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ARTICLE INFO ABSTRACT
Keywords: This work aims to assess the effect of hygrothermal ageing on the Mode-I fracture toughness
Fracture toughness behaviour of glass/epoxy and carbon/epoxy composites manufactured by filament winding.

Hygrothermal ageing
Curved structures
Filament winding

Cylinders (136 mm in diameter) are manufactured using various winding angles (+0°, +15°,
+30° and + 45°), and the specimens are aged in water at room temperature and 70 °C. Water
uptake was monitored until equilibrium, which varies with the material, temperature, and
winding angle, being the highest for the + 45° sample, reaching 1.10 % for glass/epoxy and 1.74
% for carbon/epoxy at room temperature, and 1.30 % and 2.95 % at 70 °C. These results are
related to the void content, which is 3.20 % and 3.41 %, respectively. Glass/epoxy composites
show superior performance in terms of peak load and strain energy release rate, but carbon/epoxy
shows higher fracture toughness for the same winding angle and ageing. Specimens aged at room
temperature are less prone to delamination than those at 70 °C. In addition, aged samples at room
temperature show higher peak force and strain energy release rates compared to non-aged
composites, which is attributed to matrix plasticisation. Samples aged in hot water have poorer
behaviour compared to those non-aged or aged at room temperature. The curved double canti-
lever beam (CDCB) samples have more complex fracture mechanisms compared to flat samples,
attributed to their curvature and difficulty in keeping symmetry throughout the test.

1. Introduction

Filament winding is a widely used technique for producing composite pressure vessels for gas storage and transportation [1]. The
introduction of composite materials as the primary material in the gas storage sector has enabled the transition from Type I pressure
vessels, typically used in compressed natural gas (CNG) storage applications, to Type IV, more suitable for hydrogen [2]. As a
manufacturing process, it consists of depositing reinforcing tows onto a rotating mandrel (or liner), creating interlaced layers of
composites [3,4], and providing a certain level of automation and adaptability to manufacturing parameters.

Since failure of filament-wound composite structures is critical for safety/reliability reasons, many studies were published on
investigating the effect of process parameters on the development of defects as well as on the performance of tubes or pressure vessels
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[3,5,6]. These works mostly focus on the identification of manufacturing defects, the development of accurate numerical tools for
predicting the effect of fabrication on performance, or the experimental assessment of the performance of these structures. Related to
the former, non-invasive evaluation methods for detecting phenomena such as fibre undulation [5], voids [3,6] or deviation of the
winding angle from the desired value [3] can be found. As for the development of numerical models, the effect of cylinders loaded
under axial compression, torsion and internal pressure was numerically assessed by de Menezes et al. [7], who predicted the effect of
local stress concentration on the overall performance of composite cylinders considering the winding pattern formed during the
winding process [8]. Chang et al. [9] numerically evaluated the effect of the winding pattern on the strength of multi-axially loaded
filament-wound cylinders, and Uddin et al. [10] performed simulations to evaluate the strength of filament-wound flywheel disks.

A critical aspect of the simulation is the accurate validation of models based on case-specific mechanical tests, or the assessment of
mechanical or structural characteristics of filament-wound structures. Indeed, an increasing number of works are dedicated to the
experimental characterisation of these structures, such as axial compression of hollow cylinders [11] or both radial compressive and
tensile tests using rings cut from filament-wound tubes [12].

A particularly interesting testing category is to assess interlayer fracture toughness. In the case of filament-wound structures, the
curved double-cantilever beam (CDCB) geometry has been reported in a growing yet small number of works. The use of curved
specimens may introduce mixed mode stresses on the crack tip when coupled with asymmetric configurations. Therefore, the initiation
and propagation of cracks may vary compared to flat structures.

The CDCB sample was introduced by Foral [13] and applied to thermoplastic filament-wound structures by Lauke and Friedrich
[14] who further discussed its effectiveness. More recently, Ozdil et al. [15] characterised interlaminar crack growth in a curved
sample extracted in the longitudinal direction from a [+30];, glass/epoxy filament-wound cylinder. Whereas Perillo and Echtermeyer
[16,17] reported more reliable measurements of Mode-I fracture toughness for glass fibre/epoxy filament-wound structures using
transversally extracted curved samples. Furthermore, Rased and Yoon [18] and Taylor et al. [19] reported that the curvature of the
samples is acceptable if the specimens mimicked the lay-up of the equivalent filament-wound structure.

Another noteworthy aspect of these structures concerns the effect of in-service environmental conditions. More precisely, the
combination of humidity and thermal cycles may cause the so-called hygrothermal ageing of the structure. Indeed, moisture ab-
sorption combined with thermal cycles may severely damage the composite structure. In the work of Ray [20], the moisture uptake in
carbon and glass/epoxy fibre composites has been found to lead to fibre damage and matrix degradation. Taking this into consider-
ation, Krishnan et al. [21] studied the effect of hygrothermal ageing on the multi-axial load-bearing capacity of [+55]4 glass/epoxy
wound cylinders and showed that fibre/matrix debonding may cause premature failure. Similar observations were reported by Itriah
et al. [22] who found a decrease in axial compressive strength of glass fibre/epoxy wound tubes. Also, the decrease in burst strength
after the impact of hygrothermally aged [+55]¢ glass/epoxy tubes was presented by Hawa et al. [23]. Nevertheless, the hygrothermal
effect on the interlayer fracture behaviour of filament-wound structures is yet to be studied.

In this work, the effect of the hygrothermal ageing on the Mode-I fracture toughness of both glass and carbon fibre/epoxy filament-
wound composites is studied using curved DCB (CDCB) specimens and following established testing standards, for winding strategies
ranging from hoop (+90°) to helicoidal (+45°). In addition, the combined moisture-temperature effect on the toughness of the curved
structures was investigated using water at room temperature and 70 °C.

2. Experimental details
2.1. Materials

The composite cylinders are manufactured using either towpregs of carbon fibre (T700SC-12 K-50C) or glass fibre (158B-AB-450),
both from Toray (Tokyo, Japan). The epoxy resin is the UF3369-100 for both towpreg systems, from TCR Composites (Ogden, USA).
The fibre volume fraction is ~60 % in both systems.

A cylindrical stainless-steel mandrel (diameter: 136 mm; length: 300 mm) was used. A liquid epoxy mould release agent Loctite®
Frekote 770-NC was applied to the mandrel to assist in the cylinder removal. A PTFE tape (63 mm wide, 13 pm thick) from Anay has
been used to introduce the pre-crack. In a typical DCB test, the load may be applied throughout a pair of load blocks or piano hinges
[20-26]. In this work, the ending/load blocks were chosen since they can be more easily implemented in the curved sample. These
blocks are made of AISI 1020 and one of the surfaces is machined to match the curvature of the mandrel. An epoxy-based structural
adhesive (HAI) was used to bond the specimen to the blocks.

2.2. Manufacturing

The cylinders are manufactured via a dry filament winding process. The design and winding path of the cylinders are made using
the CADWIND software [27] model V10. The bandwidth of the carbon/epoxy and glass/epoxy towpregs are 2.3 and 2.1 mm,
respectively. Despite the different bandwidths, both laminates are manufactured with a similar degree of coverage (c.a. 100 %). A
KUKA robot with 7 degrees of freedom and an angle tolerance of 0.1° with peripherical devices from MFTECH has been used to wind
the towpregs onto the abovementioned mandrel.

One family of samples was made using a hoop trajectory (+90°), and three other families with non-geodesic helicoidal trajectories
at angles of + 75°, +60° and + 45°, with a winding pattern of 1/1. The process parameters are carefully selected to obtain comparable
samples, so that fibre angle is the only noticeable variable. It is worth mentioning that the axial direction of the cylinder is offset by 90°
in comparison to the sample mounted in the DCB rig. Therefore, the fibre angle in the cylinders wound at + 90°, +75°, £60° and + 45°
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Fig. 1. (a) Use of the PTFE film during winding, (b) fibre angle illustration, and (c) specimen glued to the ending blocks for the CDCB test.

are hereafter referred to as + 0°, £15°, £30° and + 45°, respectively. This way, the transverse-like CDCB specimen could a be
reasonably pure Mode-I crack opening [27]. Fig. 1(a) shows the insertion of the PTFE film during the manufacturing at the neutral axis
of the laminate, while Fig. 1(b) illustrates the angle difference comparing manufacturing and testing.

After winding, the sample/mandrel system is placed in an oven for 4 h at 120 °C for curing, and the cylinder is later extracted from
the mandrel. A diamond saw is used to cut the specimens for testing (width: 25 mm, length: 125 mm). Some samples are analysed in a
Carl Zeiss optical microscope to quantify void, fibre, and resin volume fractions, assuming that these samples are representative of the
structure.

2.3. Hygrothermal ageing

Hygrothermal ageing is carried out on some samples prior to the CDCB tests. For that, the edges of the samples are sealed with
polyester resin to prevent water uptake through the thickness. Then, the samples are immersed in a water bath at room temperature
(23 °C) or at 70 °C for 66 days. Eight samples of each family are used, totalling 64 for each material system.

The entire procedure follows the recommendations of the ASTM D5229-20 standard. The mass of the samples is measured peri-
odically, and water absorption is calculated as:

(Mw - Md)

d

M(%) = x 100 (€}

where M,, and My are the wet and dry masses, respectively.
The diffusion mechanism and moisture absorption are studied based on Fick’s law [28,29], as follows:
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where M is water uptake at a particular time t, M, is the mass at a quasi-equilibrium state, D is the diffusion coefficient, and h is the
sample thickness. The diffusion coefficient D is calculated from the absorption curve, as follows:

hN\* /M, — M)\
4M ., t; .
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2.4. CDCB tests

The CDCB tests are carried out following the recommendations of the ASTM D5528/5528 M—21 standard. Although this standard
focuses on flat samples, this is the closest standard available as a guide to these tests. The lateral surfaces of the samples are painted
white to monitor crack growth, and the ending blocks (radius of 68 mm) are attached to the sample with the adhesive. The ending
blocks + specimen system (Fig. 2) is then attached to an Instron (model 3382) Universal Testing Machine with a 100 N load cell.
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Fig. 2. Illustration of the testing rig.

The CDCB test (Fig. 2) is performed in two steps. Firstly, the pre-crack grows up to 2-5 mm to remove eventual resin pockets or
other defects that arise from the PTFE tape insertion at the crack front, for more reliable results. The system is then fully unloaded until
zero displacement with a constant crosshead displacement of 8 mm/min. After that, the actual test takes place with a crosshead speed
of 1 mm/min, which corresponds to the lowest suggested by the referred standard. The crack tip is monitored with a digital microscope
(maximum zoom of 1600 x ) for correlating applied load, crosshead displacement and crack extension. The definition of the crack
initiation point is conducted using the VIS point technique. In general, such a load-displacement curve is composed of a quasi-linear
part that corresponds to the crack initiation when the load reaches the peak value and a crack propagation region after that. The load
smoothly decreases in the case of stable crack propagation. Nevertheless, a potentially unstable crack propagation may cause a sudden
load drop. As mentioned, the crack extension is monitored visually and correlated to the load applied by the testing machine and the
related displacement at every 5 mm of crack extension.

Once the test is concluded, the strain energy release rate (Gp) is calculated through the modified beam theory:

3P6

G:%m+m)

(€))

where P is the force, & is the displacement, b is the width of the sample, a is the crack length, and |A| is calculated through the
interception point between the compliance C* — crack length a curve and the axis of the crack length. The compliance is defined as:

C=5 G))

3. Results
3.1. Hygrothermal ageing and void analyses

The water uptake of the composite structures is closely related to the voids, which can be seen as resin air pockets. In Fig. 3, the
mean and standard deviation values of void content for all specimens are presented. The lowest void content was found for the hoop
wound samples and the highest for the + 45° winding angle, perhaps due to the lower tow tensioning during winding. Besides, the
standard deviation generally increases from + 0° to + 45°, especially for glass/epoxy, indicating more heterogeneous samples.

In Fig. 4, a comparison between experimental values of water absorption for both glass and carbon/epoxy composites and the Fick’s
law prediction is presented. The agreement is very good, especially for glass/epoxy in both temperatures. For the carbon/epoxy, the
experimental values were found to be slightly above the theoretical ones for room temperature ageing and higher angles (+£30° and +
45° respectively). At room temperature, both composites demonstrate similar water uptake, while the carbon/epoxy samples appear to
be more prone to absorption at a higher temperature, reaching up to 3 %, which is almost double that of the glass/epoxy.
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Fig. 4. Experimental results and theoretical predictions of water uptake for glass/epoxy at (a) 23 °C and at (b) 70 °C (b); and for carbon/epoxy at (c)
23 °C and at (d) 70 °C.

3.2. Fracture toughness of CDCB samples

The load-displacement (I-d) curves of all samples are presented in Fig. 5, for glass/epoxy, and in Fig. 6 for carbon/epoxy. The

curves are organised based on fibre angle (columns) and type of ageing (rows). For the glass/epoxy samples (Fig. 5), the following
considerations can be made:

e The composites wound at 0° have the lowest variation among all families. The structures wound at + 15° and + 45° have lower
variation at the linear portion of the curves. The + 30° samples have the highest variation in the elastic portion of the curve,
attributed to an unfavourable fibre arrangement for this angle. The composites wound at + 0° have brittle behaviour, and the
others show a more ductile behaviour;

e The I-d curves suggest that the higher the fibre angle, the less stable is the crack propagation. The crack growth is very stable for the
+ 0° samples, regardless of the ageing. Very unstable crack propagation is observed for the + 30° samples, again due to the
variation in stiffness, and the unfavourable helicoidal winding angle that prevents the crack from growing smoothly. The higher the
fibre angle, the higher the peak load, since the fracture energy is highly dependent on the alignment of the fibres with the applied
load;

o The different types of ageing do not significantly affect the shape of the curves. In general, hygrothermal ageing at room tem-
perature does not significantly affect the peak load and shape of the curves. However, the ageing at 70 °C affects the composites in
such a way that the peak load decreases for all fibre angles. Despite that, crack propagation is more stable for all fibre angles,

especially for the specimens wound at + 30°, which are very unstable when non-aged or aged at room temperature; and
¢ In general, the ageing at 70 °C yields more stable crack propagation in all samples.

The same observations can be generally applied for the carbon/epoxy composites, but they have a less ductile behaviour, especially
those wound at &+ 0°, compared to glass/epoxy, regardless of the ageing, and the peak loads are slightly higher. Interestingly, crack
propagation for the carbon fibre composites is also more stable after ageing in hot water.

The R-curves (energy release rate vs. crack length extension) of all glass/epoxy samples are presented in Fig. 7, and those of carbon/
epoxy are presented in Fig. 8. For the glass/epoxy composites the following observations can be made:
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Fig. 8. The R-curves for all studied carbon/epoxy composites.

e Since the R-curves are strongly related to the load-displacement curves, the samples wound at 4+ 0° show the lowest variation in
fracture toughness along the crack extension, i.e., the resistance to crack opening is more constant;

e The specimens wound at + 15° show, in general, flat R-curves, but with higher variability than those wound at + 0°;

e The samples wound at + 30° non-aged and aged at room temperature present rising R-curves, and the samples wound at + 45° are
the only ones showing falling R-curves;
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o As expected from the 1-d curves, the R-curves indicate a more stable crack propagation for all fibre angles after ageing. And a more
steady-state crack propagation is observed for those aged in hot water;

e Ageing at room temperature does not significantly affect energy release rate, but it heavily drops for the samples subjected to hot
water ageing; and

e The shape of the R-curves does not change comparing non-aged and aged at room temperature composites. The non-aged and aged
at room temperature samples wound at + 0°, £15° and + 30° have rising R-curves. The R-curves for samples wound at + 0° and +
15° become flat when aged in hot water, whereas that for + 30° goes from raising to falling. In addition, the shape of the R-curve for
the specimens at 4+ 45° changes from falling to flat when going from non-aged to aged at room temperature and in hot water, which
is very indicative of a material plasticisation phenomenon. Both the non-aged and the room-temperature aged samples demonstrate
a fragile fracture behaviour with lower G; values of crack propagation while the hot water-aged ones demonstrate more plastic
behaviour, requiring more energy for crack propagation compared to initiation.

Fig. 8 presents the R-curves for the carbon/epoxy composites. Overall, the variation in G; over the crack length is higher than those
or the glass/epoxy composites. Besides:

e The variation in G; along the crack length is the lowest for the samples wound at + 0°, as expected. However, the samples at + 15°
show the highest variation, which decreases with increasing the fibre angle;

e The samples wound at + 0° have stable crack growth in all cases, which does not occur especially for the + 15° and + 30° samples.
Nonetheless, crack propagation is quite stable for all samples after ageing in hot water;

e The G; values over the crack length decrease with increasing fibre angle, as expected, but these values are similar for samples
wound at + 0° and + 15°. Then, they decrease for the other two fibre angles. This occurs regardless of the ageing;

e The samples wound at + 0° have rising R-curves regardless of the ageing, the samples wound at + 15° and + 30° have rising R-
curves for non-aged and aged at room temperature and flat R-curves for aged in hot water, whilst all + 45° specimens have
reasonably flat R-curves. Overall, the effect of the hot water ageing is evident for all winding angles, decreasing G; for both crack
initiation and propagation compared to the other samples, but with less variation between them; and

e The variation in G; over the crack length decreases with the severity in ageing, similarly to glass/epoxy composites. Nevertheless,
the decrease in Gy is lower for the samples aged in hot water compared to those non-aged or aged at room temperature.

4. Discussion

Based on the results presented, some comments could be made about the effectiveness of the curved samples in capturing the Mode-
I fracture behaviour of filament-wound structures. In the case of CDCB specimens, the energy release values related to crack extension
are higher than those related to the initiation, which indicates a not purely Mode-I crack opening, especially for samples with hoop
(£0°) or low winding angles. In fact, considering that the composite structure is composed of interlaced tows, the micro-structure itself
leads to the fibre bridging phenomenon, that is, fibre bundles connect the upper and lower parts of the fractured specimen, with a
direct effect on the outcome of the test, as observed in past works [30-32].

To characterise fracture behaviour and crack propagation, representative images are taken during testing, shown in Fig. 9 for non-
aged, Fig. 10 for aged at room temperature, and Fig. 11 for aged in hot water samples. Fibre bridging is observed in almost all cases,
strongly contributing to the increased values of load for a given crack length. Another important aspect is the crack evolution plane,
which may be considered stable in the case of hoop wound samples. In the other cases, crack extension was found to be locally un-
stable, which also reflects in the I-d curves (Fig. 5 and Fig. 6). In addition, the higher energy release rate values for crack propagation
may be attributed to the crack extending to adjacent layers, as seen in Fig. 10.

As reported in other works in the field [30,32], there can be several failure modes coexisting in a specimen subjected to Mode-I
crack opening. The development of a secondary crack is among the most common mechanisms, as observed in Fig. 9, combined
with crack deflection to adjacent layers. Since the energy dissipation becomes greater, it may increase the energy release rate values
related to crack propagation. In addition, when a crack jumps from the midplane to an adjacent layer, the system loses its symmetry
and the thickness differs in the sides of the specimen thus deflecting it in an unbalanced manner, and hence affecting purity of the
Mode-I crack propagation, as observed in some cases in both I-d and R-curves (e.g., rising R-curves). This may be noticed for the + 15°,
+30° and + 45° samples in both Fig. 10 and Fig. 11. This phenomenon is commonly observed in flat samples, and magnified for curved
samples. The quite high intrinsic curvature of the samples herein studied, add significant complexity to the test. These observations are
interesting, especially because curved filament-wound samples are poorly explored in the literature.

Fig. 12 presents a compilation of the Gj¢ values for all composites, calculated at a crack length of 60 mm, corresponding to a crack
extension of 5 mm. For the glass/epoxy composites:

e The Gjc does not decrease with the increase in fibre angle and shows different trends with ageing. For instance, for non-aged
samples, the Gic decreases from + 0° to + 15°, then increases for + 30°, and decreases for + 45°, which has the lowest Gic
value. This is attributed to the variation in the fracture plane of the samples, which leads to different fracture mechanisms. If all
samples failed under pure Mode-1, the Gi¢ values should decrease with the increase in fibre angle due to the higher offset in relation
to the direction of the applied load; and

e The decrease in Gy values as an effect of ageing at room temperature is evident for + 30° and + 45°. Another general observation is
that the closer the fibre angle to hoop orientation, the lower the impact of this milder ageing. On the contrary, when samples are
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Fig. 10. Images of CDCB testing of samples aged in water at room temperature.
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Fig. 11. Images of CDCB testing of samples aged in water at 70 °C.

subjected to ageing at 70 °C, the decrease in critical energy release values is far more significant. It should also be noted the higher
standard deviation for the non-aged and room-temperature aged samples.

For the carbon/epoxy composites, the following considerations can be made:

e The average values of critical energy release rate are slightly lower compared to glass/epoxy composites, especially for aged hoop
samples;

e Here again, the Gy¢ values are not decreasing for higher winding angle. Instead, there is a slight increase from + 0° to + 15°,
followed by a decrease, along with a high standard deviation; and

e The WRT samples aged at room temperature show higher values compared to NA ones for hoop specimens. While NA samples
display the highest Gi¢ values when wound at + 15°, the WRT samples have similar critical energy levels. A similar trend is also
seen for the HW samples. Nonetheless, the higher temperature aged samples show lower overall G¢ values.

The failure mechanisms reported in this experimental work can be found in larger structures under loads that open cracks in
laminated composites following the Mode-I characteristic, i.e., crack opening or tensile forces acting perpendicular to the plane of the
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crack. The parameters determined and discussed here are essential for designing composite structures that can withstand loading
conditions and avoid catastrophic failure in applications ranging from aerospace components to civil engineering structures. Examples
can be found in Zimmermann and Wang [32], who reviewed failure modes in aircraft composite structures, Grbovi¢ et al. [33] who
evaluated the fracture characteristics of composite materials in aircraft engines, Savage et al. [34] who analyzed fracture of carbon
fibre composites for energy absorbing structures, and also in Alderliesten [35], who reviewed usual approaches to assess fatigue and
fracture in composite structures. Antunes et al. [36] analysed curing and seawater ageing effects on the mechanical behaviour of glass/
epoxy filament wound cylinders under tension and compression.

5. Conclusion

This paper proposed a methodology to assess Mode-I fracture toughness of composite cylinders using curved double cantilever
beam (CDCB) samples. Due to the lack of a dedicated standard, the experimental procedure was based on the established standard for
Mode-I crack opening of flat composite samples. Glass/epoxy and carbon/epoxy filament-wound composites were evaluated. A further
novelty involves experimentally determining the effect of ageing in room temperature or hot water on fracture toughness and critical
energy release rate of these curved composites. This may aid the development of computational models that use these properties as
input.

Comparably, the curved samples are more prone to show a combination of failure modes, such as parallel crack opening, crack
progressing to adjacent layers and intense fibre bridging. Due to that, higher energy dissipation values for crack propagation were
obtained, especially for non-hoop fibre-oriented specimens. Despite the challenging experimental test setup, the CDCB sample is
effective in capturing fracture toughness and crack opening while the sample is subjected to Mode-I crack opening if the conditions
allow the fracture to follow a controlled path.

The following conclusions can be drawn:

- The Gy¢ values of glass/epoxy non-aged (NA) samples follow a different trend compared to carbon/epoxy ones when the winding
angle increases. For carbon/epoxy, the increase in the angle from + 0° to 4 15° increases critical energy release rate, followed by a
decrease for higher angle (+30°), with a Gy¢ similar to hoop-oriented samples;

- Less fibre bridging was observed for hygrothermally aged samples, especially those aged at a higher temperature. For both, glass
and carbon composites, water absorption is expected to affect the matrix, leading to lower energy release rate values during crack
propagation;

- The water uptake is strongly related to the void content. For both carbon and glass samples, the lowest values of both critical and
propagation energy release rates were obtained for the samples wound at + 45°. The combination of winding angle and void
content of these samples magnifies the detrimental effects of ageing in harsh environments;

- Hoop-wound composite samples subjected to room temperature ageing have higher critical energy release rate values compared to
the other angles Based on the more stable crack opening, the &= 0° samples are less affected by moisture, showing also slightly
higher Gj¢ values compared to & 30° and + 45° samples. In general, the higher the winding angle, the more intense the effect of
hygrothermal ageing at room temperature; and

- For both materials, the decrease in fracture toughness is more intense when aged in hot water. The high temperature enhances all
fracture mechanisms related to the degradation of the matrix, the fibre/matrix interface and the interlaminar region, substantially
decreasing fracture toughness as well as the critical and propagated energy release rate values.

A limitation in this study pertains to the impossibility of manufacturing cylinders at angles lower than + 45°, thus preventing

determining the toughness characteristics for samples with fibre angles between + 45°- £90°. Another limitation is regarding the
unstable crack propagation for some samples attributed to the complex sample geometry.
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