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Abstract

Filament-wound fiber-reinforced polymer (FRP) composites are widely used in pressure vessels and tubular structures;
however, their interlaminar fracture behavior remains insufficiently understood. This study investigates the fracture
toughness of helically wound carbon fiber-reinforced polymer (CFRP) laminates under mode I, mode II, and mixed-mode
loading using DCB, ENF, and MMB tests. The results showed that the fracture behavior was strongly influenced by the
fiber orientation, fiber cross-over regions, and void content in the composite structure. Fiber interlacing increased the
resistance to crack propagation by forcing the crack front to follow a more complex path, while an increased void content
reduced the local fracture resistance and promoted crack growth. The mixed-mode tests indicated that the fracture re-
sistance grew with the contribution of mode I loading. The findings demonstrate that the wound laminate structure plays

a key role in delamination development and should be considered in the design of filament-wound composite structures.

Keywords: filament winding, interlaminar fracture toughness, delamination, carbon fiber-reinforced polymer (CFRP),

mixed-mode fracture

1. Introduction

Fiber-reinforced polymer (FRP) composites have become key structural materials due to their high spe-
cific stiffness and strength, corrosion resistance, and the possibility of tailoring mechanical performance
through fiber orientation and manufacturing technology. They are increasingly used in load-bearing compo-

nents of transport systems [1], [2], [3], including pressure vessels [4], [5], pipelines [6], [7], drive shafts,
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structural shells, and lightweight elements in automotive [8], [9], [10], railway, marine, and aerospace [11]

applications.

Among the available manufacturing techniques, filament winding is particularly attractive, as it enables
the highly automated production of axisymmetric and quasi-axisymmetric structures with controlled fiber
placement [5], [7], [12]. Components manufactured using this process are typically subjected to complex ser-
vice loading conditions combining axial, hoop, torsional, and bending loads [13], [14]. As a result, their struc-
tural integrity depends not only on in-plane properties but also on the resistance to interlaminar damage. De-
fects leading to premature delamination may originate from manufacturing imperfections, such as microcracks
or voids, as well as from in-service damage, which is particularly critical in transport applications [15], [16],
[17].

Interlaminar fracture toughness is commonly evaluated using standardized methods such as the double
cantilever beam (DCB), end-notched flexure (ENF), and mixed-mode bending (MMB) tests. These methods
were originally developed for unidirectional laminates and rely on assumptions of uniform and well-defined
fiber alignment. Although they have been widely extended to multidirectional composites [18], [19], [20],
[21], [22], including bidirectional and quasi-isotropic laminates, most existing studies focus on materials man-
ufactured from woven fabrics. In such systems, the fiber structure is characterized by periodic interlacing pat-

terns that differ fundamentally from the continuous fiber paths typical of filament-wound structures.

Several studies have highlighted the complexity of interlaminar fracture behavior in multidirectional com-
posite laminates. De Morais [23] demonstrated that mode I fracture toughness values obtained from multidi-
rectional laminates may differ significantly from those measured for unidirectional systems due to residual
stresses and local mode-mixity effects. Similarly, Zhao et al. [24] proposed Paris-type models describing fa-
tigue delamination growth in multidirectional CFRP laminates under different mode-mixity ratios, showing
that the crack propagation behavior strongly depends on the definition of the strain energy release rate range.
Experimental investigations by Wilk [25] introduced alternative procedures for mode I and mode II fatigue
delamination testing based on compliance calibration, enabling reliable crack growth characterization without
direct visual monitoring of the crack front. Furthermore, Vallmajo [26] reported that ply misalignment can
significantly reduce the notched strength of carbon fiber-reinforced laminates, emphasizing the importance of

accounting for local variations in fiber orientation and manufacturing-induced imperfections.

Consequently, the damage mechanisms and crack propagation behavior observed in woven or unidirec-
tional laminates may not be fully representative of filament-wound components. In particular, the structural
response of wound materials is governed by the winding process, which introduces spatial variability in the
fiber orientation, compaction, and thickness. For this reason, the use of conventional flat laminates as repre-

sentative test specimens for filament-wound structures is of limited relevance. Instead, specimens
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manufactured by means of the filament winding process provide a more realistic representation of the material

structure and its associated fracture behavior.

Despite the increasing industrial application of filament-wound composites, especially in pressure vessels
and tubular structures, their interlaminar fracture behavior under different loading modes remains insuffi-
ciently investigated. Therefore, further studies are required to assess the applicability of standardized fracture
toughness testing methods to filament-wound specimens. In this context, the present work provides an exper-
imental evaluation of fracture behavior in filament-wound carbon-reinforced polymer composites under mode
I, mode II, and mixed-mode loading conditions. Owing to the complexity of the material structure, the study

is intended as a case-oriented investigation rather than a comprehensive parametric analysis.
2. Materials and methods

2.1. Filament winding process

The rectangular plate from which the specimens were cut was manufactured using a Mikrosam MAW 20
LS4/1 quadriaxial filament winder, with Torayca T700SC/12k (Toray, Japan) carbon fiber and an epoxy resin
system consisting of Araldite LY 1564 epoxy resin and Aradur 3486 hardener (both from Huntsman, USA;
mixing ratio 100:36 by weight).

The plate was manufactured with a winding angle of +45°. To prevent fiber slippage at the turnaround
zone, pin strips were attached to the sides of the plate. Additionally, rounded-edge inserts were used on the
sides where the fibers were redirected to avoid sharp bending (Figure 1).

The manufacturing process involved first winding a +45° layer, followed by the application of a pre-
implanted oriented polystyrene insert with a thickness of 100 um along the edge of the laminate (Figure 2).

The insert served as a delamination initiator. Subsequently, a second +45° layer was wound on top.

Figure 1. Rectangular plate prepared for filament winding.
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Figure 2. First layer of composite with insert at bottom edge.

2.2. Fracture toughness testing

The interlaminar fracture toughness of the specimens was evaluated under mode I, mode II, and mixed-
mode I/II loading conditions. The mode I tests were carried out in accordance with ASTM D5528/D5528M-
21 using the DCB configuration. The mode II tests were performed following ASTM D7905/D7905M-19,
employing the ENF method. The mixed-mode I/II behavior was assessed utilizing the MMB test in accordance
with ASTM D6671/D6671M-22. All the experiments were conducted by means of a 2 kN Instron 5944 uni-
versal testing machine. Within the framework of fracture mechanics, three fundamental loading modes can be
distinguished, and in this study, two of them are considered.

2.2.1. Mode I

Mode I loading is characterized by a tensile force applied perpendicular to the crack plane, resulting in
crack propagation driven by opening (tensile) stresses (Figure 3).

In this study, mode I was performed on DCB specimens. This method involves initiating crack propaga-
tion with a pre-inserted non-adhesive insert under tensile opening conditions, promoting stable delamination
growth along the laminate interface. The applied load generates controlled separation of the adherends, allow-
ing the crack to propagate in a predominantly mode I manner.

During the test, the force—displacement response is continuously recorded, together with the correspond-
ing crack length. These measurements enable evaluation of the interlaminar fracture toughness based on es-
tablished data reduction methods, providing a quantitative description of the energy required for delamination

initiation and propagation [22].
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Figure 3. Mode I testing a) specimen at end of test b) DBC method diagram.

2.2.2. Mode 11

Mode II is realized through three-point bending, which induces interlaminar shear stresses resulting from
the relative sliding of adjacent layers. As a result, the specimen is subjected predominantly to shear at the crack
interface (Figure 4). In laminated materials, this loading configuration is particularly critical since it promotes
interlayer displacement and facilitates delamination growth [27], [28].

The ENF test setup is used to evaluate the interlaminar fracture resistance of composite materials under
mode II (shear) loading conditions. The specimen, containing a mid-plane pre-crack introduced by a non-
adhesive insert, is subjected to three-point bending, resulting in predominantly shear-driven crack propagation
along the laminate interface.

The force—displacement response is recorded throughout the experiment, and its analysis enables the ma-
terial’s resistance to crack propagation under shear loading to be determined, typically expressed in terms of

the critical energy release rate or maximum load capacity [29].

Insert Load

Supports Specimen

Figure 4. Mode II a) layer displacement at end of test b) ENF method diagram.

2.2.3. Mixed-mode I/II bending

Mixed-mode bending (MMB) combines mode I (opening) and mode II (shear) loading, enabling con-
trolled adjustment of the fracture mode mixity and determination of the total fracture energy (G.) as well as its
mode I (G;) and mode II (G;;) components. The initial crack is defined by a pre-inserted non-adhesive layer.

The mode mixity is governed by the fixture geometry, which determines the relative contribution of open-
ing and shear during crack propagation. The specimen is loaded using a lever-based fixture mounted on a
universal testing machine, where the applied force generates simultaneous bending-induced opening and in-

terlaminar shear at the crack tip, Figure 5.
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The mode I/mode II ratio is defined before testing by the distance between the loading point and the

rotational axis of the fixture, which directly controls the loading configuration during the experiment [30].

?F% , Blocking pin

| s N

I Blocking pin

Figure 5. MMB specimen loading conditions.

2.3. Specimen preparation

Each test configuration was performed on five specimens. The specimen dimensions were 3 x 25 x 150
mm for the DCB and MMB tests, and 3 x 25 x 180 mm for the ENF tests.

2.3.1. DCB

The DCB specimens were prepared by first bonding loading blocks to the pre-delaminated end of the
specimen. Subsequently, a white chalk coating was applied to the side surface to enhance crack visibility. A
series of reference markers was then applied along the specimen length to enable accurate monitoring of the
delamination front position during testing. The first marker was placed 1 mm beyond the edge of the non-
adhesive insert, corresponding to a distance of 47 mm from the specimen edge (the insert length being 46 mm).
A total of 16 markers were applied at 1 mm intervals, followed by three additional markers spaced at 10 mm
intervals (Figure 6). The position of the delamination front was recorded when it reached the midpoint between

successive markers, allowing determination of the crack length for fracture toughness calculations.

150
47 15 10_,.10

L [T

Figure 6. Position of markers on DCB specimen.

2.3.2. ENF
The ENF specimens were prepared by applying a white chalk coating to the specimen side surfaces to
enhance crack visibility. The position of the non-adhesive insert edge was first marked. Subsequently, three

reference markers were applied starting 20 mm from the insert edge, with a spacing of 10 mm (Figure 7).
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180

Figure 7. ENF specimen with position of markers.

2.3.3. MMB

The MMB specimens were prepared by first bonding the loading blocks to the specimen. The blocks were
positioned in such a way that their midpoints were located 24 mm from the edge on the side of the non-adhesive
insert. Subsequently, a white chalk coating was applied to the specimen's side surface to enhance crack visi-
bility. A series of reference markers was then applied, starting 1 mm from the edge of the non-adhesive insert.
Five markers were placed at 1 mm intervals, followed by two additional markers spaced at 10 mm intervals

(Figure 8).

150
9

|

Figure 8. MMB specimen with positions of markers.

2.4. Experimental procedure

2.4.1.DCB

The DCB specimen is mounted in the testing machine using grips that allow the attachment of loading
adapters. The adapters must be aligned within a single plane, which can be verified by checking for any lateral
offset between their side surfaces. After correct alignment, the adapters are positioned as close as possible
using the machine control system, allowing the specimen to be inserted between them. The holes in the bonded
loading blocks must be coaxially aligned with the adapter holes, which may require minor adjustment to
adapter spacing. Finally, steel pins are inserted through the aligned holes to secure the specimen. A properly

assembled test configuration is shown in Figure 9.
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Figure 9. DCB specimen mounted in testing setup.

The test is conducted at a crosshead displacement rate between 1-5 mm/min. The initial crack opening is
minimized to avoid influence on the results. During the test, crack propagation is monitored by means of an
optical magnification system while the corresponding load and displacement values are recorded at each
marked crack increment [31].

2.4.2. ENF

The specimen is positioned on a three-point bending fixture with a support span of L = 100 mm. The
loading system consists of two lower supports and a single upper loading roller, all with rounded contact sur-
faces to avoid premature cutting or local damage of the specimen. The specimen is placed on the supports with
the correct orientation, and the loading nose is positioned close to the surface [29]. The test setup is shown in
Figure 10.

The test is performed at a crosshead displacement rate of 0.5 mm/min and consists of three loading stages.
Each stage is used to determine specimen compliance as a function of crack length a, which varies with the
loading position. The first two stages are conducted within the elastic regime to ensure linear response. Based
on preliminary calibration, the load levels ensuring elastic deformation were determined as 50 N for a=20 mm
and 80 N for =40 mm.

In the first and second stages, compliance is measured at predefined crack lengths (¢=20 mm and =40
mm, respectively), followed by unloading to the initial configuration. The third stage is performed at a=30 mm
and loaded up to the maximum force corresponding to unstable crack growth, identified by a pronounced load
drop. The obtained compliance values are used to determine exponent m, which is required for the evaluation

of fracture energy [29].
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Figure 10. ENF test setup with specimen during loading.

2.4.3. MMB

The test is performed at a crosshead displacement rate of 0.5 mm/min. The specimen is mounted by bond-
ing loading blocks to the side containing the non-adhesive insert, with their axis positioned at a distance of 24—
30 mm from the end of the insert. Before testing, the critical geometric parameter defining the distance between
the fixture rotation point and the load application point is set, as it governs the mode I/mode II load ratio.

The specimen is installed in a two-part loading fixture and secured using pins, after which the assembly
is mounted in the testing machine (Figure 11). Before loading, the actuator is positioned at the initial position,
and the force and displacement signals are zeroed. A slight preload is then applied to ensure proper contact
between the loading nose and the specimen.

The mode mixity is controlled by the lever geometry of the fixture, where the relative distance between
the reference points determines the proportion of Mode I and Mode II contributions during loading. In this
work two mixities were tested: $p=33% and p=48%.

During the experiment, crack propagation is monitored, and the onset of crack growth into the specimen
is identified based on the force response and recorded as Pyzs. The test continues until the maximum energy
value is reached and the crack front has propagated through all the predefined 1 mm increment markers.

Fracture energy is determined based on characteristic points identified from the load—displacement curve.
Linear regression of the elastic region is first performed, and its intersection with the experimental curve de-
fines the Py; point, corresponding to the onset of non-linear behavior in the specimen. Next, a second line with
a slope equal to 95% of the initial stiffness (0.95-m) is constructed. Its intersection with the load—displacement
curve defines the Psomq point. If the force at this point is lower than the maximum recorded force, the maxi-

mum force value is adopted instead. The fracture energy calculated using Pyss represents the onset of visible
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crack propagation and usually provides conservative values. The Py; criterion corresponds to the initiation of
damage within the laminate, while the Psomax criterion generally yields the highest and most repeatable fracture

energy values.

Figure 11. MMB test setup.

2.5. Data analysis

The fracture toughness was evaluated for mode I (DCB), mode II (ENF), and mixed-mode (MMB) load-
ing conditions employing beam theory-based approaches. Energy release rate G was calculated based on ex-
perimentally measured load—displacement data and crack length monitoring.

2.5.1. Mode I - DCB

Mode I interlaminar fracture toughness G was determined by means of two data reduction methods: the
modified beam theory (MBT) and the compliance calibration (CC) method. The use of both approaches allows
cross-validation of the results and reduces the uncertainty associated with model assumptions.

Modified beam theory

The modified beam theory (MBT) is based on classical beam theory with corrections accounting for non-
ideal effects such as crack tip rotation and large displacements. In this approach, the energy release rate is
calculated using an effective crack length (a + |A|), where A is a correction term determined experimentally.
Fracture energy G;. was calculated according to the MBT formulation (1), where P, is the critical load, &,
is the actuator displacement associated with the critical load value, b is the specimen width, while F and N

are correction factors.

3-P.-6. F ]]

G = —
Ie™ 2.b-(a+|A]) N Im?
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Factor F represents a correction for large displacements, while factor N accounts for both large displace-
ment effects and the characteristics of the loading system. Parameters F and N are determined analytically

(Eq. 2 and 3) and evaluated individually for each specimen.

ve (@) 5@ | )% ()

F = _i.(&)z_i(‘sc't) (3)

a 2 a?

The A parameter is determined from the linear relationship between (C/N)!'* and delamination length a,
and is calculated as ratio -b/a obtained from the equation of the fitted function.

Compliance calibration method

In contrast, the compliance calibration (CC) method is based on an empirical relationship between speci-
men compliance and crack length. The compliance is defined as (4), where § represents the actuator displace-
ment recorded when the crack front passes a measurement marker, while P denotes the corresponding load

value.

(7)
Mode I fracture toughness G;. is calculated as (5), where m represents the slope of the function describ-
ing the relationship between log(C/N) and log(a). The remaining parameters are equivalent to those used in
the MBT method description.
O e ®
2.5.2. Mode II - ENF
Mode II interlaminar fracture toughness Gn was determined using the end-notched flexure (ENF) test
configuration. The evaluation was based on beam theory, considering the specimen as a beam subjected to
three-point bending. In this approach, the energy release rate is expressed as (6), where m represents the slope
of the function describing the relationship between compliance (C) and crack length (@), Py,, denotes the

critical load corresponding to mode II crack propagation, a, is the distance between the insert end and the

support in the ENF test configuration, and B represents the width of the tested specimen.

Giie =

(6)

3'm"Pmaxz'aOZ [] ]
2B m?
The compliance (C) was determined as the inverse of stiffness (E), where the stiffness corresponds to

coefficient a (the slope of the curve) obtained from the load—displacement relationship).
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2.5.3. Mixed mode I/II- MMB

The mixed-mode interlaminar fracture toughness was evaluated using the mixed-mode bending (MMB)
test, which enables simultaneous loading in mode I and mode II. The method combines features of the DCB
and ENF configurations, allowing controlled variation of the mode mixity through the loading geometry.

The total energy release rate is defined as (7), where the individual components correspond to mode I and

mode II contributions, respectively.

G =G +Gy [#] )

Mode I component G; was determined using Equation 8, where P is the selected load value corresponding
to the chosen initiation criterion, as described in Section 2.4.3., a is the distance between the insert end and the
axis of the loading block hole, c is the distance between the rotation center of the upper loading fixture and the
axis of the locking pin hole, and L is the distance between the support and the rotation center of the upper
fixture. Parameter y represents the crack length correction factor, 4 is half of the specimen thickness, b is the

specimen width, and E;f is the flexural modulus of elasticity. Similarly, mode II component Gy was calcu-

lated by means of Equation 9.

_12-P2-(3-c—L)-(a+)(-h)2[]] ®
1= 16'b2'h3'L2'E1f m2
9-P%-(c+L)-(a+042-y-h)* ]

Gy = "h2.p3.72. [_2] 9)
16-b2-h3- 12 - By m

Flexural modulus of elasticity E;; was determined using Equation 10, where C is the compliance param-

eter.

8-(a'x h)?* (B-c—L?+[6-(a+x-h)>+4-L3] (c+L)>
16.L2.b.h3.C

Eif = [MPa] (10)

The crack length correction factor was calculated with Equation 11, where the E;; is the longitudinal
modulus of elasticity, G;3 is the out-of-plane shear modulus, and I" represents the transverse modulus cor-

rection parameter, determined based on Equation 12, where E,, is the transverse modulus of elasticity.

Eix 3-2 ( r )2 (11)
= % — 2% | —
Y= 11%Gys 1+7

vV E11E22

13

= 118+ (12)
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3. Results

3.1. Mode I - DCB

Figure 12 presents the variation of mode I fracture energy Gi as a function of crack length a, determined
using both the CC and MBT methods for the tested DCB specimens (DCB-X series). Both methods exhibit a
similar overall trend, characterized by a decrease in the energy release rate with increasing crack length, fol-
lowed by a region of gradual stabilization. This behavior deviates from the classical rising R-curve typically
observed in composite structures [32]. For +45° filament-wound specimens, this response may be associated
with the progressive loss of fiber bridging and increasing influence of matrix-dominated fracture mechanisms.
The MBT and CC results are generally consistent, although slight differences can be observed between the
two approaches. These discrepancies are attributed to the different assumptions underlying each method. The
MBT method incorporates a correction of the effective crack length, while the CC method relies on experi-
mentally fitted compliance data. Despite these differences, the agreement between the two methods confirms
the reliability of the fracture toughness evaluation. Minor scatter in the results is observed. This variability

may be associated with local material heterogeneities, such as resin-rich areas or voids.

CC Method MBT Method

1500 DCB-1 DCB-4 1500 DCB-1 @ DCB-4
= ®DCB-2  ®DCB5 = DCB-2  ® DCB-5
< 1250 ®DCB-3 ®DCB-6 < 1250 ®DCB-3 ®DCB-6
5 s b
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Figure 12. Fracture toughness Gi evolution as a function of crack length for all DCB test specimens determined by CC (left)

and MBT methods (right).

The load—displacement curves for all the tested specimens are presented in Figure 13. The curves exhibit
an initial linear region corresponding to elastic behavior, followed by gradual deviation from linearity associ-
ated with crack initiation and propagation. After reaching the maximum load, a reduction in stiffness is ob-
served, indicating progressive delamination growth. In most cases, the load decreases gradually rather than
abruptly, which suggests stable crack propagation during the test. Differences between individual specimens
can be observed in both the maximum load and the post-peak response. These variations reflect the influence
of cross-over sections. However, the overall shape of the curves remains consistent across all the samples,

confirming the repeatability of the experimental procedure.



PRE-PRINT ARTICLE T
COPYRIGHT BY COMPOSITES THEORY AND PRACTICE JOURNAL M

Palish Society of

ISSN: 2299-128X Compost Materias

60

50

40

Load [N]

30

20

10

0 15 30 45 60 75 90
Displacement[mm]
———DCB-1 = DCB-2 DCB-4
——DCB-5 —DCB-3 ——DCB-6

Figure 13. Load—displacement curves for all DCB specimens.

The maximum load values obtained for each specimen, along with qualitative observations of the crack

propagation, are summarized in Table 1.

Table 1. Assessment of crack propagation behavior during DCB test.

Specimen ID Maximum force [N] Crack propagation observation
DCB-1 36.4 Crack front does not migrate between layers for the entire crack length.
DCB-2 43.4 Crack begins to migrate between layers immediately after insert end.
DCB-3 37.7 Crack front does not migrate between layers for the entire crack length.
DCB-4 40.0 Crack begins to migrate between layers immediately after insert end.

Crack migrates between layers after passing two markers beyond insert

DCB-5 273
end.

DCB-6 52.1 Crack front does not migrate between layers for the entire crack length.

Figure 14 illustrates the crack front migration observed for specimen DCB-5. As can be seen from the
right-hand side of the image, the crack path changes its position as the displacement increases. This indicates
that the crack does not propagate along a single, well-defined interface but instead migrates between adjacent
layers during loading [31], [33]. This behavior suggests local variations in interlaminar properties, which may

lead to instability of the crack path and influence the fracture process.
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Figure 14. Crack front migration during test for specimen DCB-5.

Figure 15 shows the fracture surface of specimen DCB-2 after separation along the delamination plane,
with the upper and lower adherends presented as two distinct parts. The insert initiating the crack is clearly
visible on the left-hand side, while the crack propagates toward the right. The fracture surface is divided into
four characteristic regions (A—D) [34], marked directly in the figure. Figure 16 shows the corresponding load—
displacement curve with marked regions A—D. Region A corresponds to the initial stage of crack propagation
immediately after the insert and is associated with the highest load levels observed during the test. Region B
represents a transition zone in which a noticeable change in fracture surface morphology occurs, corresponding
to a drop in force on the force—displacement curve. In Region C, the fracture surface exhibits a more regular
and oriented pattern, indicating stabilized crack growth at a reduced load level. Region D corresponds to the
final stage of crack propagation, where the fracture surface becomes more irregular, suggesting increased in-
stability of the crack path. The colored areas visible on the fracture surfaces highlight differences in the mate-
rial structure. The yellow and blue regions represent fibers wound at +a and —a orientations, while the green
regions indicate voids, most likely caused by air trapped between layers, particularly in the cross-over zones.

These variations in fracture surface morphology correlate with the changes observed in the mechanical re-

sponse, confirming that local structural features significantly influence crack propagation behavior.

Insert I Insert :

void

Figure 15. Visual assessment of fracture surfaces of specimens DCB-1 (left) and DCB-5 (right).
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Figure 16. Load—displacement curves corresponding to visual assessment of specimens DCB-1 (left) and DCB-1 (right).

3.2. ENF

Figure 17 presents the load—displacement curves obtained during the ENF tests for all the analyzed spec-
imens. All the specimens exhibit a characteristic response typical for mode Il interlaminar fracture testing. An
initial linear region is observed at low displacement values, corresponding to elastic deformation of the speci-
men. With increasing displacement, the curves gradually transition into a nonlinear regime associated with

crack initiation and propagation.
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Figure 17. Load—displacement curves for all ENF specimens.

The highest load-carrying capacity was recorded for specimen ENF-2, which reached a maximum load
exceeding 210 N. Lower maximum loads were observed for specimens 3 and 4, whose peak loads remained
in the range of approximately 120 N.

Differences between the curves were also observed in the post-peak region. Specimen ENF-2 exhibited
the smoothest and most gradual decrease in load after the maximum value, indicating relatively stable crack
propagation and higher resistance to interlaminar shear fracture. In contrast, several specimens, particularly 1,
3, and 4, exhibited sudden load drops during propagation, which may indicate local instability of crack growth

or the presence of structural heterogeneities within the laminate.
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The calculated Mode II fracture toughness values Gy are presented in Figure 18. The highest fracture
energy was obtained for specimen no. 1, followed by specimens 2, 4, 5, 6 and 3. Although ENF-2 achieved
the highest maximum load during the ENF test, ENF-1 exhibited the highest calculated fracture energy, indi-

cating that the energy absorption capability during crack propagation was not directly proportional to the peak

load value alone.
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Figure 18. Fracture energy Gii for all ENF specimens

Overall, the ENF results demonstrated noticeable variability between the specimens, which may be asso-
ciated with local differences in fiber arrangement, resin distribution, void content, or interfacial bonding qual-
ity. Nevertheless, all the tested specimens exhibited progressive crack propagation characteristic for laminated
composite structures subjected to mode II interlaminar fracture loading.

3.3. MMB

Figure 19 presents the load-displacement curves obtained during MMB testing for all the analyzed spec-
imens with two groups of mode mixity ¢=0.33 (specimens 1, 2, 3) and $=0.48 (specimens 4, 5, 6). All the
specimens exhibited an initial linear region corresponding to their elastic response. In this stage, the load in-
creased proportionally with displacement, indicating stable stiffness of the laminate before crack initiation.

After reaching the end of the elastic range, deviations from linearity were observed, associated with the
initiation and progressive propagation of delamination. The specimens generally exhibited a gradual increase
in load up to the maximum value, followed by a load drop related to crack growth and a reduction in structural
stiffness. Specimen no. 5 reached the highest maximum load and displayed the steepest initial slope, different
from the other $=0.48 mode mixity specimens, indicating the highest stiffness and fracture resistance. The
post-peak region was characterized by a gradual force reduction and multiple small load drops associated with
progressive crack propagation.

For both mode mixity ratios, stable crack propagation behavior was observed in most of the specimens,
although local sudden drops in force indicated unstable increments in delamination growth. The specimens
tested at ¢=0.48 generally exhibited higher maximum loads and steeper initial slopes, suggesting increased

stiffness and higher resistance to crack propagation under a greater mode II contribution.
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Figure 19. Load-displacement curve for ¢=0.33 mixity specimens (left), ¢=0.48 mixity (right).

The curves obtained for $=0.33 demonstrated a more extended post-critical response and greater dis-
placement prior to complete crack propagation. The fracture energy results obtained for both the mode mixity
ratios exhibited noticeable scatter between individual specimens (Figure 20), which is typical for interlaminar
fracture tests of composite laminates. Nonetheless, several general trends can be observed. For all the speci-
mens, the fracture energy determined using the Py;s and Psomax criteria was higher than the values obtained by
means of the Py, method, reflecting the progressive accumulation of energy during crack propagation after the
onset of nonlinearity.

The specimens tested at ¢=0.33 generally exhibited higher fracture energy values compared to those
tested at ¢=0.48, indicating increased resistance to delamination growth with a greater contribution of mode I
loading.

Among the evaluated methods, the Ps¢mqy criterion typically resulted in the highest fracture energy values
since it corresponds to a later stage of crack development and includes additional energy dissipation during

stable crack propagation.
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Figure 20. Pni, Pvis, Ps%max fracture energy for all MMB specimens.

4. Discussion

4.1. Effect of fiber orientation and fiber cross-over

The mode I fracture toughness values for most of the specimens during crack propagation were approxi-
mately 900-1400 J/m?. The DCB test results for the multidirectional filament-wound specimens are generally
similar to those reported in the literature for multidirectional carbon epoxy composite specimens and higher
than for unidirectional specimens. Choi et al. [35] reported maximum Gic values for multidirectional laminates
ranging from 690 to 1290 J/m? and a value of 300 J/m? for a unidirectional laminate. The results obtained in
the present study for filament-wound specimens are also similar to those reported for twill-woven composites
[36]. For comparison, Ramkumar et al. [37] reported fracture energies of 102.6 J/m? for a unidirectional
T300/5208 carbon/epoxy laminate and a very close value of 100.0 J/m? for a multidirectional laminate made
from the same material, indicating that the off-axis plies alone do not lead to higher mode I fracture toughness.
Similarly, values of approximately 205-262 J/m? have been reported for unidirectional IM7/8552 carbon/epoxy
[38]. The higher values observed by most of the specimens in the present study may therefore be related to the
specific wound fiber structure and the associated crack-propagation mechanisms rather than solely to the fiber

orientation.
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According to previous studies, mode I interlaminar fracture toughness G;tends to grow with an increasing
mismatch in fiber orientations between adjacent layers. This effect may be relevant in the present +45° wound
configuration, where strong ply-to-ply orientation differences can promote additional energy dissipation dur-
ing crack propagation [33]. However, noticeable differences in fracture energy were observed between indi-
vidual specimens. These variations were associated with the crack front migration phenomena described in
Table 1 and observed in Figure 15. The migration of the crack front resulted from the angular arrangement of
the fibers within the laminate structure, which altered the local crack propagation path during delamination
growth.

Specimen DCB-1 exhibited a fracture energy value approximately 27% higher than the remaining speci-
mens. At the same time, this specimen had a significantly greater number of fiber cross-over regions than the
other tested samples, as shown in Figure 15. This observation suggests that an increased number of fiber in-
terlacements may enhance the resistance to crack propagation in the composite structure. The cross-over re-
gions likely acted as local obstacles to delamination growth, forcing the crack front to deviate from its original
path and increasing the energy required for further propagation. Analysis of the load—displacement curves
presented in Figure 16 additionally indicated that the specimen with the larger number of fiber cross-overs
exhibited less stable propagation behavior compared to the specimen containing fewer interlaced regions. The
sudden load drops visible in the load—displacement response can be attributed to repeated crack front interac-
tions with the fiber cross-over zones. These local structural heterogeneities temporarily raised the crack prop-
agation resistance, followed by abrupt crack advancement after overcoming the reinforced regions.

The mode II ENF fracture toughness values obtained in the present study were comparable with those
reported in the literature for unidirectional laminates [36]. Nevertheless, they were approximately two times
lower than the values reported for twill-woven composite structures. This behavior suggests that, unlike in the
DCB tests, the helical fiber arrangement did not enhance the resistance to shear-driven delamination. Twill
architectures provide a larger number of fiber interlacements, which can act as effective barriers to crack prop-
agation under mode II loading. In the present filament-wound laminates, although the angular fiber orientation
influenced the crack path, the density of the fiber cross-over regions appears to be insufficient to achieve the
level of crack-bridging and energy dissipation observed in woven composites. As a result, the mode II fracture
toughness remained comparable to unidirectional laminates while remaining lower than that of twill-reinforced

structures.

4.2. Effect of voids

The presence of voids in the manufactured composite material may also have had a significant influence
on its mechanical performance and fracture resistance. By analyzing regions A, B, C and D presented in Figure
15 and comparing them with the corresponding sections of the load—displacement curve shown in Figure 16,

a distinct decrease in load can be observed within regions B and C. These areas correspond to locations
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containing a considerable number of voids within the matrix material. The presence of voids may have locally
weakened the laminate structure and reduced the efficiency of stress transfer between the fibers and the matrix,
which resulted in lower resistance to crack propagation. In contrast, region D exhibited a slight increment in
load, which can be associated with a reduced concentration of voids in that area. This observation indicates
that a decreasing void content improves the local fracture resistance of the composite material.

Overall, the results suggest that an increasing void content negatively affects the fracture toughness of the
laminate by facilitating crack growth and reducing structural integrity. At the same time, the fracture behavior
may also be influenced by the complex fiber structure and the presence of fiber cross-over regions, indicating

the coexistence of multiple interacting mechanisms affecting crack propagation.

4.3. Effect of mode mixity

The MMB tests were performed for two different mode mixity ratios corresponding to mode I contribu-
tions of 33% and 48% to the total fracture energy. Analysis of the results presented in Figure 20 reveals that
higher fracture energy values were obtained for the 33% mode mixity ratio. This indicates that the fracture
resistance of the composite material grew with an increasing contribution of the mode I component (Gic) to
the total mixed-mode fracture energy (Gc) under combined loading conditions.

Comparison of the load—displacement curves (Figure 19) and fracture energy values presented in Figure
20 shows that the energies determined using the Pvis and Pni criteria were very similar. This suggests that
crack propagation occurred in a relatively stable and uniform manner throughout the specimens. The initiation
of internal crack growth and crack propagation observed at the specimen edges occurred simultaneously, indi-
cating consistent delamination development across the laminate thickness.

For the specimens tested at the mode mixity ratio of ¢$=33%, the measured fracture energy values were
approximately twice as high as those reported in [36]. In contrast, for $=48%, the obtained values were com-
parable to previously published results. The literature data generally concern laminates with straight, unidirec-
tional fiber arrangements or twill laminates. Comparison with the present results suggests that the angular fiber
orientation used in the analyzed specimens significantly raised the fracture resistance at lower mode mixity
ratios.

This behavior can be attributed to the influence of the angled fiber architecture on the crack propagation
mechanisms. Fibers arranged at an angle hinder crack opening and force the crack front to propagate along a
more complex path within the laminate structure. As a result, additional energy is required for delamination

growth, leading to increased fracture toughness under mixed-mode loading conditions.

5. Conclusions

o The Mode I fracture energy of helically wound laminates exceeded several literature values reported for

unidirectional carbon/epoxy composites, although no direct comparison was performed.
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o The presence of voids in the composite structure negatively affects fracture toughness and promotes

unstable crack growth.
o Fiber interlacing improves toughness in the DCB test but reduces the stability of crack propagation.
o Increasing the mode I contribution in the MMB test enhances the overall fracture resistance.

e  Fiber orientation plays a role in determining the fracture behavior under mixed-mode loading.
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FRP Fiber-reinforced polymer
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    E  1 f


       E  1 f =     8 ∙    ( a ∙ 𝜒 ∙ h ) 3 ∙    ( 3 ∙ c − L ) 2 +  [ 6 ∙    ( a + 𝜒 ∙ h ) 3 + 4 ∙   L 3 ] ∙    ( c + L ) 2  16 ∙   L 2 ∙ b ∙  h 3 ∙ C    [ M P a ]   #  ( 10 )


    E 11


    G 13


  𝛤


    E 22


     𝜒 =        E 11  11 ∗   G 13 ∗  [ 3 − 2 ∗    (   𝛤  1 + 𝛤 ) 2 ]   #  ( 11 )


     𝛤 =   1 . 18 ∗      E 11   E 22    G 13   #  ( 12 )


     𝛤 =   1 . 18 ∗      E 11   E 22    G 13   #  ( 12 )


   

