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Abstract: The thermoplastic composite pipe (TCP) manufacturing process introduces
defects that impact performance, such as voids, misalignment, and delamination. Conse-
quently, there is an increasing demand for effective non-destructive testing (NDT) tech-
niques to assess the influence of these manufacturing defects on TCP. The objective is to
identify and quantify internal defects at a microscale, thereby improving quality control.
A combination of methods, including NDT, has been employed to achieve this goal. The
density method is used to determine the void volume fraction. Microscopy and void analy-
sis are performed on pristine samples using optical micrography and scanning electron
microscopy (SEM), while advanced techniques like X-ray computer tomography (XCT)
and ultrasonic inspections are also applied. The interlayer between the reinforced and
inner layers showed good consolidation, though a discontinuity was noted. Microscopy
results confirmed solid wall construction, with SEM aligning with the XY axis slice, show-
ing predominant fibre orientation around ±45◦ and ±90◦, and deducing the placement
orientation to be ±60◦. Comparing immersion, 2D microscopy, and XCT methods provided
a comparative approach, even though they could not yield precise void content values. The
analysis revealed a void content range of 0–2.2%, with good agreement between microscopy
and Archimedes’ methods. Based on XCT and microscopy results, an increase in void
diameter at constant volume increases elongation and reduces sphericity. Both methods
also indicated that most voids constitute a minority of the total void fraction. To mitigate
manufacturing defects, understanding the material’s processing window is essential, which
can be achieved through comprehensive material characterization of TCP materials.

Keywords: non-destructive testing; multi-scale characterization; defect quantification;
manufacturing defects; surface morphology

1. Introduction
In recent years, reinforced polymeric composites have been used extensively in many

engineering applications. Industries, such as chemical, oil, and electricity, use pipes that are
made of polymers reinforced with fibres for repairs, maintenance and, most recently, for
long-term use. Industrially, thermoplastic composite pipes (TCPs) are increasingly being
used as an alternative to conventional steel-based pipes. This development is in response
to significant corrosion problems with the metallic pipes. Other reasons are due to their
superb mechanical properties and designability [1–3].
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TCPs are manufactured through melt fusion bonding in a layer-by-layer process,
which has been confirmed to provide great integrity as well as compressive, flexural and
inter-laminar/layer shear (bond) strength [4]. However, defects are induced into TCP
during manufacturing, affecting their in-service application. Defects in composites obvi-
ously alter the microstructure of the material. Hence, fibre breakages, pull out, and matrix
microcracks can develop. Defects such as voids, misalignment and delamination are com-
mon during manufacturing. These defects cause thermal shrinkage, poor matrix-to-fibre
adhesion, high-stress concentration, layer separation or debonding, ballooning, thermal
conductivity reduction (anisotropic), impediment of heat transfer from thermal barriers
(delamination), cracking of brittle fibres or failure to achieve adequate processing condi-
tions [5,6]. Manufacturing events such as fibre deviations can cause fibre misalignment
during post-manufacturing processes. While these defects on the surface of the structure
can be spotted by the naked eye, the extent to which these defects affect the mechanical
performance of TCP that results in failure formation has not been entirely understood.
Therefore, this poses a challenge [7]. This is because the non-complex detecting technique
of observation is relatively useless in assessing internal defects and to avert the poten-
tial dangers associated with manufacturing defects, various non-destructive methods are
employed [8,9].

Croft et al. [10] deduced that researchers have established that to mitigate the impact
of these defects on composite structures, techniques such as the staggering technique and
the placement of ±45◦ layers on the top and bottom layers can be used. Mandell et al. [11]
also highlighted that the use of the prepreg laminate technique exhibits the least defect
amounts (fibre misalignment) under controlled conditions. However, despite these efforts,
defects remain, and their influence on structural performance is not fully understood. Croft
et al. [10] suggest that the focus should be on considering multiple defects simultaneously,
as defect distribution will likely become a critical variable. Therefore, quantifying these
defects provides valuable insights into defining the effect of the defect process. This enables
the understanding of the impact of individual defects and the development of methods
to predict the performance of composite structures in the presence of manufacturing
defects. Recently, the ability to observe and characterize manufacturing-induced defects
has advanced significantly. This progress, combined with the need to understand the
impact of these defects for potential cost reduction, has driven increased research into
damage and failure analysis that takes these defects into account [12].

Yurgartis [13] utilized micrography and statistical analysis to estimate the fibre align-
ment, orientation and distribution. The findings reveal that while the distribution in
the prepreg is axially symmetric, it changes after lamination, with the extent of change
depending on the stacking sequence. In this specific material, most fibres were found
to deviate slightly from the mean fibre direction, with distribution standard deviations
ranging from 0.693 to 1.936◦. Although the misalignments observed are small, they are
substantial enough to influence the structure–property relationships. However, there is
uncertainty on whether these distributions are typical for all composites. Nonetheless, they
provide an indication of the degree of misalignment that may be expected.

For glass fibre-reinforced polymer parts, the increase in glass fibre content enables
the rise in void formation due to the fibre-to-matrix interaction. However, the thickness
of the part has more influence on void formation due to the irregularities during stacking
of the laminate plies [14,15]. For research purposes, varying methodologies have been
utilized to estimate the void content of the samples, such as immersion (Archimedes) and
2D microscopy. Both the immersion and 2D microscopy techniques have no destructive
effect on the inspected samples; therefore, all the samples subjected to void content analysis
by the described methodologies are initiated with the density and then the microscopy to
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generate a comparison between the outlined methods [16]. The reliability and precision of
these techniques are further discussed here. It is difficult to obtain precise results for each
method as the actual void content remains unknown. Instead, a comparative approach is
utilized with the void volume fraction from the test of five samples for the emphasized
methods. To handle the section bias errors, the cross section for each sample is analysed
with the microscopy, which increases the total number of samples to 20.

There is a growing need for a fundamental shift in non-destructive inspection (NDI)
(such as X-ray computer tomography (XCT) and ultrasound) from merely detecting defects
to accurately measuring their location and size to better assess their effects. TCP manufac-
turing requires knowledge of the feeding direction at designed angles. As a result, defects
such as fibre kinks, fibre waviness, gaps and overlaps are formed from the geometrical
layups, and their effects are not entirely understood. For the laminate layers of the TCP
to be manufactured, the stacking sequence, size and possible defect formation have to
be considered [17]. Mechin et al. [18] stated that for any relative misalignment in fibre
orientation, there is an estimated 50% strength loss. Therefore, deriving the precise fibre
orientation and detecting any misalignment is needed. However, measuring the fibre
misalignment is challenging to achieve as it requires the measurement at microscopic size
width against length in millimetres, making the aspect ratio significantly large [19]. Hence,
understanding the internal structure is necessary for predicting the mechanical perfor-
mance. It is then beneficial to estimate the fibre orientation distribution that influences
the fibre strength, which is maximum at alignment with the acting stress on the structure,
which is the rationale for the anisotropic material behaviour.

To deduce the global and local (anisotropy) properties, the fibre orientation within the
composite should be known [20]. Usually, it is the manufacturing process that determines
the fibre orientation distribution as well as the final properties. The fibre is distributed
by the molten polymer dynamics as it solidifies. In terms of measuring methods for the
fibre orientation, TCP, which is an advanced part, possesses a circular geometry with a
thick wall intersecting layers in a tubular profile. At the layer intersection, regional stress
concentrations will be developed, and the melt polymer flow, as well as the fibre orientation
distribution, will be altered. Several varying experimental methods exist for measuring
and validating the orientation distribution, including over large volumes. Optical methods
such as the SEM enable the scanning of complex regions but are fully destructive methods
that do not allow the measurement of fibre orientation tensor parts.

Nikishkov et al. [21] developed a method for accurate void measurement based on
XCT. This method is based on the average grey values of air and material obtained from XCT
scans. This method relies on the demonstrated proportionality between the XCT grey values
and material density in the fibre-to-matrix of the composites. The method showed excellent
correlation with microscopic measurements of voids in the cut section. The total porosity
volume measurements in a carbon fibre-reinforced polymer composite fabric specimen were
also confirmed through physical sectioning. This method confirmed the three-dimensional
nature of manufacturing defects and their distribution, which cannot be reliably quantified
using standard 2D methods, such as microscopy. Increasing evidence suggests that not only
the total void content but also the location and size of individual defects at critical points
are crucial for understanding their impact on the structural performance of composites,
including their strength and fatigue behaviour.

Also, Little et al. [14] and Chai et al. [22] evaluated various void characterization
techniques for composite materials, focusing on their accuracy and reliability. The studies
demonstrated that each method has specific strengths and limitations, with Archimedes
and microscopy showing significant inherent drawbacks. Considering factors such as
preparation and testing procedures, the level of characterization detail, cost, and overall
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accuracy and reliability, the studies conclude that XCT analysis is the most accurate and
reliable technique for characterizing voids in composite materials.

Furthermore, Saenz-Castillo et al. [16] deduced that each composite manufacturing
process requires its own set of quality control criteria for the critical void threshold. NDT
was used to propose a methodology for establishing acceptable criteria for engineering
applications of thermoplastic composites. The research was able to correlate ultrasonic ab-
sorption coefficient and void content, which created a direct observation linear fit whereby
a sharp increase in attenuation within all the scans beyond a certain void content indicates
the threshold. Notably, there would be a significant difference in void values for laminates
produced from varying techniques. This is because manufacturing methods such as in
situ consolidation can change the fibre area weight and matrix density of the material
because of the roller compaction and applied heat source irradiation, which can create
erroneous evaluation of the voids due to the use of crude calculations using the theoretical
density and fibre area weight [16]. Saenz-Castillo et al. [16] emphasized these differences
in void assessment methodologies as the use of density, a fast assessment method that
needs previous knowledge of the theoretical properties of the material and can generate a
somewhat inaccurate porosity value. Although 2D microscopy offers details of the location,
size and morphology of defects, which includes voids, it is restrained to a cross section of
each sample which involves an implicit bias inaccuracy. To improve these findings, the XCT
technique is integrated into this research to ascertain the presence of voids by reconstructing
the XCT dataset of the scanned samples. For the XCT scanning reconstruction, constant
factors are retained for all the samples although these factors are optimized for improved
precision. This method is limited to the scan of small samples.

Any slight increase in scanning resolution and sample size significantly elevates the
power needed for the data acquisition system, dataset file size, and scanning time. XCT
analysis proffers the advantage of visualizing a three-dimensional-rendered version of the
internal laminate structure of the sample. The 3D visual analysis of the internal structure
provides the fundamental knowledge of the laminate part. This fundamental knowledge of
the presenting voids within the sample aids in enabling a thorough analysis of the defects
within the sample. The use of the Avizo software version 2023.2 enables the 3D analysis
of the XCT scans. This procedure can also be visualized as similar to the micrograph as
it incorporates the through-thickness slices in the form of pixels and showcases the void
interconnectivity between the images of the cross-section.

This research proposes a comprehensive quantification of these manufacturing de-
fects of the TCP, to establish their presence. This is further buttressed by facilitating the
understanding of the relationship between NDT and manufacturing defect quantification
techniques through the surface and sub-surface of the TCP constituent layers. The SEM,
ultrasound, and XCT methods are utilized to accurately detect and quantify manufacturing
defects in terms of dimensions and location. The interaction of these defects and their
implications are also investigated. The goal of the quantification procedure is to provide
insight and establish a quantitative benchmark for enabling a consistent or improved
manufacturing process, an area lacking in current research.

2. Materials and Methods
2.1. Materials

A melt-fused TCP was donated for the research purpose. The pipe has 50 mm ID and
102 mm OD with a length of 1500 mm and is stored at room temperature. Also, from the
database, this is a glass fibre-reinforced high-density polyethene (HDPE) TCP with a burst
pressure of 5 ksi and an operating temperature of 65 ◦C. It is made of 3 fully bonded layers:
the inner, reinforced, and outer. The thickness of the liner layer is 4 mm while that of the
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reinforced and coated layers is 17 mm and 4 mm, respectively, with a total thickness of
25 mm, as displayed in Figure 1a. For ease of understanding, the layers in this report will
be represented by A for the liner layer, B for the laminate layer, and C for the coated layer.
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Figure 1. (a) TCP pipe section with the lateral view displaying all the pipe layers and (b) the
methodology flow chart.

The test samples were machined from the TCP using a diamond blade saw cut and
fair-faced for a smooth surface finish to ISO1183-1 testing standard. A set of 3 to 5 samples
is prepared and stored at room temperature with no pre- or post-treatment needed.

A flow chart that provides the methodology and techniques to be used in assessing
the manufacturing defects present in the TCP is provided in Figure 1b.

2.2. Characterization

Optical micrography: micrography of the pristine sample was also performed using
an Infinity1 microscope equipped with a Nikon Japan digital camera attached to it, which
is dependent on light rays that reflect from a spot on the sample. A flat sample with all
layers was used in the magnifications of 5, 10, 20, and 40 at each layer and the interface. The
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Delta optical camera was used for the analysis because it provides a broader concentration
region and magnification. Both the pristine and tested samples were studied using the
Zeiss EVO LS10 microscope from Jena Germany at 25.00 kV accelerating potential and
magnifications of 200×, 500×, and 1000× for all the samples. This procedure provides a
defined contrast and digital imaging plausibility in contrast to the optical microscope. This
is a destructive technique that utilizes only a cross-section of the sample. The prepared
samples are made with very few scratches, as they will appear as voids in the image
analysis software. A cryogenic sampling procedure was used to prepare the samples to
determine the surface morphology for thermoplastic composite pipe layers and the glass
fibre and HDPE polymer matrix characteristics. Samples from the separated layers were
gold-coated using the sputter deposition technique for roughly 2 min before experimenting.

Scanning Electron Microscopy (SEM): The prepared samples were also studied using
the Zeiss EVO LS10 Scanning Electron Microscopy (SEM) at working distances of 9 mm,
8 mm, and 7 mm for liner, reinforced and coating layers, respectively. This was performed
at 25.00 kV accelerating potential and magnifications of 200×, 500×, and 1000× for all the
samples. Image J software (version 2.9.0) was used to process the 2D microscopy images,
and this analysis was carried out for each image cross-section. The procedure demands
the conversion of the cross-section micrograph to binary form. Here, the voids, fibres and
any other matter are highlighted. The image is segmented to remove the noise and outliers
that are not needed. The total number of voids in a defined space, void shape, size, area
fraction, and location in 2D can be derived using the built-in statistical tools.

X-ray Computer Tomography (XCT): For the XCT scanning and reconstruction, mini-
mal sample preparation is required because this method is non-destructive, which applies
to both the pristine and tested samples. An untested sample seen in Figure 2a,b was used
to study the TCP before being in service. The process relies mostly on the sample size, XCT
scan settings, and scanning resolution. The amount of defect and damage patterns in the
sample was analyzed at the microscale by using Nikon XTEK XTH 225 kV at the University
of Manchester, UK, and the scans captured the entire cross-section of the x-y-z plane.
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Figure 2. The pristine sample used for XCT analysis has a top length of 1 mm, bottom length of
38 mm, height of 30 mm, and width of 25 mm, (a) the side view and (b) the top view of the sample.

The 3D data were reconstructed from 2D radiographs using a filtered back-projection
algorithm. The reconstructed data were analyzed and segmented using Avizo software
version 2023.2 with a voxel size of 0.02 × 0.2 × 0.2 µm. The analysis was carried out to
characterize the porosity in the form of the volume, the equivalent diameter (diameter of
the pore of the same volume), and sphericity (closeness of the pore to a sphere).
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For the use of XCT through 3D reconstruction of the sample dataset, the fibre orienta-
tion distribution analysis techniques for XCT can be sub-categorized into three parts. The
first method utilizes the isolation of fibres to estimate the orientation based on segmenta-
tion. This segmentation enables the total and complete estimation of the fibre orientation
distribution but needs high spatial resolution. Currently, the limitation on the scan volume
dimensions is due to the high resolution needed in comparison to the other methods.
The second method deploys 2D slices obtained from the volume, but the out-of-plane
angles cannot be determined. The third method involves the analysis of the entire 3D
reconstructed volume either totally or in subdivisions, which is termed indirect, as the
segmentation for each single fibre is dependable. Although this method can derive the fibre
orientation where the spatial resolution is low, all the methods are micro-destructive. The
maximum volumetric dimensions that can be measured currently are limited by memory,
imaging and availability of computational devices.

The orientation analysis, histograms and computation of the XCT data and distribution
parameters from image analysis were conducted using the Fiji (Image J) software analyzer
with the selection of the slice planes for a fibre-reinforced cross-section. Here, the geometry,
shape and area of the fibre are the factors of interest. Through identifying the local fibre
orientation, the orientation distribution function such as any degree of fibre misalignment
can be computed. Through the combined use of the Avizo and Image J software, the local
orientation analysis enables the creation of 3D models from 2D slices that exhibit the inner
structure that reflects the anisotropy of the fibre. Virtual cross-sections of the reconstructed
3D models post-CT scanning are utilized for the measurements. The cross sections are
analysed based on measurements of the geometric properties of the internal structures of
the elements and they include the fibre coordinates and thickness.

The orientation J plugin comprises the plugin series that is added to the Image J
software package. To ascertain the directionality, the interface displayed 2 computation
methods: either the local gradient orientation or Fourier components. To specify the number
of bins with the starting and ending angles for generating a histogram, the histogram end
is set at 180◦ from the start. For the Fourier component technique, the orientation map
reveals the pixel direction with the strongest intensities. The result table provides the
histogram data outlining the amount of fibre orientated in a specific directionality analysis
table and gives the Gaussian peak centre for the histogram. To gauge the Gaussian fit,
1 is assigned as good, while 0 represents bad. Interpreting the histogram, the fibres can
be randomly orientated, but with a peak at ±60◦, establishing the orientation for this
specific direction. For the orientation J plugin, the dominant direction is determined by
computing the dominant orientation. The weighted histogram of the orientation determines
the dominant direction and weight in percentage is the coherency. The gradient to be used
here is the cubic spline and the type of visual representation can be expressed in radians
or degrees. The hue, saturation and brightness (HSB) mode is applied for the colour map
where the hue is orientation, saturation is coherency and brightness is the source image.
Coherency will determine the percentage of structural orientation closer to 90◦. The use of
the orientation J (OJ) vector field to visualize the orientation vector. Ensure the checking of
the show table and overlay to view the vector field orientation. Usually, the vector module
is proportional to the scale factor and coherency that is provided [23].

Ultrasound test: The Dolphicam2 ultrasonic equipment made available by Dolphitech
for 2 weeks was used for ultrasonic inspection. The sample inspected at pristine condition
is a truncated glass fibre-HDPE pipe section displayed in Figure 3a,b.
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Figure 3. The sample in (a) pristine condition, (b) pristine sample undergoing ultrasound test through
the transducer with curved contact, and (c) the dolphicam2 Low-Frequency TRM from Dolphitech
Ltd Cambridge, UK, used for inspection.

This module operates at a central frequency of 2.5 MHz and features an Aqualene
delay line, making it suitable for inspecting composite materials with higher porosity
levels. Here, a Dolphicam2 Low-Frequency Transducer module (TRM) is used which
is a multi-purpose 2D matrix array ultrasonic test (UT) system connected to a standard
computer (Figure 3c). This system is beneficial as it offers an architecture with an improved
(128 × 128) crossing electrode where a transducer (a standard ultrasonic gel was used as
the couplant at the acting surface as the material is not shiny or painted) with an active
aperture of large elements 128 × 128 (16,384). The software displays A, B, and C-scans
with C-scans being the Time of Flight (TOF) and generates new data from the camera at
a rate of 4 times per second. With the unique resolution due to the TOF data, this system
can generate detailed 3D images of the defects that can be panned, zoomed, or tilted for a
detailed assessment of the damage. Hence, it is suitable for several forms of straight-beam
ultrasonic monitoring, including fibre-reinforced materials and monitoring bonded regions.
The device produces a volumetric non-destructive means of resolving composite structures
with transducer frequencies lying in the range of 1.5 MHz to 10 MHz. Two transducers are
suitable for either flat or curved surfaces depending on the sample geometry. Furthermore,
this low-frequency technique ensures the penetrating ability through the pipe section
thickness. There is no delay time in TRM rather a variety of curved pipe shoes (transducers)
that are replaceable can be attached to TRM. This study adopted 100 mm diameter pipe
shoes which are appropriate for the pipe section sample of interest. This enables ample
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coupling to be attained through inspection and subsequently facilitates the proper sound
transmission into the sample. At each scan, there is a covered region of 10 mm in the
longitudinal direction and 2.5 mm thickness for surface planes.

2.3. Defect Quantification

A set of 5 samples is prepared by fine face cutting with careful cleaning and mounting
on a weighing balance. The samples are stored at room temperature, and no pre- or post-
treatment is needed. As a means of obtaining the void volume fraction, the Archimedes
theoretical versus actual density method was conducted in accordance with Method A of
ISO1183-1 [14]. The samples for this procedure geometrically vary with other methods, but
it is assumed that the impact is negligible on the precision of the obtained result. The void
volume fraction (Vv) of the sample can be expressed through Equation (1) based on the
density (ρ) and mass fraction (%) of the critical components.

Vv = 100 − ρsample

(
%Mmatrix

ρmatrix
+

%M f ibre

ρ f ibre

)
(1)

However, it is pertinent that the material properties be precisely determined due to
minor differences substantially influencing the derived void volume fraction. Through
the Archimedes principle, the actual density of the sample (ρ sample) can be obtained
as the weight of the sample, initially measured in air and subsequently measured after
submerging in water. These phases are accurately conducted with zero bubbles present on
the sample surface during submergence.

3. Results and Analysis
3.1. Effect of Fibre Volume Fraction on Surface Morphology

To fundamentally understand the surface morphology, optical microscopy was carried
out. During the pipe stiffness test, no sort of failure (delamination) occurred. The interlayer
bonding between the layers was compared using the images obtained at varying magnifi-
cations. Fine-facing the samples was sufficient for this test as the brittleness of the samples
makes it challenging for other pre-treatment forms (etching and polishing). In Figure 4a,
the interlayer between the outer and reinforced layer at 10× magnification is presented. A
near-perfect consolidation between the layers is observed at the wall-looking layer, and
some spots that seem to be from all parts of the layer are distributed across the surface.
There is also a change in layer direction as the outer layer is at ±90◦ while the reinforced
layer is tilted to roughly ±180◦. Furthermore, short glass fibres can be observed between
them, but they seem like strands.

Figure 4b shows the region of the reinforced layer. Although some cuts from sample
preparation can be observed, a massive fibre bundle is present in this layer that is very
visible. Figure 4c depicts the area of an interlayer between the reinforced and inner layers,
which has a perfect consolidation similar to that of the other interlayer. There also seems to
be a discontinuity in the top right corner of Figure 4c. This micrograph confirms that the
TCP is a solid wall construction.

The SEM micrographs were used to analyze the unique similarities and differences
in morphological structures of the layers where layers (A), (B), and (C) represent the
liner, reinforced, and coated layer, respectively, at magnifications of 200×, 500×, and
1000×. Figure 4a shows the micrograph of layer (A), where the presence of fibre is evenly
distributed in varying sizes. The presence of an uneven surface for the matrix suggests
that this layer is steam sterilized to reduce micro-organism growth and degradation, as this
layer is designed to handle fluids of varying compositions [24].
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Figure 4. Surface morphology of (a) the interlayer between the outer and reinforced layers (10×)
(b) the reinforced layer (40×) (c) the interlayer between the reinforced and inner layers (10×).

As earlier suggested, smaller foreign bodies can also be spotted, which may be linked
to nano additives. Also, the short fibre in Figure 5a is sparsely distributed within a rich
matrix, indicating good fibre and matrix adhesion and improving its mechanical properties.
The SEM micrograph of layer (B) is depicted in Figure 5b, where a closely stacked fibre
sequence and longer-sized fibre are observed. They seem to have an orientation of ±45◦,
and some loose fibre is spotted as well. The matrix may also be compatible with the fibre.
However, Figure 4a shows reduced adhesion between the fibre and the matrix, likely caused
by the low matrix content. Also, this fibre is longer, which increases its brittle property
and makes the material susceptible to fibre breakage when applied to external conditions.
Figure 5c displays the SEM micrograph of layer C, and in contrast with the other layers,
this layer has the smallest-sized fibre, which is sparsely distributed. Foreign bodies can also
be spotted, which can either be from paint pigments or elements identified in the EDXA.
In terms of the polymer matrix, it also seems steam sterilized to reduce micro-organism
growth, especially as it is designed to protect the pipe externally from external factors,
including biological ones [24]. Also, it can be observed that there is poor gelation during
manufacturing or post-processing in the form of agglomerates, which can be spotted in
Figure 5c.
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3.2. Defect Quantification
3.2.1. Effect of Fibre Orientation and Distribution on Fibre Misalignment

From Figure 6a–e, the analysis of the directionality confirms the orientation of the
reinforced layer fibres. The samples were examined through SEM and XCT slices (in
the XY, XZ and YZ axis). The micrographs from SEM and XCT slices in the XZ and XY
axes provided a distinct peak within the range of 0–5◦ and ±45 and ±90◦, respectively,
with a seemingly Gaussian distribution, while the XCT slice for YZ (top view) axes is
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predominantly in the ±60◦ direction (58%). The directionality derived from the dataset and
deviation confirms that the SEM matches the XY axis slice.

NDT 2025, 3, x FOR PEER REVIEW 13 of 25

predominantly in the ±60° direction (58%). The directionality derived from the dataset and 
deviation confirms that the SEM matches the XY axis slice.

(a) (b)

(c) (d)

(e)

Figure 6. The fibre directionality of the XCT dataset in the (a) XZ, (b) XY, (c) YZ axis (d) orientation 
histogram in the YZ axis proving the fibre orientation as ± 60° and (e) SEM micrograph of the 
reinforced layer.

The directionality histogram displays the fibre distribution in varying directions 
from both the SEM and XCT characterization techniques. The angle of 0° infers that the 
fibre is aligned with the axis of the image while the angle of 90° for both negative and 
positive infers that the fibre is perpendicular to the image axis. The positive and negative 
orientation provides the layup details of the reinforced layer and consequently, any angle 
between 0 to ±90° is relative to the image direction.

3.2.2. Effect of Characterization Methods on Analyzing Void Distribution
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histogram in the YZ axis proving the fibre orientation as ±60◦ and (e) SEM micrograph of the
reinforced layer.

The directionality histogram displays the fibre distribution in varying directions from
both the SEM and XCT characterization techniques. The angle of 0◦ infers that the fibre
is aligned with the axis of the image while the angle of 90◦ for both negative and positive
infers that the fibre is perpendicular to the image axis. The positive and negative orientation
provides the layup details of the reinforced layer and consequently, any angle between 0 to
±90◦ is relative to the image direction.



NDT 2025, 3, 6 13 of 23

3.2.2. Effect of Characterization Methods on Analyzing Void Distribution

Following the coupon density determination, the void volume fraction is then esti-
mated through knowledge of the theoretical data for the sample. The micro-structural
analysis of the samples was conducted to estimate the void content as well as to charac-
terise the void size, location and shape. To estimate the void content, the micro graphs
are processed by the Image J software to derive the filtered images. A colour threshold
was used for image filtration to spotlight the porosity areas to assist in void content esti-
mation. Figure 7a displays the 2D microscopy of the basic void content estimation and
image processing.
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Figure 7. SEM analysis by (a) basic micrograph threshold of the reinforced layer samples without
testing (b) the sample after filtering and set analysis with the Image J software with the void regions
(highlighted in red) to ascertain the void content (c) void size distribution.

From Figure 7a, large, elongated voids can be spotted as well as the smaller but greater
sphericity of voids with scattered distribution throughout the volume of interest. This
fundamental knowledge of the present voids within the sample aids in enabling a thorough
analysis of the defects within the sample. The outcome of the void content analysis is
collated in Figure 7b,c with their mean values and standard deviation for each sample
tested by the two varying methodologies. The void ranged from 0 to 2.2%. Based on the
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traditional engineering application threshold, the void content threshold was set at the
range of 0 to 2%. The results of the calculated voids from the two methodologies indicated
that there is good concurrence. However, there are some contrasts for both methodologies
in terms of the values.

As previously stated, the reconstructed data taken from the CT scan were analyzed
using the Avizo 2019 software (see Figure 8a). Initially, the median filter was used for
noise reduction. A provided image data processing algorithm through the 3D kernel (key
region) was used for the desired interpretation based on the dimensions of reconstructed
data. Binarization of the images refers to transforming a greyscale image (original image)
into a binary image where the label imaging will provide an interior and exterior material
threshold. The dataset was also improved by converting the greyscale slices into ortho
slices of data after thresholding and the integration of post-pore subtraction for the 3D set.
Hence, binarization can be achieved here by the use of an interactive threshold, which is a
more advanced automatic segmentation tool that enables the visualization of feedback (see
Figure 8b–e).
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Figure 8. Binarization transformation of the dataset from (a) Reconstructed XCT dataset of untested
sample using Avizo at 0.02 × 0.2 × 0.2 (µm) voxel size, (b) untested sample after segmentation and
threshold in volume rendition, (c) ortho slice of data after thresholding, (d) post pore subtraction,
(e) applying interactive threshold to determine region of interest and (f) point of interest in 3D view.
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Similar to the other techniques, the laminate layer is the most distinct layer across
the samples, and this is attributed to the huge presence of glass fibre that had high X-ray
attenuation intensity during detection. To separate bounding pores, reduce noise, and
convert for data acquisition, the separate object module is added to separate the parts from
each other at a marker extent of 1 to distinctly separate the parts and reduce the margin for
thicker marking. The analysis module was used to ascertain the mean value for the number
of voxels for the volume and area of each separate part. The label analysis module was then
applied to extract statistical and numerical information, which includes the measurement
of the parts in a histogram form which is displayed in Figure 8e,f. In Figure 8e, the pores
detected by the software (areas bounded with blue) using the threshold grey value are
obtained by the automatic software value, derived after surface determination with the
selected area.

The software was solely relied on for segmentation here, as the study by Stamopoulos
et al. [25] discovered that other segmentation techniques which include the Otsu method
tend to underestimate porosity because they fail to detect some significantly smaller pores.
To capture as many varying scales of pores, a threshold intensity range of 43 to 97 is applied.
The mean of the detected porosity volume distribution (as displayed in Figure 9) and
surface area is listed in Table 1.
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Table 1. Summary of the average pore statistics obtained from XCT from full sample scans.

Sample
Location

Voxel Size
(µm)

Volume
(mm3)

Area
Analyzed

(mm2)

Volume/Area
Analyzed

(mm3/mm2)

Pore Volume
Fraction (%)

Number of
Pores

Identified

Whole sample 0.02 × 0.2 × 0.2 14,625 2070 7.065 4.41 × 10−8 24,990

Consequently, in this work, the automatic software’s threshold grey value was adopted.
Regarding the lowest detectable size, the default value of 0.02 × 0.2 × 0.2 (µm) voxel size
was used in order to avoid an overestimation of porosity due to the treatment of artefacts
as pores. The porosity volume fractions for the sample are calculated to be 4.41 × 10−8 %.
The value reveals that even the sample contains a nanoscopic number of pores. In this
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case, the porosity content comprises small pores of spherical and ellipsoidal shape and
they can be quantified by identifying the equivalent diameter and the sphericity which is
statistically presented in Table 1. The equivalent diameter measures the specific diameter
of the spherical part of a similar volume. Therefore, sphericity is the ratio of the surface
area of a sphere to the volume of the same particle. To achieve this using the software, the
interactive threshold at an intensity range of 43–97 was set.

For the binary image, the intensity level is set as 1 for the pore and 0 for the material.
For image post-processing, smaller objects are removed from boundaries for a smooth and
fine object distribution where the pixel size is 1. Then, the filtration of images is carried
out to reduce the appearance of artifacts. The separate object module is used to detect
the surface with agglomerated parts which are subtracted from the original image and
the marker extent is set to 1 to achieve similar as previously explained. The label analysis
module assists in computing sets of measurements of each part of the 3D image. This
generates a histogram (see Figure 10a,b) for a given measure which is plotted to create an
exact representation of the measured distribution which is bound by Equations (2) and (3).

Equivalent diameter = 3

√
6 × volume

π
(2)

Sphericity =
π1/3 × (6 × volume)2/3

Area
(3)

Figure 10b reveals the mean sphericity of each intra-ply void based on the equivalent
area diameter for the laminate sample from conducting the XCT analysis. Using a threshold
of 1 for both equivalent diameter and sphericity, with an increase in equivalent area
diameter at the same volume, there is a linear reduction in sphericity. This implies that
the voids elongate more with increasing diameter and this trend aligns with basic visual
observations developed from the 3D rendered images as seen in Figure 8a. This alignment
outlines the fundamental analytical visual analysis effectiveness. However, the analytical
XCT analysis has the ability to generate the total volumetric void fraction and the overall
number of voids while also providing the 3D locations and size of each void.

At isoparametric and equal conditions, any particle that is not a sphere will have
a sphericity less than 1. Few small pores have a sphericity greater than 1 and this is
because the area is computed at quota approximations, while volume does not use this
approximation. The total sample is 14,625 mm3, and a total of 24,990 pores were identified,
which is a large number of pores for the sample size. The mean of the detected porosity
volume distribution (as displayed in Figure 9) and surface area is listed in Table 2.

The 3D XCT data directly provide size distributions in terms of the frequency of the
equivalent spherical diameter per unit volume, and this yields a frequency of pores with all
sizes being below 2 µm (Table 2). At larger sizes (~ 1.6–2 µm), a lesser number of pores were
detected, where only four pores were detected with an equivalent diameter greater than
~1.6 µm. For pore sizes smaller than ~1.6 µm, there was also an increase in the frequency
of the scans. Thus, below the resolution limit of the XCT, there is a large number of small
pores that would be missed by this technique.

Table 2. Summary of the equi-diameter and sphericity statistics derived from XCT.

Mean
Equi-Diameter

(µm)

Maximum
Equi-Diameter

(µm)

Minimum
Equi-Diameter

(µm)

Mean Sphericity
(-)

Maximum
Sphericity (-)

Minimum
Sphericity (-)

0.275 1.981 0.025 0.780 1.609 0.205
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However, while these XCT data seem not to detect small pores lower than 0.1 µm
diameter, by scanning the whole sample, they identify the fewer largest pores that will
be most important in terms of fatigue life of the fibre-reinforced polymer composite pipe.
Basically, the mean volume size of 0.258 µm3 (based on the frequency per volume) was
recorded using XCT, and the bulk of the pores are <0.5 µm3 and few pores occur at 50 µm3

with the maximum size being 505.387 µm3.
Noteworthy, nanoscale void detection through these methods is limited due to the

general limitations already highlighted. Further influential limitations are that the prepara-
tion of the samples might have compressed the voids or deformed the surrounding matrix,
which causes under-detection. Also, the technique heavily relies on surface observation
which impeded the evaluation of voids through the thickness of the material. For XCT,
the resolution constrained by the voxel size (0.02 × 0.2 × 0.2 µm) limited the capability
to reliably resolve nanoscale voids. This is due to the contrast between the voids, fibre
and matrix, which significantly obscured the smaller voids during reconstruction. The
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use of bulk and theoretical density makes it impossible to distinguish between micro and
nanoscale voids as well as their spatial distribution. The best to be obtained from this
method is based on the average void content, which renders nanoscale voids undetected.

For composites with complex internal structures, voids in the nanoscale may be
undetected and create an overestimation of the TCP performance. Furthermore, there
is a huge reliance on the computational capabilities of imaging datasets. Also, we must
consider that high resolution is required for enhanced defect detection, which significantly
increases data acquisition times and computational features. This significantly affects the
defect quantification analysis of complex structures. Through-thickness defects will also be
challenging to quantify due to the slice-by-slice (voxel) analysis and cause the obscurity
of void propagation and interconnectivity within the structure. Some possible means of
resolving these limitations, apart from integrating other complementary void analysis
techniques, are to optimize the scan resolutions and segmentation procedures. The most
critical zones should also be the focus, which was attempted in this research by focusing on
the reinforced layer.

Figure 11 displays the mean estimated void volume fraction and standard deviation
of the laminate samples from each technique. The mean void size deduced from the
techniques ranged between 4.41 × 10−8% for XCT to 2.2% (from SEM 0.23% and from
density method is 2.2%.), and this can be regarded as negligible for the sample volume
and innate errors for each method. The slight variation between the void characterization
method is vital in handling high-quality and high-performance applications. The obvious
difference between the characterization methods is the great standard deviation of the
Archimedes void fraction. The standard deviation of the microscopy (0.548) is less than
that of the XCT (0.119), and the XCT is roughly similar to that of the Archimedes technique
(0.115). This is attributed to the innate cross-section bias and exposed the differences in the
possible precision with the use of the microscopy method.
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The trend deduced from the microscopy and XCT indicates that as the void volume
grows, they become more elongated, but both methods revealed that most of the voids
constitute a minority of the total void fraction. This aligns with the findings of Little
et al. [14]. However, for this study, the volume is constant, particularly based on the XCT
result. The analysed characterization methods used in this work present the precision and
limitation constraints. For example, microscopy is a destructive method, the Archimedes
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density method needs prior knowledge of the material properties as well as the material
composition and, for the XCT, only a small sample size is required. Due to the standard
availability of the Archimedes method, the relationship between void content with other
factors such as the mechanical properties or processing conditions can be established.
However, based on the innate error of the Archimedes method, this experiment proves that
it has a relatively broad standard deviation and lacks the ability to derive significant data
for individual voids. Although the use of microscopy can measure the vital details of the
individual voids, the precision and reliability of this method are confined to the section-bias
errors. XCT showed better reliability, a lower standard deviation, improved reliability and
a satisfactory void characterization method. However, the XCT is limited to the smaller
sample size, technology limitations and technique complexities. Additionally, the precise
anisotropic influence of the fibres in the reconstructed dataset based on their orientation or
misalignment can be quantified with further studies, especially for composite structures
that have been influenced by mechanical, thermal, and other environmental factors.

For pristine TCP ultrasonic inspection in the initial case, the glass fibre HDPE pipe
section described earlier for pristine conditions was considered. The curved sample was
inspected directly on the surface, which implies that more emphasis is on the bent region
due to transducer placement as displayed in the C-scan amplitude and TOF in Figure 12.
Every transducer element generates an electronic signal that can be digitized and displayed
in the A-scan. The B-scan image is produced from numerous A-scans placed close to each
other, which is symbolized through a 1D array of transducer elements and portrays the
cross-section of the inspected material. In addition, from the B-scans, the profile of the
sample is visible as it varies across the pipe perimeter. From Figure 12, the B-scan from
varying circumferential positions of the sample where there is a change in the material
thickness is obvious. This does not directly influence the result from the inspected samples,
which signifies that this technique is capable of handling differences in the thickness of the
material. Also, a colour scale is utilized in creating the B-scan, as the high amplitude is
assigned an end of the colour scale.

From Figure 12a–f, the B-scan can be observed to have high amplitude values with
a red colour, while the minimum amplitude value is blue. The B-scan can also reveal the
reflections, thereby estimating the depth of damages or voids. The image of the amplitude
C-scan is developed from the maximum of all the B-scan amplitudes from the transducer
and provides a direct display of the material from an inspection perspective. Using this
device, this scan is based on the maximum amplitude value of 128 × 128 A-scans (16,384).
These amplitude values are assigned colours from the colour scale. The C-scan TOF image
is produced based on the time-of-flight values derived from the maximum amplitude of
the A-scans from the transducer and provides a direct display of the inspected region of the
material. The colours depict the void or depth reflection. Similar to the C-scan, the image is
developed due to the TOF value of maximum amplitude for the A-scans for all elements
(128 × 128). The minimum depth of 0 mm is allocated red, while the maximum depth is
blue. Every TOF value is assigned a colour on the colour scale, which, in terms of damage
or void quantification, is the reverse of the amplitude values. The 3D images are dependent
on the TOF values, which can be presented as either a 3D TOF image as displayed in
Figure 12f or a 3D amplitude image. Through the 3D images, detailed visualization of
defects or damage is provided.
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Figure 12. The A, B and C scans ((a) the B-scan in vertical direction, (b) C-scan amplitude (2D),
(c) C-scan time of flight (2D), (d) A-scan (vertical), (e) B-scan in horizontal direction and (f) the C-scan
in 3D as time of flight) obtained from inspecting the sample at pristine conditions with a signal
velocity of 2740 m per second; this sample is a three-layer pipe of a total thickness of 25 mm where
the thickness of the first, second, and third layers are 4 mm, 17 mm and 4 mm, respectively.

The pipe layers are distinctly detected by the change in amplitudes and light spots
within the thickness of the back wall for the A and B-scans. Although some regions of
interest can be seen from the B-scan in mm, a slight adjustment of TOF signal contrast with
increased weight on the transducer around the depth of interest increases the ability to flag
inherent flaws that fall within the limits of the camera inspection depth range. The signal
from this sample has relatively low amplitude through the material thickness (green and
blue colours) and the back wall of the pipe is observed at the scan line with the red colour
section of the C-scan indicating the hollow region beneath the pipe sample. It is expected
that a reduction in sample thickness will decrease the details. However, the detection ability
can be steadily kept at an elevated level by adding time correction gains to the amplitude
signals for the camera. Through the ultrasonic C-scan, the horizontal brief lines can be
termed noisy pixels. The scanned images reveal the presence and estimated location of
voids. However, these results mainly exhibit the superimposed influence of the void in the
cross-sections and are unable to provide adequate details to characterize the void location
across the through-thickness axis. Moreover, there is a strong possibility that the sample
absorbed the couplant, which influenced the scans by serving as an ultrasound absorber at
the interlayer regions, causing a decrease in reflected signal amplitude.

The elongated and narrow voids were not provided by the scanned image and the
borders of the void regions were difficult to distinguish. However, the XCT result is more
comprehensive. Also, only void areas that are large and have sufficient continuity were
observed with scanned images. This is partly attributed to the relatively small size of
the void region and the ultrasonic attenuation not being observable. Chai [22] stated that
not only do the experimental settings affect void analysis, but other factors such as the
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geometry, size and distribution of the voids are influential. Therefore, the ultrasonic C-scan
can provide the superimposed distribution of voids, but in comparison to other defects
such as delamination, using this method to assess small voids is inefficient. This report
recommends the combination of both techniques in characterizing the manufacturing
defects as the XCT can provide qualitative and quantitative analysis of these defects, while
the ultrasonic C-scan can be used to confirm the XCT results to an extent.

4. Conclusions
The manufacturing process of TCP introduces defects that can affect their performance.

These defects include voids, misalignment, and delamination, leading to issues like thermal
shrinkage, poor adhesion, stress concentration, and layer separation. Therefore, there is a
growing need for effective NDT techniques to evaluate the impact of manufacturing defects
on the mechanical performance of TCP. The aim here is to establish a connection between
identified defects through NDT and quantify internal defects at a microscale, understand
damage mechanisms, and enhance quality control. Overall, this study seeked to enhance
the understanding of the relationship between NDT and defect monitoring techniques
in TCP, contributing to improved design, manufacturing, and performance prediction in
the field.

In terms of defect quantification, the density method was also incorporated in deter-
mining the void volume fraction. Microscopy analysis was conducted on both pristine and
tested samples using optical micrography and advanced techniques like XCT to establish
the fibre orientation. XCT scanning and reconstruction provided 3D data for characterizing
porosity and identifying initial failure locations. Ultrasonic inspections were performed
using Dolphicam, focusing on both pristine and tested conditions, with an interest in dam-
age analysis in various sample sections. In order to understand the surface morphology
of the material, optical microscopy was used. The material’s resistance to delamination
was confirmed during pipe stiffness testing. Optical microscopy was chosen for sample
preparation, as the brittleness of the material made other pre-treatment methods, like
etching and polishing, challenging.

• The interlayer between the reinforced and inner layers exhibited good consolidation,
although a discontinuity was observed. These microscopy results confirmed that the
material had a solid wall construction.

• The XCT dataset revealed the fibre orientation distribution in different axes, with SEM
and XCT showing similar orientation patterns. The analysis confirmed that the SEM
aligned with the XY axis slice, with predominant fibre orientation around ±45◦ and
±90◦ but the placement orientation was deduced to be ±60◦.

• Three non-destructive methods, immersion (Archimedes), 2D microscopy, and XCT,
were used to estimate void content. All methods were compared, and while they could
not provide precise void content values, they offered a comparative approach.

• Archimedes’ density method was applied as an alternative for estimating the void volume
fraction. Microscopy involves image processing to estimate void content and size.

• The XCT technique was introduced to detect voids by reconstructing XCT dataset
scans. XCT provided 3D visualization of internal structures and allowed for
void quantification.

• The analysis revealed that the void content ranged from 0–2.2%, with good agreement
between microscopy and Archimedes’ methods.

• However, differences could arise due to manufacturing methods. XCT had the advan-
tage of providing detailed information on void size and location.
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• The key finding based on the XCT and microscopy result is that there is an alignment
that, at constant volume, increases in void diameter, increases the elongation and
directly reduces sphericity.

• Both methods also revealed that most of the voids constitute a minority of the total void
fraction. The study also included ultrasonic inspection of the TCP in pristine condition.

To mitigate the formation of the manufacturing defects, it will be beneficial to have an
idea of the processing window of the material, and this can only be achieved by conducting
a thorough material characterization of the TCP materials.
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