Thin-Walled Structures 191 (2023) 111041

journal homepage: www.elsevier.com/locate/tws

Contents lists available at ScienceDirect

Thin-Walled Structures

Full length article

On the winding pattern influence for filament wound cylinders under axial M)

Check for

compression, torsion, and internal pressure loads

Eduardo A.W. de Menezes ?, Tales V. Lisbda ?, José Humberto S. Almeida Jr. """,
Axel Spickenheuer ?, Sandro C. Amico ¢, Rogério J. Marczak ¢

2 Department of Materials Engineering, Leibniz Institute for Polymer Research, Hohe Strafe 6, Dresden, 01069, Germany

b School of Mechanical and Aerospace Engineering, Queen’s University Belfast, Stranmillis Road, Belfast, BT9 5AH, United Kingdom

¢ Department of Materials Engineering, Federal University of Rio Grande do Sul, Avenida Bento Goncalves 9500, Porto Alegre, 90650-001, Brazil
d Department of Mechanical Engineering, Federal University of Rio Grande do Sul, Rua Sarmento Leite 425, Porto Alegre, 90050-170, Brazil

ARTICLE INFO ABSTRACT

Keywords:

Winding pattern
Numerical modelling
Composite cylinders
Filament winding

An intrinsic characteristic of components manufactured by the filament winding process is a winding pattern
formation during the processing. This paper aims at unlocking and understanding how the winding pattern
influences the mechanical behaviour of filament wound cylinders under different boundary conditions. To
realize this, a series of finite element models followed by an original geometric approach to generate the
pattern are herein developed. Four different patterns and six different winding angles are modelled. These are

also modelled by varying the number of layers towards understanding whether there is a correlation between
the pattern and the number of layers or not. Three loading cases are considered: axial compression, pure
torsion, and internal pressure. Key results reveal that the more layers are stacked to the cylinder, the less
impactful is the winding pattern to all loading cases herein investigated.

1. Introduction

In the filament winding (FW) process, when considering helical
and polar winding trajectories, continuous fibres are wound around
a rotative mandrel from one end - half cycle - to the other - full
cycle. The filament angle inverts when changing from forward to
backward movement, producing interlaced layers [1]. This winding
angle, «, is defined by the ratio between the deposited tow and the
longitudinal axis of the mandrel [2]. As usual for laminated compos-
ites with continuous fibres, the mechanical behaviour of a filament
wound structure is strongly dependent on the winding angle given the
anisotropy of the fibres [3-9]. The combination of rotational and axial
movements along with the continuity of the manufacturing process
create a repetitive pattern, leading to a mosaic arrangement of diamond
shapes on the surface [10-12]. The number of diamond shapes along
the circumferential direction is an integer number referred to as the
winding pattern (WP) [2,10,11,13]. The influence of the WP on the
mechanical behaviour of filament wound components is still not fully
comprehended. Table 1 reports the state of the art on this subject.

Filament wound cylinders under axial compression were experimen-
tally tested by Claus [14] wherein he observed that diamond shape
lengths matching buckling modes should be avoided since they create
regions more susceptible to this failure mode. Despite following this
observation for the buckling behaviour, Hahn et al. [15] concluded that
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the WP has no correlation with the axial stiffness of the cylinders in ax-
ial compression. In their experiments, Azevedo et al. [11] included the
ageing effect with distilled and seawater, observing a slight influence in
axial stiffness, but more pronounced in strength limits. In the numerical
field, Guo et al. [20] reported a difference of 4% in strength when
changing the WP from 4 to 10. Also considering failure by buckling,
external pressure models were elaborated by Guo et al. [20], which
reported a difference of around 1% with the same 4-10 pattern range.
Moreno et al. [17] conducted experimental tests, and could not observe
differences in the structure’s strength. Morozov [10] and Mian [18]
carried out numerical models simulating internal pressure, both having
a single-layer filament wound cylinder, and reported a difference of
more than 30% in developed stresses within the considered pattern
range. On the experimental field, Rousseau et al. [16] measured a much
lower influence of the pattern on the strength and a negligible influence
on the stiffness. Regarding axial tension, different WP were tested by
Rousseau [16] and Wen et al. [19]. Despite the high standard devia-
tions, both works showed a decrease in strength as the WP increased.
Regarding axial stiffness, the WP showed a negligible effect.

More recent works addressed the WP role in mechanical behaviour,
aiming at a more challenging boundary condition [13,21-23]. Radial
compression tests demand more degrees of freedom to be controlled,
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Table 1
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State-of-the-art on winding patterns effects on filament wound cylinders depicting the load case, approach, number of layers N, W P investigated, and the output. The symbol “v/”

means influential, whereas the symbol “X” means negligible influence.

Author(s) Load case Approach N wpP Stiffness Stress/Strength
Claus (1992) [14] Axial compression® Experimental - - v v
Hahn et al. (1994) [15] Axial compression® Experimental 1 1-26 X v
Axial tension Experimental 6 2-11 X v
Rousseau (1999) [16] Internal pressure Experimental 6 2-11 - v
Morozov (2006) [10] Internal pressure Numerical 1 2-8 - v
Moreno et al. (2008) [17] External pressure® Experimental 7 1-5 - X
Mian et al. (2011) [18] Internal pressure Numerical 1 2-8 - v
Wen et al. (2013) [19] Axial tension Experimental 7 1-5 - v
Azevedo et al. (2020) [11] Axial compression® Experimental 1 1-5 v 4
Axial compression® Numerical 7 4-10 - v
Guo et al. (2020) [20] External pressure? Numerical 7 4-10 - v
Lisboa (2020) [13] Radial compression Experimental 1 1-10 X v
Stabla et al. (2021) [21] Radial compression Numerical 1 2-7 v v
Stabla et al. (2022) [22] Radial compression Experimental 1 1-3 v -
Lisbéa et al. (2022) [23] Radial compression Numerical 1 1-3 - v

2Buckling failure mode

and numerical models might require incorporating nonlinear displace-
ment hypotheses. With respect to strength, Stabla et al. [21] found di-
vergences between numerical and experimental responses. The authors
attributed them to differences in thickness and degrees of coverage
among the specimens. A wider WP range was experimentally investi-
gated by Lisboa et al. [13], where samples with higher WP showed
more strength and negligible deviations in stiffness. Stabla et al. [22]
investigated both WP and «, and they found out that the influence of
the WP on stiffness changes according to a.

The strategy commonly adopted in numerical works herein reported
consists in dividing the cylinders into triangular mosaic shapes, at-
tributing —a and +a angles to each mosaic. Shell elements are used
to build different laminates for each stacking sequence, leading to an
abrupt change in material properties when crossing the periphery of
these mosaic shapes. This procedure is straightforward for a single-
layer cylinder, but its complexity harshly increases when dealing with
multi-layered structures, where the intersection of the mosaic shapes of
every layer must be taken into account to build laminates with correct
stacking sequences over the entire length. Despite the different conclu-
sions in the works mentioned above, it has been numerically shown and
through digital image correlation (DIC) [24] that stress concentrations
occur in this periphery and in the interweaving regions (regions where
—a and +a plies cross themselves), leading to potential failure [25].
However, by adding more layers, the pattern effect reduces [10].

From the state-of-the-art presented in Table 1, it is yet to be under-
stood whether the WP influences or not the performance of composite
cylinders under certain loading conditions. Moreover, no study reports
a correlation among the WP, the winding angle, and the number of
layers. Experimentally speaking, it is challenging to observe that
influence since, when they are varied, other parameters (e.g., degree of
coverage, fibre compaction) also change, and these variations disturb
the pattern analysis. Analogously, in the numerical field, it is necessary
to control as many parameters as possible related to geometry gener-
ation, including mesh effects, initial winding angles, and symmetries,
to mitigate their effect on the analysis and focus solely on the pattern
influence.

This paper then focuses on developing a series of finite element
(FE) models to unveil the influence of the winding pattern on the
mechanical performance of filament-wound composite cylinders under
axial compression, external pressure, and pure torsion loading cases.
Furthermore, the effect of stacking layers and the winding angle are
also investigated to quantify the contribution of the WP and how
they correlate. A detailed description of the geometrical approach to
constructing the winding pattern is also presented in detail.

2. The finite element modelling
2.1. The winding pattern generation

A geometric approach was developed to construct the pattern onto
the cylinder [23]. This is then implemented into Ansys Parametric
Design Language (APDL) [26]. A key advantage of this tool is that the
mesh can be coupled with the geometric entities, making the procedure
“mesh independent”, i.e., the refinement of the mesh has no influence
on the pattern regions.

The WP is a diamond-shaped structure that occurs on the peripheric
surface of the cylinder due to the kinematics of the process. Fig. 1
presents schematic views of the WP, highlighting its regions: regular
laminate (RL), circular cross-over (CCO or zig-zag), and helical cross-
over (HCO) [2]. The RL defines the region where no interweaving is
observable. The CCO region and HCO are areas where interweaving
takes place. Here, the zig-zag line in the CCO region, depicted in
Fig. 1(a), is simplified by a straight line, illustrated by the dashed line
in the central diamond. Also, the stacking configuration of a double
layer is illustrated in Figs. 1(b), while at the bottom part is a photo
of the periphery of a filament wound cylinder. The sector and the
height define the diamond size in the circumferential () and axial (2)
directions, respectively.

Fig. 2 schematically describes the procedure of constructing a multi-
layered geometry. Initially, an algorithm for developing the WP in one
double layer is derived. This algorithm constructs the diamond-shaped
structures around the reference cylinder (dimensions of the mandrel)
taking into account the WP and « [13,23]. With the first, the sector
(circumferential direction) of each diamond is defined whereas with
the second its height (axial direction) is determined. The resultant
geometric model for a double layer is shown in Fig. 2(a) for three
different examples: (top) WP=1 and «; = 60°; (middle) WP=4 and
a, = 45°; and (bottom) WP=5 and a3 = 15°.

For the construction of the multi-layered geometric model, Boolean
operations over the areas of each double layer are applied. These
operations are simply multiple area intersection procedures in which
the proper stacking configuration is sought. The first layer (top) is
selected as a base for each stacking, and the intersections with the
second layer (middle) are verified. The resultant generates 4 different
stacking configurations. This new cylinder is then taken as a base and
new Boolean operations are performed with the third layer (bottom),
resulting in 8 different configurations. The number of different stacking
is 2V, where N defines the number of layers. The operations must
follow a sequential way, similar to the manufacturing process, thus the
procedure produces proper stacking.

Despite not being a restriction of the modelling approach, for the
sake of simplicity, an anti-symmetric plane is constructed: in Fig. 2,
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(c)

Fig. 1. (a) Scheme of the regions of a WP highlighting a single diamond in the centre. (b) Representation of the stacking and (c) a photo of the peripheral surface of a filament
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[Far/ F aa/ F o)

Fig. 2. Example of construction of a multi-layered cylinder considering the WP information of each layer. On the left, light blue and purple are [iu,] and [xa,.] layers, respectively.
From the top to bottom, the cylinders have (top) WP=1 and a; = 60°; (mid) WP=4 and «, = 45°; and (bottom) WP=5 and a3 = 15°. On the right, are the three double-layered

cylinders with 8 different stacking configurations.

one can observe an “inverse” stacking from the middle of the cylinder.
This position is then considered as z = 0. Moreover, a reference angle ¢
is defined for each double layer. This angle simply determines a shift on
the first sector to be constructed, so that identical angles and patterns
could be developed without the diamonds-shaped structure falling one
over another. More examples are shown in Section 3.

The FE mesh is populated with shell elements. In order to avoid any
kind of forces being applied away from the mid-surface, the reference

surface (the mandrel) is offset to the mid-surface, considering the thick-
ness of each layer. The scheme of the cross-section is shown in Fig. 3,
where R;, R,,;, and R, correspond to inner, mid-section, and outer radii,
respectively, while L defines the cylinder length. Both global (r, 6, z)
and local (1,2,3) coordinate systems are also illustrated in Fig. 3. The
local coordinates follow the fibre direction: 1 is tangent to the fibre
(direction of a); 2 is perpendicular to 1 and in the tangent plane of the
cylinder outer surface, and 3 is parallel to the aforementioned plane.
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Fig. 3. Scheme of the cross-section of the cylinder.

2.2. The input parameters

Typical elastic properties of a carbon fibre-reinforced polymer com-
posite are adopted for all the analyses. The longitudinal (E,) and
transverse (E,) elastic moduli are 139.90 GPa and 8.52 GPa, respec-
tively. Both the in-plane (G,) and out-of-plane shear (G,3;) moduli
are 4.26 GPa, and the in-plane (v;,) and out-of-plane (v;3) Poisson
ratios are 0.26. Since out-of-plane properties are of minor importance
in the present work, they are assumed equal to their equivalent in-plane
value. Regarding geometrical parameters, L and R; are constant, being,
respectively, 240 mm and 68 mm, while R, and R, are dependent
on the total number of layers N, where each layer consists of a
forward stroke followed by a backward stroke. Hence, the thickness,
t, is evaluated through

t=2hN (€Y

where & is the tow thickness, herein considered 0.25 mm, i.e., the
total thickness of each double layer is 0.5 mm. Both L and R; are
carefully chosen to avoid intersection between the diamond-mosaic
shapes close to the cylinder edges, so as to circumvent any excessive
element distortions that might occur in this region. The reference angle,
¢, of the ith layer is computed through

b =G-n3T [deg] @
which means that for most of the cases herein evaluated the pattern
is equally distributed around the surface of the mandrel. This should
be considered as a simplification of the problem in analysis: with this
arrangement, it is easy to track any influence/modification that is due
to the pattern.

To investigate the cross-influence of WP and N in the mechanical
behaviour of the cylinders, the analyses here are carried out under
different combinations of N (1, 2, 4, and 6) and WP (0, 1, 3, 5,
7). The WP = 0 is the reference configuration, where the cylinder
is simply extruded with —a and +a layers, therefore, neglecting the
pattern effect. To verify the consistency and validity of the achieved
results, a wide range of winding angles is tested (15°, 25°, 35°, 45°,
55°, and 65°). The developed cylinder views are shown in Fig. 4 to
illustrate the applied winding patterns and angles. Moreover, Table 2
shows the 6-position (refer to Figs. 1,3), where the change from one
diamond shape to another occurs, creating the interweaving region (the
boundary between black and grey triangles in Fig. 4).

In contrast with «, the investigated ranges for N and WP are more
limited. The former is designed to keep the thickness effect negligible
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when comparing different configurations, while the second aims to
keep large enough diamond-mosaic shapes, originating from the WP,
yielding smoother stress gradients and allowing a more accurate com-
putation of stresses. Furthermore, as the first step, the analyses will
cover only the linear response of the cylinders.

A fine mesh is required to compute the stress oscillations developed
in the cylinder and capture the transition in the mechanical behaviour
over the different regions along the layers. Meshes are built with a
quadratic Serendipity shell element (SHELL281 - ANSYS reference) in
its degenerate form (triangle) [23], due to the winding pattern and
geometry. The element section has nine integration points, equally
spaced through-thickness, and the offset is made from the mid-section
radius R,,. The FE mesh has a total of 450 elements along the
circumferential direction.

The colours in Fig. 2 represent different stacking configurations:
on the left, two stacking sets; on the right, eight. The FE software
considers the equivalent layer theory, which homogenizes the plies
into one anisotropic layer. Thus, each colour of Fig. 2 represents one
equivalent layer. At the contour lines of these layers, the nodes belong
to two or more different stacking sets, which might create some mild
stress concentrations at those locations.

2.3. Loads and boundary conditions

After the winding pattern is generated and implemented into the FE
environment, loads and boundary conditions (BCs) can then be applied.
Three loading cases are considered: axial compression (Fig. 5(a)), tor-
sion (Fig. 5(b)), and internal pressure (Fig. 5(c)). For axial compression,
target stress of o, = 500MPa is considered. This procedure eases
the comparison among different patterns and stacking configurations.
Hence, the axial load is equivalent to this stress multiplied by the cross-
section area A, (which varies according to N). This load is applied
to a master node, coupled with the u, DOFs (degrees of freedom) of
all nodes (see Fig. 5). To allow free expansion/contraction, avoiding
also stresses concentrations at the ends, the displacement in u, is not
constrained, while all rotations y; and u, are constrained on both
edges (hard boundary conditions [27]). Axial displacement u, is con-
strained only on the right end. These conditions impose a constant axial
displacement on the left end and are depicted in Fig. 5(a).

Regarding the torsion model, the same target stress ¢, = 500 MPa is
achieved by applying nodal forces in the circumferential direction. As
in the previous loading condition, this force is computed considering A,
and applied on a master node, coupled with all nodes in the left end
regarding u,. While the left edge is constrained only in the DOFs y,
and y,, the right edge is constrained also in u, and u,. These boundary
conditions are illustrated in Fig. 5(b).

The third case represents cylinders in internal pressure P;, where the
required value to reach circumferential stress (hoop stress) of 500 MPa
is computed through membrane theory, following Eq. (3). The load is
applied to the entire internal surface. To achieve a stress state as close
as possible to pure hoop stress, u, displacement is constrained only in
the right end. Both ends are constrained in the DOFs uy, y,, and y,.
The BCs are shown in Fig. 5(c).
t-o
R

ms

P =

3

Since geometrical nonlinearities are neglected, the stiffness K in
the axial compression and torsional load cases is directly evaluated
from the applied force/moment at the master node divided by the
displacement/rotation where this node is coupled (left edge of the
cylinders in Fig. 5(a),(b)). Stresses are evaluated considering the local
coordinate system (see Fig. 3). They are computed along a circular
perimeter around every 3° (120 measurements), in three different
locations along the length:

« in the centre line (CL), which is in the CCO line at the coordinate
z =0 mm;
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Fig. 4. The developed cylinder view showing (a) the different WPs applied in the present work, considering a « = +35°, and (b) the different winding angles, considering a
WP=3.
Table 2
Sector and reference angle, ¢;, between two diamond shapes along the interweaving region for different patterns and layers.
N 1 2 4 6
¢ () 0.0 0.0 180.0 0.0 90.0 180.0 270.0 0.0 60.0 120.0 180.0 240.0 300.0
WP =1 180.0 180.0 0.0 180.0 270.0 0.0 90.0 180.0 240.0 300.0 0.0 60.0 120.0
60.0 60.0 240.0 60.0 150.0 240.0 330.0 60.0 120.0 180.0 240.0 300.0 0.0
WP =3 180.0 180.0 0.0 180.0 270.0 0.0 90.0 180.0 240.0 300.0 0.0 60.0 120.0
300.0 300.0 120.0 300.0 30.0 120.0 210.0 300.0 0.0 60.0 120.0 180.0 240.0
36.0 36.0 216.0 36.0 126.0 216.0 306.0 36.0 96.0 156.0 216.0 276.0 336.0
108.0 108.0 288.0 108.0 198.0 288.0 18.0 108.0 168.0 228.0 288.0 348.0 48.0
WP =5 180.0 180.0 0.0 180.0 270.0 0.0 90.0 180.0 240.0 300.0 0.0 60.0 120.0
252.0 252.0 72.0 252.0 342.0 72.0 162.0 252.0 312.0 12.0 72.0 132.0 192.0
324.0 324.0 144.0 324.0 54.0 144.0 234.0 324.0 24.0 84.0 144.0 204.0 264.0
25.7 25.7 205.7 25.7 115.7 205.7 295.7 25.7 85.7 145.7 205.7 265.7 325.7
77.1 77.1 257.1 77.1 167.1 257.1 347.1 77.1 137.1 197.1 257.1 317.1 17.1
128.6 128.6 308.6 128.6 218.6 308.6 38.6 128.6 188.6 248.6 308.6 8.6 68.6
wp =7 180.0 180.0 0.0 180.0 270.0 0.0 90.0 180.0 240.0 300.0 0.0 60.0 120.0
231.4 231.4 51.4 231.4 321.4 51.4 141.4 231.4 291.4 351.4 51.4 111.4 171.4
282.9 282.9 102.9 282.9 12.9 102.9 192.9 282.9 342.9 42.9 102.9 162.9 222.9
334.3 334.3 154.3 334.3 64.3 154.3 244.3 334.3 34.3 94.3 154.3 214.3 274.3

in the shifted centre line (SCL), which has a 5 mm offset relative
to the CL;

in the mid triangle line (MTL), which is between the CL and the
next CCO line, in the positive direction along z axis. For WP/«
combinations where this length exceeds L/2 or is close to the
edge, coordinate z = L/4 is adopted.

The configurations that applied this exception rule for defining
the MTL location were WP = 0 (all values of a), WP =1 (a« =
15°,25°,35°,45°,55°), WP = 3 (a = 15°,25°), and WP =5 (a = 15°).

3. Results and discussions

In this section, the stress profiles and stiffness values for every
WP analysed are presented, also focusing on the effects of angle and

number of layers. Four winding patterns (plus the baseline cylinder
disregarding the WP), four different numbers of layers, and six winding
angles are considered in this analysis. Furthermore, the cylinders are
subjected to three different loading conditions and their respective
boundary conditions. A total number of 360 simulations is performed.
The available data for supporting the statements are provided in the
supplementary material for verification, repeatability, and further usage.

3.1. Axial compression

This analysis shows stress oscillations around the interweaving re-
gions, following observations from experimental data [25]. Fig. 6 plots
the stress o, (see Fig. 3 for the local coordinate system) over the
cylinder, highlighting the points with the highest stress concentration,
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b) Torsion:
Uy, Uy, ¥y Pp=0

a) Axial compression:
Uz, Uy, yjra Te, BUZ = 0

\’ Up, y/ra ng’ BUZ =0
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¢) Internal pressure:
Uz, Uy, Yjﬁ, yjZ = 0

v, ¥,=0 Uy Uy, ¥, =0

Fig. 5. Loads and boundary conditions on the cylinders under (a) axial compression (b) torsion, and (c) internal pressure loads.

-2534
-2067
-1600
-1133
-666
-200
267
734
1201

1668

Fig. 6. Stress o, of a cylinder subjected to axial compression highlighting the stress concentrations in the interweaving (CCO and HCO) regions. Parameters used: N = 1; a = 35°;

and WP=7.

which is in the transition between two diamond shapes along a CCO
line. Here, it is important to notice that these concentrations might
appear due to the sudden shift in the material properties given the
modelling procedures herein adopted. Still, the interweaving generates
some concentrations as shown numerically in [28,29] and experimen-
tally in [25]. In Fig. 6, stress plots incorporate a laminate scheme of the
analysed geometry, with a solid dot pointing to the through-thickness
coordinate where the stress is evaluated in the respective plot.

The stresses in ¢, 6,, and 7, are plotted for different WPs in Fig. 7.
The WP=5 was omitted from this figure to allow better visualization,
but it can be found in the Supplementary Material. For the stress
fields o, and o,, the stress peaks in the CL region are higher, and the
number of peaks equals the WP number since this is also the number
of diamond shape transitions along this line. Regarding the SCL region,
due to the small offset applied, peaks are observed in the same locations
as in CL, but with smaller amplitude. Also, when measured far from
the interweaving regions, in the RL region, the developed stress field
is very similar to the stress developed in the model without pattern
consideration (W P = 0). In other words, the stresses are similar to a

regular laminate away from the interweaving region. On the MTL, the
distance between two interweaving regions along the circumferential
direction is maximized. Therefore, the peaks when crossing them are
clearly distinguished in Fig. 7, yielding a total of 2 x W P peaks.

Differently from ¢, and o,, 7|, maintains the magnitude but changes
sign when switching from —a to +a and the other way around. This
change can be observed in the MTL region in Fig. 7, showing a small
tip before stabilizing. The peak increases as the WP increases. The SCL
region quickly crosses the +a ply, forming a peak in the plots.

On a second analysis, WP = 5 and N is varied. The results
are depicted in Fig. 8. The stress oscillations when approaching the
interweaving regions are significantly smoothed through the addition
of more layers. In the MTL region, for example, while the single-layer
configuration yielded o, stresses between approximately —650 MPa and
0MPa, with N = 6 the oscillations are narrowed and kept within the
range of —560 MPa and —530 MPa. Results for o, follow the same be-
haviour, despite the lower absolute stress values, significantly reducing
stress concentrations as more layers are added to the laminate. As for
7,2, N0 oscillations are observed, but the peaks that occur when shifting
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between plies (i.e., when crossing the HCO region), depicted in Fig. 7
for N = 1, are also mitigated with the addition of more layers, and the
stresses along the MTL region assumes a square wave shape.

When varying both WP and N, shear stresses close to zero are seen
in the CL region and also in all CCO lines. An explanation for this is
illustrated in Fig. 9, where 7, values measured at nodes and elements
are depicted in a colour scale, considering a cylinder with N = 6 to
mitigate stress concentrations. As can be seen, the stress measurements
at the elements do not capture this null shear stress, and the elements
adjacent to the CL region yield values close to the ones measured in
the MTL region. However, when extrapolating the stresses in these
elements to nodes that fall exactly in the CL region, the nodal approach
smooths the +7/, stress in the —a ply with the —z, stress in the +a ply,
yielding a null stress. For this reason, stress measurements along the CL
region are avoided.

A closer analysis of the stress levels at the MTL region reveals a
discrepancy in the values at different points along the thickness. As
can be seen in Fig. 10, for N = 1 the stress in the bottom-most
(—a) and topmost (+a) oscillated around different values, but this
difference falls strongly for N = 6. The stress distribution for N = 6
(Fig. 10(b)) suggests an influence of bending stresses, which is expected
for non-symmetric laminates, even under pure axial stress conditions.
Corroborating with former works, the addition of more layers decreased
the WP effect [10].

These results also show that the layers experience peaks in the same
angular positions along the circumferential direction. For instance, a
stress concentration in the interweaving region of the bottom-most
layer led to stress concentrations in all the other layers, even the
topmost, yielding the smoothing effect observed in Figs. 8 and 10.
Nonetheless, this effect occurs because it is necessary to avoid the

transitions between —a and +a plies in the same angular positions. In
the above examples, where they occurred always in different locations,
the total number of peaks is equal to N x W P. However, as reported in
Table 2, this is not the case for the construction with WP = 3 and
N = 6. In this case, the diamond-shaped structures are constructed
exactly one over another, yielding a stress distribution similar to the
expected for N = 3. In this specific case, the configuration with N =4
produces fewer stress concentrations than the configuration with N = 6
(see Fig. 11).

3.2. Torsion

Regarding the torsional behaviour, stress fields for a particular case
(WP =5, a =55,and N = 6) can be viewed in Fig. 12. As for in
the case of axial compression loading condition, transitioning regions
between plies are the main source of stress concentrations, but now the
stresses o, and o, reach zero values in the CL region and change their
sign when crossing the interweaving regions. In comparison to Fig. 6,
the stress concentration region around the CCO lines is wider.

Stresses for different winding angles are plotted in Fig. 13. As
expected, a shear value close to zero is obtained for a« = 45°. This plot
also shows how the stress oscillations presented in z;, under torsion
are analogous to the ones in ¢, and ¢, under compression, while the
stresses o and o, under torsion are analogous to the stress 7;, under
compression (see Fig. 7).

As observed in Fig. 14 and similarly to the observations made for
the cylinders in axial compression, the stress peaks are also reduced
when more than one double layer is considered. The oscillations when
abruptly changing the sign of o, were also smoothed. Since in this
case a greater « value was considered (65°), even the SCL region could
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Fig. 9. The 7, stress computation (a) extrapolated to the nodes and (b) using the interpolation functions in the elements. Parameters used: WP =5; a = 35°; and N =6.
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capture two distinguish peaks for every WP (see Fig. 14(b)). It is also
possible to notice that, differently from axial compression, the SCL
region does not reach the stress value from the MTL region due to the
wider stress concentration region around the CCO region.

3.3. Internal pressure

Cylinders under internal pressure show stress concentrations in
similar areas as seen for the other two loading cases previously results,
as depicted in Fig. 15, where the hoop stress o, was included along with
the other three local stresses. The shear stress changes abruptly when
crossing the interweaving regions, reaching a null value in the CCO
lines due to the nodal extrapolation. Fig. 16 shows that stress peaks are
also observed when crossing interweaving regions for o, and that these
peaks could also be significantly reduced by increasing the number of
layers. A qualitative behaviour analogous to axial compression for the
three stresses in local coordinates is observed along the circumferential
direction.

Aiming to simulate a more complex structural model under internal
pressure and verify with arbitrary parameters if the stress behaviour
remains the same, one considers different WP, ¢, and « for each layer.
The inputs are given in Table 3. Results are reported in Fig. 17 for
two coordinates along z, 24.37 mm and 73.11 mm. These positions
were selected as they are distant from any CCO lines generated by
the WP of the set. Stress concentrations are lower than the single-layer
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Table 3

Input parameters for a filament wound cylinder with four layers.
Layer WP a(®) Q@]
1 3 56 0
2 6 16 42
3 2 43 11
4 4 38 72

configurations, but they could not decrease in the same proportion as
in the case with regular layers, which is expected considering that in
this case, stress concentrations have the likelihood of falling in similar
angular positions, resulting in stress superpositions. In addition, due
to the transferring of stress concentrations observed in Section 3.1,
there is a large difference in the relative stress concentrations among
layers. In the bottom layer, where the hoop stress is higher in view
of the higher «, the maximum deviation of the stresses relative to the
reference configuration is 9%. In the top layer this angle is lower, and
so is the stress, but the maximum deviation increases to 27%.

3.4. Stiffness

The stiffness is herein defined as the ratio between the applied force
and the generated displacement, measured in the same direction as the
loading. By using WP = 0 as a reference, one can also quantify the
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and a = 65°.

effect of neglecting the WP in the numerical models. A comparison
between deformed shapes under axial compression and torsion is shown
in Figs. 18 and 19. For both loading conditions, with N=6, the inter-
weaving path (both HCO and CCO regions) becomes indistinguishable,
even with a magnification factor of 5.

Results for cylinders in axial compression are shown in Fig. 20,
where the deviations are computed from the reference configuration
(WP=0). Deviations up to —7.4% are observed for the configuration
with one layer, while for the two layers configuration, the values
are below 1%. In the cases with four and six layers, differences are
negligible. Deviations reach their highest value for a = 25°, decreasing
as « increases. This can be explained by analysing the stress fields
along the MTL region for different values of a, plotted in Fig. 21. The
configuration with N = 1 and WP = 7 is chosen since this set yields
the highest stiffness deviations. As can be seen, stress concentrations
are higher in o, so it is expected the stiffness deviation to be lower in
the configurations where o, plays the major role (a = 55°,65°). While
the values of o, are very similar for 15°, 25°, and 35°, the configuration
with a = 25° shows the highest concentration level in the interweaving
region relative to 7,. This concentration lowers the stiffness and this
configuration presents the highest deviation.

Regarding the influence of the WP on the axial stiffness, Fig. 20
shows an increasing deviation as the WP increases, with an approx-
imately linear correlation for the configuration with N = 1. For the
other ones, the variation was smaller, and numerical deviations can
easily mitigate the pattern influence. Fig. 4(a) reveals a similar trend
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in the size of the HCO region when going from WP=1 to WP=7,
indicating a relation between stiffness deviations and the length of
this interweaving region. This observation was verified by taking the
configuration with the highest deviation (« = 25°), and extrapolating
it to a model with WP=15 and N = 1, which resulted in a deviation
of —15.81%. The addition of this value in the plot from Fig. 20(b) and
subsequent fitting, considering a linear tendency, yields a coefficient of
determination of 0.9998.

Results for torsional load conditions are shown in Fig. 22. Differ-
ently than for the axial compression results, no linear behaviour is
observed for the deviation as a function of the WP. This could be
explained by examining Fig. 19, where deformations are observed along
the CCO lines, while in Fig. 18 they are invisible in that region. The
number of CCO lines also increases as the WP increases but in a non-
proportional fashion. As illustrated in Fig. 4, for instance, the number
of CCO lines are 1, 3, 3, and 5, for WPs 1, 3, 5, and 7, respectively. The
lowest decrement in stiffness deviation observed in Fig. 22(c) occurs
between WPs 3 and 5, where the number of CCO lines did not change.
This observation holds also for all the other angles analysed, indicating
a strong link between the torsion stiffness and the number of CCO lines.
Therefore, while the axial stiffness is sensible to the size of the HCO
region, the torsion stiffness depends on the size of both the HCO and
CCO regions.

Regarding the influence of « on the torsional stiffness, more signif-
icant deviations are computed relative to the axial stiffness. They are
present in the entire « range for the one-layer configuration, reaching
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Fig. 15. The (a) o), (b) o,, (¢) 75, and (d) o, stress fields in the bottom and top layers of a cylinder subjected to internal pressure. Parameters used: WP =5; a = 55°; and N = 6.
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Fig. 18. Displacement u, [mm] in the deformed shape with a 5x magnification factor for a cylinder under axial compression with « =15° and: (a) N=1and WP=1, (b) N=6

and WP=1,(c) N=1and WP=7,(d) N=6 and WP =1.

the value of 25.2% in the worst case, while with two layers the
deviations keep between 2.3% and 4.8%. In conjunction with the axial
stiffness, four and six layers yield negligible deviations. As can be seen
in Fig. 13, the stress peaks, observed in 7, for axial compression load
when crossing the CL region, can now be observed for ¢, and o,. As
for the compression load condition, their magnitudes correlate with
the deviations presented in Fig. 22, yielding deviations proportional to
these peaks.

The interweaving regions are modelled as straight lines and the
effective material properties change abruptly from one to another. This
unavoidable simplification might generate a higher stress concentra-
tion, which means that the values found might be slightly higher than
reality. Support from experimental data would be a welcome addition
to account for possible corrections of stiffness for double layers with
N <4,
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4. Conclusions

This work proposed a numerical methodology to evaluate the wind-
ing pattern effects on composite cylinders under axial compression, tor-
sion, and internal pressure loading cases. The influence of the winding
angle and several layers were also considered. The following conclu-
sions can be drawn:

+ Stress concentrations are observed in the interweaving regions
in all tested load conditions. Under axial compression, the HCO
regions are wider and CCO are thinner, in comparison to torsion.
Away from these regions, the stress value of a regular laminate
composite is observed. Despite increasing the number of stress
concentrations, no evidence that the WP increases the magnitude
of these stresses was found;

« Stress concentrations of one layer propagate to all the others,
but their magnitude is considerably reduced by adding layers.
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Fig. 19. Displacement u, [mm] in the deformed shape with a 5x magnification factor for a cylinder under torsion with « = 45° and: (a) N =1 and WP =1, (b) N =6 and
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Nonetheless, when a stress concentration of one layer falls in
the same angular position as another layer of the cylinder a
superposition effect takes place, and its magnitude increases;
Axial stiffness is very sensitive to the size of the HCO region and
inversely proportional to it, but the WPs influence is negligible
for cylinders with more than 2 layers;

Regarding torsion stiffness, it is very sensitive to the size of the
CCO region and inversely proportional as well. Nevertheless, WPs
influence is negligible for cylinders with more than 4 layers;
The influence of WP in stress concentrations and both axial and
torsion stiffness varies according to the winding angle.

Besides the methodology proposed in the present study, which can
be applied to many similar cases, the stress results obtained show a sys-
tematic behaviour that helps to clarify some aspects of the mechanical
behaviour of FW cylinders. In particular, it was shown that patholog-
ical stress concentration distributions manifest along distinct regions
intrinsic to the FW process. Their effects were numerically mapped for
various combinations of patterns and winding angles, and the mitiga-
tion of these effects, as the number of layers increased, became clear.
These findings, along with the mapping of the axial, torsional, and
pressure stiffness computed in the present work, represent a valuable
asset for Engineering analysis of these components, since these aspects
can now be incorporated into their design and contribute significantly
to better safety levels, as well as an overall understanding of their
response. Experimental tests, assisted by digital image correlation, are
the next step of this study to determine the source and location of stress
concentrations herein observed and to validate the numerical findings
presented here.
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