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A B S T R A C T

Critical assessment of the internal geometry after manufacturing of fiber reinforced polymer composites is es-
sential for developing more reliable and robust production. In the present work, manufacturing induced defects
such as fiber misalignment and porosity in a glass/polyester pultruded composite profile are evaluated. The
internal geometry of the composite is characterized by X-ray micro-computed tomography (micro-CT) and
analyzed using the VoxTex software which allows validated and detailed characterization of the internal geo-
metry. Resin rich areas are observed in between the glass rovings at which the unidirectional fibers are mis-
aligned with respect to the desired pulling direction. Results show that the misalignment in in-plane fiber or-
ientation is more severe (30–40°) than the out-plane fiber orientation (10–20°). Two different types of porosities
are quantified: the first one is discontinuous and located inside the resin rich areas; the second one is more severe
and continuously located between the glass rovings. The area of the total continuous porosity is estimated
approximately as 0.212–0.246mm2 per unit length in the pulling direction. The fiber misalignments and resin
rich areas cause 15–20% reduction in the studied part stiffness in the longitudinal direction.

1. Introduction

Pultrusion is a highly automated process to manufacture constant
cross-sectional fiber reinforced polymer composite profiles. Pultruded
profiles have a high fiber volume fraction up to 70% [1] and a con-
sistent product quality which is ideal for structural load-bearing com-
ponents such as wind turbine blade root reinforcements and spar caps.
In a thermosetting pultrusion process, the fiber reinforcements are
continuously fed through guiding plates which shape the fibers to the
final geometry. The fibers are wetted out in a resin bath or a resin in-
jection chamber. The impregnated material is then collimated and
squeezed out before entering the heating die. The curing (crosslinking)
of thermosetting resins is an exothermic reaction after which the tem-
perature of the resin increases due to the internal heat generation of the
matrix material taking place inside the heating die [2]. A schematic
view of a thermosetting pultrusion process with a resin bath is depicted
in Fig. 1. In general, industrially pultruded parts contain unidirectional
(UD) roving and continuous filament mat (CFM) layers impregnated by
a thermosetting resin system. The CFM consists of long, continuous
lengths of fiber strands overlying each other in a totally random swirl
pattern. The UD roving provides longitudinal tensile strength in the
length of the profile and the CFM provides transverse strength across

the width of the profile.
Pultrusion is a complex manufacturing process due to the diverse

interaction between involved multiphysics such as resin flow, heat
transfer, chemical curing and transient stresses and shape distortions as
shown in Fig. 1 [3]. As a result of residual stresses and excess chemical
shrinkage, manufacturing induced defects such as transverse matrix
crack in the UD layer, delamination at the interface between UD roving
and CFM layer are present in the profile. Fiber misalignment and por-
osities can also form during the process due to poor fiber impregnation
and non-optimized process parameters. In addition, the UD layer
usually has local resin rich areas with non-uniform fiber volume frac-
tion distribution as reported in [4]. The excessive curing shrinkage at
these resin rich areas might cause matrix cracking. In order to have a
reliable and robust manufacturing, there is a need to understand the
internal structure and quantify the severity of defects existing in the
final pultruded product.

X-ray micro-computed tomography (micro-CT) is a non-destructive
imaging technique for visualising internal features and composition of
the solid material by acquiring a three-dimensional (3D) image of the
structure with the help of X-ray penetrating radiation [5,6]. This
technique provides a better understanding of the structural features of
composite materials, their influence on materials performance and
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changes in those features during composites’ manufacturing, exploita-
tion and failure [7–9].

The micro-CT has been used to investigate the internal structure of
various composite materials in literature such as woven composite la-
minates with carbon nanotubes [8], chopped carbon reinforced PA6
tapes [10], short fiber reinforced phenolic foams [11], short carbon
reinforced ABS preforms [12], uncompressed relaxed fibers [13],
dentin-dentin bonding systems and composite systems [14] and stit-
ched carbon epoxy composites [15]. The permeability and impregna-
tion of the fiber reinforcements were quantified using the micro-CT for
a non-crimp carbon textile in [16] and an out-of-autoclave carbon/
toughened epoxy prepreg in [17]. A sheared geometry at the unit cell
level was investigated in [18] for a single layer E-glass non-crimp 3D
woven. The manufacturing induced voids were quantified for a uni-
directional and fabric carbon epoxy composites in [19], a multi-axial
lay-up of unidirectional carbon weave in [20] and carbon fiber re-
inforced SiC-matrix composites in [21]. The micro-CT has also been
employed to characterize the damage state during crack opening for
particle toughened carbon fiber reinforced epoxy in [22]. Fatigue da-
mage evolution was studied in [23] for a short glass fiber reinforced
PA6 and in [24] for a unidirectional non-crimp fabric reinforced epoxy
using the micro-CT. In addition, the structural damage due to UV light
was investigated in [25] for different epoxy resin composites. A sum-
mary of the recently analyzed material systems and the corresponding
research focus using the micro-CT are presented in Table 1.

The structural tensor was used in [26] to determine the fiber or-
ientations quantitatively and segment the micro-CT image into mate-
rial’s components for generating a voxel-based description of the

representative volume element. The segmentation was performed by
thresholding or clustering the orientation vectors, average grey value or
degree of anisotropy in a voxel element. The proposed quantitative
analysis in [26] has been applied in various micro-CT analysis of fiber
reinforced composites [10,16,27,28]. The internal geometry of an ultra-
thin chopped carbon fiber tape reinforced thermoplastics was char-
acterized in [10] using micro-CT. Fiber orientation and tape mor-
phology were quantified using a dedicated image processing metho-
dology developed in [26]. The image segmentation was used in [16] to
obtain the variability of the geometry and local permeability. The
mesoscopic internal structure of a woven fabric in a sheared state was
investigated in [27].

Although the internal structure of composite parts has been in-
vestigated in various studies using the micro-CT, there has been a few
studies on the microstructural investigation of pultruded sections using
optical microscopy [29] and scanning electron microscopy [30]. The
voids at the product cross-section were captured sufficiently in [29,30],
however the evolution of these voids along the pulling direction is still
unknown and needs to be characterized. A 2D fast Fourier transfor-
mation was developed in [31] to estimate the fiber misalignment in a
UD pultruded profile using an optical microscopy. The method pre-
sented in [31] was limited to capture the overall fiber orientation and
not capable of quantifying the local fiber misalignments and resin rich
areas in a 3D domain.

In the present work, the internal geometry of an industrial pul-
truded glass/polyester profile is characterized using micro-CT. The
focus of the article is on the UD roving layer. It is important to un-
derstand the layer’s microstructure, in which transverse cracks or

Fig. 1. Schematic view of a thermosetting pultrusion process and the governing multiphysical phenomena: resin flow during fiber impregnation in the resin bath;
heat transfer, curing, transient stresses and shape distortions in the heating die; solid state cooling and transient stresses and shape distortions at the post-die [3].

Table 1
Summary of the studies in literature that used micro-CT to characterize composite materials.

Ref. Material system Micro-CT research focus

Aravand et al. [8] Woven composite laminates with carbon nanotubes Internal geometry
Wan et al. [10] Chopped carbon fiber tape (PA6) Internal geometry
Shen et al. [11] Short fiber-reinforced phenolic foam Internal geometry
Quan et al. [12] Short carbon/ABS multi-directional preforms Internal geometry
Desplentere et al. [13] Uncompressed relaxed fabrics Internal geometry
De Santis et al. [14] Dentin-Dentin bonding systems-composite system Internal geometry
Zhang et al. [15] Stitched carbon epoxy composites Internal geometry
Straumit et al. [16] Non-crimp carbon textile Permeability
Centea and Hubert [17] Out-of-autoclave prepreg (toughened C/epoxy) Fiber impregnation
Pazmino et al. [18] Single layer E-glass non-crimp 3D woven Sheared geometry
Nikishkov et al. [19] Carbon epoxy (unidirectional and fabric) Manufacturing induced voids
Sisodia et al. [20] Multi-axial lay-up of unidirectional carbon weave Manufacturing induced voids
Feng et al. [21] Carbon fiber reinforced SiC-matrix composites Manufacturing induced voids
Bull et al. [22] Particle toughened carbon fibre reinforced epoxy Crack opening displacements
Cosmi and Bernasconi [23] Short glass fiber reinforced polyamide 6.6 Fatigue damage evolution
Jespersen et al. [24] Unidirectional non-crimp fabric/polyester Fatigue damage assessment
Awaja et al. [25] Different epoxy resin composites Structural damage due to UV
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porosities may occur during the process. For the first time, the resin rich
areas and the misalignment in between rovings are analyzed quanti-
tatively. In addition, the 3D continuous and discontinuous porosities in
the pulling direction are quantified systematically. The analyses are
carried out using the VoxTex software developed at the Department of
Materials Engineering, KU Leuven, Belgium. The characterization of the
internal geometry of the pultruded profile parts is necessary to predict
the fiber misalignment and process induced porosity formation using
the numerical process models such as presented in [32,33]. Under-
standing and description of the pultruded profiles’ internal geometry
enable critical assessment of the effect of the defects on damage in-
itiation during service loading conditions, e.g. pultruded composites
used in wind turbine blades.

2. Materials

The pultruded profile consists of glass fiber-reinforced orthophthalic
polyester. 4800 TEX roving is used for the UD layer and 450 g/m2 CFM
is used for the outer regions. The picture of the L-shaped profile and
micrographs of the cross-sections considered in this paper are depicted
in Fig. 2. The profiles with 50×50×5mm cross-sectional dimensions
were produced using a two heater system with a pulling speed of
600mm/min. The details of the processing conditions as well as the
chemo-rheological properties of the resin system can be found in
[34,35]. Two different types of specimens are carefully selected based
on the manufacturing induced aspects: the first specimen (SP1) has
resin rich area with porosity in between the rovings and the second
specimen (SP2) has a severe porosity, as can be seen in Fig. 2.

3. Experimental

3.1. X-ray micro-computed tomography (micro-CT)

In this work, micro-CT was used to characterize the internal geo-
metry of the pultruded profiles and presence of the manufacturing in-
duced defects. The specimens shown in Fig. 2, i.e. SP1 and SP2, were
prepared by cutting them from a pultruded L-shaped profile using a
diamond saw. The nominal length of the specimens is 24mm in z-di-
rection.

The specimens were scanned using a General Electric (GE) Phoenix
Nanotom X-ray tomography system (high-power nano-focus tube with a
tungsten target, max 180 kV/15W) available at the department of
Materials Engineering, KU Leuven, Belgium. The tomographic radio-
graphs were acquired with a tube voltage of 100–130 kV and current of

125–210μA for the single specimens depending on their size and pre-
sence of defects inside of the specimens. Copper filter of 0.1mm was
used to create more concentrated high-energy X-ray beam and reduce
beam-hardening artifacts. A voxel size of 4μm was fixed for all the
specimens. The specimen was installed on a rotational stage, which
rotated by a small angle relative to the X-ray beam (a user-defined
parameter). The radiographs were captured one by one and this process
was repeated to acquire 2D images from various viewpoints until the
sample had rotated 360° degrees with a rate of 0.15°/step (total of 2400
2D images). Once series of radiographs were acquired and re-
constructed using GE Phoenix Datos-X software to produce 3D images
of the specimens and their 2D cross-sections, they were further analysed
by means of VoxTex software to extract structural parameters for the
quantification of the morphology of the studied materials.

The 3D micro-CT images of SP1 and SP2 are depicted in Fig. 3 to-
gether with the dimensions. It should be noted that approximately
7.6 mm of the specimens were analyzed in VoxTex because the X-ray
beam was focused in the central part of each specimen along the z-axis.
Here, z-direction is the pulling direction, and x- and y-directions are
defined as the directions transverse to the pulling direction.

3.2. Image processing and quantitative analysis

A rectangular voxel mesh was used in VoxTex software to construct
the internal geometry. The original micro-CT image was converted into
a single 3D array of grey values with 256 levels (8 bit) of gradation [26]
as seen in Fig. 3. Denoting the grey value distribution as I, the average
grey value is calculated as:

∫=g Idv
W (1)

where W is the integration window [16], and dv= dxdydz. The struc-
tural anisotropy (β) is estimated as:

= −β λ
λ

1 1

3 (2)

where ⩽ ⩽λ λ λ1 2 3 are the eigenvalues of the structure tensor (S):
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∂
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is obtained using the 5-point central difference formula:
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The in-plane and out-of-plane orientation angle are defined as the

Fig. 2. A picture of the pultruded profile together with micrographs showing the investigated specimens, i.e. SP1 with resin rich areas with porosities and SP2 with a
severe porosity.
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azimuthal (ϕ) and polar (θ) angle in a spherical coordinate system
aligned with the XZ plane in the pulling direction. The orientation
angles ϕ and θ are calculated from the eigenvector e of the structure
tensor S, corresponding to the smallest eigenvalue λ1:

⎜ ⎟= ⎛
⎝

⎞
⎠

ϕ
e
e

arctan y

z (5)

= ⎛
⎝

⎞
⎠

θ
e
e

arccos
| |

z

(6)

The details of the structure tensor and orientation angles can be

found in [26,16].
To estimate the effective elastic properties of the material, the

“orientation averaging” method in VoxTex software is used. First, the
stiffness properties are assigned to all the voxels in the model. The
stiffness matrices are defined in local coordinate systems of voxels,
obtained from the structure tensor’s anisotropy calculation. The closed-
form estimation of the anisotropic elastic properties (stiffness matrix) of
the voxels, containing impregnated fibers, is implemented using the
Chamis model [36]. The stiffness matrix of voxels, containing only
matrix, is isotropic and is defined by the elastic properties of the matrix;
the stiffness of the voxels, corresponding to voids, is zero. The local

Fig. 3. Illustration of the specimens (SP1 and SP2) cut out from the L-shaped profile (left). The micro-CT images with the dimensions (right).

Fig. 4. Three different volume of interests (VOIs) taken from specimen SP1, i.e. SP1a, SP1b and SP1c, together with corresponding histogram of the degree of
anisotropy versus average grey value (density) computed from the voxel model.
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coordinate systems in the two latter cases are the same as the global
system. Then the effective stiffness tensor C[ ]eff are approximated:

∑=
=

C w T C T[ ] [ ] [ ][ ]eff
i

N

i i
T

i i
1 (7)

where wi is the volume fraction of the ith voxel, N is the total number of

voxels, Ci is the stiffness matrix of ith voxel (zero for a voxel corre-
sponding to a void) and T[ ]i is the transformation matrix which trans-
forms the local coordinate system of ith voxel to the global coordinate
system.
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Fig. 5. Representation of the voxel volume elements: a) Total volume of SP1a, b) volume of the resin rich area in SP1a, c) volume of the discontinuous porosity in
SP1a, d) total volume of SP1b and e) volume of the resin rich area in SP1b total volume.
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Fig. 6. Histogram of ϕXZ and θXZ , derived from the micro-CT image of the material, in spherical coordinate system for SP1a and SP1b (top). 3D micro model with
visualized in-plane fiber orientation ϕXZ distribution for SP1a and SP1b (bottom).
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4. Results and discussions

The resin rich areas, fiber orientation and porosities in the scanned
specimens (SP1 and SP2) were analyzed quantitatively by using the
VoxTex software. The original image was transformed into a voxel
model, as described in Section 3.2, with voxel size of 24 μm. The seg-
mentation of the micro-CT images was done using g and β.

4.1. Resin rich areas

The resin rich areas with porosities in the specimen SP1 were
quantified using three different volumes of interests (VOIs) as seen in
Fig. 4: SP1a for the resin rich area with porosities, SP1b for the other
resin rich area and SP1c for the inner region of a UD roving. The matrix
and voids were distinguished by their grey scale values in VoxTex
software. The resin rich area and porosity were identified based on the
histogram of the degree of anisotropy versus gray value (density) which
can be seen in Fig. 4. Three peaks were found for SP1a, two peaks were
the case for SP1b and there was only single peak existing for SP1c based
on the density. The mean peak value for the density around 160–170
shows the uniform fiber/resin distribution which exhibits a higher level
of the anisotropy. The mean peak for the density around 65–70 exhibits

the presence of porosity and the peak density around 105–110 shows
the resin rich areas with a relatively lower level of anisotropy. Ob-
viously, there was no peak found for the density distribution of SP1c.
The threshold for the segmentation was defined by dividing the peaks in
density distributions as seen in Fig. 4. The porosity regions were de-
termined by using a density threshold value of 90 and the resin rich
regions were identified with the density threshold value of 130 and 135
for SP1a and SP1b, respectively. The corresponding voxel models of the
porosity and resin rich area in VOIs SP1a and SP1b are shown in Fig. 5.
The resin rich areas were found to be located between the rovings as
seen in Fig. 5b. Approximately 11% of SP1a and 15% of SP1b consists of
resin rich areas, and approximately 0.7% of SP1a has discontinuous
porosity inside the resin rich area. The main cause of this kind of por-
osity might be the excessive resin shrinkage in the resin rich regions
which are not properly reinforced.

4.2. Fiber misalignment

The fiber orientation distribution of the VOIs SP1a and SP1b was
calculated using the voxel model. The histogram of ϕXZ versus θXZ to-
gether with the in-plane fiber orientation (ϕXZ) distributions are de-
picted in Fig. 6. The fiber misalignment was observed mainly at the
resin rich areas at which the glass rovings interact with each other. The
fiber roving should in principle be aligned with the guiding unit in the
pultrusion line as well as the pulling unit with sufficient pulling tension.
If this alignment is not perfect, the fiber roving can wander to a local
area in the pultrusion line, i.e. occurrence of the fiber misalignment,
which causes a resin rich area with lower fiber content during the
process. In addition, the resin flow in between the rovings (specifically
at the resin rich areas) in the resin bath may result in-plane and out-
plane fiber misalignment for the rovings which have not a sufficient
pulling tension. Hence, the resin rich area and roving tension play an

Table 2
The mean and standard deviation of ϕXZ and θXZ for SP1a, SP1b and SP1c.

Specimen ϕXZ [°] θXZ [°]

Mean Standard deviation Mean Standard deviation

SP1a −2.9 7.71 90.2 4.33
SP1b −6.7 9.63 90.8 4.47
SP1c −1.4 2.56 92.3 2.53

Fig. 7. Micro-CT image and corresponding fiber orientation distribution on XZ plane at the center of SP1a (top) and SP1b (bottom) in y-axis.
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Fig. 8. a) Micro-CT image of the cross-section of SP2 with severe porosity, b) histogram of the degree of anisotropy versus average grey value (density) for the VOI
seen in c). 3D model of the VOI showing the fiber+ resin and porosity regions (d) and 3D model of the continuous porosity (e).

Fig. 9. The evolution of the analyzed porosity area as a function of pulling direction and manual ImageJ measurements from the micro-CT image. The corresponding
cross-sections at specific z position are also illustrated.
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important role for fiber misalignments taking place in pultrusion pro-
cesses. It is seen from the histogram (ϕ θ,XZ XZ) that the orientation dis-
tribution has different characteristics for SP1a and SP1b. It is seen that
SP1b has a localized ϕXZ approximately at 0 and −20° where as SP1a
does not have any localized fiber orientation except at 0°. This shows
that the considerable amount of fibers in SP1b are oriented with an
angle of approximately ϕXZ =−20°. The mean and standard deviation
of ϕXZ and θXZ for SP1a, SP1b and SP1c are listed in Table 2. The mean
and standard deviation of ϕXZ was found to be higher in SP1b than in
SP1a. The desired uniform fiber orientation in the pulling direction (z-
direction) seen in Fig. 4 for SP1c has the lowest mean and standard
deviation for ϕXZ . The mean and standard deviation of θXZ were found
to be close to each other for three VOIs.

The actual micro-CT image and the analyzed fiber orientations are
compared for the XY plane located at the center of SP1a and SP1b
which are shown in Fig. 7. It is seen that the misaligned fibers are
clustered inside the resin rich layer approximately with ϕXZ =−20°
and θXZ =80° for SP1a. A clustered ϕXZ being larger than −20° (in
magnitude) was the case for SP1b with a maximum ϕXZ of approxi-
mately−38° as shown in Fig. 7. Two different localized θXZ distribution
was found for SP1b at approximately 80° and 100° on the XY plane at
the center in y-axis.

The effect of the fiber misalignment and resin rich areas on the
longitudinal elastic moduli was quantified using the orientation aver-
aging method with Chamis model as aforementioned in Section 3.2. The
engineering constants for SP1c were found to be almost the same with
the closed-form approximation using the Chamis model since SP1c has
the fibers mainly oriented in the pulling direction. There was ap-
proximately 15% and 20% reduction found in the longitudinal elastic
modulus for SP1a and SP1b, respectively, noting that the fiber mis-
alignment and content of the resin rich areas were larger in SP1b than
SP1a.

4.3. 3D continuous porosity

The severe porosity in SP2 seen in Fig. 8a was analyzed using the
voxel model. The histogram of anisotropy versus density for the VOI
indicated in Fig. 8c with dimensions is depicted in Fig. 8b. It is seen that
there are two distinct peaks approximately at density values 65 and 160
which indicate the porosity and fiber/resin regions. Density value of
110 in between the two distinct peaks was selected as the thresholding
for the segmentation of the porosity region. A continuous evolution of
the porosity was captured using the voxel model as seen in Fig. 8d,e.
The orientation of the porosity slightly changes along the pulling di-
rection. The evolution of the cross-sectional area of the porosity was
analyzed for each 2D micro-CT image in the z-direction and plotted in
Fig. 9. In addition, the cross-sections were also analysed by using the
image processing software ImageJ, which allows measuring geometric
properties of objects – elements of the internal structures. The manual
ImageJ measurements were used as a verification of the voxel model. It
is seen that the cross-sectional area of the porosity varies along the
pulling direction with a minimum and maximum area of 0.212mm2

and 0.246mm2, respectively. The cross-sections of the micro-CT images
at z=0μm, z=3920μm and z=7840 μm are shown also in Fig. 9.
The total volume of the porosity was calculated as 1.91mm3. This is the
first time that tomographic data of a continuous porosity in between the
glass rovings are presented and quantified. However, the porosity is not
limited by the scanned specimen, therefore actual porosity is longer
than what we see in the scanned volume. The decrease in effective
homogenized stiffness is in this case calculated approximately as 8.5%
using Eq. (7) as compared with SP1c. It is obvious that the porosity
would have a significant effect on the local mechanical behavior. The
exact estimation of the stiffness can be achieved using a voxel-based
finite element models as future work.

5. Conclusions

The internal geometry and presence of manufacturing induced de-
fects in a glass/polyester pultruded composite profile were investigated
using micro-CT. The scanned images were analyzed using VoxTex
software. Resin rich areas were found to locate in between the rovings
and analyzed quantitatively. A localized fiber misalignment with a
magnitude approximately 20° in the in-plane direction (ϕXZ) was found
in the resin rich areas for SP1a which is probably caused by poor
alignment of the fibers with respect to guiding plates and pulling unit.
The largest clustered fiber misalignment angle with respect to the
pulling direction was found to be approximately 38° for SP1b. The fiber
misalignment and resin rich areas caused 15 and 20% decrease in the
longitudinal modulus for SP1a and SP1b, respectively.

For the first time, manufacturing-induced continuous 3D porosity
was characterized. The evolution of the porosity geometry along the
pulling direction was analyzed using a density segmentation. The total
porosity area was estimated approximately as 0.212–0.246mm2 per
unit length in the pulling direction using the 3D volume extracted from
the micro-CT images.

Critically analyzed internal geometry of the pultruded profile with
resin rich areas and porosities using the VoxTex software can be further
used to investigate the effects of defects on mechanical performance of
pultruded composites as well as to develop more reliable and robust
manufacturing of composites without defects.
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