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Abstract

Filament winding is a technique to manufacture tubular composite structures and, there-
fore, is among the most appealing techniques for fabricating critical structures such as hol-
low tubes. Despite the recent advances, these structures are prone to a varying degree of
porosity that may affect their mechanical performance. Therefore, the accurate detection
and quantification of the manufacturing porosity is crucial. Micro-CT is most suitable for
performing this activity at various scales. This work employs micro-CT for studying poros-
ity inside an as-manufactured filament-winded composite structure. Void characteristics
like volume, orientation, size, and relative volume fraction inside the hoop and helical lay-
ers are quantified inside a representative curved panel extracted from a glass fiber-vinyl
ester tubular composite structure, which has not been studied in detail previously. It was
observed that most voids are present in the matrix region. The voids are elliptical rod-like
and spherical, with the latter present in the helical layers, which also host the majority of
voids and the highest void volume fractions. The voids are highly aligned along the fiber
orientation direction with higher misorientations for helical layers than the hoop layer.
Large voids in base layers were created due to gaps formed during the winding process.
Hence, the main goal of this study is to measure the voids’ characteristics and the volumet-
ric fraction during the stacking of filament wound hoop and helical layers during a generic
filament winding pattern. The data can be further exploited as input for modeling filament
winded composites in the presence of voids by researchers.
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1 Introduction

Due to the ever-increasing need for lightweight structures in civil applications [1], filament-
winded polymer composite materials are increasingly employed. This is due to their
increased specific properties like stiffness. Thus composites can be used in various sectors,
like aeronautics, automotive, marine, renewable energy, etc. To reduce manufacturing
costs, automation plays a significant role. As such, filament winding is a process that has
received considerable attention due to its increased versatility, continuous production, and
high throughput [2], enabling its use for tubular geometries, which can be employed in
sectors like gas storage [3], wind energy [4], oil transport from offshore wells [5, 6] and
electrical insulation [7]. Filament winding involves an automated procedure for laying up
unidirectional tapes or pre-impregnated fiber tows around a cylindrical mandrel in a specific
filament winding pattern. The technique allows continuous fiber reinforcements, offering
the advantage of producing tailored filament orientation with constant or variable winding
angles. This orientation is selected to match the magnitude of the stresses expected to be
developed within the bulk of the filament-winded structure while in use. The process hence
can easily be robotized [8], reducing labor costs and related manufacturing waste [9].

Various manufacturing parameters can affect the properties of filament-winded poly-
mer composite, such as deviation from the predefined winding angle [10, 11], which can
degrade the overall performance of a tubular structure [11]. Another parameter that has
been taken into consideration in the works of Lisboa et al. [12], Dalibor et al. [13], and
Rousseau et al. [14] is the pattern created, even when the winding angle is constant, on
helicoidally winded tubes. Nevertheless, a typical result of any filament winding process
is the creation of voids, which can vary in shape, size, location, and spatial orientation
depending on the processing and post-processing employed. Voids and hence porosity are
always present, in filament-winded composites, without implications on the final quality.
In general terms, porosity might affect composite materials’ matrix-dominated properties
[15-17], and its presence is directly related to the quality of the manufacturing process
[18]. The filament winding process is thus promising, because of the tension applied to
filaments causes the tows compaction which, tends to increase quality [19] but on contrary
can also lead to squeezing of matrix as explained further.

During the filament winding fabrication process, predefined winding tension is applied
for the compaction of the fiber bed and for making the final part denser as the number of
layers increases. As the winding process continues, a temperature gradient is formed across
the thickness of the composite structure, affecting the resin flow properties and the extent
of curing [20], which may lead to the creation of voids [21]. It has been observed that
the production of pores/voids during filament winding is a diffusion-related process. Voids
typically grow along the fiber direction due to winding tension that squeezes the resin out.
The combination of tension and elevated temperature levels leads to entrapped water vapor,
creating voids [22, 23]. This phenomenon is often called the ‘squeezed sponge model’ [24,
25]. In some cases, if the winding of filaments does not lead to adequate consolidation, it
may result in a higher void fraction [17]. This can lead to variations in the mechanical per-
formances [26] observed.

Considering the above, accurate detection and quantification of the process-induced
voids are worth investigating. The intention is to enhance the understanding of the
inherent status of the structure, which will allow improvement of the structure’s design,
processing, and service life as a function of load-defect interactions. To this end, X-Ray
Computed Tomography (micro-CT) is among the most promising Non-Destructive
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Testing (NDT) methods for performing volumetric inspection of high resolution,
down to the nanoscale [27]. The popularity of micro-CT in materials engineering has
increased due to significant gains in spatial resolution due to rapid development in X-ray
tubes and detectors [28]. Therefore, the imaging technique has been used for morpho-
logical analysis in various applications like nuclear [29], biomedical [30, 31], food engi-
neering [32] and as input for finite element modeling of structures [17, 33]. The tech-
nique involves acquiring a series of projections (images) and combining them to create
a 3D rendering of the scanned object. A greyscale intensity histogram represents the
scanned object. The histogram is a function of the difference in an object’s materials’
absorption and scattered coefficients. The individual materials can be segmented based
on the difference in the material contrast caused by differences in density. As an NDT
tool, micro-CT is a reliable method for assessing the presence of porosity from micro
to macro levels [34], whereas, in the case of filament-winded structures, micro-CT has
shown great potential for quantifying voids and pores [35]. Slight positive correlation
between the scan resolution and voxel size for the detection of voids inside composite
materials has been presented by [34, 36-38] . Considerable research has been conducted
in two main directions: i) automation in scanning and ii) image processing [26]. This
has led micro-CT to become a robust NDT tool for detecting voids at different scales
compared to other methods like optical microscopy, which are prone to section bias and
a higher location-bias error [39, 40].

The rationale of this study is to understand and investigate: 1) the characteristics of
porosity within composite coupons from a filament winded composite panel made from
viz: hoop layer and helical layers, and 2) the variation of porosity within the structure
can help create knockdown factors dependent on the volume fraction, orientation and
shape of porosity within each layer [33, 41]. These knockdown factors could potentially
be employed to analyze the properties of composite laminates in the presence of pores.
To this end, Finite Element Analysis (FEA) can be used better to understand the global
deformation and failure of filament-winded structures in the presence of voids

The work presents a three-dimensional (3D) analysis of manufacturing-induced
voids within filament-winded composite panels using X-ray micro-CT. Coupons were
selected along the direction of filament winding from a representative curved panel.
The composite layers are laminated with different degrees of tension and orienta-
tion during a continuous process, which causes slippage, imperfect compaction, and
unstable tow width that leads to gaps that may develop into voids after resin impreg-
nation and curing. The detected voids were analyzed using the VGStudio MAX 3.4.5
industrial software to obtain void characteristics such as void morphology, void spatial
location, and void volume. Further processing was conducted using inertia tensors in
MATLAB 2021.2 to calculate the three orthogonal axes, providing insight into the void
size and orientations. The variation in the void volume fraction within the composite
panel is also presented. Interestingly, the analysis results revealed a significant varia-
tion of void and porosity characteristics across the length, thickness, and the different
layers within the coupons of the extracted panel. It has been observed that helical lay-
ers, which are laminated at higher angles, tend to have higher volume fractions and
spherical voids and the lowest amount of void-fiber misorientations. This critical infor-
mation can be utilized (1) when selecting samples for mechanical testing of filament
wound composite coupons (2) creating high fidelity models of filament wound com-
posite laminates and structure at meso-macro scales keeping in-mind the effect voids
can have towards mechanical property degradtion. For clarity purposes, where ‘poros-
ity’ is mentioned, the authors refer to the ‘collection of voids’.
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2 Materials and Processes

To create the cylindrical pipe structure, the basic designs of filament winding are used
[26], where the filaments are over-wrapped in a specific winding and stacking sequence.
Helical winding (H2, +15°) produces the base layer, followed by a second helical wind-
ing (H1, +£75°). The hoop layer (Hp) is circumferentially wrapped all along the length
of the composite pipe. The winding is performed by leading dry fibers into a resin bath
before the winding process. After the manufacturing procedure, the composite struc-
ture is allowed to cure at room temperature. The fiber volume fraction in the panel was
calculated to be 69.4 + 3.3%. Specimen size and scan resolution are inversely related;
hence for a higher resolution, the cylindrical pipe structure is divided into 24 axial pan-
els, such that the fiber tows are symmetrically oriented, making each panel a representa-
tive volume element. One such axial panel is shown in green in Fig. 1. The dimensions
of the extracted panel are 180 X 40 X 5 mm. The liner was not removed from the com-
posite panel before the scan to avoid creating open voids that were not detected, hence
not changing the total volume fraction. The whole panel is also scanned under micro-
CT to pinpoint macro-void distribution.

The extracted panel from the tubular section is further segmented into eight smaller
coupons, labeled S1 to S8, using a wet-cutting machine. The coupons S1 to S8 follow
the filament-winding direction from top to bottom. Hence, each coupon (S1—S8) has a
different fiber orientation and volume fraction of fiber and pores. The size of each cou-
pon is 40 X 25 X 5 mm. Representative coupons are extracted from a curved panel of a
glass fiber/vinyl-ester filament winded cylindrical pipe to characterize the variation in
micro and macro-porosity morphology, size, and misorientation with the nominal fiber
direction. Each coupon was re-scanned to increase the overall resolution and obtain a
better greyscale distribution of matrix, pores, and fiber.
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Fig.1 A schematic representation of the dimension of the curved composite structure, (in green): 1/24"
axial panel representative unit panel from tubular structure and the specimen arrangement from S1 to S8
that were analysed under micro-CT. The dimensions are in mm
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2.1 X-Ray Computed Tomography: Image Acquisition, Segmentation and Analysis

The specimens obtained from the panel are mounted on the sample holder individually
with the help of soft polystyrene foam and centered between the source and detector panel,
as shown in Fig. 2. The scans were performed on a ZEISS Metrotom 1500 G2 Industrial
CT at the Department of Manufacturing and Civil Engineering (IVB) of NTNU Gjgvik.
The detector panel size is 2048 X 2048 pixels and has a detectable theoretical resolution of
8 pm with a maximum of 6000 projections through the specimen. The attenuation of the
X-rays due to the material density and geometry is used as a measuring principle, and the
volumetric data is generated using the Feldkamp reconstruction algorithm. The tube volt-
age and current are set to 100 kV and 250 pA for scanning the specimens, respectively. The
specimens are scanned using the ‘stop-and-go’ method, where the specimens are rotated
0.17°/s with an integration time of 1s. The total number of projections through the scanned
specimens was set to 2050. This was done to make a balance between the optimum resolu-
tion and the size of the dataset. The average time for each scan was approximately 80 mins.
In addition, the specimen is kept closer to the X-Ray source to achieve higher resolution.
The overall resolution defined by the voxel size in the x-y-z direction was 26 pm, with
approximately 1.7 Bn voxels on each scanned composite coupon.

The reconstructed 3D scans were processed in an industrial CT software —VGStudio
MAX from Volume Graphics (Heidelberg, Germany), also known from previous works
in this field [41]. The segmentation of the voids from the composite material was done in
2 stages. Firstly, a Region of Interest (ROI) is created, chamfering the rough edges from
the cutting process, followed by a surface determination based on the intensity of the grey
value. Hence, a curved cuboidal section contains reinforcing fibers, polymers and voids.

Regarding the segmentation process, a surface determination is carried out based on the
grey value, which separates the background and voids from the bulk of the composite material.
To accommodate the partial volume effect, an automatic grey value threshold, implemented in
software based on the ISO50 threshold [29, 30], was a reliable choice regarding accuracy in
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Fig.2 Micro-CT setup for scanning composite coupons
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segmenting individual components of the composite material. Another ROI analysis was con-
ducted to discretise each curved cuboidal composite coupon into hoop layer (referred as [Hp])
, middle helical layers (referred to as [H1]), and the base helical layer (referred to as [H2]),
which make the middle and bottom laminate respectively. A porosity detection algorithm was
utilized to quantify the voids, incorporating segmentation, a grey value threshold, and a prob-
ability criterion, which is optimum for segregating pores from the bulk of the material [22]. As
reported in previous works [40, 42, 43], accurately defining the threshold for a given voxel size
and a predefined attenuation coefficient of the materials involved in the micro-CT scanning is
fundamental for accurately identifying the pores. Micro-porosity is filtered out by setting the
minimum detectable volume to 0.0046 mm?® (0.026>x 263 voxels). At the same time, a proba-
bility threshold is imposed, related to a probability algorithm regarding the grey scale values of
the detected pores, as also seen by Stamopoulos et al. [41]. Hence, the differentiation is based
on two criteria: 1) the probability criterion of the grey scale value and 2) the volume of the
pores. Figure 3 presents the grey value rendering and the detected voids in Specimen 1 (S1).
The characteristics dataset consists of volumes, morphology, and the centroid of each void,
where the latter defines the 3-dimensional location of each void inside the composite coupon.
The sphericity of the voids (y) is calculated using Eq. 1.

sphere

(w) = A (1
where Ay, and A, are the surface area of the sphere fitted to voids and the surface area
of the voids, respectively. The elongation (e/) and the flatness (fI) of the voids are meas-
ured using Eqs. 2 and 3. The size of the voids is calculated by fitting an ellipsoid having
the same inertia tensor to the voids’. The ellipsoids’ three orthogonal semi-axes are calcu-
lated using a Principal Component Analysis (PCA). The elongation and flatness of voids
are calculated by the formulation provided by Zingg [44].

el=2 )

Specimen 1 -Grey value Rendering

Specimen 1 - Detected Voids

Fig.3 Grey value rendering of scanned composite coupon (S1) as-original (top) detected meso-macro voids
colour coded as per the volume of voids (bottom)
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=5, 3)

where b, b,, and b; are the semi-major, semi-medium and semi-minor axes of the closest
fitting ellipse to the voids. The dataset’s statistical analysis and visual 3D representations
were obtained using Python and VGStudio MAX.

3 Results and Discussion

The results of the micro-CT analysis of the coupons from S1 to S8, taken from the
filament-winded composite panel along the winding direction, are presented in this
section. The tomographic sliced section of a representative coupon is presented in
Fig. 3. It can be observed that the voids, vinyl-ester matrix, and glass fiber have a var-
ied distribution of greyscale intensity, and the voids appear as dark black spots inside
the material, which are then detected and can be color-coded based on measurements
like the volume of the voids. As the slices are 2D images, getting an overview of the
void morphology and size is complex as the voids usually extend along the direction
of the filament winding and can have different cross-sectional geometry, as visible in
Fig. 3. Thus, a section-bias error is created, making micro-CT a superior choice to
study porosity than optical microscopy[40].

A 3D visualization of the voids in the individual hoop layer [Hp], helical layer [H1]-
middle layer, and helical layer [H2] — bottom layer from specimen S1 to S8, segmented
from the bulk of the composite material is presented in, Figs. 4, 5 and 6 respectively.
The voids (presented in green, blue, and red, respectively) appear as both elongated
and spherical features where most of the elongated features are presented between
and inside the tows of the filament, and the spherical voids are mostly entrapped
between the bulk vinyl ester matrix. The hoop layer primarily consists of long and thin
elongated pores, mostly intra-filament positioned, while the larger pores are placed
between consecutive filaments. Besides the low sphericity and elongated pores, high
sphericity pores in the specimen’s resin-rich areas favor their presence, mainly in the
middle helical layer [H1].

The overall voidage inside the coupons S1 to S8 (hoop and helical layers combined),
as a function of the location of the coupons and along the filament winding direction,
is found to have a sigmoidal behaviour, as presented in Fig. 7. It can be observed that
the porosity is low volumetrically, but the number of voids is significant enough to
create a reliable statistical analysis. Nevertheless, even though the voids follow this
pattern, the overall content is not the same for each examined coupon. Coupons close
to the central zone of the panel appear to have fewer small-sized pores and a higher
quantity of larger pores. The volume fraction varies between 0.74 and 1.25 %, resulting
in an average value of 0.79%. The highest value is registered for the specimen taken
from the centre of the extracted [S4-S5] panel, while the minimum is at S8, located
towards the end of the cylindrical panel. Large, elongated voids are observed at the
bottom layer [H2].
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(S2) (S6)

(s4)

5mm

Fig.4 3D rendering of voids from hoop layer [Hp] segmented specimen. In this figure, the fibers and
matrix are transparent, while the voids are shown in green inside the bounding box
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(S6)

(53)

(S8)

Fig.5 3D rendering of voids from middle helical layer [H1] segmented specimen. In this figure, the fibers
and matrix are transparent, while the voids are shown in blue inside the bounding box
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(S5)

5mm

Fig.6 3D rendering of voids from base helical layer [H2] segmented specimen. In this figure, the fibers and
matrix are transparent, while the voids are shown in brown inside the bounding box
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Fig.7 The volume fraction V, 1.4 T r T
of voids (%) detected and seg-

mented from each of the coupons
S1 to S8 scanned using micro-CT
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3.1 Analysis of Voids’ Size Parameters- Major, Medium and Minor Axes

The three components of the principal component analysis (PCA) and the correspond-
ing eigenvalues from ellipsoidal fitting to the voids were used to calculate the three
size geometrical parameters of voids detected inside the filament winded composite
coupons. As the laminate has a curved geometry, a cartesian coordinate system was
created where the origin for measurement of the ellipsoidal centroid was offset by
the radius (R) of the cylinder fitted to the curved geometry. Thus, the location of the
void’s centroid (R,x1,x2) is measured from the central axis of the curved panel, as
presented in Fig. 8(a). An illustration of the voids fitted to an ellipsoid is presented in
Fig. 8(b). The three semi-major (b;), semi-medium (b,) and semi-minor (b;) axes are
calculated using the computational formulation presented by Padfield and Miller [45]
implemented in MATLAB 2021.2.

To better understand the variation in the sizes of each void, three different ROIs
were created in each coupon, which segregates the laminates into three dominant lay-
ers (hoop and two helical layers), as described in Section 2. The distribution and com-
parison in the size parameters are reported for each laminate layer. The size distri-
bution within each laminate is significant; however, a smaller range can be defined
based on the global mean value for comparison with other layers. A detailed statistical
data analysis for voids detected in each specimen (S1 to S8) is presented in Tables 1, 2
and 3 for the distribution of the size parameters from the hoop layer [Hp] and mid-
dle and base helical layers [H1, H2] respectively. As a general observation, it can be
postulated that voids are mostly ellipsoidal with principal axes, much longer than the
medium and minor axes. Smaller circular voids are also detected, and the variation in
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(a)

(b)

Composite Coupon (S;)

Void (R,x1,x2)
PCA 1

Void (R,x1,x2)

Axial Panel Central Axis

Fig. 8 a Cartesian coordinate system selected for position and orientation measurement b ellipsoidal fitting
to voids with PCA vectors

their volume fraction is found to differ between the hoop and helical layers, where the
latter hosts most of them.

Figure 9 presents the variation of the three orthogonal size parameters for voids
detected inside each layer and of each specimen. Moving on the x’ axis of the graphs
of Fig. 9, from left to right, follows the filament winding direction, representing the
position of each specimen. The y-axis plots the size parameters, and the concentration
of the data points reflects the distribution via a strip plot. For the voids located inside
the hoop layer of all the composite coupons (S1 to S8), it can be observed that the size
parameters for the semi-major axis are more pronounced when compared to the semi-
medium and semi-minor axes. The average and standard deviation in the semi-major,
semi-medium and semi-minor axis calculated over all the specimens are 0.713 + 0.36
mm, 0.079 + 0.03mm and 0.051 + 0.019mm, respectively. It is approximated that the
principal axis of the voids is nearly 10 times longer when compared to the other two
orthogonal axes, which are also unequal, but with a slight difference. Thus voids are
hence elongated rod-like in shape with a circular cross. The average 95th percentile of
the semi-major, medium and minor axes amongst the different specimens is 1.33, 0.135
and 0.092, respectively. It can be observed that a small percentage of voids also have an
elliptical cross-section and are flat.

Voids detected within the middle helical layer [H1], the global average with the devia-
tion for the three orthogonal axes of the voids is 0.802+0.60 mm, 0.092+0.05 mm and
0.061+0.03 mm. Similarly, a rod-like shape with a rather circular cross-section is predicted
for voids. It is observed that the size parameters exhibit the highest values for this layer when
compared to the hoop and the base helical layer. The highest scatter in the interquartile range
is also observed for the middle helical layer. The global average 95th percentile of the semi-
major, medium and minor axes amongst the different specimens is 1.91, 0.195 and 0.132.
Minor changes are visible for a relatively small percentage of ellipsoidal voids for medium
and minor axes, but the major axes are nearly 2.3 times larger than the mean void. The lay-
ers also show the highest coefficient of variation amongst the size parameters of the voids. It
is also noted that intra-sample distribution in the medium and minor size parameters for the
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Semi-Medium Axis of Voids (b) [mm]

Semi-Minor Axis of Voids (c) [mm]

the ellipsoids fitted to the PCA deviation data of the voids
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Fig.9 Representation of the three size parameters viz: semi-major, semi-medium and semi-minor axes of

helical layer interestingly increases from S1 to the centre (S4-S5) of the composite panel and
again reduces towards the S8, with little to no change in the major axes length. This signifies
that the voids in the middle are thicker or tend to be more circular. A comparison between
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two different helical layers is also performed to assess the presence of changes based on the
orientation difference. The average and the standard deviation for voids within the base heli-
cal layer [H2], amongst the semi-major, semi-medium and semi-minor axis of the voids, are
0.795+0.50 mm, 0.089+0.05 mm and 0.051+0.02 mm, respectively. The base helical lay-
ers depict a similar distribution in size parameters compared to the hoop layer for composite
specimens (S1 to S8). The scatter in the distribution is more pronounced, which is visible
from a longer interquartile range of the size parameters. This scatter has a much higher inter-
quartile range compared to the hoop layer. It can again be postulated that the voids are ellip-
soids and have rather elliptical cross-sections, which are flatter due to a higher semi-medium
and semi-minor axis ratio.

3.2 Analysis of Voids Morphology
3.2.1 Volume and Sphericity Correlation

The morphology and sphericity of each void can be calculated using the ellipsoidal fitted
data. As the layers have been discretized using ROI analysis, the distribution can be pre-
sented based on the location of the voids. The volume of the individual void was calculated
directly from the number and size of voxels that encompass each void directly from the
micro-CT data. The ellipsoidal fitted volume was not selected. It can be noted that voids
and delamination are differentiated by specifying a volume range of 0.01-6 mm® and sphe-
ricity above (.15, thus filtering out delaminations, which can be wrongly interpreted as
porosity within the filament-winded composite structures. It can be stated that the delami-
nations are usually long flat inter-laminar cracks and are present between the helical and
hoop laminates, whereas voids are mostly closed spherical or elliptical objects and hence
can be filtered out using above filter as also suggested by Mehdikhani et al. [36] The sta-
tistical data for the distribution of void volume and corresponding sphericity in individual
layers is presented in Tables 4 and 5. In general terms, the void morphology in the dataset
comprises two major types of voids: elongated, rod and blade type, and spherical pores/
voids. The sphericity values range between 0 and 1, where the value tends to 1 is more
compact and spherical. The smaller elongated pores are mostly intra-filament positioned
inside the filament tape, a combination of glass fiber tape. The larger pores are placed
between consecutive filaments and addressed as inter-filament voids. In addition to the
elongated pores, spherical pores with sphericity close to 0.8 have been found to be located
within the resin-rich areas of the composite coupon that favor their presence, as seen in
Fig. 3 for the case of the helically winded layers of S1.

To understand the volumetric fraction based on the voids’ morphology, the individual
void’s sphericity is compared with its volume for each laminate layer and each coupon (S1
to S8) along the winding direction. Several large values corresponding to a higher volume
of voids have been removed to enhance the visualisation and interpretation of the diagram.
Figure 10 presents the volume-sphericity distribution of voids in the hoop layer. The ver-
tical line denotes the geometrical mean based on the sphericity. It can be observed that
voids located inside the hoop layer have a relatively lower number and volume. Ellipsoidal
voids where the mean sphericity is less than 0.4 are observed. Moving towards the winding
direction, the geometrical sphericity mean increases, which implies the increased presence
of rounder voids, which have a shorter major axis, as also observed in Fig. 9(a).
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Fig. 10 Sphericity versus volume of voids in the hoop layer [Hp] inside composite coupons (S1 to S8)

In the case of the middle helical layer [H1] as presented in Fig. 11, two major types of
voids are detected. More specifically, specimens S1, S2 and, S7, S8, which are taken from
the top and the bottom of the axial panel, respectively, favour the presence of long elliptical
voids, but following the winding direction, spherical voids seen to appear with the highest
volume fraction observed for specimens taken from the centre of the panel. The highest
interquartile variation of the volume and the sphericity is also observed for this layer. It can
be observed that the porosity content in the middle helical layers is generally higher com-
pared to the base and hoop-winded layers, as also presented in Fig. 12. The observation is
also consistent with the work of Rojek et al. [46], in which similar porosity morphology
was observed, leading to the conclusion that the helical layers have higher void content.
This higher content can be explained by the lower compaction the helical layers receive
and the lower winding tension applied during the fabrication process, as explained in the
earlier work of Cohen [47]. Thus, after the solidification and curing of the matrix, the mid-
dle layers often exhibit voids entrapped within the polymeric matrix and possess a spheri-
cal cross-section, as reported by references [27, 34, 36, 39, 40].

Figure 12 presents the correlation between the volume and sphericity for voids detected
in the base helical layer. It is again observed that the laminate favours the presence of long

(s1) ) ) Lo IS ) Lo )

1l
]

o
=3
=3

Volume [mm3], v

Sphericity [-],u

Fig. 11 Variation of sphericity versus volume of voids in the middle helical layer [H1] of composite cou-
pons (S1 to S8)
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Fig. 12 Variation of sphericity versus volume of voids in the bottom helical layer [H2] of composite cou-
pons (S1 to S8)

elliptical voids, with an average sphericity of 0.3. The number of voids detected also seems
to decrease towards the winding direction. The observations are similar to the circumfer-
ential hoop layer. It can be hypothesised that the winding angle creates voids with differ-
ent sphericity and volumes. It is observed that when the winding is circumferential or low
angle (+£15°) like the base layer, the compaction is adequate to squeeze the matrix out and
thus leading to a small number of spherical voids and larger elliptical voids, which are
primarily present between the tows of the filament. On the other hand, a high angle (+75)
seems to favour more matrix-trapped spherical voids.

Nevertheless, between different coupons, even though the voids fall in a distribution,
the overall volumetric porosity and number of voids are not the same for all specimens.
To resolve the sigmoidal trend in the overall porosity volume fraction presented in Fig. 7,
the directional variability along the filament winding direction from S1 to S8 was carried
out for each layer and is termed as "smeared porosity". To calculate the average smeared
porosity, each coupon was segmented into slices separated by 0.5 mm. The porosity values
was measured in each slice along the winding direction. The average porosity in each slice
was measured as fraction of the grey intensity value corresponding to voids and bulk of
the material, as also defined in [48]. The average smeared porosity over each sample S1
to S8 along the winding direction is presented in Fig. 13. The volumetric porosity (%) and
the number of voids detected in each individual sample with a defined grey scale intensity
threshold are presented in Table 6. It can be postulated that for both the hoop layer and
middle helical layer [H1], the trend is again sigmoidal with a much less volumetric fraction
of porosity in the hoop layer. An upsurge of increased porosity is observed towards the cen-
tre of the axial panel in the base layer [H2], where large flat and long elongated voids are
visible in Fig. 6(S1) and (S5), respectively. This was attributed to a series of gaps between
filaments, which can be created during the winding process towards the edge and centre
of the panel. During the winding process, the gaps are encapsulated within the polymer
matrix during the lamination process, creating large voids that are also well aligned along
the filament winding direction. Similar observations have also been reported by Stamopou-
los et al. [49]. In addition, even though, in general terms, the porosity content is expected
to increase while moving from base helical to circumferential hoop winding layers, the
variation of the winding angle (from base layer to middle helical and then hoop) can lead
to different results.

@ Springer



Applied Composite Materials

20

oy N 111170 O

il il

TR 1 P 1 1 A 1 R L

i = 2l e - el

I Hoop Layer

T

T
M Helical Layer [1]

Avg. Smeared Porosity, along Panel Length [%]

Panel Length [mm], S1—-S8

Fig. 13 Directional variability of porosity inside the composite panel along the filament winding direction

3.2.2 Shape Analysis

Characterizing the form of voids’ three-dimensional shape is performed by calculating the
voids’ flatness and elongation and plotting them on a Zingg diagram [44]. The flatness (f1)
is the measure of how flaky or platy the void’ is, while the elongation (el) is the measure of
the void’s rod-like shape. By plotting the Zingg elongation and flatness parameter, the void
morphology can be categorized into four classes: (I) oblate (disk/plate-like), (II) compact,
(IIT) blade-like and (IV) prolate (rod) where the partition lines are drawn at el = 2/3 and fl
= 2/3 as presented in Fig. 14(b). Isolines are plotted as intercept sphericity values, which
help in the classification of morphology [50].

Table 6 Number of voids (n)
detected and void volume
fraction (V,) inside specimens
along the filament winding

direction

@ Springer

Specimen  Hoop Layer (Hp) Middle Helical ~ Base Helical
Label Layer (H1) Layer 2 (H2)
Voids [%] n Voids [%] n Voids [%] n
NI 1.04 355 1.81 1321 1.28 639
S2 0.45 148 0.94 779 0.71 633
S3 0.26 95 0.76 464  0.35 311
S4 0.36 155 1.34 805 0.34 220
S5 0.64 212 1.33 1099 1.35 442
S6 0.40 142 0.81 422 0.21 135
S7 0.28 163 0.62 280 0.17 128
S8 0.24 178 0.39 198 0.19 118
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Fig. 14 a Average shape distribution percentage of voids inside hoop and helical layers b Zingg Plot

Figure 15, presents the variation of Zingg parameters (el and f1) for voids detected inside
each composite coupon S1 to S8 for circumferential hoop layer. It can be observed that the
majority of the voids are prolate and thus have rod-like and blade-like shapes. The speci-
mens taken from the bottom of the panel (S7, S8) interestingly have an increase towards
compacted voids, which are still rod-like but possess a relatively shorter semi-major axis.

Figures 16 and 17 present the variation of void morphologies inherently to each of
the specimens S1 to S8 for helical layers. For the helical layer, specifically the middle
layer [H1], it can be noted that voids are still elongated in shape, but many of them fall
in the compact region of the Zingg plot. This was attributed to many spherical voids
inside the matrix rather than within the tows. The highest-frequency spherical voids are
visible in the middle of the panel. Figure 14(a) presents the percentage distribution of
void shape, where it can be observed that the blade-like thin voids and rod-shaped voids
are more prevalent overall, but compact spherical voids are primarily present within
middle helical layers [H1].

IR I s | |en (s8)

0.75

Elongation, [el]
IS}
o«

0.25

0.5 1
Flatness, [fl]

Fig. 15 Elongation vs flatness Zingg plot for identification of void morphology in hoop layers of composite
coupons (S1 to S8)
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Fig. 16 Elongation vs flatness Zingg plot for identification of void morphology in helical layers [1] of com-
posite coupons (S1 to S8)

3.3 Fiber and void orientation analysis

The mean plane projected orientation of the voids in each laminate layer was compared
with the mean fiber orientations to estimate the degree of misorientations within the
filament-winded composite panel. The mean value is taken over samples from S1 to S8
along the filament winding direction. The plane projected orientation angle is calcu-
lated as the angle between PCA1, which is the principal axes of the voids or the fiber
and the reference axis on the plane on which the 3D orientations are being projected.
The orientations hence vary between a value of 0° to 180°. The frequency distribution
curves for the plane projected orientations are presented in Fig. 18.

It can be mentioned that generally, the voids in the hoop and helical layers are aligned
along the nominal fiber direction and the relative intensity and frequency of the voids are
comparatively lower, which can be correlated to a lower number of voids compared to each
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Fig. 17 Elongation vs flatness Zingg plot for identification of void morphology in helical layers [2] of com-
posite coupons (S1 to S8)
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Fig. 18 Frequency distribution plot for the variation of plane projected orientation of fibers and voids
located within the tows and polymeric matrix

individual fiber. Table 7 presents the mean-plane projected angles for the voids and fiber
along the 2 major orientations (¢,0) with the corresponding standard deviation. When
comparing the average individual layer orientations, it can be observed that the hoop layer
has a higher degree of deviation in fiber and voids orientations when compared to helical
layers. This can be attributed to a final tow overwrapped at an angle to finish the winding
process and increase compaction. These orientations are visible in Fig. 4(e, f). The mean
misorientations are calculated individually as the difference between the nominal fiber and
void orientations along the major directions. The degree of the misalignment is found to

be relatively low, while the highest value is observed for the base layer, which is wrapped
helically [H2].
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4 Conclusion and Summary

A comprehensive 3D analysis of voids and fiber in an as-manufactured representative unit
panel from a glass fiber/vinyl ester filament winded composite structure has been presented
using X-ray computed tomography. The voids identified are representative of the voids
that can be found in a typical filament-winded structure. A curved cylindrical panel of a
filament-winded structure was extracted along the axial direction and was used to study the
variation in the size and volume of the voids along its tubular length and filament-winding
direction. The fiber, matrix and voids were segmented using a standardised greyscale
segmentation process. Statistical data are presented for void characteristics.

e It can be observed that the majority of the voids detected inside are elongated with a
varying cross-section, depending on the location, with an average sphericity of 0.34.
Spherical voids are observed in the composite layers with resin-rich areas and often
present with average sphericity greater than 0.5 and relatively higher volume when
compared to long elliptical voids. It has been observed that the major axis of the voids
follows the tow orientation during the filament winding.

e The highest misorientation is approximately 1.32° observed for the base helical layer.
This could be attributed to a weaker tension during winding.

e [t is also observed that the overall volume fraction of the voids follows a sinusoidal
transition, with the highest porosity in specimens S4 and S5, which are located towards
the centre of the axial panel. The highest average voidage reported is approximately
1.35% for the middle helical layer.

e When individual layers are examined, moving through the thickness of the composite
coupon viz. circumferential hoop layer [Hp], middle helical layer [H1] and base heli-
cal layer [H2], it can be observed that the highest number of voids are detected for the
middle layer, followed by the base and the top circumferential hoop layer. The middle
layer also hosts the highest average porosity volume fraction, with many spherical voids
trapped in the vinyl ester matrix. Hence, the position of voids is dependent on the wind-
ing sequence.

In summary, this study successfully employed micro-CT imaging, ROI analysis and
discretising porosity inside a laminated filament winded composite structure based on the
location and winding direction. The data extracted was used to study pore characteristics
like the volume of each pore, shape, size and orientation. The results can be utilised in
studying matrix-dominated failures through numerical and finite element methods, which
accommodate the effect of void orientations and volumetric content. To valorise the results
from this study, one has to include the effect of geometry, orientation, and size of the speci-
men for the composite laminate system in the study, as the voids presented here are primar-
ily macro-voids, where the micro-voids are assumed to be causing an insignificant effect
on the mechanical properties. In addition, the findings may be considered as a step forward
to a further development of protocols that contribute to the amelioration of the quality of
the manufacturing process, testing coupon selection and the overall product as well. In con-
clusion, the outcome of this study could be a useful tool to aggregate porosity through a
novel graphical technique called "MObject" [33] and study failure via knockdown factors
used for the calculation of strength degradation as a function of void volume fraction.
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