented in this paper.

Similar examples of such models, used to analyse ultrasound data,
can be found in literature and applied, for example, to calculate the
thickness of a corrosion layer formed after prolonged exposure of the
composite in a corrosive environment in Ref. [50]. A calculation is based
on sample geometry, probe separation and varying sound velocities.
Similarly, a ray propagation model is used along with pulse echo and
through transmission data to determine the velocity anisotropy in
Ref. [3]. The proposed FVF estimation approach presented here, differs
from Ref. [3], in that only one phased array is used, with the trans-
mission and reception apertures acting as the separate transducers. Also,
three layers of material are considered and the velocity, as a function of
angle in the third layer, the CFRP, is calculated. This angular variation is
created by increasing the gap between transmission and reception ap-
ertures on the phased array as shown in Fig. 3.

The following paragraphs describe firstly a geometrical analysis of
the inspection set up. Distances are known from dimensions and angles
calculated to satisfy Snell’s law. Next, the time of flight for each stage of
the ultrasonic propagation path is expressed in terms of the bulk velocity
and the results of the geometrical analysis. This is performed for both the
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Fig. 3. Schematic illustrating the geometry of wheel probe and sample in a cross-sectional view as well as phased array geometry and the interfaces analysed using

Snell’s law, for both ray propagation paths.

front wall and back wall propagation paths. The experimental time of
flight can be extracted from the corresponding arrival time on each in-
dividual A-scan. Combining the geometrical analysis with the time-of-
flight data allows for the velocity in the sample, at a certain propaga-
tion angle to be isolated.

Two separate acoustic paths corresponding to front and back wall
echoes are modelled and analysed. Using the known start and end points

of each ray, distances and bulk velocities, Snell’s law must be satisfied:
sin 6,
Vr

The total time of flight between transmission and reception element is
thereby minimised. Refraction angle at interface one is then used as the
incident angle at interface two, in Fig. 3. The separate acoustic paths are
represented by red and blue lines for front and back wall echo, respec-
tively. Since the velocity influences the ray propagation angles, which in
turn are used to calculate the velocity as a function of angle to the plies,
the thickness used at the start of the algorithm cannot be dependent on
the velocity output. It must be obtained from a separate measurement
and used as an input.

= Si"‘,—fz (eq. 1). This yields the refraction points, at each interface.

The axial distance moved across the array is given by: 2 U; D = rtan6, +
wtanf, = stanfz + rtand, + wtands (Eq. 2). Where s, r and t are the
thicknesses of sample, dry-coupling medium, and water delay line,
respectively. The angles in each medium are defined with respect to the
normal. The physical distance along the array, d, between transmission
and reception elements is calculated from the number of elements be-
tween transmission and reception, (j-i), and the phased array pitch, p.

This calculation is carried out for both the front and back wall
propagation path giving an expression for the angles of incidence and
refraction as function of the distance shifted across the phased array. The
procedure can then be repeated for every transmission and reception
combination making up the full FMC matrix. Next, the time delays
corresponding to each step of these propagation paths can be computed
using the inspection geometry and bulk velocities to yield the following:
F = v, a:s 0’ Fy, = Vi cvgs [ By = s cgs 05° B, By = Vi cv(;’s 05 (Eq. 3-

7).

j— r
Vr oS 04

Variable names are defined such that F,, and B; correspond to the
time delay corresponding to the front wall path in water and back wall
path in rubber, respectively. Individual A-scans are extracted from a
FMC matrix, the general structure of which shown in Fig. 4.

The time delay, At, between front and back wall echo is given by: A

t= % (Eq. 8), and illustrated in Fig. 5. Here ‘i, and ‘i’ refer to the

indexed location of the front and backwall peak on each A-scan, with ‘fy’
the sampling frequency. This time delay can be expressed in terms of the
individual propagation paths, using Eq. 3-7, and yielding:
&t = (B; +B, +By) — (F; +Fy) (Eq. 9).

Receiving Element [R)

Receive Aperture

Transmit & pe rture

Transmitting Element (T)
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T\lﬂli nl

L J .

Fig. 4. FMC matrix definition containing A-scans from every possible transmit
and receive combination.
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Fig. 5. Example A-scan, highlighting the delay between front and back wall
response as well as the envelope detected using the Hilbert Transform.

As is common practice with ToF calculation in various imaging al-
gorithms the arrival time is determined from the Hilbert peak, thereby
accounting for both phase and amplitude variation, not the merely RF
waveform. Beyond the 1st critical angle, shear wave peaks are recorded
alongside longitudinal ones, on each A-scan. The correct front and back
wall peak, corresponding to longitudinal waves, must be identified
based on amplitude and location relative to the maximum in each scan.
Using the propagation path and time delay between front and back wall
echo, the speed of sound at angular incidence in the sample, vy, is iso-
lated. Combining Eq. 3-7with Eq. 9yields the ultrasonic propagation
velocity within the sample, vg, as a function of propagation angle within

. _ (cos 03 (At r w _ r
the Sample’ 93‘ v3(03) - < s (2 + vy cos 61 + Vw €OS 0o Vr €OS O4

m))fl (Eq. 9).

Repeating this procedure across the range of axial distances, A-scan
traces in a FMC dataset corresponding to TiRj.2s, the velocity in the
sample as a function of angle shifted from normal propagation is
calculated. This generates a cloud of sample velocity values, as a func-
tion of propagation angle. Each one corresponding to one A-scan in the
FMC matrix. To generate a smooth line from these, a polynomial, of
order two, is fitted to the points taken from every ten phased array el-
ements. This is known as a Savitsky-Golay filter, and the curve is shifted
incrementally across propagation angles using the corresponding inbuilt
MATLAB function.

3. Experimental hardware and CFRP samples

Sample parameters, inspection and phased array geometry are
necessary to give the quantitative results to the FVF measurement the-
ory. These samples are flat and planar with a thickness of 5.1 mm and
width of 195.5-200.5 mm. They are taken from a full length pultruded
CFRP used in wind turbine blade construction, as described in Fig. 1.
Such materials are used to construct an internal load bearing beam up to
80 m in length. CFRP panels have FVFs in the range of 60-70%. Exact
values are obtained from the supplier, Siemens Gamesa Renewable En-
ergy (SGRE), who conducted both in-house tests, using acid digestion, as
well as a third-party FVF measurement. This was carried out by the IMA
‘Materialforschung und Anwendungstechnik’ in Dresden and in accor-
dance with standard ASTM D3171 Method 1, Procedure B [26,51].
Three separate samples are used in this work with FVFs of 60.5, 66.3 and
69.9%. These values will be referred to as the known values in subse-
quent sections of this paper.

Phased array ultrasonic testing is carried out using an Olympus 5
MHz, 64-element phased array. The element pitch and height are 0.8
and 10 mm respectively. The fibre diameter is approximately 0.007 mm,
with the wavelength from a 5 MHz probe in this composite material
around 0.6 mm. This is a difference of three order of magnitude, the
material heterogeneity on a scale much smaller than the inspection
wavelength. The array is controlled by a PEAK NDT LTPA phased array
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controller (PAC) supporting 64 channels on both transmission and
reception. The self-contained water delay-line and acoustically opti-
mised coupling medium removes the need for liquid coupling, pumping
equipment, or immersion tanks, often used in ultrasonic inspection,
meaning the risk of water ingress into the sample is negated. Hardware
and software are interfaced within the LabVIEW environment. Previous
publications have demonstrated the effectiveness of similar set-ups
when applied to PAUT of composite aerospace components [52,53].
Table 1 details inspection parameter values referred to in Fig. 3.

To distinguish between panels of different FVFs, using the described
ray propagation method, the phased array must be parallel to the fibre
orientation. Since angular variation is achieved by increasing the gap
between transmission and reception apertures, this must be orientated
along the fibre direction, as shown in Fig. 6. It is necessary for the sound
to travel along, not across, the fibres so that increasing their number, by
increasing FVF, causes an increase in velocity measured. The FVF affects
the ultrasonic propagation velocity at varying angles made across the
fibres. Since the sample is of pultruded CFPR, essentially only containing
one ply, all fibres are orientated in the same axis, thus simplifying the
inspection.

4. Ray tracing simulations

To confirm the validity of the FVF determination method, and to
generate data to compare experimental results to, several computer
simulations are carried out. For this, the CIVA software package is uti-
lised which is based on a combination of ray tracing and FEM analysis.
The version used includes the optional FIDEL add-on for inspection
simulation of composite materials [54]. This allows the user to insert
specific parameters such as, fibre density and thickness as well as resin
density and speed of sound, before performing a sample homogeniza-
tion. Homogenization starts at the ply level, before considering the
number of layers and their orientation. This stage is simplified for a
pultruded CRRP sample, as studied here. It is in effect one, much thicker,
unidirectional ply.

It is thereby possible to generate data from a simulation of the
described experimental set-up. CIVA can accurately model the sample
geometry, the parameters of a composite material’s constituent parts,
and the interaction of such a material with an ultrasonic phased array
transducer. Simulated FMC data is used in the ultrasonic FVF mea-
surement theory, Section 2, to generate curves of velocity as a function
of propagation angle in the sample. These results are shown, and
compared to those obtained from experimental data, in the following
sections.

5. Results and discussion
5.1. Anisotropic glass block proof of concept

The theory, presented in Section 2, yields a final expression by which
the velocity in the sample can be calculated as a function of propagation
angle, Eq. 10. Throughout these sections this is used to characterise the
FVF of calibration samples and generate estimates of FVF from valida-
tion datasets.

Table 1
Numerical values of necessary inspection parameters from Fig. 3.

Variable Nomenclature Numerical Value
Water thickness w 24 mm

Rubber thickness R 1 mm

Sample thickness S 5.0-5.3 mm

Water bulk velocity Vi 1480 ms~!

Rubber bulk velocity vy 1560 ms ™!

Sample velocity (across fibres) Vs Determined by Model
Element pitch P 0.8 mm

Gap g 25 elements
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Fig. 6. Image showing the experimental hardware and CFRP sample used,
highlighting the necessary array and fibre orientation.

Initially, a proof-of concept, based on FMC data acquired from a
isotropic glass calibration block with a thickness of 50 mm, is carried
out. Since, anisotropy within CFRP panels is used to distinguish between
varying FVFs, this is an important first step. This isotropic sample should
generate a straight-line plot of velocity as a function of propagation
angle and thereby validate the ray propagation model from Section 2.
The sound velocity across a range of angles, by varying transmission and
reception elements, is computed and this experimental data, acquired by
PAUT, is compared to an equivalent CIVA simulation in Fig. 7.

A straight-line plot of velocity as a function of propagation angle
with a constant value of 5915 rns’l, can be seen. At 0°, the same element
is utilised for transmission and reception, as in standard pulse-echo in-
spection. The experimental plot is formed from three separate FMC
datasets acquired at various locations on the glass calibration block.

Simulation data from CIVA yields a slightly lesser value of 5912 ms ™!
with no variation due to the ideal inspection made possible within a
computer model. This confirms the isotropic nature of the sample and
the validity of the ray tracing algorithm for the next stages of the work.
The angular range here is much smaller than in subsequent sections
regarding the CFRP panels. This is due to the geometry of the inspection
set-up, shown in Fig. 3. The isotopic glass block has a thickness of 50 mm
whilst the CFRP panels, 5 mm. All other array and delay line values are
identical and thus the same physical gap between transmission and
reception element results in an angular range of 0-8° in the glass and
0-31° in the CFRP sample.

5.2. CFRP panel characterisation

Next, three CFRP panels, with known FVFs of 60.5, 66.3 and 69.9%
are inspected. These are the calibration samples to which validation data
can then be compared. Again, FMC data is acquired experimentally from
each and compared to CIVA simulation. The increase in velocity, relative
to that found at normal incidence, for each panel is shown in Fig. 8. The
normal incidence velocities for FVFs of 60.5, 66.3 and 69.9% are found
to be 2877, 2914 and 2958 ms ™! respectively.
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5.3. Repeatability and mean value curves

For each calibration panel, several datasets were acquired at
different locations on the sample. Each is processed to generate a plot of
velocity as a function of angle made to the fibres. For each FVF value, an
average curve is generated using ten FMC datasets and shown by the
solid line in Fig. 9. Again, the velocity relative to that observed at normal
incidence for each FVF is plotted. Plus, and minus one, standard devi-
ation curves for each FVF are also shown by the dashed lines. For the
purposes of FVF screening, within a manufacturing environment, upper
and lower screening limits of one standard deviation above the 69.9%
sample and one standard deviation below the 60.5% sample are defined.

5.4. Comparison to conventional measurement

Following the generation of the calibration curves from the average
of ten datasets, shown in Fig. 9, a test is carried using a sample of slightly
increased thickness, and again known FVF of 60.5%. Fig. 10 shows the
velocity as a function of propagation angle, generated from these data,
and compared to the average and standard deviation limits provided by
the 60.5% FVF calibration sample. The purpose of this step is to prove
the validity of the method on different sample geometries and is im-
pactful in that it clearly shows that the velocity as a function of propa-
gation angle is independent of sample thickness.

Next, the method is validated using separate FMC datasets and, by
comparison to the screening curves, FVF is determined for each of the
three panels. Velocity, at three specific angles, is plotted alongside the
calibration curves in Fig. 11, and shown on the graph using crosses for
demonstration purposes. This highlights where the data falls on the
previous screening curves.

The absolute velocity at each angle, taken from each transmission
and reception combination, is then used to produce a FVF estimate. This
is achieved by interpolation with the velocity at that angle from the
three known FVF curves. A curve of order two is fitted since FVF as a
function of velocity does not display a linear increase. Thereby, a FVF
estimate is produced at every angle. These values are then averaged to
generate a single FVF value from each new dataset. The results gener-
ated using this procedure are presented in Table 2 and compared to
known values as obtained by acid digestions and carried out by a third
party. The method proves effective in the 1-2% discrepancy between the
experimental and known values.

Following the generation of the calibration curves from the average
of ten datasets, shown in Fig. 9, a test was carried using a sample of
slightly increased thickness, and again known FVF of 60.5%. Fig. 10
shows the velocity as a function of propagation angle, generated from
these data, and compared to the average and standard deviation limits
provided by the 60.5% FVF calibration sample. The purpose of this step
is to prove the validity of the method on different sample geometries and
is impactful in that it clearly shows that the velocity as a function of
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Fig. 7. Validation of method using FMC data acquired from a isotropic material, a glass calibration block. Experimental data and CIVA simulated data are plotted on
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Fig. 8. Comparison of relative velocity as a function of angle to normal incidence. Three FVFs are plotted along with data from CIVA simulation. Velocity increase is
normalised to that value observed at normal interface.
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Velocity at Specific Angles for FVF Determination
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Fig. 11. Inspection implementation. Screening curves and average curves for each FVF calibration sample plotted alongside the point values of effective velocity

increase at specific angles.

Table 2
Comparison of known and inspection FVF values alongside a percentage error.

Known FVF (%) (Acid digestion) Interpolated FVF (%) Percentage Error (%)

60.5 61.1 1.0
66.3 66.1 0.3
69.9 68.3 2.3

propagation angle is independent of sample thickness.

Mathematical theory presented and applied to CFRP panels of
varying FVFs demonstrates, firstly the anisotropic nature of CFRP, in
that the velocity changes with varying propagation angle, and secondly
the extent by which this effect is influenced by the FVF. Thereby, ul-
trasonic velocity at varying propagation angles, proves to be a reliable
method of distinguishing between FVF values. Lower FVF samples
having a lower velocity, increasing more slowly as the propagation angle
across the fibres steepens. Since the clear trend is only evident after
averaging separate acquisitions at different locations on each sample the
method is best suited as a screening process to ensure the FVF falls in the
desired range of 60-70%, rather than a precise determination.

The effectiveness of the CIVA package is also clear when applied to
composites. Using sample parameters such as the individual fibre

T10 R15

thickness, density as well as sound velocity and density in the epoxy
resin, CIVA can generate a highly accurate representation of the
experimental composite. The results from each FVF model closely follow
the curves generated experimentally. Again, any variation is due to
experimental procedure and the accuracy with which the ToF between
front and backwall echo can be measured using the sampling frequency.
Sampling at 100 MHz is chosen so that the temporal position of front and
back wall echo is known to an accuracy of 10~ s giving an accuracy in
the velocity of approximately 0.6% for the sample thickness of 5.1 mm.

When considering the range of angles across which the velocity is
computed, attenuation becomes a key issue. Results presented here use a
maximum gap between transmission and reception element of 25.
Beyond this point, the amplitude of the back wall falls into the range of
the noise floor. The minimal amplitude, received in a back wall reflec-
tion is shown in the following A-scans, Fig. 12, acquired using, first el-
ements T1oR;s and secondly TigRss. This results in a total angular
variation of up to 31° based on the geometry of the inspection set-up,
shown in Fig. 3 and using the numerical values given in Table 1.

In future, time-varying gain (TVG) could be applied to each A-scan to
account for the increased attenuation of the back wall and the increased
random noise. Also, a similar correction could be added when acquiring
the FMC dataset. Higher gain values would be necessary, the further the
acquisition shifts away from the FMC diagonal, where transmission and
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Fig. 12. Example A-scans from TioR;5 and TyoRss, highlighting the amplitude of echoes and thus the increased attenuation as propagation angle and distance

are increased.
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reception is on the same element. The sound will have to travel through
a greater thickness of sample. The level of TVG necessary across a FMC
dataset could also yield information on the FVF due to the variation in
attenuation observed. Such steps would allow the propagation velocity
curves, as a function of angle, to be extended beyond the values pre-
sented here.

6. Future work

Throughout the results and discussion sections, the effectiveness of
the ray tracing model applied to FMC datasets, acquired through ultra-
sonic phased array testing, has been demonstrated. Therefore, the
method presented here has been proven to be successful in FVF deter-
mination of pultruded CFRP panels. To further increase robustness as
well as take steps to effectively incorporate the work into a
manufacturing process, there are several avenues for future work.

To calculate the ray propagation angles in the model, the panel
thickness must be obtained by manual measurement. This is currently
performed using callipers and thus the accuracy is within 0.1 mm. It is
not possible for ultrasonic determination of both thickness and velocity
to be performed simultaneously. This would result in an algorithm input
depending on the output with the velocity output influencing the initial
thickness value. A possibility for future work would be for the thickness
to be acquired from say, a 3D laser scanned model of the sample.

The inspection implementation has only been shown to give both
accurate ultrasonic images and FVF determination when the phased
array probe and sample are in a fixed position. Within a manufacturing
environment, to characterise entire sections of sample, either the probe
or sample would need to move so that 2D ultrasonic images can be
generated alongside FVF determination. Whilst a commercially avail-
able phased array wheel probe is used for this work, bespoke wheel
probes, and phased arrays, for a variety of NDT applications have been
reported in Ref. [55]. These are an attractive option for future work
since such a device could be custom designed to optimise both linear
imaging, as well as FVF screening during inspection. Operation would
require determination of the front and back wall peak location, robust
enough to handle amplitude and ToF inconsistencies, stemming from
probe movement. The longitudinal wave peak would still need to be
reliably isolated from the shear wave ones when handling A-scans taken
beyond the 1st critical angle. The method currently used for peak
identification is not robust enough to handle data acquired from a
moving probe and would therefore need to be refined.

7. Conclusions

A novel FVF screening technique based on analysis of a ray propa-
gation model in combination FMC data, acquired from an ultrasonic
phased array, has been presented. The validity of this is confirmed using
both a isotropic glass block as well as simulation data from CIVA soft-
ware using an additional composites package. The angular dependence
of the sound velocity, with respect to the composite fibre direction, is
shown to be a reliable parameter to distinguish between FVF values in
the desired 60-70% range. Screening curves generated from calibration
data are used to approximate the FVF of three separate datasets for
validation. A discrepancy of no more that 2.3% in the worst case, and
less than 1% in the best, is found between the known FVF values and
those calculated using the methodology presented.

There is significant scope in terms of future work to allow the prin-
ciples demonstrated to be reliably and robustly applied to a moving
inspection and thereby integrated into a manufacturing environment.
The benefit in the proposed form of FVF testing is multi-faceted. Firstly,
there is value in the much faster results provided, as compared to con-
ventional measurements. This remains valid even when precise ultra-
sonic measurement and the extensive data analysis procedures
necessary, are considered. It is possible to produce more data, in a
shorter period, for quality assurance. The non-destructive nature of
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ultrasonic measurement is also inherently safer for operators. Finally, a
lower cost of testing is achieved due to the significantly shortened
preparation and test time. Results shown are beneficial to the
manufacturing process with the potential to ensure that final compo-
nents satisfy manufacturing standards and are a powerful tool in guar-
anteeing that FVF consistency is maintained.
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