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1 | INTRODUCTION

Filament winding (FW) is one of the most suitable
manufacturing processes for closed cylindrical structures since
continuous fiber tows are deposited onto a rotating
mandrel," being commonly used for the production of pipes,
tubes, shafts, pressure vessels, among others.>* The process
allows high precision in fiber positioning, high fiber volume

José Humberto S. Almeida Jr'? |

Rogério J. Marczak® |

Ingo H. Dalibor® |
Sandro C. Amico>*

Filament wound (FW) structures present a geometric characteristic in their
helical layers: the winding pattern. The pattern, however, is usually disre-
garded in conventional experimental or numerical approaches even though it
can affect the behavior of FW structures, and most studies that account for the
pattern are only theoretical. This study aims at deepening the understanding
of pattern effects via a comprehensive experimental campaign focusing on
composites cylinders under radial compression. Ten winding patterns were
considered, from 1 to 10 units along the circumferential direction. Strength,
stiffness, absorbed energy and failure mechanisms were evaluated. The results
show that the pattern may have a strong influence on both maximum bearing
load and absorbed energy, whereas stiffness is less affected.

filament winding, radial compression, stiffness, winding pattern

fraction and low void content.%” Moreover, based on the wind-
ing angle and the superposition of layers, the designer controls
thickness, strength and stiffness of the structure.’

Several studies have been carried out on the mechani-
cal behavior of FW components. Zu et al." focused on
continuum theory and nongeodesic trajectories to opti-
mize shapes of pressure vessel domes, and later Zu et al.®
addressed the optimum design of pressure vessels for
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nongeodesic trajectories and achieved good agreement
with experimental results. Bai et al.” implemented a pro-
gressive damage model based on 3D Hashin failure mode
to analyze composite pressure vessels and found good
agreement between numerical and experimental results.
Almeida Jr. et al.” developed a damage model to predict
the mechanical response of FW tubes under external
pressure and radial compression'® and found very good
correlation between numerical and experimental results.
Raffie et al.'' performed a similar study but applied for
tubes under internal pressure, using Hashin's failure cri-
terion for both ply-discount method and continuum dam-
age mechanics approaches. And Eggers et al.'? analyzed
the influence of some FW parameters on the behavior of
rings subjected to radial and axial compression, and hoop
tensile loading, and reported dominant failure modes as
delamination, delamination with minor off-axis cracks,
fiber/matrix debonding with fiber breakage, respectively.

An inherent geometric parameter in FW is the pat-
tern formation due to the repetitive and regular winding
movements. The pattern is defined as an integer number
of diamond-shaped regions on the periphery of the man-
drel/liner in the circumferential direction. These shapes
are depicted in Figure 1. Inside any diamond, two trian-
gles divided by the inter-crossing region have either
[-al + a] or [+a/ — a], where « is the winding angle.
Locally, these laminate configurations - anti-symmetric -
may change the stress distribution, which may also mod-
ify the mechanical behavior of the component. The
number of tows required for a particular degree of cover-
age as well as the possible patterns that can be con-
structed are defined by solving a diophantine-like
equation.>*'* And, by setting the winding angle and the
cylinder radius, for instance, one may achieve different
degrees of coverage since a variable number of tows are
required to produce a particular pattern.

In spite of obtaining good agreement between experi-
mental and numerical results, none of the aforementioned

[~/ +q
[+a/ -d]
periodic

diamond-shape
form

FIGURE 1
stacking configuration of each side

Detail of the periodic diamond-shape form and
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reports have taken into account the pattern in their
approaches. Indeed, just a few reports in the literature
focus on the influence of the winding pattern on the
mechanical behavior of filament-wound components.
Among them, Rousseau et al.'* investigated the influence
of the degree of interweaving on the damage behavior of
glass/epoxy tubes for different loading cases. For tensile
tests and pure internal pressure, the pattern did not show a
significant effect, whereas for closed-end internal pressure
and weeping, the interweaving induced high concentration
of cracks close to the crossover regions. Morozov> numeri-
cally investigated the influence of winding pattern on thin-
walled tubes under internal pressure and concluded that
the stress fields in shells may be underestimated by a stress
analysis based on conventional mechanics of laminated
structures. Similarly, Mian and Rahman'® numerically
studied domes and concluded that the mosaic patterns
have a pronounced effect on the behavior of thin-walled
composite shells. Uddin et al.'® analyzed the stress field in
a flywheel for several pattern constructions and also con-
cluded that the stress level could be underestimated if the
approach is based on conventional mechanics of laminates.
Thus, the pattern may, indeed, influence the mechanical
response of thin-walled wound components,*® although it
is less important for thicker shells since the stretching-
twisting and bending-shear coupling effects are reduced.
As shown above, most investigations taking into
account the winding pattern are numerical studies, apart
from the work of Morozov,” who performed internal pres-
sure tests. In this context, this study presents a compre-
hensive investigation of the behavior of filament wound
composite cylinders manufactured with various patterns,
from 1 to 10 units (diamonds in the circumferential direc-
tion), under radial compression aiming at bringing greater
experimental evidence on the winding pattern effect.

2 | MANUFACTURING AND
TESTING

Towpregs from TCR Composites comprised of Toray
T700-12K-50C carbon fiber and UF3369 epoxy resin were
used. Design of the cylinders was carried out with
CADWIND FW software, with variable winding pattern,
D and a constant winding angle of 60°.

A stainless steel-based mandrel with a diameter, ¢, of
50.8 mm was used, and the geometric characteristics of
the produced samples are shown in Table 1. Length and
weight were measured and thickness was calculated con-
sidering a density of =1430 kg/m>. Density was deter-
mined using Archimedes approach (ASTM D792
standard), where the mass of a specimen is measured in
air and also when immersed in distilled water, allowing
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the calculation of density. The mean and standard devia-
tions values presented in Table 1 are the mean of 10 mea-
surements for each sample. The degree of coverage
parameter, d., is an output of the CADWIND software'’
and is calculated as follows:

b
dc_l—)100 [%)] (1)

where b and p are bandwidth and shift factor, respec-
tively. It was not possible to produce cylinders with the
same degree of coverage because this parameter varies
based on the defined winding pattern. Nevertheless, the
chosen d. values were as close as possible and not less
than 100%, that is, the mandrel is covered with tows with
the minimum possible overlap.

In this study, geodesic trajectories were chosen
instead of nongeodesic ones because some winding pat-
terns were not feasible via nongeodesic trajectory. For
the sake of clarity, although friction between the tow and
the mandrel is not considered in geodesic trajectories, a
preliminary investigation carried out did not indicate
slippage in winding simulations.

The cylinders were produced by dry filament winding
using a KUKA 140L100 robot. All cylinders were pro-
duced with the same towpreg tension and with the same
nominal winding angle throughout the sample. After
winding, a shrink tape was wound on the laminate to aid
compaction during curing and to minimize void forma-
tion. The system (mandrel and laminate) was taken to an
oven with air circulation at 105°C for 24 h for curing.
Then, the system was cooled down at room temperature,
and the mandrel was unscrewed to extract the composite
cylinder. A total of ten 1000-mm long cylinders were
manufactured, one for each winding pattern studied (the
turnaround zones, typical of filament winding, were cut
off). The cylinders were cut off in 100-mm long speci-
mens and the edges were polished to ensure parallelism.

Pn Degree of coverage (%) Length (mm) Weight (mm)
1 102.26 99.26 + 1.08 18.92 +£0.16
2 104.81 98.60 + 0.95 19.66 + 0.26
3 104.81 98.46 + 1.31 19.42 £ 0.26
4 109.80 98.38 + 0.70 20.36 + 0.31
5 112.48 98.28 + 1.37 20.62 + 0.25
6 104.81 98.78 + 1.49 19.42 + 0.22
7 120.15 98.68 + 0.81 19.32 + 0.13
8 112.48 99.74 + 0.88 22.50 + 0.17
9 125.26 99.42 + 1.37 20.90 + 0.18

10 104.81 98.34 + 1.02 23.04 +0.23

The cylinders were subjected to radial compression
following recommendations of ASTM D2412 standard for
parallel-plate loading of composite cylinders. The tests
have been performed in an Instron Universal testing
machine model 3382 at a crosshead speed of 5 mm/min,
using five cylinders for each winding pattern.

3 | RESULTS AND DISCUSSION
3.1 | Load X displacement curves—
characteristics

Figure 2A-J present the load x displacement curves for
D = 1 to py = 10, respectively. The curves present simi-
lar shape for each type of specimen, which indicates that
the compressive tests were successfully performed and
the samples have good repeatability.

Analysis of Figure 2 reveals that the compressive
response varies with the pattern, including the general
shape and the maximum supported load. This indicates
that the effect of the winding pattern should not be
neglected. Regarding the shape of the force x displace-
ment curves, one may classify the responses into three
groups. For p,. = 1, 2, 8, 10, three main regions are seen,
corresponding to quasi-linear, damage propagation and
residual failure. For p, = 5, 7, 9, the second region is
barely seen, and, for the other patterns (p,. = 3, 4, 6), only
some specimens display a damage propagation region.

Figure 3A-J show outer and inner surfaces of typical
specimens after testing, along with some details of the
failure. There are some differences in the outer failure
surface for the various patterns, but the inner surface
(the region located 90° from the center of the plate's load-
ing) is similar. Based on curved beam theory, maximum
bending stress (compressive) occurs at the inner surface
leading to catastrophic failure (see Figure 2). The notice-
able damage in the outer surface is a result of the loading

TABLE 1
characteristics of all specimens

Thickness (mm) Geometric

0.822 + 0.011
0.859 + 0.014
0.850 + 0.026
0.891 + 0.015
0.903 + 0.016
0.847 + 0.016
0.844 + 0.009
0.970 + 0.011
0.905 + 0.015
1.007 + 0.014
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FIGURE 2 Load x displacement curves for specimens with winding pattern of: A: 1/1; B: 2/1; C: 3/1; D: 4/1; E: 5/1; F: 6/1; G: 7/1; H:
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from the applied stress and the friction with the loading
plates, which helps explaining the lateral spread in some
patterns (eg, Figure 3E,F).

Further interpretation from the curves in Figures 2
and 3 can be drawn, as follows:

* py = 1 (Figure 2A): Compared to the other patterns,
the first failure is noticed earlier, and so is damage
propagation. The first identifiable failure occurs at
~550 N, but the cylinder kept supporting the load. The
first cracks appear in the contacts between the speci-
men and the loading plates and they propagate
towards the lateral of the cylinder. In general, these
initial cracks appear in the inner surface of the cylin-
der and they propagate towards the outer surface.
When the cracks start appearing at the lateral of the
cylinder, major failure are observed, indicated by the
maximum bearing load and subsequent large delami-
nation, with a load drop of ~20%, even though the
samples keep supporting some load up to 35 mm dis-
placement. These cylinders failed predominantly with
large transverse cracks due to high stress concentra-
tions on the side region of the cylinders.

e ps = 2 (Figure 2B): It can be noticed that the linear-
elastic region for this pattern is longer than for p,, = 1,
and the first failure is observed at ~800 N. After that,
damage progresses with large off-axis cracks. Ultimate
failure load occurs at a displacement level of ~15 mm.
Comparing to p, = 1, it appears that the major cracks
grow in the regular laminate areas. Thus, the inter-
crossing regions prevent the cracks to propagate,
acting as physical barriers, preventing faster crack
growing. Another evidence of the pattern effect is the
magnitude of the load drops prior to the ultimate fail-
ure, which are greater than those for p,, = 1. The fail-
ure mechanisms of this pattern were very similar
to pyr = 1.

« py = 3 (Figure 2C): These curves clearly have a more
linear-elastic behavior up to failure and very small load
drops prior to the maximum load, which suggest that
the cylinders did not present significant damage progres-
sion. Here again the cylinders failed by transverse com-
pression and delamination, even though the shape of the
curves suggests that minor off-axis cracks dominated
global failure. From a physical point of view, there are
twice as many inter-crossing areas in this pattern, but
the distance between them do not bring a barrier effect
to crack propagation. This means that global failure was
mostly governed by the laminate itself instead of the
inter-crossing areas. In this pattern, the off-axis cracks
propagated throughout the length of the cylinder
(Figure 3C), suggesting that the inter-crossing areas were
not very efficient in retarding crack propagation.

» py = 4 (Figure 2D): The curve shapes are similar to

those of p,. = 3, but the ultimate failure load is higher
and a “shoulder” is seen in all 5 specimens near
~1110 N. The load then slowly increased up to the
final failure. The global behavior can be associated to
the greater degree of coverage and thickness. Similarly
to p, = 3, failure was triggered at the inner surface
followed by a large longitudinal transverse crack
which dominated final failure.

* py = 5 (Figure 2E): This winding pattern showed the

most linear-elastic characteristic, and all samples failed
in a more brittle manner, with no clear damage progres-
sion. Also, the maximum supported load is the highest
so far, which implies that this degree of interweaving is
efficient in preventing failure initiation. Although the
failure mechanisms observed in Figure 3E are not very
different from the other patterns, the cracks only
appeared near the final failure in this case.

» py = 6 (Figure 2F): The load x displacement curves for

this pattern are similar to those for p,. = 4, that is, the
curve is slightly nonlinear throughout the loading his-
tory, with a brittle failure. Differently from p,, = 2, sev-
eral minor cracks along the cylinder were not
observed. After a displacement of about 15 mm, the
cylinder starts losing stiffness, which can be attributed
to its large lateral displacement. The final failure was
governed by a “zig-zag like” failure, where the cracks
grew along the angle-ply fiber direction on the side
region of the cylinder.

» p, = 7 (Figure 2G): This pattern shows a very particu-

lar behavior since the samples gain stiffness up to
~8 mm, and then progressively lose it until several
minor load drops appear. However, it is important to
mention that this pattern has a degree of coverage of
120.15%, which favors ultimate load increase. In these
specimens, the major cracks did not take place exactly
on the side of the cylinder, instead they appeared
between the side and the bottom of the cylinder
(in contact with the compressive plate), justifying the
“slenderness” shape of the load x displacement curve
before failure initiation. In this case, the cracks propa-
gated transversely along the length of the cylinder.

+ p, = 8 (Figure 2H): There is not much difference among

the patterns 8-10. Thus, for such small sized diamond
units, the mechanical response of the cylinders is less
dependent on their winding patterns. This range of pat-
terns can also lead to undesired manufacturing defects
or deviations from the programmed winding path, such
as gaps, overlaps and fiber misalignment. The load evo-
lves linearly up to ~8 mm followed by an increase in cyl-
inder stiffness, which has a positive effect on the overall
response, where loads close to 1600 N are reached, with
less material than p, = 7, for instance. Their failure
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(A)

(E)

FIGURE 3 Fractured specimens with winding pattern of: A: 1/1; B: 2/1; C: 3/1; D: 4/1; E: 5/1; F: 6/1; G: 7/1; H: 8/1; 1: 9/1; and J: 10/1

[Color figure can be viewed at wileyonlinelibrary.com]

mechanism also follows the theory of curved beams,
where failure tends to initiate on the side region of the
curved beam.

o py =9 (Figure 2I): This pattern yielded a very similar
behavior to p,, = 5 and p, = 7, but supporting higher
loads. A slight difference is observed close to ultimate
failure, where several minor load drops are identified

and attributed to transverse cracks around the cylin-
der. This pattern favors a linear-elastic behavior
followed by sudden failure at high load levels, with a
major crack propagating outwards in the whole length
of the cylinder.

+ py = 10 (Figure 2J): Similarly to p,. = 8, stiffening is

observed after a displacement of ~10 mm, with a
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positive effect on maximum load. Perhaps the great
number of small units may prevent delamination and
crack propagation of transverse cracks along the cylin-
der and, hence, enhance the load-carrying ability of
this winding pattern. And the damage mechanism was
almost the same of p, = 9.

It is worth noticing that crack propagation does not
follow a “straight” line, which would be expected for iso-
tropic materials. In both internal and external surfaces,
crack propagates parallel to the boundaries of the tows or
perpendicular to it (inside a particular tow). For that rea-
son, the propagation of the crack has a “zig-zag” shape,
which is best observed at the internal surface (details in
Figure 3).

3.2 | Stiffness

As shown in Table 1, length and thickness varied with
the pattern, and can therefore mislead the findings
related to cylinder stiffness. In order to more suitably
compare the results, a correction factor based on these
parameters is proposed here. Using an analytical
approach for the stiffness of rings under parallel plate
compression, as presented in ref. [18], a correction factor,
k, is calculated by

ok 87lA
k=—= - 2)
E ™ (n2=8)Ar + n?Ir
where,
Lt
A=LI=— r=ri+t (3)

and L, t and r; correspond to length, thickness, and inner
radius (mandrel radius), respectively; I and A stand for
cylinder wall cross-section moment of inertia and area,
respectively. E is the Young modulus and it is included in
the correction function since the material influence is
expected to be the same for all specimens (same material
and winding angle). Equation (2) is based on the assump-
tion that thickness is much smaller than radius (mini-
mum value of ~4% in this study) and the contact angle
between plate and cylinder is small. The calculated k
values for each pattern are shown in Table 2.

P 1 2 3 4 5 6 7
k 3.589
sk 0.150

4.063
0.197

3.931
0.221

4.516
0.224

4.694
0.259

3.907
0.221

3.856
0.123

Stiffness is defined as the slope of the secant line that
crosses the points (u(1), f{1)) and (u(2), f2)), for each
force x displacement curve. In order to minimize the
influence of local data fluctuations, these points are also
interpolated by the closest points of u = 0.95 and
u = 1.05 mm for (u(1), (1)) as well as u = 1.95 mm and
u = 2.05 mm for (u(2), f(2)). That is, the slope, k, is
obtained from

S oy =) =f() (4)

Figure 4 presents both average and weighted values
of stiffness. When analyzing Figure 4B, one should focus
on the variation in values with respect to the pattern,
instead of the values themselves. When weighted, stiff-
ness varies only slightly, within the deviation, that is, the
filament wound tubes of all patterns exhibit similar stiff-
ness. This could be expected since material, fiber orienta-
tion, mass and geometric parameters are comparable
(after the correction). Interestingly, p, = 1 and p, = 8
have the lowest and highest stiffnesses, respectively.
These variations may be related to the degree of coverage
(which is the lowest for p,. = 1), and also partly justifies
the largest stiffness of p,. = 8.

In order to statistically evaluate this hypothesis, the
t test was applied to the weighted stiffness results for the
various patterns. The achieved P-values are shown in
Table 3, where black and red numbers define P values
>.05 and <.05, respectively. It is noticeable that p, = 8
has a corrected stiffness statistically different from all
other patterns, whereas p, = 1 is similar to four other
patterns. Moreover, the P values for p,, = {23456 79 10}
are large (>0.1) in most cases, that is, the t-tests suggest
that the corrected stiffnesses are similar for these
patterns.

3.3 |
failure

Maximum load and energy to

Another important parameter that can be analyzed from
the curves in Figure 2 is the maximum load supported by
the specimens, which have been compiled in Figure 5.
No correlation factor has been analyzed for this parame-
ter since distinct failure mechanisms take place together,
as discussed before.

TABLE 2 Values of k for each

8 9 10 .

pattern (6k is the propagated SD)
5.875 4.775 6.461
0.206 0.236  0.277
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It is clearly noticeable that maximum load differs
between patterns. However, no clear trend could be iden-
tified. For example, patterns with 5, 9, and 10 units

|

FIGURE 4 Average stiffness, A, and average weighted
stiffness, B, for all specimens

TABLE 3 T -test for the corrected 1 5
stiffness 1 1.000 0.008
2 1.000
3
4
5
6
7
8
9
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resisted approximately 100% more load then p,, = 1, with
a slightly large mass, whereas p,. = 4 has almost the same
dimensions and mass of p,, = 5 but resisted ~28% less.
Nevertheless, one may notice that the patterns with
smaller regions of damage propagation previous to the
major load drop (failure) yield higher final loads.

The absorbed energy to failure, based on the area of
the force x displacement curves from the origin to the
displacement at the first major load drop, was also ana-
lyzed. The trapezoidal rule is used to find the area under
the curves and the energy is divided by the volume of the
cylinders in order to compare the different patterns in an
equal basis (specific energy—Figure 6). The patterns can
be divided into three groups concerning the amount of
absorbed energy to failure: p,. = {5, 7, 9, 10} > p,, = {4,
6,8} > p, =11, 2, 3}.

COMPOSITES

4 | CONCLUSION

This study investigated the influence of the winding pat-
tern on the response of cylinders under radial compres-
sion. The studied patterns varied from 1-unit to 10-units,
but the winding angle was kept constant (60°).

From the load x displacement curves, a clear differ-
ence on the mechanical response of the specimens with
different patterns was observed, where patterns p, = 1,
P = 2, and p,, = 6 yielded progressive damage followed
by delamination, and patterns p,. = 5, p;, = 7, and p;, = 9
failed in a brittle manner, with failure governed by trans-
verse cracks on the side of the cylinders. The other pat-
terns presented more complex failure mechanisms, what
might be related to manufacturing characteristics, such
as voids and resin pockets. A correction factor was pro-
posed to normalize stiffness of the cylinders to take into
account their distinct dimensions. Results of ¢ tests indi-
cated that corrected stiffness is similar for all patterns,
except for p,, = 1 and p, = 8. Maximum load and energy

3 4 5 6 7 8 9 10
0.206  0.025 0.209 0.061 0.090 0.000 0.048 0.017
0.093 0.434 0.058 0407 0.075 0.009 0.191 0.444
1.000 0276 0901 0419 0.821 0.001 0.507 0.230
1.000 0.194 0.867 0.279 0.002 0.580 0.945
1.000 0.334 0.688 0.000 0.388 0.152
1.000 0.465 0.005 0.769 0.816
1.000 0.000 0.574 0.217
1.000 0.001 0.002
1.000 0.507
1.000
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FIGURE 6 Absorbed energy for all studied cylinders

to failure presented more prominent differences among
the patterns, and those patterns that displayed cata-
strophic failure (p,=5, 7, 9, 10) without noticeable
damage progression tended to absorb more energy at
break.

In all, stiffness did not significantly change among the
patterns, whereas the shape of load x displacement curves,
the maximum supported load and energy at break were
dependent on the pattern. Thus, the pattern can indeed
affect the compressive response of filament wound struc-
tures and its influence should not be disregarded.
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